
WRITTEN STATEMENTS (not from Hearing)



1

Daniel Henry

From: Jordan, Lisa W <lwjordan@tulane.edu>
Sent: Wednesday, November 19, 2014 4:43 PM
To: LDNR Public Information
Cc: Wick, Caroline J; Marianne Cufone (mcufone@recirculatingfarms.org); Emily Posner

(eposner@recirculatingfarms.org)
Subject: comments on Helis application - letter plus exhibits A through L
Attachments: 11-19-14 final comments.pdf; Exhibit A.pdf; Exhibit B.pdf; Exhibit C.pdf; Exhibit D.pdf;

Exhibit E.pdf; Exhibit F_MudCement2003.pdf; Exhibit G.pdf; Exhibit H.pdf; Exhibit I.pdf;
Exhibit J.pdf; Exhibit K.pdf; Exhibit L.pdf

Office of Conservation:
Please receive the attached comments on the Helis permit application, docket number 14-626.  We have numerous
attachments which we will submit in separate emails.
 Note also that Exhibit A, the affidavit of Mark Quarles, has numerous large exhibits of its own (labelled
with  numbers).  Those will follow the Exhibits to the comments themselves (labelled with letters).
Thank you.

Lisa Jordan
Deputy Director
Tulane Environmental Law Clinic
6329 Freret Street
New Orleans, LA  70118
Direct:  (504) 314-2481
Office:  (504) 865-5789
Fax:       (504) 862-8721
Email: lwjordan@tulane.edu
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       November 19, 2014 
 
 
 
By Email to:  dnrinfo@la.gov 
Commissioner James Welch 
Office of Conservation 
c/o Engineering Division 
Louisiana Department of Natural Resources 
 
 Re: Written Comments on Helis Drilling Application; Docket No. 14-626 
 
Dear Commissioner Welch: 
 
 The Town of Abita Springs and the Concerned Citizens of St. Tammany (CCST) 
(collectively, “Citizens”) offer written comments detailing why the Office of Conservation 
(“Conservation”) must deny the drilling permit application of Helis Oil & Gas Company, LLC 
(“Helis”) to drill a vertical well, to be followed by horizontal fracturing, in St. Tammany Parish. 
These comments supplement the oral comments Citizens provided at the November 12, 2014, 
hearing.  Citizens note that the only information available to the public on Helis’s drilling permit 
application before November 12, 2014, was a total of fourteen pages:  Helis’s September 3, 
2014, five-page drilling permit application and Helis’s October 24, 2014, nine-page position 
paper. 
 
I. THE DNR IS REQUIRED UNDER ARTICLE IX, SECTION 1, OF  

THE LOUISIANA CONSTITUTION TO CONDUCT AN  
ENVIRONMENTAL IMPACT ANALYSIS ON THE HELIS DRILLING  
AND FRACKING PROJECT BEFORE PERMITTING THE PROJECT.  
 
Conservation’s Constitutional duty under Article IX, section 1 of the Louisiana 

Constitution mandates that it conduct an environmental impact analysis on Helis’s current 
proposal as well as on its clearly-stated future plans.  Among the factors Conservation must 
consider and analyze is whether there are alternative sites which offer more protection to the 
environment than Helis’s proposed site without unduly curtailing nonenvironmental benefits.  
This analysis should reveal available alternative sites that do not require drilling through a sole 
source drinking water aquifer, which would offer more protection for the environment.  Further, 
Conservation must determine whether the potential and real adverse environmental impacts of 
Helis’s proposed project have been minimized or avoided as much as possible consistently with 
the public welfare.  As explained by Citizens’ expert witness Mark Quarles, the potential and 
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real adverse impacts of Helis’s project have not been avoided to the maximum extent practicable.  
Attached as Exhibit A. 

 
Louisiana’s Constitution mandates that “the natural resources of the state, including air 

and water, and the healthful, scenic, historic, and esthetic quality of the environment shall be 
protected, conserved, and replenished insofar as possible and consistent with the health, safety, 
and welfare of the people.” LA. CONST. Art. IX, § 1 (1974).   

 
In 1984, the Louisiana Supreme Court interpreted that Constitutional mandate as 

“requir[ing] an agency or official, before granting approval of proposed action affecting the 
environment, to determine that adverse environmental impacts have been minimized or avoided 
as much as possible consistently with the public welfare.”  Save Ourselves, Inc. v. Louisiana 
Envtl. Control Comm'n, 452 So. 2d 1152, 1157 (La. 1984). This decision, and the holdings of 
subsequent courts interpreting it (see, e.g., In re Rubicon, Inc., 670 So.2d 475 (La. App. 1 Cir. 
1996)), is applicable to the DNR and its divisions (including Conservation).  Three Louisiana 
district court decisions support that DNR must comply with this Constitutional duty articulated 
in Save Ourselves.  See Lake Peigneur Preservation, et al., v. Thompson, 19th Judicial District 
Court, State of Louisiana, 409,139, Aug 26, 1996, Amended Oral Reasons for Judgment 
(attached as Exhibit B); Bertrand, et al., v. Louisiana Department of Natural Resources, 19th 
Judicial District Court, State of Louisiana, 587-065, Sept. 9, 2010, Judgment (attached as Exhibit 
C); Save Lake Peigneur, Inc. et al. v. Louisiana Department of Natural Resources, et al., 16th 
Judicial District Court, State of Louisiana, Oct. 10, 2014, Judgment and Reasons for Judgment 
(attached as Exhibit D). 

 
Subsequent court decisions have summarized the Save Ourselves holding to articulate 

five issues that agencies must address when evaluating proposed actions affecting the 
environment.  These are:   

 
First, have the potential and real adverse environmental effects of the proposed 
facility been avoided to the maximum extent possible? Second, does a cost benefit 
analysis of the environmental impact costs balanced against the social and 
economic benefits of the proposed facility demonstrate that the latter outweighs 
the former? Third, are there alternative projects which would offer more 
protection to the environment than the proposed facility without unduly curtailing 
non-environmental benefits? Fourth, are there alternative sites which would offer 
more protection to the environment than the proposed facility site without unduly 
curtailing non-environmental benefits? Fifth, are there mitigating measures which 
would offer more protection to the environment than the facility as proposed 
without unduly curtailing non-environmental benefits? 
 

Blackett v. La. Dep’t of Envtl. Quality, 506 So. 2d 749, 754 (La. App. 1 Cir. 1987). 
 
 Conservation has not addressed these issues.  Evidence indicates that the potential and 
real adverse impacts of Helis’s project have not been avoided to the maximum extent possible 
and that alternative sites offer more protection to the environment without unduly curtailing non-
environmental benefits.  For these reasons, Helis’s application should be denied. 
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A. Conservation Has Not Met Its Legal Obligation to  
Analyze Alternative Sites to Helis’s Proposed Location. 

 
The site Helis has proposed for its vertical exploratory and subsequent horizontal 

fracturing well presents numerous risks to the environment, including those associated with 
drilling for oil and gas through a sole-source drinking water aquifer and in wetlands.  Further, 
Helis has not identified potential alternative sites to its current proposal, nor has Conservation 
complied with its Constitutional duty to do the same.  Thus, Conservation must deny the 
application.   

 
1. Sites Which Do Not Involve Drilling Through a Sole Source  

Drinking Water Aquifer Are More Protective of the Environment.   
 

Helis’s proposed well will be drilled through the Southern Hills Aquifer.  The Southern 
Hills Aquifer system is an EPA-designated “Sole Source Aquifer.”  An aquifer receives this 
designation when it is “the ‘sole or principal source’ of drinking water for a given service area; 
that is, an aquifer which is needed to supply 50% or more of the drinking water for that area and 
for which there are no reasonably available alternative sources should the aquifer become 
contaminated.” See EPA, Designation of Sole Source Aquifers: Fact Sheet, 
http://www.epa.gov/region6/water/swp/ssa/factshee.htm (last visited Nov. 18, 2014)(emphasis 
added).   
 

In St. Tammany Parish, the public, agricultural users, and industry all depend on the 
aquifer for clean water.  In 2005, 22.7 million gallons per day (Mgal/d) of groundwater were 
withdrawn within St. Tammany Parish alone and of that amount, 70% was for public water 
supplies and 28% was for private domestic water supplies.   Water Resources of St. Tammany 
Parish, U.S. Geological Survey, Fact Sheet 2009-3064, Revised February 2012.  According to a 
United States Geological Survey (USGS) report about the aquifer, in 2005, 100% of the water 
that was used to supply the public was taken from groundwater.  Id. According to the Office of 
Conservation, that reliance of groundwater in St. Tammany Parish increased to between 25 and 
50 Mgal/day, and St. Tammany Parish and neighboring parishes represented one of the most 
densely populated well use areas in the entire state.  Exhibit A Quarles Affidavit (citing Reonas, 
State Water Management for Energy Development).  

 
For the Town of Abita Springs in particular, its identity is inextricably intertwined with 

the artesian waters of the Southern Hills Aquifer.  The clean water and healthy environment is 
what draws and keeps residents in Abita Springs, and an integral part of what makes it special.  
The Abita Springs Friends of the Park recently won an award from the AARP as one of the 
“Great Places in Louisiana.”  See http://www.greatplacesinlouisiana.org/wp-
content/uploads/2013/04/GPA_Winner_AbitaSprings_2014.pdf.  Consequently, the risk of 
contamination to the aquifer from Helis’s project uniquely impacts Abita Springs.  Abita 
Springs’ supply well is located in the Southern Hills Aquifer. 
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Given St. Tammany Parish’s reliance on the Southern Hills Aquifer as its sole source of 

drinking water, Helis should be required to find a place to drill along the TMS that does not 
require drilling through the Southern Hills Aquifer.  Any oil and gas well operation poses risks 
of contamination to the surrounding subsurface and surface environment.  The risks of 
contamination of the Southern Hills aquifer by Helis’s proposed operation includes the risk to 
shallow as well as deeper aquifer resources used by the public for drinking water and agricultural 
uses.  Public and private supply wells in the vicinity of Helis’s project are recorded as drawing 
from depths as shallow as 50 feet to depths as great as 2,350 feet.  November 12, 2014, Quarles 
Slide Presentation, Slide 13.  Helis’s own information states that there are 64 wells in a 2-mile 
radius of the site that are 530 feet deep and 48 wells that are 250 feet deep.   

 
Contamination to the aquifer, shallow and deep, can result from well failures, blowouts, 

and migration of fracking fluids vertically.  Nor is well failure an uncommon occurrence in the 
industry.  A recent study published in Marine and Petroleum Geology examining oil and gas 
operations worldwide and focusing on fracking revealed highly variable rates of well barrier or 
integrity failure ranging as high as 75%.  Davies, R.J., et al., Oil and gas wells and their 
integrity: Implications for shale and unconventional resource exploitation, MARINE AND 
PETROLEUM GEOLOGY (2014), available at http://dx.doi.org/10.1016/j.marpetgeo.2014.03.001 
(hereinafter “2014 Well Study”).  Looking specifically at the Marcellus Shale in Pennsylvania, 
the 2014 Well Study (often using information compiled in other studies) found that of the 8030 
wells inspected between 2005 and 2013, “6.3% of these have been reported to the authorities for 
infringements related to well barrier or integrity failure.”  Id. at 1.  Further, according to the 
researchers:  “In a separate study of 3533 Pennsylvanian wells monitored between 2008 and 
2011, there were 85 examples of cement or casing failures, 4 blowouts and 2 examples of gas 
venting.”  Id.   

 
Additionally, “[l]eaking oil and gas wells have long been recognized as a potential 

mechanism for subsurface migration of thermogenic and biogenic methane, as well as heavier n-
alkanes, to the surface.”  Ingraffea, A.R., et al., Assessment and risk analysis of casing and 
cement impairment in oil and gas wells in Pennsylvania, 2000-2012, PNAS, available at 
http://www.pnas.org/content/111/30/10955.full.pdf+html and attached as Exhibit E (hereinafter, 
“2014 Casing and Cement Study”).  According to the same study, loss of well integrity 

 
can lead to direct emissions to the atmosphere through one or more leaking annuli 
and/or subsurface migration of fluids (gas and/or liquid) to groundwater, surface 
waters or the atmosphere.  Cement barriers may fail at any time over the life of a 
well for a number of reasons, including hydrostatic imbalances caused by 
inappropriate cement density, inadequately cleaned bore holes, premature gelation 
of the cement, excessive fluid loss in the cement, high permeability in the cement 
slurry, cement shrinkage, radial cracking due to pressure fluctuations in the 
casings, poor interfacial bonding, and normal deterioration with age.  Casings 
may fail due to failed casing joints, casing collapse, and corrosion. 
 
A recent study, cited by Mark Quarles, showed that these failures have led to 

groundwater contamination:  “A peer-reviewed study in 2013 concluded that natural gas wells in 
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the Marcellus and Barnett Shale formations in eight (8) discrete clusters in two states have 
contaminated overlying aquifers due to gas leakage through failures of annulus cement, faulty 
production casings, and gas well failure.”  Exhibit A (citing Duke Study). 

 
Notably, reports by the industry itself show that well failures are common.  See Autumn 

2003 “From Mud to Cement – Building Gas Wells,” Oilfield Review (attached as Exhibit F).  
The risks to the aquifer posed by Helis’s drilling project are covered in detail in the attached 
affidavit of Mark Quarles (Exhibit A). 

 
As stated by Mark Quarles:  “The drilling permit applications submitted by Helis 

provided no specificity about the plan to protect the Sole Source Aquifer or its plan to drill the 
horizontal portion of the well that will be hydraulically fractured with chemicals.  This lack of 
specificity does not allow the Office of Conservation or the public to evaluate the potential 
and real adverse impacts associated with the well.”  (Emphasis added).  Exhibit A. 

 
Consequently, Conservation must deny Helis’s permit application because it does not 

present an alternative as to why it cannot drill anywhere else except through St. Tammany 
Parish’s sole source of drinking water. 

 
 

2. Sites Which Do Not Involve Subsurface Faults Offer  
More Protection to the Environment Than the Proposed Site.  

 
The Helis site is located in an active fault zone.  An active fault zone is defined as “[a] 

fault that has undergone movement in recent geologic time (the last 10,000 years) and may be 
subject to future movement.” See Quarles Affidavit, Exhibit A.  The presence of active faults 
near a drilling site greatly concerns Citizens because faults can allow contamination to spread 
through horizontal and vertical layers of the aquifer. Id. 

 
Many of these faults have been mapped and even an Army Corps of Engineers report 

confirms that there are numerous faults within St. Tammany Parish, many of which are near 
Helis’s proposed drilling site.  See Sherwood M. Gagliano, et al., Active Geological Faults and 
Land Change in Southern Louisiana, http://biotech.law.lsu.edu/katrina/govdocs/faults.pdf.  The 
attached affidavit by Mark Quarles discusses this serious issue in more detail.  Exhibit A. 
 

Sites that are not near active faults are more protective of the environment than the 
proposed site.  Conservation must deny Helis’s permit application because it does not present an 
alternative site that is not near an active geologic fault. 

 
3. Sites Which Are Not Sited in Wetlands Offer More Protection to the 

Environment Than the Proposed Site  
 

The Helis plan to locate its well in a wetland is contrary to the American Petroleum 
Institute recommendation that wells not be placed in wetlands and environmentally sensitive 
areas (API HF1).  Wetlands are useful for natural water quality improvement, flood protection, 

WRITTEN STATEMENTS (not from Hearing)



Comments of Town of Abita Springs and CCST  
Page 6 of 30 
 

 

shoreline erosion control, opportunities for recreation, and aesthetic appreciation.  See Quarles 
Affidavit, Exhibit A. 

 
Additionally, according to the Lake Pontchartrain Basin Foundation:  “Clean-up in 

wetlands often results in severe damage to wetlands where in direct contact with crude oil or 
refined product.  Wetlands are considered the most sensitive habitat to crude oil in general.  
Helis’ first well would irrevocably damage wetlands at the well site and pose a threat to any 
nearby wetlands.” Exhibit J, LPBF. 

 
Sites that are not located in wetlands are more protective of the environment than the 

proposed site.  Consequently, Conservation should not permit Helis to construct its proposed oil 
and gas well because it is in a wetland. 
 

4. Sites Which Are Not in a Residentially Zoned Area Offer  
More Protection to the Environment Than the Proposed Site.  

 
St. Tammany Parish has the authority to “zone and control land uses in its territory.” See 

affidavit of Stephen Villavaso, attached as Exhibit G.  In its Master Plan and Unified 
Development Code, St. Tammany zoned the area where Helis wishes to drill as A-3, Suburban 
District.  An A-3, Suburban district “is residential in nature and is intended to provide single 
family residential development in areas convenient to commercial and employment centers.” 
Exhibit G.  A-3 zones do not permit oil and gas drilling.  And, in fact, oil and gas drilling “would 
be in conflict with the current residential development standards in this zoning district and the 
general area” Id.  Best practices in land planning and zoning require protecting residents from the 
detrimental effects of incompatible land uses.  Helis’s proposed oil and gas operation, as an 
intense industrial land use, conflicts with the zoning classification of the site and is not 
compatible with St. Tammany Parish’s Master Plan.  Id.  Consequently, Conservation should not 
issue Helis a well drilling permit. 

 
5. Sites Which Are Not Near Scenic Streams Offer  

More Protection to the Environment Than the Proposed Site. 
 

At least three Scenic Streams are located in the vicinity of Helis’s project.  The Abita 
River, Bayou Cane, and Bayou Lacombe are all Scenic Rivers, protected under the Louisiana 
Scenic Rivers Act.  La. R.S. § 56:1847(55),(47),(48).  Helis’s proposed site is with the Bayou 
Cane and Bayou Lacombe watersheds. 

 
The Scenic Rivers Act designates and protects water bodies in order to “preserv[e], 

protect[], develop[], reclaim[] and enhanc[e] wilderness qualities, scenic beauties, and ecological 
regime[s].” Id. at § 1841.  Bayou Cane and Bayou Lacombe’s proximity to the site raises the 
potential for spills and runoff to degrade their water quality.  In particular, any ponds or pits on 
site may spill into these streams.  This possibility increases in the case of heavy rain events, and 
a levee with a ditch as proposed by Helis will not be sufficient to prevent runoff from storm and 
heavy rain events, including hurricanes, from driving the contaminated runoff into these streams.  
Conservation has not evaluated this risk, nor has Helis addressed it.  In turn, Conservation must 
deny Helis’s well drilling permit application. 
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6. Sites Which Are Not Near Habitat Suitable for  

Endangered and Threatened Species in the  
Area Offer More Protection to the Environment. 

 
In prior comment letters, we have notified the agencies, including the DNR and the 

Corps, about the need to incorporate analysis of impacts to species that are protected as 
threatened or endangered under the Endangered Species Act, 16 U.S.C. 1531-1544 (ESA) within 
St. Tammany Parish, and in particular, this first proposed site in the parish for horizontal 
fracturing.  Many impacts of the proposed drilling project conducted by Helis threaten classified 
endangered species, which have not been adequately analyzed in any prior environmental review 
to date. Consequently, there is a serious lack of information and understanding about the 
proposed drilling project’s impacts on the present threatened, endangered, and sensitive species 
in the area at issue- including the Mississippi Gopher Frog and the Red Cockaded Woodpecker. 
 
 Due to the alarming trend toward species extinction "as a consequence of economic 
growth and development untempered by adequate concern and conservation," Congress enacted 
the Endangered Species Act, 16 U.S.C. § 1531, et. seq., (ESA) to conserve endangered and 
threatened species and the ecosystems on which they depend. 16 U.S.C. § 1531(a), (b). A species 
is listed as "endangered" if it is "in danger of extinction throughout all or a significant portion of 
its range." 16 U.S.C. § 1532(6). Listing triggers statutory protections for the species. See, e.g., 16 
U.S.C. §, 1538(a) (setting forth prohibited acts, such as "taking" (§ 1532(19)) listed animals). 
 

Helis’s current permit application arbitrarily narrows the impact to the first of what 
would be many future impacts.  However, DNR must assess the cumulative impacts the project 
will have on the threatened and endangered species in the area. The Lake Pontchartrain Basin 
Foundation noted that: 
 

Based on the likely well spacing and their proposed 960-acre unit size to the state 
Department of Conservation, the total Tuscaloosa Marine Shale project on their 
lease alone could include 284 additional lateral wellbores with approximately 71 
surface locations. If each well had the same wetland impact, 710 acres would be 
lost. But the total area potentially drilled to the Tuscaloosa Marine shale within 
St. Tammany parish is approximately 450,000 acres, which is a six-fold increase 
in wells and impacts if the play were fully developed in St. Tammany Parish. 
Nearly 2,000 lateral wells could be drilled in St. Tammany Parish. The impact 
would not just be to wetlands but possibly to riparian and pine savannah habitats. 
This would impact rare, threatened or endangered species. The table below 
(Figure 8) shows the status of some species in St. Tammany Parish that would 
likely be impacted.1  

 

                                                 
1 http://www.saveourlake.org/PDF-
documents/Press%20Releases/LPBF%20Prelimary%20Assessment%20of%20Hydraulic%20Fracturing%20in%20T
MS%20in%20St%20%20Tammany%20%205%2028%202014%20F%20WOBB.pdf, published May 25, 2014 
(retrieved October 20, 2014).  
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Virtually all developed hydraulic fracturing plays across the country have resulted in 
cumulatively significant impacts.  St. Tammany Parish is home to eight different listed 
endangered or threatened species of plants and animals, including: the red-cockaded woodpecker 
(Picoides borealis), the Louisiana quillwort (Iosetes louisianensis), the ring map turtle 
(Graptemys oculifera), the gopher tortoise (Gopherus polyphemus), the gulf sturgeon (Acipenser 
oxyrinchus desotoi), the Alabama heelsplitter (Potamilus inflatus) and the West Indian Manatee 
(Trichechus manatus).2  Numerous species designated as threatened or endangered under the 
Endangered Species Act, 16 U.S.C. §§ 1531 et seq., are known to occur in the area of Helis’s 
proposed project.  The United States Fish & Wildlife Service (FWS) has stated:  “The proposed 
project is located in an area that may be inhabited by the red-cockaded woodpecker (RCW, 
Picoides borealis), federally listed as an endangered species.”  See attached Exhibit H.  Further, 
FWS also stated that “[t]he proposed project occurs within an area containing soils which are 
suitable for the threatened gopher tortoise (Gopherus polyphemus).”  Id.  Additionally, just east 
of the site lies 1,544 acres of critical habitat for the dusky gopher frog.  See attached Exhibit I 
(map excerpt from critical habitat designation). 
 
 In its slide presentation, Helis dismissed without consideration the issue of the nearby 
critical habitat for the dusky gopher frog, stating that its entire population lives in 3 ponds in 
Mississippi.  November 12, 2014, Helis Slide Presentation at Slide E2-21.  However, Helis 
ignored the reason FWS declared critical habitat just east of the site.  In its final rule designating 
the critical habitat, FWS explained that even though no gopher frogs have been discovered in the 
area, that “this unit is essential for the conservation of the species because it provides important 
breeding sites for recovery. It includes habitat for population expansion outside of the core 
population areas in Mississippi, a necessary component of recovery efforts for the dusky gopher 
frog.” Endangered and Threatened Wildlife and Plants; Designation of Critical Habitat for Dusky 
Gopher Frog (Previously Mississippi Gopher Frog), 77 Fed. Reg. 35,118 (June 12, 2012) (to be 
codified at 50 C.F.R. Part 17). 
 
 Conservation cannot approve Helis’s proposed permit application because the site 
location would disrupt the habitat of St. Tammany Parish’s endangered and threatened species. 
 

B. The Potential and Real Adverse Environmental Impacts of the  
Helis Project Have Not Been Avoided to the Maximum Extent Practicable. 
 

 Even if Conservation determines, after thorough and reasoned analysis supported by 
actual evidence, that there are no alternative sites for Helis’s project that offer more protection to 
the environment than the proposed site, Conservation must ensure that Helis’s proposal avoids 
all potential and real adverse impacts to the maximum extent practicable.  At the November 12, 
2014, hearing, Helis offered to implement some measures and practices that would decrease only 
some of the environmental risks of its project. In other areas it offered nothing beyond the nearly 
nonexistent regulatory requirements.  For those areas in which Helis offered to do more than the 
below bare minimum set by the regulations, Conservation must include these measures as 

                                                 
2 “Species by County Report, County: St. Tammany, LA,” Environmental Conservation Online System, U.S. Fish 
and Wildlife Service, available at: http://www.fws.gov/lafayette/pdf/LA_T&E_Species_List.pdf. 
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conditions to its permit.  Without permit conditions, Helis’s purported safeguards are simply 
unenforceable assurances set into a slide show for public consumption.  
 

1. The Helis Project Presents a Very Real Threat That  
the Southern Hills Aquifer, a Sole Source Aquifer,  
Will Become Contaminated by Drilling and Fracking Operations.   

 
As stated earlier, well failures in general are common in the oil and gas industry, and 

fracking is no exception.  Even companies with good compliance histories experience well 
failure.  Therefore, as stated earlier, a sole source drinking water aquifer poses too high a risk, 
even with the most protective measures meeting the highest standards. 

 
However, Helis’s proposal fails to meet the highest standards.  While Helis has stated to 

DNR that it will set the surface casing at 4,000 feet, that requirement has not been put in a 
legally enforceable document.  Conservation must include this as a requirement of the permit.  
(The Office of Conservation has not announced plans to include a surface casing requirement 
beyond that required by the Louisiana regulations.  Louisiana Statewide Order 29-B sets the 
requirement for the minimum depth of the surface casing based on the total depth of the well.)  
Furthermore, cement casing failure is just one source of contamination that could affect the 
Southern Hills Aquifer. 
 

For instance, the Lake Pontchartrain Basin Foundation (LPBF) has presented other 
possibilities of risks to the aquifer from fracking.  See LPBF, Environmental Concerns and 
Potential Director or Indirect Impacts to St. Tammany Parish due to Development of Hydraulic 
Fracturing Industry to Extract Crude Oil from the Tuscaloosa Marine Shale – Preliminary 
Assessment (May 25, 2014), http://www.saveourlake.org/PDF-
documents/Press%20Releases/LPBF%20Prelimary%20Assessment%20of%20Hydraulic%20Fra
cturing%20in%20TMS%20in%20St%20%20Tammany%20%205%2028%202014%20F%20W
OBB.pdf. Exhibit J. The report states that 
 

 [t]he use of the freshwater aquifer in St. Tammany Parish has already 
significantly lowered the pressure of the aquifer.  When fluid pressure is reduced 
within a rock formation, especially unconsolidated aquifers, they are likely to 
compress or collapse . . . Collapse of the aquifer could crack the concrete and 
damage the pipe.  The pipe is already subject to corrosion so it becomes even less 
of a barrier over time.  The cracking of the concrete and damage to the casing 
pipe could overtime compromise the seals.  Deeper high pressure fluids could 
eventually seep upward through the well bore and into the aquifer.  Even very 
small amounts of salt water make a fresh aquifer unusable for a municipal 
potable water supply.  The chance of this scenario may be small, but every 
additional well may equate to loss of the water supply to local communities.  In 
general, remediation of contaminated aquifers is difficult or impossible.  
Alternative water supplies may need to be found and that could be prohibitively 
expensive to sustain local communities.  Loss of water supply could jeopardize 
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the very existence of the community.  The bottom line is that the casing failure 
scenario is a low risk, but a very high consequence.3 
 

Id. 
 

Additionally, the Lake Pontchartrain Basin Foundation points out that fracking wells 
raise “the risk of unforeseen issues to arise immediately or years to decades into the future.”  Id. 
 

Finally, as discussed below, to the extent that Helis’s proposal merely follows the 
requirements of Conservation’s regulations at Statewide Order 29-B, these regulations do not 
meet industry standards or best practices.  As a result, they are inadequate to ensure that the risks 
of the Helis project have been avoided to the maximum extent practicable. 
 

In addition to potential contamination of the aquifer from casing failure, other sources of 
contamination including from pits (most of which in Louisiana do not require a liner.  See 
discussion infra and Quarles Affidavit, Exhibit A. 

 
As Mark Quarles explains, “Waste storage in pits while a well site is active and the 

allowance for contaminated wastes to remain at well sites after closure – especially wherever 
wells are constructed over former wetlands and adjacent to wetlands – represents a threat to the 
water quality of the wetlands because of the toxicity and mobility of fracturing chemicals, the 
toxicity and mobility of exploration and production wastes, and the shallow groundwater 
conditions that are present.”  Exhibit A. 
 

Furthermore, aquifer layers mix, so contamination of one layer of the aquifer can lead to 
contamination of a higher layer.  As Mark Quarles states in his affidavit: “Aquifer layers can mix 
and consolidate due to clayey soil confining layers that may or may not be continuous, by 
leakage through confining layers, or when heavy pumping of one unit extends beyond a 
confining layer.  Deeper confined aquifers can mix with shallow aquifers above.  Contamination 
found in one layer of the aquifer can migrate into and contaminate other sub-aquifers.” See 
Quarles affidavit (Exhibit A) for a more detailed discussion.  
 

2. The Potential Impact of Helis’s Drilling and Fracturing  
Operations Contaminating Nearby Surface Waters  
Has Not Been Avoided As Much as Possible. 
 

Helis’s project is proposed for a wetland.  As a result, any spills or leaks from surface 
operations will almost surely contaminate surface waters.  Helis has informally proposed to 
construct a dike around the perimeter of the well pad, a drainage ditch, and a rainwater holding 
pond (see Helis slide E2-18), but a dike, ditch and holding pond are unlikely to be sufficient 
when a heavy rainwater or stormwater event like a tropical storm or hurricane occurs.  In filings 
before the Corps, Helis also said that it would not have waste pits on site, but that representation 
was limited to Phase I of its project, which just involves the vertical, exploratory well.  Helis 
likely will construct a waste pond for Phase II, as it indicated to the Corps in the plat included in 

                                                 
3 Attached as Exhibit J. 
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its initial application.  The presence of a waste pond for holding toxic chemical-laden produced 
water and/or flowback water poses significant potential for not just surface runoff from the pond 
in heavy rain events, but also from seepage or leakage from the bottom of the pond/pit.  As 
discussed by Mark Quarles, Louisiana regulations do not require a liner for any pit other than the 
produced water pit, and because this facility is in a wetland, the contents of an unlined pit will 
surely leak into the water table, which may mean the toxic chemicals therein will reach a nearby 
stream which is hydrologically connected. 

 
Further, even as to the produced water ponds and pits which Louisiana regulations 

require to be lined, the liner required is extremely thin, much thinner than that required for a 
municipal solid waste landfill.  See Quarles Affidavit Exhibit A. 

 
Neither Conservation nor Helis have discussed what safeguards they will require for the 

hydraulic fracturing phase of Helis’s operation to prevent the highly contaminated water in the 
pits and ponds from reaching surface water.  For shale fracking operations in particular, research 
is showing that a particular problem in the flowback water is naturally occurring radioactive 
material, or NORM.  NORM in shale fracking flowback water can be present in significantly 
higher amounts than in flowback water from traditional sandstone drilling.  NORM present in 
storage ponds and pits, even rainwater holding ponds, can present a significant hazard to nearby 
waters and from spills during transport for eventual disposal.  Conservation and Helis must 
address the NORM problem. 

 
3.  Helis Has Not Adequately Addressed How It Will Minimize Air Pollution. 

 
Air pollutants that are harmful to human health are produced during all stages of fracking 

development.  These stages include: preparing the site, drilling the vertical well, driving trucks 
(which deliver water, chemicals, etc. and remove waste), separating and treatment operations, 
operating compressors, flaring, escaping (“fugitive”) emissions, and operations involving 
“blowdown and venting.” See Health Impact Assessment of Shale Gas Extraction, Institute of 
Medicine of the National Academies (2013), prepublication copy available 
http://www.ohioeha.org/media/7254/Health-Impact-Assessment-of-Shale-Gas-Extraction.pdf. 
 

The development and production of natural gas wells is associated with criteria air 
pollutants that have been identified by the EPA. These include nitrogen oxides and volatile 
organic compounds (VOCs).  Id.  VOCs are especially problematic because they react to form 
ozone.  In addition to criteria air pollutants, fracking operations also emit hazardous air 
pollutants, e.g., diesel-powered engines release diesel particulate matter.  Id.  Additionally, 
extraction of natural gas releases greenhouse gases (like methane).  Id. 
 

Connecting air pollution directly from fracking to poor health outcomes is difficult given 
that most studies making this connection require a few years to complete and fracking is 
relatively new.  UMD SPH, Potential Public Health Impacts of Natural Gas Development and 
Production in the Marcellus Shale in Western Maryland.  However, peer-reviewed journals are 
publishing results and have associated air pollution connected to fracking with “increased risk of 
sub-chronic health effects, adverse birth outcomes including congenital ear defects and neural 
tube defects, as well as higher prevalence of symptoms such as throat and nasal irritation, sinus 
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problems, eye burning, severe headaches, persistent cough, skin rashes and frequent nose bleeds 
among respondents living within 1500 feet of UNGDP facilities compared to those who lived > 
1500 feet.” See e.g., UMD SPH, Potential Public Health Impacts of Natural Gas Development 
and Production in the Marcellus Shale in Western Maryland. 
 

Furthermore, “[w]hile no information is available on the concentration profile of air 
pollutants as a function of distance from the well pads and compression stations, increasing body 
of literature on traffic related air pollution show that the concentrations of traffic related air 
pollutants reach to background level beyond 500-1000m (1640-3280 feet) distance from the 
roads.”  Id. 
 

One expert stresses that in addition to being concerned about local exposure to air 
pollutants, one must consider field exposure: “As well pads become concentrated in a small area, 
the emissions from the individual activities of each are integrated and can alter air quality.” The 
National Academies, Health Impact Assessment of Shale Gas Extraction.  Field exposure will be 
a concern if Helis drills more than one well and/or if Helis (or other oil companies) drills 
additional wells in and around St. Tammany Parish. 

 
Another study surveys air pollution results from fracking projects around the nation: 
 
The state of Texas reports benzene concentrations in air in the Barnett shale area 
that sometimes exceed acute toxicity standards, and although the concentrations 
observed in the Marcellus shale area in Pennsylvania are lower (with only 2,349 
wells drilled at the time these air contaminants were reported, out of an expected 
total of 100,000), they are high enough to pose a risk of cancer from chronic 
exposure.  Emissions from drills, compressors, trucks and other machinery can 
lead to very high levels of ground-level ozone, as documented in parts of 
Colorado that had not experienced severed air pollution before shale gas 
development. Should fracking stop?, Ingraffea, A. & Howarth, R.W., Nature, 
September 2011, available at 
http://www.nature.com/nature/journal/v477/n7364/full/477271a.html.  

 
Helis has not mentioned any plans to control air pollution or to minimize the risks 

associated with air pollution exposure for any of the residents living and working near the well 
site or for the many students at the nearby Lakeshore High School.  Nor has Helis committed in a 
legally enforceable document to installing air monitoring stations. 
 

4. Helis Has Not Adequately Addressed How It Will  
Minimize Truck Traffic From All Phases of Its Operation. 
 

Helis has not released any information relating to the amount of truck traffic that can be 
expected for the entire project, including fracturing operations.  As the Lake Pontchartrain Basin 
Foundation Report points out:  “Since there are no railroads near the proposed lease area, 
produced crude would likely be trucked.  In addition to wear and tear on the roadways . . ., their 
use in transportation increases the likelihood of spills due to accidents.  Vehicular transport is 
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considered one of the riskiest modes of transportation for hazardous materials such as crude oil, 
and the rate of accidents is increasing.”  Attached Exhibit J (emphasis added). 
 

At the November 12, 2014, hearing, Helis consultants stated that the initial exploratory 
well will require approximately 800,000 gallons of water.  Helis has not released information 
relating to how this water will be brought to the exploratory well or where it will come from.  
Helis consultants refused to answer questions at the hearing about exactly where the pond is that 
it claims it will get its water for the vertical and fracking phases of its operations. 
 

The second phase of the project could require up to 13 million gallons of water and tens 
of thousands of gallons of fracturing fluids.  See e.g. EPA, Study of the Potential Impacts of 
Hydraulic Fracturing on Drinking Water Resources: Progress Report, Dec. 2012, 
http://www2.epa.gov/sites/production/files/documents/hf-report20121214.pdf.  Helis has not 
released any information about the number of trucks that will be traveling along St. Tammany’s 
roads, nor have they released any information about ways in which Helis intends to reduce air 
pollution from truck operation (e.g., use of hybrid trucks, etc.). 

 
5.  Helis Has Not Adequately Addressed  

How It Will Minimize Noise Pollution.  
 
  During drilling and fracking operations, noise pollution is produced during the clearing of 
the land, by drilling construction and operations, and by trucks (on-road and off-road), 
generators, and pumps.  If the permit is granted, this noise could occur for hours on end and for 
several years.   
 

To assess potential health impacts from natural gas drilling in Colorado along the 
Battlement Mesa, the Colorado School of Public Health conducted a Health Impact Analysis.  
The Colorado School of Public Health found that the following sources would be significant 
sources of noise: heavy truck traffic, diesel engines (which are used during drilling and hydraulic 
fracturing), construction equipment, and drill rig brakes. http://www.garfield-county.com/public-
health/documents/1%20%20%20Complete%20HIA%20without%20Appendix%20D.pdf.  
 

One study states that “long-term exposure to environmental noise has been associated 
with a myriad of health outcomes, including stress and annoyance, sleep disturbances, 
hypertension, and cardiovascular disease.” UMD SPH, Potential Public Health Impacts of 
Natural Gas Development and Production in the Marcellus Shale in Western Maryland.  Another 
study notes that noise pollution “can induce hearing impairment, hypertension and ischemic 
heart disease, annoyance, sleep disturbance, and decreased school performance.” Passchier-
Vermeer & Passchier, Noise Exposure and Public Health. Furthermore, “[c]hildren, elderly, 
chronically ill, and hearing impaired individuals have been found to be more susceptible to 
environmental noise.” See UMD SPH, Potential Public Health Impacts of Natural Gas 
Development and Production in the Marcellus Shale in Western Maryland. The possibility of 
decreased school performance and the fact that children are more susceptible to adverse effects 
from noise pollution are especially concerning given the proximity of Helis’s site to Lakeshore 
High School. 
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The University of Maryland School of Public Health conducted a study about the 
potential effects on public health from unconventional natural gas development and production 
(UNGDP, or fracking) and concluded that “there is a Moderately High Likelihood that UNGDP 
related changes in noise exposure will have negative impacts on public health” in the counties 
where fracking could take place. University of Maryland School of Public Health, Potential 
Public Health Impacts of Natural Gas Development and Production in the Marcellus Shale in 
Western Maryland.  The study’s authors based their conclusions on their own monitoring results 
from a site in West Virginia and on other noise monitoring studies. 
 

While Helis has stated—though not in a legally enforceable document—that it will place 
a sound barrier near the site, Helis has not mentioned whether it will minimize noise from the 
site during nighttime hours.  (In fact, it’s very possible that drilling could continue 24 hours a 
day, 7 days a week).  Limiting noisy operations at night is important for multiple reasons: noise 
disrupts sleep and “[a]dverse health effects from noise are dependent on the duration of exposure 
and the intensity of the noise” University of Maryland School of Public Health, Potential Public 
Health Impacts of Natural Gas Development and Production in the Marcellus Shale in Western 
Maryland. 
 

Helis has not stated whether it will use diesel engines (which produce more noise) or 
electric engines (which produce less noise).  Other than constructing a sound barrier, Helis has 
not mentioned any other noise abatement strategies.  Potential strategies that Helis could adopt 
include, but are not limited to: noise blankets for diesel engines, electric grid power for drilling, 
and use of noise suppression equipment if well head compression is used.  Colorado School of 
Public Health. 
 

6. Helis’s Refusal to Identify the Chemicals In Its Fracking  
Fluids Before Drilling Fails to Minimize the Negative  
Impacts of the Use of These Chemicals. 

 
Numerous studies, and expert Mark Quarles, support the proposition that hydraulic 

fracturing operations “inject toxic chemicals at harmful concentrations into the subsurface.” 
Quarles Affidavit Exhibit A.   
 

The majority of the chemicals that are in the hydraulic fracturing fluids are not routinely 
tested for in public or domestic drinking water well sampling programs. 
 

Of further concern, “water treatment plants generally have no ability to remove those 
chemicals before distribution into the system.” Exhibit A, Quarles Affidavit.  According to one 
study, “In New York and Pennsylvania, some of the [flowback] waste is treated in municipal 
sewage plants that weren’t designed to handle these toxic and radioactive wastes.  Subsequently, 
there has been contamination of tributaries of the Ohio River with barium, strontium and 
bromides from municipal wastewater treatment plants receiving fracking wastes.  This 
contamination apparently led to the formation of dangerous brominated hydrocarbons in 
municipal drinking-water supplies that relied on these surface waters, owing to interaction of the 
contaminants with organic matter during the chlorination process.”  Ingraffea, A. & Howarth, 
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R.W., Nature, September 2011, available at 
http://www.nature.com/nature/journal/v477/n7364/full/477271a.html. 
 

According to information that was provided to the U.S. House of Representatives’ 
Committee on Energy and Commerce and published in a report written by the U.S. 
Environmental Protection Agency, chemicals that are suspected carcinogens, regulated by the 
Safe Drinking Water Act, or identified as Hazardous Air Pollutants in the Clean Air act are used 
in 652 different hydraulic fracturing products. Quarles Slide Presentation, Slide 12, Table 11.  
Additionally, the chemicals that are used most frequently in more than 2,500 hydraulic fracturing 
products include: methanol, isopropanol, 2-Butoxyethanol, and ethylene glycol.  These 
constituents are not tested for in public water systems. 
 
 Additionally, fracking fluids often include petroleum distillates; these distillates are used 
as “friction reducers. Quarles Affidavit Exhibit A.  The U.S. EPA “concluded that even in 
minute concentrations (for example, 0.4 to 1% mixtures of hydrocarbon to water) of typical 
diesel fuel-containing fluids, the concentration of benzene (a carcinogen) exceeded EPA’s safe 
drinking water standard 9 to 880 times at the point of injection into the formation.  EPA, 
Evaluation of Impacts to Underground Sources of Drinking Water by Hydraulic Fracturing of 
Coalbed Methane Reservoirs.  These petroleum hydrocarbon constituents (e.g., benzene) are 
especially concerning because even when present in harmful concentrations, they “cannot be 
smelled, tasted, or observed.” 
 

Groundwater aquifers that are used for public water supplies in Louisiana (of which the 
Southern Hills aquifer is one) are not routinely tested for constituents that are most commonly 
present in hydraulic fracturing fluids.  By law, public water systems that draw from groundwater 
are only required to sample the raw supply well once every three years for: volatile organic 
compounds (e.g., benzene), inorganic constituents such as metals and nutrients, and 
radionuclides. Quarles Affidavit Exhibit A. 
 
 Expert Mark Quarles states: “Given the infrequent, every 3 years testing requirement for 
groundwater supplies for public water systems and the fact that the analytical testing program 
does not include all contaminants associated with fracturing fluids, untreated, contaminated 
aquifer water could be distributed into a distribution system without any knowledge of its 
presence prior to human consumption.” Id. 
 
 Though Helis represented at the hearing that it would eventually fully disclose all the 
chemicals in its fracking fluid—although not in a legally enforceable document—it will not 
disclose the chemicals in its fracturing fluids until after it starts drilling.  Mark Quarles points out 
that this plan “does not allow any private well owner to test their well prior to drilling and 
fracturing, because Helis does not plan to disclose what chemicals it injected until after the 
fracturing is complete.” Id. 
 
 Furthermore, Helis has not committed to using what the industry considers green 
completion.  This means it would commit to the use of fluids that the industry considers less 
toxic (http://www.bloomberg.com/news/2012-10-02/chesapeake-testing-green-fracking-fluids-
in-u-s-shale-wells.html). 
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7. Helis Has Not Minimized Other Impacts of Its Project  

On the Surrounding Community and Their Quality of Life. 
 

 As stated earlier, this portion of St. Tammany Parish is suburban residential; it is not 
industrial.  Lakeshore High School is just over a mile away from the drill pad, and right across 
the street from the access road that all workers will enter and exit the area from.  There are 
numerous other broader impacts of a heavy industrial project like Helis’s than the environmental 
and health impacts discussed.  Helis has not discussed any of these, nor has Conservation 
analyzed them.  As merely one example of the broader, yet very real negative impacts such an 
operation can have, these types of operations bring in an influx of workers whose off-the-clock 
activities are not compatible with suburban family life.  Man camps and their often-associated 
activities, some of which are illegal, could very well be located in the middle of St. Tammany 
Parish suburbia and near Lakeshore High School.  This is yet another example of why zoning 
laws must be followed, and respected by Conservation.    
 

C. Conservation and Its Current Regulatory Scheme  
Are Insufficient to Avoid the Potential and Real  
Adverse Impacts of this Project to the Maximum Extent Practicable. 

 
1. The STRONGER Report Establishes That Conservation’s Drilling 

Regulations Are Inadequate to Protect Against the Negative Impacts of  
Fracking. 

 
A non-profit, multi-stakeholder organization which includes industry representatives, the 

State Review of Oil and Gas Environmental Regulations (STRONGER) Hydraulic Fracturing 
Workgroup conducted a review of the Louisiana Office of Conservation’s oil and gas regulatory 
program in 2010 and 2011.  (According to the STRONGER report, Conservation volunteered to 
have its regulations reviewed.)  As a result of the review, STRONGER released a report 
identifying numerous weaknesses in the Louisiana regulations.  Until Conservation strengthens 
these regulations, it should not issue a fracking permit to operations like Helis’s that present so 
many irrevocable risks to the environment. 

 
Among the findings of the STRONGER report on Louisiana’s drilling regulations’ 

deficiencies are the following: 
 
a. The minimum depth required for surface casing is insufficient.  In its report STRONGER 
“recommends that, in order to protect groundwater, the Office of Conservations should consider 
the depth of the USDW and the depths of any saline or productive zones, in addition to the total 
depth of the well, in setting surface casing requirements.” 
 
 
b. “There are no specific standards or requirements for cement used in well construction.”  The 
STRONGER review team issued the following recommendation, “the Office of Conservation 
[should] develop cement standards to meet anticipated pressures and protect other resources and 
the environment.” 
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As Mark Quarles writes in his affidavit, standards for cementing casings are important “to 
protect against anticipated pressures, to protect aquifers, and to protect the environment.  Cement 
is a critical component of a well construction plan to ensure mechanical integrity over the life of 
a well and to protect the environment.”  Quarles Affidavit Exhibit A. 
 
c. Spill Prevention and Control Plans are not required to be developed and implemented until 
after the well becomes operational.  According to STRONGER: “DEQ regulations (LAC 33:IX. 
Subpart 1, Chapter 9) require the development and implementation of a Spill Prevention and 
Control Plan (SPCC).  The regulations require the operator to prepare the plan within 180 days 
after the facility becomes operational and to be fully implemented within one year after the 
facility begins operation.  Consequently there is a gap in time between the drilling and hydraulic 
fracturing of a well and the time that the Spill Prevention and Control Plan is required.”   
 

STRONGER issued the following recommendation “the State of Louisiana [should] 
develop contingency planning and spill risk management procedures for hydraulic fracturing 
which meet the requirements of Section 4.2.1 of the STRONGER guidelines.”   
 

Mark Quarles explains that the regulation should be altered to “require that the SPCC 
Plan shall be prepared and approved prior to constructing the well pad and supporting structures 
(e.g. roads) and prior to drilling the well.”  Quarles Affidavit Exhibit A. 
 
d. Insufficient training for field staff.  STRONGER also recommended that DNR field staff 
“should receive more structured training to stay current with new and developing hydraulic 
fracturing technology.” 
  

Additionally, STRONGER has made recommendations for well site pits, which 
Statewide Order 29-B does not address.  For instance, STRONGER recommends that workover 
and reserve pits which will contain oil-based drilling fluids be lined.  STRONGER also 
recommends that “a review or study should be made to determine if an aquifer is present and 
determine measures to protect that aquifer.”  2014 STRONGER Guidelines at 5.5.3(b).  
Additionally, STRONGER recommends that pit construction standards vary depending on the 
following factors: “the wastes [the pits] receive; the length of time they are used; and site-
specific hydrologic, geologic, and hydrogeologic conditions.” 
 

Statewide Order 29-B, in contrast, allows five types of pits yet only one pit must have a 
liner.  Therefore, flowback liquids, workover liquids, drilling muds, and stimulation fluids can be 
stored in pits with no liner. 
 

Pit standards are important because, as Mark Quarles points out: “Waste storage in pits 
while a well site is active and the allowance for contaminated wastes to remain at well sites after 
closure – especially wherever wells are constructed over former wetlands and adjacent to 
wetlands – represents a threat to the water quality of the wetlands because of the toxicity and 
mobility of fracturing chemicals, the toxicity and mobility of exploration and production wastes, 
and the shallow groundwater conditions that are present.”  Quarles Affidavit Exhibit A. 
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2. The Louisiana Regulations (Statewide Order No. 29-B) Fail to Protect 
Human Health and the Environment Because They Do Not Meet 
Industry-Established Standards Nor Do They Satisfy U.S. EPA 
Recommendations for Hydraulic Fracturing Operations. 

 
 Conservation has indicated that the only legal requirements it will require Helis to meet 
before granting it a drilling permit are those requirements in its regulations.  However, as 
discussed in detail in attached affidavit by Mark Quarles, not only are Conservation’s regulations 
deficient in the ways identified in the STRONGER report, they also fail to meet standards set out 
by the Environmental Protection Agency (EPA) and the industry’s best practices standards.  
Exhibit A. 
 
 Among other recommendations established by the EPA, minimum criteria for well siting 
require that the following be pre-identified:  exploratory wells, abandoned wells (both plugged 
and unplugged wells), oil and gas production wells, underground waste injection wells, and 
faults.  February 2011, Draft Plan to Study the Potential Impacts of Hydraulic Fracturing on 
Drinking Water Resources, U.S. EPA, EPA/600/D-11/001/February 
2011/www.epa.gov/research.  The issue of faults is a particularly concerning one, as available 
evidence indicates that a fault runs through the exact area where Helis proposes to drill.  
However, disturbingly, after careful review of the documents Helis submitted to Conservation, 
Mark Quarles came to the following conclusion, “There is no indication that Helis has evaluated 
the occurrence of faults.”  Quarles Affidavit Exhibit A. 
 
 The American Petroleum Institute (API) has likewise issued recommendations for 
industry best practices, many of which Statewide Order 29-B does not meet.  For example, 
Statewide Order 29-B does not require drillers to meet API recommendations for testing cement.  
The API standard is that “compressive strength testing of the cement associated with surface 
casing grout should be determined” (Quarles Affidavit) and “a cement integrity test be 
completed prior to drilling the intermediate casing.” Quarles Affidavit.  Cement is used to “fill 
any voids between the pipe and side of the drill hole.”  (Exhibit J). Cement is used to protect the 
aquifer and, as such, it is particularly important that Louisiana’s regulations on cement should 
require drillers to meet minimum API standards.  The cement is also important because, 
according to Mark Quarles, “Methane can contaminate groundwater supplies and create 
explosive hazards on the surface if the concrete seal is not adequate over the life of the well.”   
 
 Statewide Order 29-B also does not meet the API standard for production casing, which 
recommends that prior to beginning hydraulic fracturing operations “the production casing 
should be pressure tested” and a test to evaluate the cement integrity should also be run” API.  
As Mark Quarles explains, “[f]ormation pressure tests consistent with API standards should be 
required of the production casing because they are needed to determine if the seal is adequate to 
prevent leakage.”  According to Mark Quarles, “repeated mechanical integrity tests should be 
required for the life of the well – yet none are required by Statewide Order 29-B.  Further, Helis’ 
plan presented at the public hearing did not include any cement testing of any casing for the life 
of the well.” 
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 Furthermore, “Statewide Order 29-B does not require any mechanical integrity tests of 
the annular space outside of the surface casing or intermediate casing to demonstrate that an 
adequate seal exists – instead only relying on internal casing pressure tests.  The API 
recommends that formation pressure tests be performed for each casing string prior to advancing 
the next string.  Formation pressure tests consistent with API should be required of the surface 
casing and intermediate casing because they are needed to determine if the seal is adequate to 
prevent leakage.”  Quarles Affidavit. 
 
 Lastly, in order to comply with API standards, the regulations should require that the 
surface casing extend beyond the deepest known aquifer (API HF1).    
 

D. Conservation cannot issue Helis’ permit (nor any future permits) to drill for 
minerals until its operations are in full compliance with the Louisiana 
Constitution. 

 
Conservation’s current practices do not comply with mandated constitutional 

requirements under the Louisiana Constitution of 1974.  As mentioned previously, article IX, 
section 1 of the Constitution states that “the natural resources of the state, including air and 
water, and the healthful, scenic, historic, and esthetic quality of the environment shall be 
protected, conserved, and replenished insofar as possible and consistent with the health, safety, 
and welfare of the people.”  La. Const. art. 9, §  1.  In turn, regulatory decisions that impact 
Louisiana’s environment must not violate the public trust doctrine. See In the Matter of Dravo 
Basic Materials Co., Inc., 604 So.2d at 634. Consequently, before an agency or official grants 
approval for a proposed action that affects the environment, the agency must “determine that 
adverse environmental impacts have been minimized or avoided as much as possible consistently 
with the public welfare.” Save Ourselves Inc., 452 So.2d at 1157.  Conservation, however, is 
currently unable to comply with its constitutional mandate to protect the state’s natural resources 
and the welfare of its people.   
 

The Louisiana Legislative Auditor (LLA) conducted an audit of the Department of 
Natural Resources’ Office of Conversation’s regulations of oil and gas wells in 2014.  According 
to the final report, “[t]he primary purpose of this audit was to evaluate whether the Office of 
Conservation (OC) effectively regulated oil and gas wells” See Regulation of Oil and Gas Wells 
and Management of Orphaned Wells: Office of Conservation – Department of Natural Resources 
at 2 (May 28, 2014), available at 
http://app.lla.state.la.us/PublicReports.nsf/0/D6A0EBE279B83B9F86257CE700506EAD/$FILE/
000010BC.pdf (hereinafter “LLA”).  The auditor wrote in the final report that effective 
regulations are important not just to “ensur[e] ensuring that wells are operating in compliance 
with regulations and that environmental and public safety risks, such as contamination of ground 
and surface water, are identified and addressed.” Id. at 1. Furthermore, according to the report, 
“[e]ffective regulation is also important in preventing operators from abandoning their wells.” Id.   
 

Overall, the LLA concluded that “the OC has not always effectively regulated oil and gas 
wells to ensure operators comply with regulations.” (LLA, pg. 2).  Below are the auditor’s 
conclusions, which demonstrate that the OC does not effectively regulate existing wells. 
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 DNR Does Not Require Financial Security From All Operators, As Many Other 
States Do. 
 

Operator-provided financial security provides funds for the state that can be used if an 
operator abandons a well (LLA, pg. 3).  The OC does not require all operators to require 
financial security on their wells, and the amount of funds that is required is too low to pay the 
costs of plugging an abandoned well.  According to the LLA report, “25% of all current oil and 
gas wells are required to be covered by financial security and 55% of orphaned wells that were 
subject to financial security requirements were exempt from financial security.” Id.at 3.  The 
auditor concluded that, “[n]ot requiring sufficient financial security amounts provide an incentive 
for operators to abandon their wells since forfeiting the financial security may be more 
economical than paying plugging costs.” Id.  
 
The Auditor notes that OC told the Auditor that some operators could not afford the financial 
security and still be profitable.  In response the Auditor notes: “if operators cannot afford to pay 
financial security, then they likely will not be able to pay to plug the well and perhaps should not 
receive a permit to operate a well as they are demonstrating that they cannot comply with the 
established regulations.” Id. at 6. 
 

 DNR Does Not Inspect Wells. 
 

OC well inspections identify which wells are out of compliance or may have stopped 
producing (LLA, pg. 3).  The DNR Commissioner requires that wells be inspected once every 
three years.  According to the LLA report between fiscal years 2008 to 2013, “OC did not 
conduct routine inspections in accordance with timeframes established by the Commissioner of 
at least 26,828 (53%) of 50,960 oil and gas.” Id. at 3.  Furthermore, 25% (12,702) of all oil and 
gas wells were not inspected at all.” Id.  
 

According to the LLA, OC does not report its inspection data “in a format that can be 
easily quantified,” so “OC also cannot identify the number or type of violations cited on 
inspections.” Id. . 
 

The LLA report hypothesizes that OC did not meet its inspection goals because “OC has 
not effectively managed the inspection process or monitored districts to ensure they are meeting 
these goals.”  The LLA notes:  “Although OC has given districts the responsibility to inspect 
wells, it has not developed formal inspection procedures for districts that would help ensure 
inspections are conducted consistently and scheduled appropriately.” Id. at 10. 
 

 DNR Has No Written Formal Enforcement Procedures. 
 

According to the LLA, “OC has not developed an effective enforcement process that 
sufficiently and consistently addresses noncompliance and deters operators from committing 
subsequent violations.” Id. at 3.  In fact, the LLA writes, “OC has not developed formal 
procedures in policy or in rule that outline the enforcement process.  Formalizing this process 
would help ensure that noncompliance is sufficiently, consistently, and appropriately addressed.” 
Id. at 11 (emphasis added).  The LLA points out that “[p]roviding specific criteria on what 
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violations would result in compliance orders would help districts cite violations consistently for 
all operators.” Id. at 12. 
 

 DNR Does Not Enforce Violations. 
  

The LLA’s report cites the following regarding OC enforcement: 
o Of the failures documented during routine inspections conducted from fiscal 

year 2008 through fiscal year 2013, 15% of the well operators (1,179 of 
7,665) “did not receive a compliance order to correct the violation.” Id. at 3.  
DNR has no criteria for when compliance order should be issued;  

o During the same period, OC did not re-inspect 16% (1,116 of 6,827) of wells 
that had received compliance order. Id. at 3.  Re-inspections allow OC to 
determine whether wells complied with the compliance orders and corrected 
the violations. Id. at 12. Furthermore, of the re-inspections that did take place, 
41% (2,326) were conducted after the agency-imposed date for compliance 
had passed Id. at 13. Lastly, according to the LLA, “OC has not developed 
any procedures for re-inspection . . . [W]ithout standardized procedures that 
outline criteria for re-inspections, OC cannot ensure that they are done 
appropriately and consistently among the districts.” Id. at 13. 

o OC did not penalize well operators who, upon re-inspection, were found not to 
have complied with their compliance orders.  Fifty-five percent of wells (507 
of 918) were not issued a penalty. Id. at 4.  In fact, rather than penalizing well 
operators, OC gave the operators an extension to comply. 

o OC does not impose civil penalties when it has the authority to do so.  The 
auditor, “identified approximately $471,200 in penalties that could have been 
assessed by 589 operators who did not submit required well tests during fiscal 
years 2011 through 2012.” Id. at 4.  (By comparison, on average OC issued 
$150,468 in penalties annually beginning in fiscal year 2008.) Id. 

o The LLA also concludes that “OC’s enforcement actions may not be deterring 
noncompliance.” Id. The LLA notes that “of the 1,027 operators with at least 
one failed inspection from fiscal years 2008 through 2013, 649 (63%) failed 
multiple inspections.  The 10 operators with the most failed inspections had 
between 97 and 255 each over the six years we reviewed.” Id.  

 
 DNR Has Not Consistently Ensured that Inactive Wells Were Plugged, Which 

Louisiana Regulations Require. 
  

Louisiana regulations require that wells that operators plug wells within 90 days after it 
has been determined that the wells have no future utility.  The LLA found that from 2008-2013 
operators self-reported that 747 wells had no future utility.  Of these 747, 64.5% (482) the 
operator failed to properly plug the well.  Id. at 19. 
 

 DNR Has Not Instituted a Process to Identify Orphaned Wells. 
 

The auditor states:  “[b]ecause OC has not always identified and effectively regulated 
inactive wells, the current orphaned well population may grow in the future.” As of July 2013, 
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there were 2,846 known orphaned wells in Louisiana. However, because OC has not always 
identified and effectively regulated inactive wells, the current orphaned well population may 
grow. For example, because OC does not have an effective process to identify inactive wells, 
many of these unidentified inactive wells may already be abandoned by their operators, but have 
not yet been orphaned. In addition, since OC does not have sufficient regulations over inactive 
wells, which have a high risk of becoming orphaned, many of these wells may also become 
orphaned. As of June 30, 2013, there were 12,181 oil and gas wells in an inactive status (both 
future and no future utility status), which represents 21% of the total oil and gas well population. 
Of these, 8,528 wells have been classified as having future utility for greater than three years and 
887 wells have been in no future utility status for longer than 180 days. Both of these populations 
of wells (9,415 in total) can be considered at risk of being orphaned.” Id. at 23. 
 
In light of such evidence presented by the Auditor’s Office, DNR cannot justify under its public 
trust duties the issuance of any additional well drilling permits at this time.  Current regulations 
of the oil and gas industry in Louisiana are in place to protect the welfare of Louisiana citizens 
and our environment – a value so engrained in Louisiana culture that it is codified in the state’s 
constitution.  So long as DNR remains unable to effectively enforce current regulations of the oil 
and gas industry, the approval of Helis’ (or any additional) well drilling permit application would 
violate the Louisiana Constitution.  

 
E. Conservation Must Consider and Address the Cumulative, Indirect, and  

Secondary Impacts of Helis’s Proposed Project and Likely Future Projects. 
 

 Though Helis’s current September 10, 2014, drilling permit application suggests that it is 
only for a straight well (which it later describes as a vertical well), Helis represents that all that 
will be required for it to conduct horizontal fracturing operations out of this same well is for it to 
amend its permit (“Helis understands that drilling the horizontal lateral will require it to amend 
its permit prior to conducting such operations.”).  If this is true, then the current application is the 
only opportunity that commenters will have to address the impacts of the full scale of operations 
Helis intends to conduct.  Conservation, then, must now address all the impacts of Helis’s 
proposed project.  This includes all the cumulative, indirect and secondary impacts of the current 
proposal; as well as the horizontal fracturing aspect of the current well, and the future dozens if 
not hundreds of wells that Helis and other operators (include operators to whom it sells its leases) 
will frack in this suburban area.   
 
 According to a report written by the Lake Pontchartrain Basin Foundation, “Based on the 
likely well spacing and their [Helis’s] proposed 960-acre unit size to the state Department of 
Conservation, the total Tuscaloosa Marine Shale project on their lease alone could include 284 
additional lateral wellbores with approximately 71 surface locations . . . Nearly 2000 lateral 
wells could be drilled in St. Tammany Parish.” Exhibit J. 
 

Conservation must address these potentially massive impacts individually and as a whole 
and cumulatively.  The whole area must be viewed as an interrelated ecological unit in order to 
adequately assess the true cumulative impacts of Helis’ project..   
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It is not hyperbole to suggest that these and future drilling operations will change the face 
of St. Tammany Parish, and the chances of accident or well failure increase with each new well.  
Further, not only the direct impacts of the project must be considered, but also secondary impacts 
that result from the project. 

Without doubt, this project will also increase the region’s greenhouse gas emissions and 
impact the overall health of the region’s watershed.  For instance, the company reports that its 
proposed well will require 800,000 gallons of water daily, and that it will source this water from 
“private ponds.”  However, the public has no information about the nature of these “private 
ponds.”  Are they connected to streams and additional wetlands?  Are they filled and maintained 
from groundwater wells?  How many trucks will be needed to transport this quantity of water?  
What will be the impact of moving this quantity of water on the climate and community?   

As stated by the LPBF 2014 report, “[a]s for the groundwater, any withdrawal would 
impact the only aquifer and sole potable water source for the parish . . . Although Helis has 
stated they will not use groundwater for their first well, this is not a binding arrangement.  Helis 
has not indicated what the water source for future wells might be.  Without safeguards in place, 
Helis or its competitors may look to surface water and groundwater for the water needed for their 
operations.  Also, if Helis sells their interest as they did in North Dakota, the next operator may 
choose differently.  Safeguards need to be in place to protect the over production of the aquifer 
for such an industrial use.” Exhibit J. 

The LPBF report further discussed the cumulative impacts if Helis uses surface water:  
“[i]f surface water was to be used in fracking, the streams could become shallower and even 
slower moving, thus causing dissolved oxygen levels to drop in the warmer months.  St. 
Tammany Parish is sensitive to the dissolved oxygen levels in the streams – LPBF measures 32 
‘hotspots’ on parish streams for dissolved oxygen.  St. Tammany has actually considered 
inducing flows into some streams to help with oxygen levels.  One of these streams, 
Ponchitolawa Creek, has its headwaters in the Helis lease area.  In addition, all streams in the 
lease area are subject to increased water quality regulations under the Clean Water Act through 
the TMDL and MS4 programs.” Exhibit J. 

Additional information and clarity about this project’s cumulative, indirect and secondary 
impacts on the region’s carbon footprint and watershed.  No final agency decision should be 
rendered until this information is disclosed to the public, so that it can provide meaningful 
comments about the nature of Helis’ project.  Without it, the public notice remains deficient and 
any final agency action on Helis’ permit application would undoubtedly violate Louisiana law.  
 

Another potential impact that Conservation must consider is that the chances of accident 
or well failure increase with each new well. 
 

Further, Helis’s proposed project will destroy wetlands that act as a buffer to reoccurring 
storms and localized flooding.  The destruction of these wetlands will certainly contribute to the 
weakening of Louisiana’s storm defenses. Where over three (3) acres of wetlands are involved, it 
is unacceptable that the applicant offers no analysis of these probable impacts.  

As well, this project will likely incite additional construction, and in turn increase the 
region’s carbon footprint and jeopardize even more wetlands unique to this region of St. 
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Tammany Parish.  This activity, combined with similar wetland-destroying projects, could result 
in more flooding in surrounding communities, and the degradation water quality in Bayou 
Castine, Bayou Cane, surrounding wetlands, and the watershed as a whole.   

Conservation must also address the potential health impacts of the proposal on the 
community.  Increased climate changing emissions, air pollution, more trucks, deforestation, 
potential water pollution, and additional development can have serious direct, indirect and 
secondary impacts local residents’ physical and mental health.  The permitting processes is also 
putting tremendous strain on the cultural and social fabric of St. Tammany Parish, where 
community members are galvanizing in either support or opposition to the project.   
 
 As well, Conservation must address the secondary and cumulative impacts from spills 
and runoff.   Given that this site is in wetlands, the impacts of spills and runoff, individually and 
cumulatively, have the potential to be significant.    
 

According to the LPBF report: 
 

 [T]here has been very little improvement in oil spill clean-up.  The BP spill in 
2010 illustrated the ineffectiveness of spill cleanup in open-water.  Clean-up in 
wetlands often results in severe damage to wetlands where in direct contact with 
crude oil or refined product.  Wetlands are considered the most sensitive habitat 
to crude oil in general.  Helis’ first well would irrevocably damage wetlands at 
the well site and pose a threat to any nearby wetlands.  Exhibit J.  
 
F. Conservation Should Not Issue Helis A Well Drilling Permit Without Proof 

of Requisite Testing that Demonstrates No Other Alternatives Exists. 
 

a. Helis should conduct a subsurface investigation to ascertain whether there are active 
faults present. 
 

According to expert Mark Quarles, “The vertical and horizontal wells associated with the Helis 
plan should not be drilled until a thorough subsurface investigation is completed to deny the 
presence of these faults.  Faults can act as conduits that allow contaminants to travel large 
distances vertically and horizontally.”  Quarles affidavit. 
 
b. Extra protections in the well/well casing to ensure more protection for the aquifer.  
 
Cement and or casing issues in a well can lead to aquifer contamination.  Dr. Tony Ingraffea, et 
al., analyzed “75,505 compliance reports for 41,381 conventional and unconventional oil and gas 
wells in Pennsylvania drilled from January 1, 2000–December 31, 2012 . . . with the objective of 
determining complete and accurate statistics of casing and cement impairment. Statewide data 
show a sixfold higher incidence of cement and/or casing issues for shale gas wells relative to 
conventional wells.” (Exhibit E, emphasis added). 
 
 
c. More protective baseline testing of the aquifer and surrounding surface waters. 
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Helis should be required to satisfy API minimum standards for protective baseline testing.  The 
API standards, Water Management Associated with Hydraulic Fracturing, recommend that 
baseline water samples from public and private wells and nearby surface water bodies be taken 
and tested for constituents that indicate that fracturing and drilling operations have taken place.  
 
The API standards state that “the actual parameters to be tested will depend somewhat on site 
specific geology and hydrology.”  API HF2.  However, the API recommends that “Testing 
parameters should include, but are not limited to, total dissolved solids (TDS), total suspended 
solids (TSS), chlorides, carbonates, bicarbonates, sulfate, barium, strontium, arsenic, surfactants, 
methane, hydrogen sulfide, naturally-occurring radioactive materials (NORMs), and benzene.”  
(API HF2, emphasis added). 
 
Dr. Jeffrey K. Wickliffe, Associate Professor of Global Environmental Health Sciences in the 
Tulane School of Public Health and Tropical Medicine, makes the following recommendations, 
supported by a report from the National Institutes of Environmental Health Sciences, for how to 
minimize the potential health risks posed by fracking: 
 

 “Baseline ground water quality data should be taken before any drilling operations 
begin and ground water quality should be monitored throughout the active lifetime of 
the drilling and extraction operations as well as after the drilling and extraction 
operations cease.”  (See NIH/NIEHS report attached as Exhibit K and November 19, 
2014 email from Dr. Jeffrey K. Wickliffe on file with author.) 

 
According to expert Mark Quarles, “Helis’ conceptual sampling plan presented at the public 
hearing did not include any list of constituents that would be tested for any well. There is also no 
indication that the Office of Conservation has considered these relevant factors in their review of 
the application.” 
 
Baseline testing will allow communities to know whether fracking fluids have migrated into the 
aquifer after drilling operations commence. 
 
d. Baseline testing of ambient air quality for criteria pollutants and volatile organic 
compounds 
 
Helis has not addressed baseline testing of ambient air quality in its application.  As noted above, 
shale gas drilling “creates local air pollution, often at dangerous levels.” (“Should Fracking stop?  
Yes, it’s too high risk.”) 
 
Dr. Jeffrey K. Wickliffe, Associate Professor of Global Environmental Health Sciences in the 
Tulane School of Public Health and Tropical Medicine makes the following recommendations, 
supported by a report from the National Institutes of Environmental Health Sciences, for how to 
minimize the potential health risks posed by fracking: 
 

 “Environmental epidemiological study should be performed prior to and during active 
drilling and extraction to determine whether air pollution associated with hydraulic 
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fracturing increases the incidence of respiratory illness and/or cardiovascular 
disease.” (See attached NIH/NIEHS report and November 19, 2014 email from Dr. 
Jeffrey K. Wickliffe on file with author.) 

 “Ambient and occupational air quality should be measured and monitored prior to and 
during active drilling and extraction operations and monitoring in adjacent areas 
without active drilling and extraction operations should be carried out during active 
drilling and extraction operations to serve as continuous baseline measurements.” 
(See attached NIH/NIEHS report and November 19, 2014 email from Dr. Jeffrey K. 
Wickliffe on file with author.) 
 

e. Establish the health of the community.   
 
Helis should establish the baseline health of the community before commencing fracking 
because health impacts have been documented by individuals living in close proximity to shale 
drilling, fracking and production wells.  
 
Dr. Jeffrey K.Wickliffe, Associate Professor of Global Environmental Health Sciences in the 
Tulane School of Public Health and Tropical Medicine makes the following recommendations, 
supported by a report from the National Institutes of Environmental Health Sciences, for how to 
minimize the potential health risks posed by fracking: 

 “Environmental epidemiological study should be performed prior to and during active 
drilling and extraction to determine whether any association exists between health 
outcomes data and water quality in private drinking wells in communities with and 
without hydraulic fracturing.”  (See attached NIH/NIEHS report and “November 19, 
2014 email from Dr. Jeffrey K.Wickliffe on file with author.) 

 “Community-based participatory research principles should be embraced in designing 
and conducting studies on environmental and health impacts of hydraulic fracturing 
so that a broad range of community and stakeholder perspectives are addressed. All 
stakeholders (individual/community/industry/advocacy groups/decision makers) 
should be engaged early to foster multi-directional transparency, communication, and 
accountability.” Id. 

 
f. More protective frequent and regular monitoring of the aquifer made a condition of the 
drilling permit and results made publicly available. 
 
As noted above, Helis’ plan poses an unacceptable risk to the Southern Hills aquifer.  If DNR is 
too grant this permit, the agency must require that frequent and regular monitoring of the aquifer 
be made a condition of the drilling permit.  The results should be made publicly available so that 
the citizens of St. Tammany Parish have access to it. 
 
g. Proper containment around open pits.   
 
To mitigate contamination of the wetlands and aquifer Helis should be required to properly 
contain open pits.  As Mark Quarles explains, “Waste storage in pits while a well site is active 
and the allowance for contaminated wastes to remain at well sites after closure – especially 
wherever wells are constructed over former wetlands and adjacent to wetlands – represents a 
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threat to the water quality of the wetlands because of the toxicity and mobility of fracturing 
chemicals, the toxicity and mobility of exploration and production wastes, and the shallow 
groundwater conditions that are present.” Quarles Affidavit.   
 

G. Conservation Must Consider and Address  
the Costs and Benefits of the Proposed Project. 

 
According to a “Memorandum for Record” from a Geologic Review meeting that was 

held at the request of the Corps of Engineers, New Orleans District (CEMVN)—and which was 
facilitated by the Louisiana Geological Survey employee John Johnston—“Mr. Johnston 
analyzed the data presented by Helis at that meeting and determined (with agreement from Helis 
representatives) that the site had no more than a 50% chance of becoming a viable production 
site.”  Memorandum of Record, Geological Review Meeting findings, MVN-2013-02952-ETT, 
August 19, 2014 (attached as Exhibit L).  In addition to the CEMVN and the Louisiana 
Geological Survey, the following agencies were present: the Louisiana Department of Wildlife 
and Fisheries, the Louisiana Department of Environmental Quality, and the U.S. Environmental 
Protection Agency.   
 

 
II. CONSERVATION MUST DENY HELIS’S PERMIT APPLICATION BECAUSE 
IT PRESENTS CONFLICTING INFORMATION ABOUT ITS OPERATIONS TO 
THAT WHICH THE COMPANY PRESENTED TO THE LOUISIANA 
DEPARTMENT OF ENVIRONMENTAL QUALITY.  
 
Helis has presented an application that presents conflicting information to that application 

which it presented to the Louisiana Department of Environmental Quality (DEQ) for its water 
quality certification.  On the first page of its application to Conservation, Helis has indicated that 
the well it wishes to drill for oil, and specifically does not check the box for gas.  However, in 
the addendum that it attached to its application for a DEQ water quality certification, Helis writes 
that “[p]hase 1 will include the development of a drill site for the drilling of a vertical well from 
which . . . Helis seeks to extract oil and/or gas.”  See Exhibit M.   

  
 Consequently, such a misrepresentation in these two applications to different agencies is 

enough to deny outright (and not allow revision) Helis’ permit application.  
 

III. DNR MUST DENY HELIS’S APPLICATION BECAUSE  
 IT VIOLATES ST. TAMMANY PARISH ZONING. 

 
Drilling at Helis’s proposed site violates the St. Tammany Parish Unified Development 

Code (“Zoning Code”).  In its application for a drilling permit, Helis describes its project as a 
“vertical” well.  Even without the fracking, “Phase II” aspect of its project, however, the project 
is clearly industrial.   

 
However, the area where Helis proposes to drill is not zoned industrial – it is zoned 

residential. The property is in an area classified as A-3 Suburban District for residential 
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purposes.  Exhibit G (Affidavit of Stephen Villavaso).4 As such, it precludes Helis’s proposed 
activity.  Section 5.08 of the Unified Development Code, Volume I, St. Tammany’s zoning code 
provision regulating A-3(D) suburban districts, provides that “no structure or land shall be 
devoted to any other use other than a use permitted hereunder with the exception of uses lawfully 
established prior to the effective date of this ordinance or accessory uses in compliance with this 
section.”5 

 
  A-3(D) Suburban Districts provided for in the Zoning Code at § 5.0802 (2010) are 

“intended to provide a single-family residential environment on moderate sized lots.” Use of A-
3(D) Suburban Districts are limited to permitted uses enumerated in section 508 of the St. 
Tammany Unified Development Code and uses which are similar and compatible.  Installation 
and/or existence of drill pads, structures associated with drill pads, and/or oil and gas wells are 
not enumerated as permitted uses in A-3(D) districts.  Nor is development of drill pads, 
structures associated with drill pads, and/or oil and gas wells similar to or compatible with any 
permitted use enumerated for A-3(D) districts.  According to expert planner Stephen Villavaso, 
“oil and gas drilling is not a permitted land use In the A-3 zoning district and this land use is 
not compatible with the Intention or purpose of the district.  Oil and gas drilling is an intense, 
industrial land use and would be in conflict with the current residential development standards in 
this zoning district and the general area.”  Affidavit at § 6.  Nor has the Director of Planning 
acting in the capacity of Zoning Administrator of St. Tammany Parish determined that Helis’s 
project is similar to or compatible with any permitted use enumerated in this district.   

  
Accordingly, installation of the Drill Pad and Well would be unlawful because it would 

be drilled in an A-3(D) Suburban District and drilling in an A-3(D) Suburban District is 
prohibited by the St. Tammany Parish Unified Development Code. 

 
Statutory law governing Conservation dictates that it deny a permit that conflicts with 

applicable zoning laws.  La. Rev. Stat. § 33:109.1 (2014) provides that “[w]henever a parish or 
municipal planning commission has adopted a master plan, state agencies and departments shall 
consider such adopted master plan before undertaking any activity or action which would affect 
the adopted elements of the master plan.”  As testified to by Mr. Villavaso:  “St. Tammany 
Parish has an adopted Master Plan6 and a Unified Development Code7 governing the current use 
and future development of property located in the Parish as a whole, and the subject property in 
particular.” Villavaso Affidavit.  Helis’s argument that the St. Tammany Parish zoning code is 
preempted by La. R.S. § 30:28(F) ignores the fact that La. R.S. § 33:109.1 was adopted many 
years after La. R.S. § 30:28(F), and the legislature is presumed to be aware of all the laws when 
it promulgates a new law.  Helis’s interpretation would mean that La. R.S. § 33:109.1 was 
meaningless when it was passed, which contradicts proper rules for interpretation of laws so as 
not to be in conflict with other laws. 

                                                 
4 See also Exhibit N (May 22, 2014, email from St. Tammany Parish Planning Director to the Assistant District 
Attorney).  Though this correspondence related to Helis’s original application to the Coprs for a larger wellpad, the 
location of the current proposal is the same.   
5 Exhibit O (Section 5.08 of St. Tammany Parish’s Unified Development Code-Volume I [Zoning]). 
6 See http://www.norpc.org/assets/pdf-documents/parish_studies/Vol_4_Map_Compendium.pdf.  See also Exhibit 
26. 
7 See St. Tammany Parish Unified Development Code § 5.0802 (2010). 
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Further, the Louisiana Department of Environmental Quality interprets this statutory 

provision as applicable to it.  See LDEQ EDMS #9318425.  Mr. Villavaso agrees with the 
LDEQ’s application of La. R.S. § 33:109.1 in this case as requiring that Helis meet the zoning 
requirements to be permitted by a state agency.  Affidavit at paragraph 3.  Mr. Villavaso is 
uniquely qualified to offer this opinion, as he was the legislative chair and leader of the 
Louisiana American Planning Association drafting committee when Act 859 of 2004 (which 
enacted La. R.S. § 33:109.1) was passed.  Id. at page 1.      

 
 In addition to the statutory provision requiring Conservation to respect St. Tammany 
Parish zoning, its Constitutional duty under Article IX, section 1, as public trustee of the 
environment requires it to do so. 
 
IV. HELIS COMPLIANCE HISTORY 
  

Helis has represented on numerous occasions that it is an environmentally responsible 
operator.  See John Connor slide entitled “Helis’ Operational History,” “Over 900 regulatory 
inspections, since 2006 alone.  Only 11 issues, none environmental.  All resolved.”  There are 
many compliance issues of which Conservation should be aware, two of which are cited here: 
First, The U.S. Environmental Protection Agency, Region 6, and Helis signed a Consent 
Agreement in 2013 due to violations EPA found during an inspection of the Willow Cove oil 
production facility.  United States Environmental Protection Agency, Region 6, In the Matter of 
Helis Oil & Gas Company, LLC, Willow Cove Facility, St. Martin Parish, LA. Docket No. 
CWA-06-2013-4815.  Exhibit Q. The Consent Agreement was entered into because “On 
February 27, 2013 EPA inspected the facility and found that [Helis] had failed to fully 
implement its SPCC plan for the facility.”  (Id. at 4.)  The Consent Agreement lists 10 categories 
of failures on Helis’ part, including that Helis’s “[f]acility failed to conduct inspections and tests 
in accordance with written procedure, failed to keep written records and tests signed by the 
appropriate supervisor or inspector and failed to keep them with the SPCC plan for three years.”  
(Id.) Additionally, Helis’ “[f]acility failed to discuss in plan blowout prevention assembly and 
well control system installation before drilling below casing string and during workover 
operations, and failed to discuss if blowout prevention assembly and well control system was 
capable of controlling any well-head pressure that maybe [sic] encountered while on the well.” 
(Id. at 5.) 

 
Helis entered into a settlement agreement with the Wyoming Department of 

Environmental Quality, Air Quality Division and agreed to pay a $1,200 fine because it was 
alleged in a Notice of Violation that “Helis installed and operated a 190-hp Waukesha F817G 
pumping unit engine without controls or a permit and failed to obtain DEQ/AQD construction 
permit prior to constructing the Hornbuckel 1-11H production facility (Facility) located in 
Converse County, Wyoming, thereby violating the Wyoming Environmental Quality Act.” 
Settlement Agreement between DEQ/AQD and Helis Oil & Gas Company, LLC.  DEQ NOV 
#497-12.  Exhibit R. 
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       Sincerely, 
 
/s/ Marianne Cufone     /s/ Lisa Jordan 
___________________________   ________________________________ 
Marianne Cufone, Esq.    Lisa W. Jordan, Supervising Attorney 
540 Broadway St., Rm. 304     
New Orleans, LA  70118 
Counsel for Concerned Citizens 
of St. Tammany     /s/ Caroline Wick 

________________________________ 
Caroline J. Wick, Student Attorney 
Tulane Environmental Law Clinic 
6329 Freret Street, Suite 130 
New Orleans, LA  70118 

        
       Counsel for the Town of Abita Springs 
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AFFIDAVIT OF MARK A. QUARLES, P.G. 

 
 
 BEFORE ME, the undersigned authority, personally came and appeared, Mark A. Quarles, 
P.G., who, after being duly sworn, did depose and say: 
 

Qualifications 
 

1. My name is Mark A. Quarles.  I am an expert in the fields of contaminant investigations of 
soil, surface waters, and groundwater; stormwater runoff and best practice management 
controls; oil and gas exploration waste management; and hydraulic fracturing standards used 
by the oil and gas industry and the U.S. EPA. 

 
2. I have specifically performed investigations to determine the nature and extent of contaminant 

concentrations in soil, groundwater, and surface water in minute amounts and have evaluated 
the risks associated with such constituent concentrations.  

 
3. I am an environmental consultant and am working on behalf of the commenting parties in this 

matter. 
 

4. I am a licensed Professional Geologist in the State of Tennessee and have a Bachelor of 
Science degree in Environmental Engineering Technology from Western Kentucky 
University. 

 
5. An accurate copy of my curriculum vitae is attached to this Statement. 

 
6. I have reviewed and assessed the following information that was provided to me regarding the 

plan to drill an oil and gas well and to formulate my opinion:     
a) Application for Permit to Drill for Minerals, Helis Oil & Gas Company, Eads Poitevent, 

Et Al well, September 10, 2014. 
b) Application for Department of the Army Permit, Helis Oil & Gas Company, LLC, March 

31, 2014. 
c) Letter to Richard Hudson, Office of Conservation, from Richard Revels, Liskow & Lewis, 

October 9, 2014. 
d) Joint Public Notice to Construct a Well Pad for a Single Vertical Exploratory Well, in St. 

Tammany Parish, Louisiana, revised Application for Department of the Army Permit, 
October 14, 2014. 

e) Hand-out material of presentation slides, Engineering Docket No. 14-626, November 12, 
2014 hearing at the Lakeshore High School.  This information was not provided until the 
night of the hearing. 

f) Leasing and Fracking the Tuscaloosa Marine Shale in St. Tammany Parish, Wilma Subra, 
presentation for the Louisiana Environmental Action Network.  

 
7. I use the following terms and definitions in these comments: 

 
Active Fault – A fault that has undergone movement in recent geologic time (the last 
10,000 years) and may be subject to future movement. 
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Casing – pipes (usually steel) that are used to create a “string” or multiple, threaded 
connections in order to create a conductor pipe, a surface casing, a intermediate casing, 
and a production casing that are used to create an oil and / or gas well.   

 

 
 

Confining layer – a geologic formation of low hydraulic conductivity (relative to 
adjacent geologic materials, e.g. such as clay) that is intended to minimize or prevent 
seepage from an intended target formation (e.g. the zone to be hydraulically fractured) or 
from one aquifer to another. 
 
Contaminants – chemicals or constituents that are injected into the subsurface or are 
stored in surface pits that might harm people and the environment due to the toxicity and 
mobility.  Contaminants can be man-made (such as ethylene glycol) or naturally occurring 
(such as naturally occurring radioactive materials). 
 
Emergency Pits ― lined or earthen pits used to periodically collect produced water and 
other exploration and production waste fluids only during emergency incidents, rupture or 
failure of other facilities. 
 
 
Flowback Liquid – the portion of fracturing liquid that actually returns up the well after 
being injected into the oil and gas well to crack the formation.  Only 10 to 40% of that 
liquid returns to the surface within 2 weeks of a fracture.  
 
Fracturing Liquid – a mixture of millions of gallons of water, chemicals, and proppant 
(usually sand) that are injected under extreme pressure into the target oil and gas 

HYDRAULIC FRACTURING OPERATIONS�—WELL CONSTRUCTION AND INTEGRITY GUIDELINES 5

Casing used in oil and gas wells that will be hydraulically fractured should meet API standards, including API Spec 
5CT. API casing specifications and recommended practices cover the design, manufacturing, testing, and 
transportation. Casing manufactured to API specifications must meet strict requirements for compression, tension, 
collapse, and burst resistance, quality, and consistency. The casing used in a well should be designed to withstand 
the anticipated hydraulic fracturing pressure, production pressures, corrosive conditions, and other factors. If used or 
reconditioned casing is installed in a well that will be hydraulically fractured, it should be tested to ensure that it meets 
API performance requirements for new built casing.

Casing and coupling threads should meet API standards and specifications to ensure performance, quality, and 
consistency, including API Spec 5B. If proprietary casing and coupling threads from a specialized supplier are used, 
these threads must also pass rigorous testing done by the supplier and should adhere to applicable subsets of the 
API qualification tests.

5 Cementing the Casing

5.1 General

After the casing has been run into the drilled hole, it must be cemented in place. This is a critical part of well 
construction and is a fully designed and engineered process. The purpose of cementing the casing is to provide zonal 
isolation between different formations, including full isolation of the groundwater and to provide structural support of 
the well. Cement is fundamental in maintaining integrity throughout the life of the well and part of corrosion protection 
for casing.

Cementing is accomplished by pumping the cement (commonly known as slurry) down the inside of the casing, and 
circulating it back up the outside of the casing. Top and bottom rubber wiper plugs should be used to minimize mixing 
of cement with drilling fluid while it is being pumped. A downhole schematic of a cement job in progress is illustrated 
in Figure 2.

Figure 1�—Typical Well Schematic

Typical O il and / or Gas W ell Schematic

Conductor p ipe

Surface casing

Intermediate casing

Production casing

L eg end
Stee l casing or p ipe

C e m ent
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formation in order to crack the formation, prop it open, and to allow oil and / or gas to 
flow into a production casing that brings them back to the surface. 
 
Groundwater Aquifer – water in the saturated zone beneath the land surface that 
contains less than 10,000 mg/l total dissolved solids. 
 
Hydraulic fracturing - injecting fracturing fluids into the target formation at a force 
exceeding the parting pressure of the rock, thus inducing fractures through which oil or 
natural gas can flow to the wellbore. 
 
Intermediate casing – an oil and / or gas well casing that is placed inside a surface casing 
and is used to protect the deeper borehole against caving of heaving formations or when 
other means are not adequate for the purpose of segregating upper oil, gas or water-
bearing strata.   

 
Pit ― a natural topographic depression or man-made excavation used to hold produced 
water or other exploration and production waste, hydrocarbon storage brine, or mining 
water. The term does not include lined sumps less than 660 gallons, containment dikes, or 
ring levees or firewalls constructed around oil and gas facilities. 
 
Produced Water ― liquids and suspended particulate matter that is obtained by 
processing fluids brought to the surface in conjunction with the recovery of oil and gas 
from underground geologic formations, with underground storage of hydrocarbons, or 
with solution mining for brine. 
 
Production Pits ― either earthen or lined storage pits for collecting waste sediment 
periodically cleaned from tanks and other producing facilities, for storage of produced 
water or other exploration and production wastes produced from the operation of oil and 
gas facilities, or used in conjunction with hydrocarbon storage and solution mining 
operations as follows. 
 
Produced Water Pits ― lined or earthen pit used for storing produced water and other 
exploration and production wastes, hydrocarbon storage, brine, or mining water. 

 
Reserve Pits ― temporary earthen pits used to store only those materials used or 
generated in drilling and workover operations. 

 
Sole Source Aquifer - an aquifer designated by EPA as the "sole or principal source" of 
drinking water for a given service area; that is, an aquifer which is needed to supply 50% 
or more of the drinking water for that area and for which there are no reasonably available 
alternative sources should the aquifer become contaminated. 
 
Surface casing – usually the first in a series of well casings designed to protect 
groundwater aquifers and to contain all pressures that might occur in the subsequent 
drilling process.  The casing is installed at a depth sufficiently deep enough to isolate and 
protect all depths of aquifers.  

 
8. This Statement contains my expert opinions, which I hold to a reasonable degree of scientific 

certainty.  My opinions are based on my application of professional judgment and expertise to 
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sufficient facts or data, consisting specifically of documents related to this matter.  These are 
facts and data typically and reasonably relied upon by experts in my field. 
 

 
CONCLUSIONS 

 
9. Oil and gas well drilling into the Tuscaloosa Marine Shale formation at the proposed Helis 

well location in St. Tammany Parish will no-doubt threaten the water quality of the Southern 
Hills Aquifer, nearby surface waters such as streams and bayous, and jurisdictional wetlands.  
These threats exist because the proposed well will penetrate up multiple layers of sub-aquifers 
of the Southern Hills Aquifer, the site is located in an active geologic fault zone, the site is 
located over a wetland, and the site is located adjacent to other wetlands.   

 
10. The Helis well location presents a significant risk to the Southern Hills Aquifer because of its 

location relative to known, suspected, and probable faults.  The vertical and horizontal wells 
associated with the Helis plan should not be drilled until a thorough subsurface investigation 
is completed to deny the presence of these faults.  Faults can act as conduits that allow 
contaminants to travel large distances vertically and horizontally.  

 
11. Based upon available information, the potential and real adverse impacts of the Helis project 

have not been avoided to the maximum extent practicable.   
 

12. Alternative sites that do not destroy a jurisdictional wetland, are not located within a 
designated Sole Source Aquifer, and are located away from geologic faults are required in 
order to avoid the potential and real adverse impacts associated with drilling for oil and gas in 
the Tuscaloosa Marine Shale in St. Tammany Parish. 

 
 

KEY POINTS 
 

13. Though Helis’s drilling application indicates a vertical well, the proposed Helis well in the 
Tuscaloosa Marine Shale formation will require hydraulic fracturing and a horizontal well to 
be economically viable.  Although deemed relevant by the US Army Corps of Engineers 
during its review of the wetland permit application, Helis chose not to specifically answer any 
of the Corps’ questions regarding fracturing fluid migration measures that would be used to 
protect groundwater, surface water, and nearby wetlands.  

 
14. The proposed Helis well and Helis’s other leases for the Tuscaloosa Marine Shale zone in St. 

Tammany Parish will drill through a “Sole Source Aquifer”, as identified by the U.S. EPA.  
Helis’s proposed use of fracture related chemicals and management of exploration and 
production wastes threaten the potable water in the Sole Source Aquifer, and the horizontal 
well that will extend almost 8,000 feet north from the vertical well spreads those risks far 
from the vertical well site.   

 
15. The drilling permit applications submitted by Helis provided no specificity about the plan to 

protect the Sole Source Aquifer or its plan to drill the horizontal portion of the well that will 
be hydraulically fractured with chemicals.  This lack of specificity does not allow the Office 
of Conservation or the public to evaluate the potential and real adverse impacts associated 
with the well.  
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16. The conceptual drilling and monitoring plan presented by Helis in the slide show at the 

November 12, 2014 hearing still does not fully define the drilling plan nor does it include 
details for the plan to mitigate risks to the Southern Hills Aquifer system.  Further, the drilling 
plan does not meet the Louisiana regulatory standards contained in Statewide Order 29-B and 
does not meet industry-developed American Petroleum Institute (API) standards for hydraulic 
fracturing. 
 

17. The proposed Helis well is situated within an area of mapped, suspected, and probable growth 
faults reported by numerous Louisiana and Federal agencies, and those faults represent a 
contamination migration threat to the Southern Hills Aquifer from drilling fluids and 
hydraulic fracturing chemicals.  

 
18. Hydraulic fracturing operations inject toxic chemicals at harmful concentrations into the 

subsurface, those chemicals are not routinely tested in public or domestic drinking water well 
sampling programs, and water treatment plants generally have no ability to remove those 
chemicals before distribution into the system. 

 
19. The conceptual monitoring program presented by Helis at the November 12, 2014 public 

hearing to sample drinking water wells near the well site is inadequate to detect contaminated 
groundwater that might migrate from the site, and the program will not detect contaminated 
groundwater – if it were to occur – for all identified drinking water users prior to 
consumption. 
 

20. An independent audit conducted by the State Review of Oil and Gas Environmental 
Regulations (STRONGER) in 2010 / 2011 of the rules established by the Louisiana 
Department of Natural Resources, Office of Conservation, Statewide Order 29-B program for 
oil and gas operations, concluded that the state’s technical well construction standards do not 
ensure protection of aquifers, do not provide adequate separation from activities and the 
public in urban areas, do not protect the environment from spills, and staff are not adequately 
trained in hydraulic fracturing standards. 
 

21. The Louisiana Administrative Code Regulations at Title 43, Part XIX, Subpart 1 (Statewide 
Order No. 29-B) established for oil and gas drilling operations are not protective of human 
health and the environment because they do not meet the minimum industry-established 
American Petroleum Institute (API) standards nor do they meet U.S. EPA recommended 
standards for hydraulic fracturing. 

 
22. A Performance Audit in 2014 of the Department of Natural Resources, Office of 

Conservation program completed by the Louisiana Legislative Auditor concluded that routine 
inspections of oil and gas wells to monitor compliance were not performed as required, there 
was no effective enforcement process to correct non-compliance, the financial assurance 
(bonding) was inadequate to cover costs to properly close abandoned well sites, and the 
program did little to discourage future non-compliance.  
 

23. Statewide Order No. 29-B allows oil and gas drilling wastes to be stored in pits and disposed 
of on-site, even though threats to the local groundwater exist and the pit construction and 
operational standards do not meet those standards recommended by STRONGER.  
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DETAILED SUMMARY OF OPINIONS TO SUPPORT KEY FACTS 

 
Though Helis’s drilling application indicates a vertical well, the proposed Helis well in the 
Tuscaloosa Marine Shale formation will require hydraulic fracturing and a horizontal well 
to be economically viable.  Although deemed relevant by the US Army Corps of Engineers 
during its review of the wetland permit application, Helis chose not to specifically answer 
any of the Corps’ questions regarding fracturing fluid migration measures that would be 
used to protect groundwater, surface water, and nearby wetlands.  

 
24. The Tuscaloosa Marine Shale formation in Southeastern Louisiana is a formation that can 

produce both oil and natural gas1. As such, the well design should incorporate adequately 
protective features to prevent the migration of oil, natural gas, and hydraulic fracturing 
chemicals up the vertical and horizontal well components, across geologic growth faults, 
across multiple layers of the Sole Source Aquifer, and across confining layers. 
 

The proposed Helis well and its other leases for the Tuscaloosa Marine Shale zone in St. 
Tammany Parish will drill through a “Sole Source Aquifer,” as identified by the U.S. EPA. 
Helis’s proposed use of fracture related chemicals and management of exploration and 
production wastes threaten the potable water in the Sole Source Aquifer, and the horizontal 
well that will extend almost 8,000 feet from the vertical well spreads those risks far from the 
vertical well site.   

 
25. The Southern Hills Aquifer system extending from southwestern Mississippi to southeastern 

Louisiana is classified by the U.S. EPA as a “Sole Source Aquifer” because of the public’s 
reliance on those aquifers as a sole or principal source of drinking water2.  As such the public, 
industries, agriculture users – essentially everyone - depends on its clean groundwater for 
healthy living and business prosperity.  Refer to Slide 6 of the Global Environmental, LLC 
public hearing presentation.  
 

26. In 2005, 22.7 million gallons per day (Mgal/d) of groundwater were withdrawn from the 
Southern Hills Aquifer within St. Tammany Parish alone and of that amount, 70% was for 
public water supplies and 28% was for private domestic water supplies3.  According to the 
Office of Conservation, that reliance on groundwater in the parish has increased to between 
25 and 50 Mgal/day, and St. Tammany Parish and neighboring parishes represent one of the 
most densely populated well use areas in the entire state4.  Refer to Slide 7 of the Global 
Environmental, LLC public hearing presentation.  

 
27. The base depths of Sole Source Aquifers in St. Tammany Parish vary between 2,000 and 

approximately 3,500 feet below sea level, and there are 10 or more sub-aquifer layers within 
those depths5.  Refer to Slide 8 of the Global Environmental, LLC public hearing 
presentation.  

                                            
1 Tuscaloosa Marine Shale Development, James Welsh, Commissioner of Conservation, September 12, 2013.  
2 US EPA, Region 6, Source Water Protection Program, http://www.epa.gov/region6/water/swp/ssa/maps.htm.  
3 Water Resources of St. Tammany Parish, U.S. Geological Survey, Fact Sheet 2009-3064, Revised February 2012.  
4 State Water Management for Energy Development, Matthew Reonas, Office of Conservation, September 12, 2013 
Presentation http://dnr.louisiana.gov/index.cfm?md=pagebuilder&tmp=home&pid=909 . 
5 Water Resources of St. Tammany Parish, U.S. Geological Survey, Fact Sheet 2009-3064, Revised February 2012. 
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28. The Southern Hills Aquifer in St. Tammany Parish area consists of multiple layers of sand 

and gravel that contain high quality drinking water - of which the upper two “400-foot” and 
“600-foot” (deep) sand and gravel aquifers are also considered to be within the Chicot 
Aquifer6.  Those aquifers typically consist of 50 to 300-foot thick layers of sand and gravel7.  

 
29. Aquifer layers can mix and consolidate due to clayey soil confining layers that may or may 

not be continuous, by leakage through confining layers, or when heavy pumping of one unit 
extends beyond a confining layer8.  Deeper confined aquifers can mix with shallow aquifers 
above.  Contamination found in one layer of the aquifer can migrate into and contaminate 
other sub-aquifers.    

 
30. Groundwater in the aquifer originates from local, direct precipitation and seepage into the 

ground and from areas that begin in northern Louisiana, including northern St. Tammany 
Parish where the aquifer intersects the land surface.  Contamination sources at or near the 
surface – such as waste pits and disposal areas in recharge areas – can contaminate shallow 
and deeper confined aquifers when that contamination seeps into the ground and enters 
groundwater. 

 
31. The potentiometric surface (or slope) and direction of flow of each aquifer layer can differ 

depending on numerous factors, such as geographic location and the rate of pumping.  The 
velocity of the groundwater can reach up to several hundred feet per year9 - an important 
factor when creating a groundwater monitoring system to evaluate which drinking water wells 
might become contaminated and how long a monitoring program of those wells should extend 
into the future.   

 
32. Any unintended migration of fracture chemicals, crude oil, and / or natural gas from an oil 

and gas formation up an improperly constructed, improperly maintained, improperly located, 
or improperly fractured well can contaminate multiple layers of the Southern Hills Aquifer - 
given that the borehole pierces multiple aquifer units, the clay confining units are not always 
laterally continuous, and faults extend to the surface.  Even a properly constructed well can 
result in contamination - if the subsurface rock and sand formations have natural features such 
as fractures and faults and where confining layers of clay do not completely separate the 
different aquifer layers.   

 
The drilling permit applications submitted by Helis provided no specificity about the plan 
to protect the Sole Source Aquifer or its plan to drill the horizontal portion of the well that 
will be hydraulically fractured with chemicals.   This lack of specificity does not allow the 
Office of Conservation or the public to evaluate the potential and real adverse impacts 
associated with the well.  

 

                                            
6 Water-Level Surface in the Chicot Equivalent Aquifer System in Southeastern Louisiana, 2009, U.S. Geological Survey, 
Scientific Investigation Map 3173.  
7 Water Resources of St. Tammany Parish, U.S. Geological Survey, Fact Sheet 2009-3064, Revised February 2012. 
8 The Southern Hills Regional Aquifer System of Southeastern Louisiana and Southwestern Mississippi, U.S. Geological 
Survey, Water Resources Investigations Report 83-4189.  
9 Id., Southern Hills Regional Aquifer System. 
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33. The March 31, 2014 original Application for Department of the Army Permit submitted to the 
U.S. Army Corps of Engineers (USACE) for the site provides insight into how Helis intends 
to drill up to 10 wells on the site, to destroy up to approximately 10 acres of wetlands, and to 
construct a 10-foot deep, 2-acre pit to contain undisclosed wastes. 

 
34. The Form MD-10-R-1 dated September 3, 2014 provides no specificity at all for the proposed 

well – other than the proposed zone of completion is the Lower Tuscaloosa Sand for a new 
leased vertical well.  
 

35. The revised October 2014 application with the USACE included in the October 14, 2014 
Public Notice provides the only detail in an official application regarding Helis’ proposed 
project.  It states that Phase 1 will include a vertical well, and Phase 2 will include a 
horizontal well that will be hydraulically fractured.  Phase 1 components will include:  
a) One vertical 13,374 feet deep oil and gas well constructed on a 3.21-acre pad over a 

wetland. 
b) An unstated number (and depth) of upgradient and downgradient groundwater aquifer 

monitoring wells. 
c) A 25,000 square foot, 2.7-feet deep water collection pond. 
d) A closed-loop drilling mud system with no reserve or production pits for the vertical well.  
e) A ring levee around the perimeter of the site. 

 
36. The USACE attempted to learn more about Helis’ proposed hydraulic fracturing operations 

but Helis chose to not answer any questions related to anything other than the Phase 1 vertical 
well.  As such, the USACE questions related to the horizontal well and fracturing phases of 
the project remain unanswered. These unanswered questions include, at a minimum:  
a) The amount of truck traffic for the entire project, including fracturing operations. 
b) The water use through the end of production and including fracturing. 
c) Any planned use of diesel fuel as a fracture fluid. 
d) How will Helis prevent migration through faulty well casings? 
e) How will Helis prevent migration through the annulus between the casing and the well? 
f) How will Helis prevent fluid migration from the injection zone through confining strata? 
g) How will Helis prevent vertical fluid migration through abandoned / orphaned wells? 
h) How will Helis prevent lateral migration of fluids into protected stratum? 
i) How will Helis prevent injection of fluids into or above drinking water aquifers? 

 
The conceptual drilling and monitoring plan presented by Helis in the slide show at the 
November 12, 2014 hearing still does not fully define the drilling plan nor does it include details 
for the plan to mitigate risks to the Southern Hills Aquifer system.  Further, the drilling plan 
does not meet the Louisiana regulatory standards contained in Statewide Order 29-B and does 
not meet industry-developed American Petroleum Institute (API) standards for hydraulic 
fracturing. 
 

37. Helis’ plan presented on the hearing slide show to use water-based muds for the vertical well 
is commendable.  However, that mud will reportedly contain barium sulfate.  Barium is a 
heavy metal that is harmful if consumed at concentrations greater than 2 mg/L and as such, is 
regulated by the Safe Drinking Water Act (SDWA).  Barium is known to increase blood 
pressure in adults if consumed over the acceptable limit.  The concentration of barium, other 
SDWA constituents, and other chemicals in the drilling mud remain unknown.  Helis should 
use a less toxic drilling mud that contains no toxic chemicals.   
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38. Water-based drilling muds will be in direct contact with the approximate 10 different sub-

aquifers of the Southern Hills Aquifer during the drilling process because the protective 
surface casing is not set until the full depth of the bring is drilled.  Helis anticipates installing 
a 4,000-foot surface casing10.  Until the surface casing is properly set, cemented into place, 
and properly tested to assure no leakage, chemicals in the mud can intermingle with the 
multiple aquifer layers.  

 
39. During Phase II, Helis intends to drill the almost 8,000-foot horizontal well with oil-based 

drilling muds.  As such, oils will be injected into the ground, and oily drill cuttings will be 
returned to the surface with no specific plan for disposal.  Collection of these muds in an on-
site pit(s) and any on-site disposal represents a threat to the groundwater, surface water, and 
wetlands because oil contains toxic contaminants.  

 
40. Helis’ conceptual plan to hydraulically fracture the well that was presented at the November 

12, 2014 hearing includes plans to perform 25 separate fracturing stages once the well is 
drilled.  Helis did not provide an estimate of the volume of fracturing liquids that would be 
used; however, the Office of Conservation estimates that the average water use per well is 5.5 
million gallons11 in a similar formation.  Wells can, and often times are, hydraulically 
fractured multiple times over the life of a well and as such, the water use for each well 
extends over a long period of time.  

 
41. Helis has not provided any information on any expected hydraulic fracturing recipes or 

chemicals that might be used for Phase 2 hydraulic fracturing.  Although Helis stated that the 
list of chemicals used in hydraulic fracturing will ultimately be provided to the Office of 
Conservation and the general public, that disclosure will not occur until several days after the 
fracturing is completed.  Such disclosure, after injection, does not allow anyone to sample 
their wells beforehand to compare to the water quality after the well is fractured.  

 
42. Although Helis committed in its most recent, revised USACE wetland application to not use 

pits of any type during drilling the vertical well, no such commitment has been given for the 
riskier horizontal Phase 2 well.  Phase 2 will use oily muds, will be hydraulically fractured, 
and will create flowback liquids with naturally occurring and man-made contaminants that 
can contaminate groundwater and surface water, and can harm wetlands by spillage and 
seepage from pits.  

 
43. The Helis conceptual drilling plan presented at the hearing includes a surface casing and an 

associated cement plan that does not meet Louisiana Statewide Order 29-B standards.  Helis 
stated at the hearing that its plan is to allow cement associated with the surface casing - that is 
supposed to seal the casing to the aquifers and confining layers - to only stand 8 hours before 
continuing to drill. This plan does not meet the Statewide Order 29-B (Section 109. B, 3.) 
requirement that the cement shall stand a minimum of 12 hours under pressure before 
initiating a test or continuing to drill.   

 

                                            
10 Drilling Permit Application, letter to Richard Hudson, from Richard Revels, Liskow & Lewis, October 9, 2014. 
11 Hydraulic Fracturing Regulatory Processes in Louisiana, James Welsh, Commissioner of Conservation, Presentation 
http://dnr.louisiana.gov/index.cfm?md=pagebuilder&tmp=home&pid=909.  
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44. Helis’ drilling plan for the surface casing also does not meet American Petroleum Institute12 
minimum well mechanical integrity standards because there is no mention of well centralizers 
to center the casing, nor is there a stated plan to perform mechanical integrity tests such as 
cement bond logs, formation pressure tests, and temperature logs to demonstrate that an 
adequate surface casing formation seal actually exists for the full length of the casing in order 
to protect the aquifer layers. All such tests and equipment are necessary to ensure a proper 
seal throughout the full 4,000-foot depth of the surface casing planned by Helis. A leaky seal 
can allow oil, gas, and hydraulic fracturing chemicals to migrate along the outside of the well.   

 
45. There are seven (7) types of well cement failures that create routes for a fluid to leak in a 

cemented well borehole13.  Well failures such as these result in a significantly increased risk 
of contaminants reaching either the surface water or potable water sources.  As such, a 
thorough evaluation of the cement is required over the life of the well.  These pathways 
include development of channels in the cement, poor removal of mud cake that forms during 
drilling, shrinkage of cement, and the potential for relatively high cement permeability.  The 
pathways are illustrated as follows: 

 

 
 

46. A study of gas wells drilled into the Marcellus Shale in Pennsylvania – another 
unconventional formation like the Tuscaloosa Marine Shale – indicated a 6.3% well failure 
rate from 2005 through 201314.  A “well failure” was defined as a failure of the cement or 
casing that allows leakage internally in the well and / or outside the well into the environment.   

 

                                            
12 Hydraulic Fracturing Operations – Well Construction an Integrity Guidelines, American Petroleum Institute, API 
Guidance Document HF1, October 2009. 
13 Oil and Gas Wells and their Integrity: Implications for Shale and Unconventional Resource Exploitation, Richard 
Davies et al., Marine and Petroleum Geology journal, March 2014.  
14 Id., Marine and Petroleum Geology journal. 

2. Datasets

This paper draws on a variety of datasets, mostly published, but
in some instances sourced from online repositories or national
databases, and follows the approach of Davies et al. (2013). In that
study, the risk of induced seismicity due to hydraulic fracturing was
reviewed, and intentionally included all datasets in the public
domain that were considered to be reliable, rather than de-
selecting any data (Davies et al., 2013). This inclusive approach
has a drawback because well barrier and well integrity failure fre-
quencies are probably specific to the geology, age of wells, and era
of well construction (King and King, 2013). A wide range of failure
statistics is therefore reported, and although they are presented on
a single graph to show the spread of results (Fig. 8), this is not
intended to imply that direct comparisons between very different
datasets (i.e. size, age of wells, geology) can be made.

The sources we used do not report their findings consistently
and it is unclear in some cases whether well barrier failures have
led to leaks into groundwater, rock layers, soil or the atmosphere,

Figure 2. Schematic diagram of typical sources of fluid that can leak through a hy-
drocarbon well. 1 e gas-rich formation such as coal; 2 e non-producing, gas- or oil-
bearing permeable formation; 3 e biogenic or thermogenic gas in shallow aquifer; and
4 e oil or gas from an oil or gas reservoir.

Figure 3. Routes for fluid leak in a cemented wellbore. 1 e between cement and
surrounding rock formations, 2 e between casing and surrounding cement, 3 e be-
tween cement plug and casing or production tubing, 4 e through cement plug, 5 e

through the cement between casing and rock formation, 6 e across the cement outside
the casing and then between this cement and the casing, 7 e along a sheared wellbore.
After Celia et al. (2005) and this paper.

Figure 4. Photographic examples of leak pathways: (a) Corrosion of tubing
(Torbergsen et al., 2012); (b) Cracks in cement (Crook et al., 2003); (c) Corrosion of
casing (Xu et al., 2006).

R.J. Davies et al. / Marine and Petroleum Geology xxx (2014) 1e164

Please cite this article in press as: Davies, R.J., et al., Oil and gas wells and their integrity: Implications for shale and unconventional resource
exploitation, Marine and Petroleum Geology (2014), http://dx.doi.org/10.1016/j.marpetgeo.2014.03.001
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47. A breakdown of violations from Marcellus shale well sites in Pennsylvania shows that over 
30% were related to surface water contamination, and over 10% of the violations were related 
to cement or casings failures15.  These violations are illustrated as follows: 

 

 
 

48. Helis’ plan to withdraw water to drill and fracture the well from an undetermined “private 
pond” may still in fact result in an actual withdrawal of groundwater.  Ponds in areas of 
shallow groundwater are in fact filled with groundwater.  At the hearing, Helis consultants 
would not state where the source pond is, nor was that information presented in their slides.  
Without knowing where the source pond is and how it is constructed, Helis cannot say that no 
groundwater will be used for the well construction or hydraulic fracturing.  The shallow, 
water table aquifer in St. Tammany recharges the deeper Sole Source Aquifer and provides 
recharge water to adjacent wetlands.  

 
49. Hydraulic fracturing operations in Louisiana from October 2009 to February 2012 used over 

2.3 billion gallons of groundwater for oil and gas wells; the average water usage per well was 
over 5.4 million gallons; and the average water used to fracture each well was over 4.8 
million gallons16.  

 
The proposed Helis well is situated within an area of mapped, suspected, and probable growth 
faults reported by numerous Louisiana and Federal agencies, and those faults represent a 
contamination threat to the Southern Hills Aquifer from drilling fluids and hydraulic 
fracturing chemicals.  
 

50. The proposed well is located along an active (still moving) portion of the Tepetate-Baton 
Rouge Regional Fault System17.  Some faults in the near-vicinity of the well site have already 

                                            
15 Id., Marine and Petroleum Geology journal. 
16 Hydraulic Fracturing Regulatory Processes in Louisiana, James Welsh, Commissioner of Conservation, Presentation 
http://dnr.louisiana.gov/index.cfm?md=pagebuilder&tmp=home&pid=909 . 
17 Surface Faults of the South Louisiana Growth-Fault Province, Richard McCulloh and Paul Heinrich, Louisiana 
Geological Survey, Louisiana State University, Geological Society of America, Special Paper 493, 2012. 

outer continental shelf of the Gulf of Mexico, 6692 (43%) have
sustained casing pressure on at least one casing annulus (Brufatto
et al., 2003). Of these incidents, 47.1% occurred in the production
strings, 26.2% in the surface casing, 16.3% in the intermediate cas-
ing, and 10.4% in the conductor pipe.

4.3. Offshore Norway

Vignes and Aadnøy (2010) examined 406 wells at 12 Norwegian
offshore facilities operated by 7 companies. Their dataset included
producing and injection wells, but not plugged and abandoned
wells. Of the 406 wells they examined, 75 (18%) had well barrier
issues. There were 15 different types of barrier that failed, many of
themmechanical (Fig. 7), including the annulus safety valve, casing,
cement and wellhead. Issues with cement accounted for 11% of the
failures, whilst issues with tubing accounted for 29% of failures.

The PSA has also performed analyses of barrier failures and well
integrity on the Norwegian continental shelf. Its analysis showed
that, in 2008, 24% of 1677 wells were reported to have well barrier
failures; in 2009, 24% of 1712 wells had well barrier failures; and in
2010, 26% of 1741 wells had well barrier failures. It is unclear
whether the samewells were tested in successive years or whether
surveys targeted different wells (Vignes, 2011). A study of 217 wells
in 8 offshore fields was also carried out by SINTEF (see Vignes,
2011). Between 11% and 73% of wells had some form of barrier
failure, with injectors 2 to 3 times more likely to fail than producers
(Vignes, 2011).

At the 20th Drilling Conference in Kristiansand, Norway, in 2007,
Statoil presented an internal company survey of offshore well
integrity (Vignes, 2011). This analysis showed that 20% of 711 wells
had integrity failures, issues, or uncertainties (Vignes, 2011). When
subdivided into production and injection wells, the survey
concluded that 17% of 526 production wells and 29% of 185 injec-
tion wells had well barrier failures.

4.4. Onshore Netherlands

The results of an inspection project carried out by the State
Supervision of Mines Netherlands were also reported by Vignes
(2011). Their inspections, carried out in 2008, included only 31
wells from a total of 1349 development wells from 10 operating
companies. Of those wells, 13% (4 of 31) had well barrier problems;
bywell type, problemswere identified in 4% of the productionwells
(1 of 26) and 60% of the injection wells (3 of 5).

4.5. Offshore and onshore UK

For offshore wells on the UKCS, Burton (2005) found that 10% of
6137 wells (operated by 18 companies) had been shut-in (valves at
the well head closed) during the last five years as a result of
‘structural integrity issues’. The total number of wells drilled on the
UKCS is 9196; exploration boreholes that did not make commercial
discoveries were not included in the Burton (2005) study.

Onshore, 2152 hydrocarbon wells have been drilled in the UK
between 1902 and 2013. Although the onshore sedimentary suc-
cession is not thought to be overpressured, hydrocarbons could still
migrate upwards because of their buoyancy relative to pore water
or the fluid in a borehole (e.g. the Hatfield blow-out near Doncaster,
UK;Ward et al., 2003). Pollution incident datawere reviewed for all
incidents reported within 1 km of wells in England between 2001
and 2013 (the only time period for which data are available). These
data were filtered for those indicating a release of crude oil to the
environment. These incidents were described as pipe failures above
or below ground and could be related to the well or pipelines
connected to the wells. To act as a control to this data, pollution
incidents within a 5 km radius of the well were also examined to
assess whether there was a broader issue of hydrocarbon pollution
incidents that should be considered and taken into account.

The number of wells active prior to the period covered by the
pollution records was also calculated. Based on data provided by
DECC, 143 onshore oil and gas wells were producing at the start of
the year 2000. Between 2000 and 2013, the Environment Agency
records nine pollution incidents involving the release of crude oil
within 1 km of an oil or gas well (Table 7). The records are not clear
as to whether the incidents were due to well integrity failure,
problems with pipework linked to the well, or other non-well
related issues. In February 2014, therefore, the present-day opera-
tors of the wells at which the nine events occurred were contacted
(Perenco, IGas, and Humbly Grove Energy Ltd.). The two pollution
incidents at the Singleton Oil Field (now operated by IGas but
operated by a different company when the incidents occurred)
occurred in the early 1990s, and were caused by failure of cement

Figure 6. Breakdown of 1144 notices of violations from 3533 wells in Pennsylvania
from 2008 to 2011 (after Considine et al., 2013). Red font indicates those related to well
barrier and integrity failure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Figure 7. Causes of barrier failures for the 75 (of 406) production and injection wells
surveyed in offshore Norway that showed evidence for such failures (from Vignes,
2011).

R.J. Davies et al. / Marine and Petroleum Geology xxx (2014) 1e166
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been mapped; however, there is also uncertainty in this area because little is known about the 
subsurface18.  See below for locations of these faults obtained from references. 

 

 

 
 
 
 

                                            
18 Hydrogeologic Framework of Southeastern Louisiana, James Griffith, US Geological Survey, Water Resources 
Technical Report No. 72, 2003. 
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51. Faults of the Tepetate-Baton Rouge Fault System are expected to reach from the ground 
surface to below the depth of the Tuscaloosa Marine Shale formation19. 

 
52. Faults in St. Tammany Parish are numerous – with known, suspected, and probable faults 

being plentiful near the proposed Helis well area20.  
 

53. One known normal fault is located approximately 5 miles south of the Helis well site.  That 
fault resulted in approximately 300 feet of displacement, or vertical slippage on either side of 
the fault, of the same sub-aquifer layers21 at approximately 2,000 feet deep.  See below cross 
section that shows the fault and its effect on separating clay confining layers and sub-aquifer 
layers. 

 

                                            
19 Telephone conversation, Richard McCulloh, Louisiana Geological Survey, Louisiana State University, November 14, 
2014. 
20 Active Geological Faults and Land Change in Southeastern Louisiana, Coastal Environments, Inc., for the US Army 
Corps of Engineers, July 2003.  
21 Hydrogeologic Framework of Southeastern Louisiana, James Griffith, US Geological Survey, Water Resources 
Technical Report No. 72, Plate 7, 2003. 
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54. A single fault also consists of distorted (disturbed from natural conditions) sediments and 
numerous other, smaller fractures22.  As such, contaminants can migrate along the fault – plus 
those distorted zones, and other fractures.   

 
55. Fault displacements in the St. Tammany parish area increase with depth and can be 

indiscernible near the ground surface23.  As such, an in-depth subsurface investigation is 
needed to know whether or not subsurface faults are present in the drilling areas proposed by 
Helis – at not only this initial well location but its entire lease area of St. Tammany Parish.   
Helis has almost 60,000 acres of Tuscaloosa Marine Shale leases in St. Tammany Parish24.   

 
56. Faults can allow groundwater to seep horizontally across the fault and to also migrate 

vertically into other formations and aquifers along fault planes – resulting in contamination of 
aquifers with or without properly constructed well components.   

 

                                            
22 Id., Hydrogeologic Framework of Southeastern Louisiana 
23 Id., Hydrogeologic Framework of Southeastern Louisiana 
24 Leasing and Fracking the Tuscaloosa Marine Shale in St. Tammany Parish, Wilma Subra, presentation for the 
Louisiana Environmental Action Network. 
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Hydraulic fracturing operations inject toxic chemicals at harmful concentrations into the 
subsurface, those chemicals are not routinely tested for in public or domestic drinking water 
well sampling programs, and water treatment plants generally have no ability to remove those 
chemicals before distribution into the system. 
 

57. Between 2005 and 2009 alone, the oil and gas industry in the U.S. used more than 2,500 
hydraulic fracturing products containing 750 different chemicals and other components and 
used hydraulic fracturing products containing 29 chemicals25 that are: 
a) Known or possible human carcinogens,  
b) Regulated under the SDWA for their risks to human health, or 
c) Listed as hazardous air pollutants (HAPs) under the Clean Air Act.   

 
58. Chemicals that appear the most often in over 2,500 hydraulic fracturing products from 2005 to 

2009 include26:  
a) Methanol (a HAP and SDWA candidate) 
b) Isopropanol. 
c) Crystalline Silica. 
d) 2-Butoxyethanol. 
e) Ethylene Glycol. 
f) Hydrotreated Light Petroleum Distillates (HAPs, carcinogens, and SDWA) 
g) Sodium Hydroxide 

 
59. Petroleum distillates – including diesel fuel and other light hydrocarbon mixtures – are often 

used in fracturing fluids as friction reducers.  The U.S. EPA concluded that even in minute 
concentrations of diesel fuel fracture fluids (for example, 4,000 gallons (0.4% by volume) to 
10,000 gallons (1% by volume) of hydrocarbons for every 1 million gallons of water), the 
concentration of benzene (a carcinogen) exceeded EPA’s safe drinking water standard 9 to 
880 times at the point of injection into the formation27. 

 
60. Contaminants in fracturing fluids can be present at harmful concentrations that cannot be 

smelled, tasted, or observed. 
 

61. Groundwater aquifers that are used for public water supplies in Louisiana are not routinely 
tested for constituents that are most commonly present in hydraulic fracturing fluids.  Public 
water systems that use groundwater as a source are only required by the Title 51, Louisiana 
Public Health – Sanitation Code, Part XII to sample the raw supply well once every three (3) 
years for volatile organic compounds (e.g., benzene), inorganic constituents such as metals 
and nutrients, and radionuclides28.  There is no testing requirement whatsoever for other 
hydraulic fracturing and drilling fluid components such as ethylene glycol, isopropanol, 

                                            
25 Chemicals Used in Hydraulic Fracturing, U.S. House of Representative Committee on Energy and Commerce, April 
2011. 
26 Study of the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources, U.S. EPA, EPA 601/R-12/011, 
December 2012. 
27 Evaluation of Impacts to Underground Sources of Drinking Water by Hydraulic Fracturing of Coalbed Methane 
Reservoirs, U.S. EPA, EPA 816-R-04-003 June 2004.  
28 Telephone conversation, Silas Corkern, Louisiana Department of Health and Hospitals, Safe Drinking Water Program, 
October 31, 2014. 
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methanol, or 2-Butoxyethanol, as examples of chemicals that are most commonly found in 
fracturing liquids.   

 
62. Given the infrequent, every 3 years testing requirement for groundwater supplies for public 

water systems and the fact that the analytical testing program does not include all 
contaminants associated with fracturing fluids, untreated or contaminated aquifer water could 
be distributed into a distribution system without any knowledge of its presence prior to human 
consumption.  

 
63. Helis’ plan for disclosure of fracturing chemicals at the November 12, 2014 hearing does not 

allow any private well owner to test their well prior to drilling and fracturing, because Helis 
does not plan to disclose what chemicals it injected until after the fracturing is complete – a 
commitment that does not go beyond the minimum required of any operator, anywhere in the 
state, according to Statewide Order 29-B.   

 
The conceptual monitoring program to sample drinking water wells near the well site -
presented by Helis at the November 12, 2014 hearing - is inadequate to detect contaminated 
groundwater that might migrate from the site, and the program will not detect 
contaminated groundwater – if it were to occur – for all identified drinking water users 
prior to consumption. 

 
64. Helis identified 112 “water wells” and 2 institutional (high school) wells within a 2-mile 

radius of the well site – a search radius that it determined to be necessary to evaluate risks. 
However, that radius was only from the Phase 1 vertical well.  The Phase 2 horizontal well 
will extend approximately 1.5 miles to the north (and within that 2-mile radius) and within 0.5 
mile of the high school and its two (2) water wells.  As such, the search radius used by Helis 
did not also consider another 2-mile search radius for the Phase 2 horizontal well and is 
therefore inadequate.   

 
65. Helis divided the water wells within the 2-mile radius into three groups by depth: 0 to 250 feet 

deep; 0 to 530 feet deep; and two high school wells 1,200 feet deep, and those depth groups 
seem to be the basis for its proposed groundwater monitoring program.   

 
66. Helis’ assumption that all groundwater flows to the southwest and away from drinking water 

wells ignores the fact that different sub-aquifers within the Southern Hills Aquifer system can 
and oftentimes do, flow in different directions in response to pumping rates, groundwater 
discharge zones, leakage along fault lines, and leakage into other aquifers29.   

 
67. Helis’ groundwater monitoring plan relies on three (3) clusters of monitoring wells drilled on 

the 3.21-acre well pad with depths drilled to 250 feet (referred to by Helis as the “Upland 
Terrace” wells); 530 feet (referred to by Helis as the “Upper Ponchatoula” wells); and 1,200 
feet (referred to by Helis as the “High School” wells).  No details were included in the general 
plan regarding how the wells will be constructed (diameter and materials, cement placement, 
bentonite seal placement); where in the aquifer will be screened (top, middle, or bottom) to 
allow water to flow into the well; or how the wells will be sampled (e.g, by hand or pump), as 

                                            
29 The Southern Hills Aquifer Regional Aquifer System of Southeastern Louisiana and Southwestern Mississippi, U.S. 
Geological Survey, Water Resources Investigations Report 83-4198.  
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examples.  Such information is necessary to further evaluate the effectiveness of the proposed 
program and to define the ability of the wells to even detect contamination.  

 
68. Helis’ groundwater monitoring program provided no details about which off-site, privately 

owned water supply wells will be sampled in the monitoring program.  Neither the Office of 
Conservation nor the public can adequately evaluate the effectiveness of an aquifer 
monitoring program associated with hydraulic fracturing without such information.  
Additional information associated with each well would include – at a minimum - the depth of 
the well, construction materials, screen length and depth, treatment prior to consumption, and 
pump type, as examples. 

 
69. The 3-well cluster monitoring program at the 3.21 acre well site provides no early warning of 

contaminants that might reach the high school wells.  The horizontal well that will be used to 
inject the fracturing chemicals into the oil and gas formation extends almost 8,000 feet to the 
north and adjacent to the high school.  No monitoring wells are proposed between the 
horizontal well and the high school well used for drinking water.  As such, the two high 
school water wells are essentially the only “monitoring” wells in that area and if they become 
contaminated, the water will have already been consumed prior to knowledge that 
contamination even existed.  

 
70. There are numerous other sub-aquifers of the Southern Hills Aquifer that the Helis proposed 

monitoring program does not include: the near surface, unconfined water table aquifer; 800-
foot sand; 1,000-foot sand; 1,500-foot sand; 1,700-foot sand; 2,000-foot sand; 2,400-foot 
sand; 2,800-foot sand; and the Catahoula Aquifer30.  Groundwater within these sub-aquifer 
layers can also become contaminated and as such, they too should be individually monitored. 

 
71. Monitoring the near-surface, water table aquifer is necessary to determine any impacts to the 

shallow aquifer due to surface liquid spills, leakage from any ponds or pits that are 
constructed on the well pad, and to monitor for waste seepage, if exploration and production 
wastes are stored in pits and / or disposed on-site by burial or landspreading.  

 
72. Helis’ commitment in the public hearing to monitor all “representative” wells before, during, 

and after hydraulic fracturing lacked any detail on what wells would be sampled; what 
chemicals would be tested; how long baseline sampling will occur; how often the sampling 
will occur; what are expected groundwater flow velocities; and how far into the future 
sampling will occur.   

 
73. The close proximity of Helis’s proposed three cluster monitoring well groups to one another 

and to the vertical oil and gas well make it difficult, if not impossible, to know the true 
direction of groundwater flow of each aquifer to know what is upgradient and downgradient 
for purposes of determining the source of any contamination.  The groundwater is possibly 
too flat to determine what is upgradient or downgradient.  Further, because the wells are so 
close together, any contamination from the vertical oil and gas well might contaminate all 
wells.  Additional cluster wells are needed further away from the drill site to determine the 
direction and velocity of the groundwater flow and what contamination is associated with the 
oil and gas well. 

                                            
30 Hydrogeologic Framework of Southeastern Louisiana, James Griffith, US Geological Survey, Water Resources 
Technical Report No. 72, 2003. 
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74. Helis’ water sampling plan does not meet minimum API standards. Specifically, API 

recommends that “once the location for a well has been selected and before it is drilled, water 
samples from any source of water location nearby should be obtained and tested in 
accordance with applicable regulatory requirements”.  “This would include rivers, creeks, 
lakes, ponds, and water wells”. “The area of sampling should be based on the anticipated 
fracture length plus a safety factor”.  The procedure will establish the “baseline conditions in 
the surface and groundwater prior to any drilling or hydraulic fracturing operations”.  

 
An independent audit31 by the State Review of Oil and Gas Environmental Regulations 
(STRONGER) in 2010 / 2011 of the rules established by the Louisiana Department of 
Natural Resources, Office of Conservation, Regulation No. 29-B program for oil and gas 
operations, concluded that the state’s technical well construction standards do not ensure 
protection of aquifers, do not provide adequate separation from activities and the public in 
urban areas, do not protect the environment from spills, and staff are not adequately 
trained in hydraulic fracturing standards. More specifically, the STRONGER audit 
concluded that: 

 
75. The Louisiana rules for surface casing installations are inadequate to protect groundwater 

aquifers because the rules use arbitrary maximum depths for the casing - rather than using 
local and regional, aquifer-specific depths.  As such, the rules allow for a surface casing to be 
set far above the deepest groundwater aquifer(s) at the well location  - resulting in a migration 
pathway for aquifer contamination.  Regulations should instead require that the surface casing 
extend deeper than the deepest known aquifer and be tested in accordance with the API 
standards32.  
 

76. The Louisiana rules include no technical standards for cementing the casings in a well and are 
insufficient to protect against anticipated pressures, to protect aquifers, and to protect the 
environment during hydraulic fracturing operations.  Cement is a critical component of a well 
construction plan to ensure the mechanical integrity over the life of a well and to prevent 
contaminants from migrating between the formation and the outside casing of the well.  
Statewide Order 29-B should instead be revised to include the minimum well construction 
standards developed by the API33.   

 
77. Although the Louisiana rule includes provisions to develop a Spill Prevention Control and 

Countermeasure (SPCC) Plan, the rule allows insufficient protection of the environment 
because development of the plan is not required until 180 days after the well becomes 
operational and is not required to be implemented until 1 year after the facility begins 
operation.  As such, the rule allows for hydraulic fracturing and well drilling operations 
without a specific plan to prevent surface water and groundwater contamination.  Statewide 
Order 29-B should be revised to require that the SPCC Plan shall be prepared, approved, and 

                                            
31 Louisiana Hydraulic Fracturing State Review, State Review of Oil and Natural Gas Environmental Regulations, Inc., 
March 2011. 
32 Hydraulic Fracturing Operations – Well Construction and Integrity Guidelines, American Petroleum Institute, API 
Guidance Document HF1, October 2009.  
33 Hydraulic Fracturing Operations – Well Construction and Integrity Guidelines, American Petroleum Institute, API 
Guidance Document HF1, October 2009. 
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implemented prior to constructing the well pad and supporting structures (e.g. roads) and prior 
to drilling the well.   

 
78. Office of Conservation staff responsible for permits and inspections were insufficiently 

trained to stay current with new and developing hydraulic fracturing technologies. 
 
The Statewide Order 29-B requirements established for oil and gas drilling operations are not 
protective of human health and the environment because they do not meet the minimum 
American Petroleum Institute (API) established industry standards34, nor do they meet U.S. 
EPA recommended standards for hydraulic fracturing. 
 

79. The Helis plan to locate the well in a wetland is contrary to the API recommendation that 
wells not be placed in wetlands and environmentally sensitive areas35.  Wetlands are useful 
for natural water quality improvement, flood protection, shoreline erosion control, 
opportunities for recreation, and aesthetic appreciation.  The Helis well should not be allowed 
to be constructed in a wetland. 

 
80. Statewide Order 29-B does not meet minimum EPA criteria36 for well siting where fracturing 

will occur because the well location selection process of the application does not require pre-
identification of faults (e.g., the Baton Rouge Fault System), drinking water wells, exploratory 
wells, oil and gas production wells, abandoned wells (plugged and unplugged), and 
underground waste injection wells anywhere near the site.  There is no indication that Helis 
has evaluated the occurrence of faults, given that they were not discussed at the public 
hearing.  Helis should be required to identify all suspected, probable, known faults in the lease 
area before drilling can begin.  

 
81. The API has concluded37 that “in consideration of hydrologic conditions, public and private 

water supply wells and fresh water springs within a defined distance of any proposed drilling 
location for a water supply well, including locations of other water supply wells, should be 
identified and their characteristics evaluated, both in terms of production capacity and water 
quality”.  Other than a conceptual plan to sample an undetermined number or location of 
domestic water supply wells, Helis provided no specifics in the conceptual plan presented at 
the public hearing about what wells would be sampled.  Its conceptual plan did not include 
sampling any springs or surface water bodies in the area.  An approved monitoring plan must 
first be prepared in order to assess the risks of hydraulic fracturing.  There is also no 
indication that the Office of Conservation has considered these relevant factors in its review 
of the application.  

 
82. The API recommends that baseline water samples38 from public and private wells and nearby 

surface water bodies be collected for constituents that are indicative of fracturing and drilling 
                                            
34 Hydraulic Fracturing Operations – Well Construction and Integrity Guidelines, American Petroleum Institute, API 
Guidance Document HF1, October 2009. 
35 Practices for Mitigating Surface Impacts Associated with Hydraulic Fracturing, American Petroleum Institute, 
Guidance Document HF3, January 2011. 
36 EPA, Draft Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources, Office of 
Research and Development, EPA/600-D-11/001/February 2011.   
37 Water Management Associated with Hydraulic Fracturing, American Petroleum Institute, API Guidance Document 
HF2, June 2010. 
38 Id., Water Management Associated with Hydraulic Fracturing. 
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operations. The API concluded “the actual parameters to be tested will depend somewhat on 
site specific geology and hydrology”. However, it is stated “Testing parameters should 
include, but are not limited to, total dissolved solids (TDS), total suspended solids (TSS), 
chlorides, carbonates, bicarbonates, sulfate, barium, strontium, arsenic, surfactants, methane, 
hydrogen sulfide, naturally-occurring radioactive materials (NORMs), and benzene”.  Helis’ 
conceptual sampling plan presented at the public hearing did not include any list of 
constituents that would be tested for any well. There is also no indication that the Office of 
Conservation has considered these relevant factors in its review of the application.  Helis 
should be required to meet these minimum API standards. 

 
83. The API recommends that well drilling and fracturing operations consider beforehand their 

cumulative impact to local and regional water supplies39, yet the Application and Helis 
submittals did not include such information.  This is particularly important if the entire 60,000 
acres of leases are developed with perhaps hundreds of wells within a Sole Source Aquifer 
area.  Specifically, the API concluded that “proactive communication with local water 
planning agencies, and the public where appropriate, should be pursued to ensure that oil and 
gas operations do not disrupt local community water needs”. “Although water needed for 
drilling and fracturing operations may represent a small volume relative to other requirements, 
withdrawals associated with large-scale developments, conducted over multiple years, may 
have a cumulative impact to watersheds and / or groundwater”.  “When evaluating water 
requirements for hydraulic fracturing, the operator should conduct a comprehensive 
evaluation of cumulative water demand on a programmatic basis, as well as the timing of 
these needs at an individual well site. There is also no indication that the Office of 
Conservation has considered these relevant factors in its review of the application.  Helis 
should be required to meet these minimum API standards. 

 
84. The Statewide Order 29-B surface casing length requirement for the length (depth) of the 

surface casing to protect all aquifers does not meet minimum API criterion for protection of 
groundwater.  For wells deeper than 9,000 feet (the Helis well is projected to be over 13,000 
feet deep), the surface casing only has to extend to 1,800 feet – even though the Southern 
Hills Aquifer is known to extend to at least 3,400 feet deep according to Helis.   The API 
standard is that the surface casing should extend at least 100 feet deeper than the deepest 
aquifer40.  Helis should be required to meet this minimum API standard, and Statewide Order 
29-B should be changed to meet this standard. 

 
85. Regulation No. 29-B does not meet the API standard that compressive strength testing of the 

cement associated with surface casing grout should be determined and that a cement integrity 
test be completed prior drilling the intermediate casing.  Further, Statewide Order 29-B does 
not meet the minimum API standard that cement at the casing shoe should have a compressive 
strength at least 500 psi and should achieve 1,200 psi within 48 hours at bottom hole 
conditions41.  Helis should be required to meet these minimum API standards.  

 

                                            
39 Id., Water Management Associated with Hydraulic Fracturing. 
40 Hydraulic Fracturing Operations – Well Construction and Integrity Guidelines, American Petroleum Institute, API 
Guidance Document HF1, October 2009. 
41 Hydraulic Fracturing Operations – Well Construction and Integrity Guidelines, American Petroleum Institute, API 
Guidance Document HF1, October 2009. 
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86. The API recommends that logs such as gamma ray, collar location, and a cement bond log be 
completed to measure the presence and quality of cement bond or seal between the outside of 
the casing and the geologic formation(s) through which the well is drilled. Such checks are 
also useful over the life of the well to ensure that production and fracturing fluids do not 
migrate up the borehole. Helis should be required to meet these minimum API standards. 

 
87. Statewide Order 29-B does not meet the minimum API standard that centralizers should be 

placed around all casings to ensure the casings are properly positioned in the borehole so that 
cement will completely surround the casing, especially in critical areas such as casing shoes, 
production zones, and groundwater aquifer zones.  Statewide Order 29-B does not include any 
requirement to use centralizers in a well.  

 
88. Methane can contaminate groundwater supplies and create explosive hazards on the surface if 

the concrete seal is not adequate over the life of the well.  The EPA has determined42 that after 
a well is constructed, cement sheath failure can occur and that failure is most often related to 
temperature and pressure-induced stresses from operation of the well.  As a result, repeated 
mechanical integrity tests should be required for the life of the well – yet none are required by 
Statewide Order 29-B.  Further, Helis’ plan presented at the public hearing did not include 
any cement testing of any casing for the life of the well. 

 
89. Statewide Order 29-B does not require any mechanical integrity tests of the annular space 

outside of the surface casing or intermediate casing to demonstrate that an adequate seal exists 
– instead only relying on internal casing pressure tests.  The API recommends that formation 
pressure tests be performed for each casing string prior to advancing the next string43.  
Formation pressure tests consistent with API standards should be required of the surface 
casing and intermediate casing because they are needed to determine if the seal is adequate to 
prevent leakage. 

 
90. Statewide Order 29-B does not require mechanical integrity tests for the production casing. 

The API standard for production casing is “prior to perforating and hydraulic fracturing 
operations, the production casing should be pressure tested” (casing pressure test), and a 
cement bond log and / or other diagnostic tool(s) should be run to determine that the cement 
integrity is adequate to meet the well design and construction objectives”44.  Formation 
pressure tests consistent with API standards should be required of the production casing 
because they are needed to determine if the seal is adequate to prevent leakage.   

 
91. Statewide Order 29-B does not require fracture monitoring techniques that are recommended 

by the API to provide confirmation of fracturing coverage, and allow refinement of the 
computer models and enhancement to procedures for future operations. The Office of 
Conservation should require that Helis complete fracture monitoring to document that the 
fracturing fluids do not migrate beyond the Tuscaloosa Marine Shale in order to document 
long-term protection of groundwater supplies.  The API recommends a baseline assessment, 
mini-frac treatment and analysis, treatment parameter monitoring, pressure monitoring, 

                                            
42 EPA, Draft Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources, Office of 
Research and Development, EPA/600-D-11/001/February 2011.   
43 Hydraulic Fracturing Operations – Well Construction and Integrity Guidelines, American Petroleum Institute, API 
Guidance Document HF1, October 2009. 
44 Id., Hydraulic Fracturing Operations. 
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tiltmeter and microseismic monitoring, post-hydraulic fracturing monitoring including tracer 
tagging, and post-completion annular pressure testing45 – none of which are required in 
Statewide Order 29-B or proposed by Helis.   

 
92. A peer-reviewed study in 2013 concluded that natural gas wells in the Marcellus and Barnett 

Shale formations in eight (8) discrete clusters in Pennsylvania and Texas respectively, have 
contaminated overlying aquifers due to gas leakage through failures of annulus cement, faulty 
production casings, and gas well failure46.  

 
93. Statewide Order 29-B requires more stringent well construction standards for Class II 

injection wells used for the disposal of fracturing fluids, liquid exploration and production 
wastes, and well flowback when compared to the standards associated with hydraulically 
fractured wells – even though the liquids, the high pressure injection, and the risks to aquifers 
are essentially the same as when fluids are used during hydraulic fracturing of the well.  Class 
II injection wells for disposal of wastes produced by hydraulic fracturing are required to have 
a surface casing deeper than the deepest aquifer; pressure tests outside the casings; and 
mechanical integrity tests such as a cement bond log, X-Ray log, and a density log to “assure 
that there are no channels adjacent to the casing which will permit migrations of fluids up the 
wellbore from the disposal formation to the lower most underground source of drinking 
water”.   

 
A Performance Audit47 of the Department of Natural Resources, Office of Conservation 
program completed by the Louisiana Legislative Auditor concluded routine inspections of oil 
and gas wells to monitor compliance were not performed as required; there was no effective 
enforcement process to correct non-compliance; the financial assurance (bonding) was 
inadequate to cover costs to properly close abandoned well sites; and the program did little to 
discourage future non-compliance. Specifically, the audit concluded, among numerous other 
findings that:   
 

94. The Statewide Order 29-B program – unlike other states – does not require that all well 
operators provide financial security to cover the entire costs associated with closing 
abandoned well sites and whenever financial security is required, it is insufficient to cover the 
costs of plugging a well and closing a site.  As such, abandoned wells present a long-term risk 
to groundwater because they are not maintained, possibly not properly constructed, and can be 
pathways through which contaminants can migrate upwards to contaminate groundwater.  

 
95. The Office of Conservation’s inspection program is insufficient to monitor wells to determine 

if they are in compliance with regulations and whenever non-compliant sites are identified, 
the Office does not always take enforcement actions. As a result, operators are not 
maintaining their wells in compliance and those wells may ultimately be abandoned (or 
“orphaned”) – leaving the State with the responsibility of paying for proper closure. 

 

                                            
45 Id., Hydraulic Fracturing Operations. 
46 Noble Gases Identify the Mechanisms of Fugitive Gas Contamination in Drinking-Water Wells Overlying the 
Marcellus and Barnett Shales, Darrah, Thomas et. al., Duke University, August 2014. 
47 Performance Audit, Regulation of Oil and Gas Wells and Management of Orphaned Wells, Louisiana Legislative 
Auditor, May 28, 2014. 
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96. The Office of Conservation is not effectively managing the existing population of orphaned 
wells, does not effectively identify inactive wells, and is unable to reduce the population of 
orphaned wells.  Such wells can be a fracture fluid migration pathway that can contaminate 
aquifers if not properly constructed or maintained over the life of the well.  

 
97. The Office of Conservation did not conduct routine inspections of oil and gas wells in 

accordance with its rules for at least 26,828 of the 50,960 (53%) oil and gas wells at least 
once every 3 years from 2008 through 2013. 

 
98. The Office of Conservation has not developed an effective enforcement process that 

sufficiently and consistently addresses noncompliance and deters operators from committing 
subsequent violations. 

 
99. When inspections are performed and violations are noted, the Office of Conservation failed to 

issue a compliance order for 15% (1,179) of the 7,665 inspections with violations (from 2008 
- 2013) to correct those violations.  

 
100. The Office of Conservation failed to re-inspect non-compliant wells on 16% (1,116) of 

the 6,827 wells with compliance orders to ensure that the operator actually corrected the 
violations.  

 
101. The Office of Conservation rarely issues financial penalties for non-compliance, 

choosing instead to grant multiple extensions – even for wells that failed multiple re-
inspections. 

 
102. The Office of Conservation’s enforcement policy does not deter operators from having 

multiple, subsequent violations. 
 
Statewide Order 29-B allows oil and gas drilling wastes to be stored in pits and disposed of on-
site, even though threats to the local groundwater exist and the pit construction and 
operational standards do not meet those standards recommended by STRONGER.  

 
103. Statewide Order 29-B allows the use of earthen pits to store drilling fluids, flowback 

water, produced water, fracturing chemicals, and exploration and production wastes.  
 

104. The US EPA has determined that at least 209 chemicals are found in produced water 
and flowback liquid.  Those chemicals include, as examples, heavy metals such as arsenic and 
barium, radioactive isotopes such as radium (226 and 228), benzene, and tetrachloroethene48.   

 
105. Statewide Order 29-B does not include any specific pit setback requirement (in feet) 

from wetlands, streams, homes, drinking water wells, or flood plains, as examples.  Setbacks 
are needed to minimize human exposure to fracturing related chemicals, to protect 
groundwater wells, to prevent flooding on well pads during major rainfall events (such as 
hurricanes), and to prevent spills from reaching surface water bodies.  

 

                                            
48 Draft Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources, US EPA, Hydraulic 
Fracturing Study Plan, EPA/600/D-11/001, February 2001.  
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106. Of the five (5) different types of pits allowed in Statewide Order 29-B (produced 
water, reserve, burn, well test, and emergency), only one (produced water) pit is required to 
have a liner.  As a result, drilling muds (including oil-based fluids), fracture fluids, flowback 
liquids, stimulation fluids, and workover fluids can all be stored and ultimately disposed of in 
pits with no liner requirements. 

 
107. Statewide Order 29-B does not require any sampling of soil from beneath pits prior to 

closure and abandonment to demonstrate that leakage from pits has not contaminated soil 
beneath it.  Instead, the regulations allow contaminated wastes from within the pit to be mixed 
with clean soil and that combined sample is then used to determine if the waste / soil mixture 
is suitable to remain on-site.  That diluted soil / waste sample is then tested for pH, metals, oil 
and grease, and other soil tests to determine if contamination can remain on-site.  

 
108. Statewide Order 29-B strictly prohibits groundwater contamination from exploration 

and production wastes in a pit or disposed on-site; however, there is no requirement to even 
test the groundwater to determine if contamination has occurred.  Groundwater samples 
collected from wells appropriately constructed are the only way to determine if groundwater 
has been contaminated.  

 
109. Statewide Order 29-B does not require that a groundwater monitoring system capable 

of detecting a release from the upper-most groundwater-bearing zone be installed before the 
oil or gas production well is drilled.  A minimum of three (3) wells - 1 hydraulically 
upgradient and 2 hydraulically downgradient - are the minimum number accepted by the 
environmental investigative professional industry standard in order to determine the direction 
of flow.  

 
110. Statewide Order 29-B allows for severely contaminated wastes – including reserve pit 

fluids, drilling muds, and cuttings – to be disposed of on-site.  Contaminated wastes can be 
mixed with clean soil and spread around the site with as much as 10,000 mg/kg (parts per 
million) oil and grease.  Wastes can be buried on-site with up to 30,000 mg/kg oil and grease.  
The oil and grease test is considered to be antiquated in the environmental industry and can 
grossly understate the amount of petroleum hydrocarbons present and the risks associated 
with the wastes. 

 
111. The oil and grease test is rarely, if ever, used in evaluating spills of petroleum 

hydrocarbons.  The oil and grease test can report such “oils” as fatty acids and cooking oils 
and understate concentrations of the full range of real petroleum hydrocarbons in a sample.  
The environmental spill, response, investigation, and cleanup industry instead has used since 
at least the early 1990s, various versions of Total Petroleum Hydrocarbon (TPH) tests that are 
broken down into subsets - such as gasoline range, diesel range, and oil range.  Such tests 
allow a more thorough understanding of the type of contamination by fuel types.  As a 
comparison to the acceptable concentrations in Regulation No. 29-B ranging from 10,000 to 
30,000 mg/kg, the acceptable TPH concentrations used by the EPA and environmental 
professionals for light crude oil include these concentrations as low as: residential soil use 
(8.2 mg/kg), industrial soil use (42 mg/kg), and protection of groundwater concentration 
(0.0017 mg/kg)49.  Clearly, these concentrations indicate the insufficiency of the high oil and 
grease concentrations allowed in Statewide Order 29-B. 

                                            
49 U.S. EPA, Regional Screening Levels, Summary Table (TR=1E-6, HQ=1), May 2014.   
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112. The Statewide Order 29-B liner requirements for produced water pits include one or 

more technical components that include any single component or combination of natural in-
place clay, imported clay, a manufactured liner, and / or soil mixtures that singularly or 
combined have a vertical hydraulic conductivity no greater than 1x10-7 cm/sec.  Any 
manufactured synthetic liner used only has to be at least 0.01-inch (>10 mil) thick.  As a 
comparison, the minimum synthetic liner thickness for household garbage landfills (not 
including an additional 3-foot clay layer of 1x10-7 cm/sec.) is six (6) times thicker (60-mil, or 
0.06-inch).  The thin nature of synthetic liners makes them susceptible to accidental punctures 
and tears.   

 
113. When pits are used, STRONGER recommends multiple standards50 for pit operations - 

none of which are specifically addressed in Regulation No. 29-B.  Those STRONGER 
standards include these, as examples: 
a. A review or study should be made to determine if an aquifer is present and determine 

measures to protect that aquifer. 
b. Construction standards should differ depending on the wastes they receive, the length of 

time they are used, and site-specific hydrologic, geologic, and hydrogeologic conditions. 
c. Reserve and workover pits that contain oil-based drilling fluids should be lined. 
d. Waste percolation pits should not be used where there is a potential to adversely affect 

groundwater.  
e. Fencing, nets, and cages should be installed to protect the public, domestic animals, and 

wildlife.  Netting should be installed where pits have oil on the surface and where pits are 
used for long periods.   

f. Restrictions should be placed on types of wastes that can be placed in pits, and those 
restrictions should consider the salinity, hydrocarbon content, radionuclides, and other 
waste constituent characteristics. 

g. Pits should have adequate freeboard that considers extreme precipitation events (e.g. 
hurricanes) and wind, in addition to waste fluid capacity.  

h. Inspections and monitoring should be conducted at regular intervals to ensure that pits 
meet operational and structural integrity requirements and to ensure protection of 
groundwater and surface water.  

 
114. High chloride concentrations typical of oil and gas exploration and production wastes 

can permeate through composite liner components to cause the hydraulic conductivity of clay 
liner components to increase several orders of magnitude because the clay components can 
shrink and crack, resulting in piping / conduit flow.  Once the clay liner cracks, pollutants can 
migrate much more rapidly to the underlying groundwater.  

 
115. Waste contaminants are able to permeate through composite liner layers through the 

expected holes in the man-made portions of the liner.  Well-constructed, new geo-composite 
liners commonly have holes that are defects in the liner.  As such, these liners are almost 
never installed without holes; the typical frequency of holes ranges between 2.5 to 25 holes 
per hectare (approximately 10 holes per acre); and the typical assumed hole diameter is 11 

                                            
50 2014 STRONGER Guidelines, State Board of Oil & Natural Gas Environmental Regulations.  
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millimeters51, or slightly smaller than a dime.  Even for a well-constructed pit, the geo-
composite liner industry expects holes in a man-made liner - not including man-caused tears 
or punctures during installation and operation or degradation due to ultraviolet (UV) light 
exposure.  

 
116. Contaminants in exploration and production wastes are able to permeate liners even 

without holes or tears in those liners.  Contaminants can permeate through the liner by 
molecular diffusion.  Molecular diffusion transport of exploration and production wastes with 
a high chloride content (e.g., exploration and production wastes) occurs through a liner even 
without holes or defects and is a function of the concentration of the waste – the higher the 
concentration, the more diffusion occurs. 

 
117. Waste storage in pits while a well site is active and the allowance for contaminated 

wastes to remain at well sites after closure – especially wherever wells are constructed over 
former wetlands and adjacent to wetlands – represents a threat to the water quality of the 
wetlands because of the toxicity and mobility of fracturing chemicals, the toxicity and 
mobility of exploration and production wastes (including naturally occurring radioactive 
materials (NORMs)), and the shallow groundwater conditions that are present.   

  

                                            
51 Benson, Craig, Department of Civil and Environmental Engineering, University of Wisconsin-Madison, Liners and 
Covers for Waste Containment, Proceedings from the 4th Kansai International Geotechnical Forum, Japanese 
Geotechnical Society, Kyoto, Japan, May 2000.  
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Daniel Henry

From: Phyllis Darensbourg on behalf of LDNR Public Information
Sent: Wednesday, December 10, 2014 9:30 AM
To: Daniel Henry
Cc: Patrick Courreges
Subject: FW: Exhibits 1 through 7 to Quarles affidavit
Attachments: EXHIBIT 1.pdf; EXHIBIT 2.pdf; EXHIBIT 3.pdf; EXHIBIT 4.pdf; EXHIBIT 5.pdf; EXHIBIT

6.pdf; EXHIBIT 7.pdf

From: Jordan, Lisa W [mailto:lwjordan@tulane.edu]
Sent: Wednesday, November 19, 2014 4:51 PM
To: LDNR Public Information
Cc: Wick, Caroline J; Marianne Cufone (mcufone@recirculatingfarms.org); Emily Posner (eposner@recirculatingfarms.org)
Subject: Exhibits 1 through 7 to Quarles affidavit

Office of Conservation:
  Please receive Exhibits 1 through 7 to the affidavit of Mark Quarles, which is Exhibit A to Abita Springs and CCST’s
comments.  Thank you.

Lisa Jordan
Deputy Director
Tulane Environmental Law Clinic
6329 Freret Street
New Orleans, LA  70118
Direct:  (504) 314-2481
Office:  (504) 865-5789
Fax:       (504) 862-8721
Email: lwjordan@tulane.edu

CONFIDENTIALITY NOTICE
This email communication may contain confidential information which also may be legally privileged and is
intended only for the use of the intended recipients identified above. If you are not the intended recipient of this
communication, you are hereby notified that any unauthorized review, use, dissemination, distribution,
downloading, or copying of this communication is strictly prohibited. If you are not the intended recipient and
have received this communication in error, please immediately notify us by reply email, delete the
communication and destroy all copies.
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1.8E-02 C 5.1E-06 C 1.5E-01 I  1 0.1  ALAR 1596-84-5 3.0E+01 c* 1.3E+02 c* 5.5E-01 c 2.4E+00 c 4.3E+00 c* 9.5E-04 c*  
8.7E-03 I  4.0E-03 I  1 0.1  Acephate 30560-19-1 2.5E+01 n 2.7E+02 c**   8.0E+00 n 1.8E-03 n  

 2.2E-06 I  9.0E-03 I V 1  1.1E+05 Acetaldehyde 75-07-0 8.2E+00 n 3.4E+01 n 9.4E-01 n 3.9E+00 n 1.9E+00 n 3.8E-04 n  
  2.0E-02 I  1 0.1  Acetochlor 34256-82-1 1.2E+02 n 1.6E+03 n   3.5E+01 n 2.8E-02 n  
  9.0E-01 I 3.1E+01 A V 1  1.1E+05 Acetone 67-64-1 6.1E+03 n 6.7E+04 n 3.2E+03 n 1.4E+04 n 1.4E+03 n 2.9E-01 n  
   2.0E-03 X V 1  1.1E+05 Acetone Cyanohydrin 75-86-5 5.0E+00 n 2.1E+01 n 2.1E-01 n 8.8E-01 n 4.2E-01 n 8.4E-05 n  
   6.0E-02 I V 1  1.3E+05 Acetonitrile 75-05-8 8.1E+01 n 3.4E+02 n 6.3E+00 n 2.6E+01 n 1.3E+01 n 2.6E-03 n  
  1.0E-01 I  V 1  2.5E+03 Acetophenone 98-86-2 7.8E+02 n 1.2E+04 ns   1.9E+02 n 5.8E-02 n  

3.8E+00 C 1.3E-03 C   1 0.1  Acetylaminofluorene, 2- 53-96-3 1.4E-01 c 6.1E-01 c 2.2E-03 c 9.4E-03 c 1.6E-02 c 7.2E-05 c  
  5.0E-04 I 2.0E-05 I V 1  2.3E+04 Acrolein 107-02-8 1.4E-02 n 6.0E-02 n 2.1E-03 n 8.8E-03 n 4.2E-03 n 8.4E-07 n  

5.0E-01 I 1.0E-04 I 2.0E-03 I 6.0E-03 I M 1 0.1  Acrylamide 79-06-1 2.4E-01 c* 4.6E+00 c* 1.0E-02 c* 1.2E-01 c* 5.0E-02 c* 1.1E-05 c*  
  5.0E-01 I 1.0E-03 I 1 0.1  Acrylic Acid 79-10-7 3.0E+03 n 3.9E+04 n 1.0E-01 n 4.4E-01 n 9.9E+02 n 2.0E-01 n  

5.4E-01 I 6.8E-05 I 4.0E-02 A 2.0E-03 I V 1  1.1E+04 Acrylonitrile 107-13-1 2.5E-01 c** 1.1E+00 c** 4.1E-02 c** 1.8E-01 c** 5.2E-02 c** 1.1E-05 c**  
   6.0E-03 P 1 0.1  Adiponitrile 111-69-3 8.5E+05 nm 3.6E+06 nm 6.3E-01 n 2.6E+00 n    

5.6E-02 C  1.0E-02 I  1 0.1  Alachlor 15972-60-8 9.5E+00 c** 4.1E+01 c* 1.0E+00 c* 2.0E+00 8.6E-04 c* 1.6E-03
  1.0E-03 I  1 0.1  Aldicarb 116-06-3 6.2E+00 n 8.2E+01 n   2.0E+00 n 3.0E+00 4.9E-04 n 7.5E-04
  1.0E-03 I  1 0.1  Aldicarb Sulfone 1646-88-4 6.2E+00 n 8.2E+01 n   2.0E+00 n 2.0E+00 4.4E-04 n 4.4E-04
    1 0.1  Aldicarb sulfoxide 1646-87-3  4.0E+00 8.8E-04

1.7E+01 I 4.9E-03 I 3.0E-05 I  1 0.1  Aldrin 309-00-2 3.1E-02 c** 1.4E-01 c* 5.7E-04 c 2.5E-03 c 4.6E-03 c* 7.5E-04 c*  
  2.5E-01 I  1 0.1  Ally 74223-64-6 1.5E+03 n 2.1E+04 n   4.9E+02 n 1.9E-01 n  
  5.0E-03 I 1.0E-04 X 1 0.1  Allyl Alcohol 107-18-6 3.1E+01 n 4.1E+02 n 1.0E-02 n 4.4E-02 n 1.0E+01 n 2.0E-03 n  

2.1E-02 C 6.0E-06 C  1.0E-03 I V 1  1.4E+03 Allyl Chloride 107-05-1 1.7E-01 n 6.9E-01 n 1.0E-01 n 4.4E-01 n 2.1E-01 n 6.7E-05 n  
  1.0E+00 P 5.0E-03 P 1   Aluminum 7429-90-5 7.7E+03 n 1.1E+05 nm 5.2E-01 n 2.2E+00 n 2.0E+03 n 3.0E+03 n  
  4.0E-04 I  1   Aluminum Phosphide 20859-73-8 3.1E+00 n 4.7E+01 n 8.0E-01 n n  
  3.0E-04 I  1 0.1  Amdro 67485-29-4 1.8E+00 n 2.5E+01 n   5.9E-01 n 2.1E+02 n  
  9.0E-03 I  1 0.1  Ametryn 834-12-8 5.5E+01 n 7.4E+02 n   1.5E+01 n 1.6E-02 n  

2.1E+01 C 6.0E-03 C   1 0.1  Aminobiphenyl, 4- 92-67-1 2.5E-02 c 1.1E-01 c 4.7E-04 c 2.0E-03 c 3.0E-03 c 1.5E-05 c  
  8.0E-02 P  1 0.1  Aminophenol, m- 591-27-5 4.9E+02 n 6.6E+03 n   1.6E+02 n 6.1E-02 n  
  2.0E-02 P  1 0.1  Aminophenol, p- 123-30-8 1.2E+02 n 1.6E+03 n   4.0E+01 n 1.5E-02 n  
  2.5E-03 I  1 0.1  Amitraz 33089-61-1 1.5E+01 n 2.1E+02 n 8.2E-01 n 4.2E-01 n  
   1.0E-01 I 1   Ammonia 7664-41-7   1.0E+01 n 4.4E+01 n    
  2.0E-01 I  1   Ammonium Sulfamate 7773-06-0 1.6E+03 n 2.3E+04 n   4.0E+02 n  n  
   3.0E-03 X V 1  1.4E+04 Amyl Alcohol, tert- 75-85-4 8.2E+00 n 3.4E+01 n 3.1E-01 n 1.3E+00 n 6.3E-01 n 1.3E-04 n  

5.7E-03 I 1.6E-06 C 7.0E-03 P 1.0E-03 I 1 0.1  Aniline 62-53-3 4.3E+01 n 4.1E+02 c** 1.0E-01 n 4.4E-01 n 1.3E+01 c** 4.6E-03 c**  
4.0E-02 P  2.0E-03 X  1 0.1  Anthraquinone, 9,10- 84-65-1 1.2E+01 n 5.8E+01 c**   1.4E+00 c** 1.4E-02 c**  

  4.0E-04 I  0.15   Antimony (metallic) 7440-36-0 3.1E+00 n 4.7E+01 n 7.8E-01 n 6.0E+00 3.5E-02 n 2.7E-01
  5.0E-04 H  0.15   Antimony Pentoxide 1314-60-9 3.9E+00 n 5.8E+01 n   9.7E-01 n  n  
  9.0E-04 H  0.15   Antimony Potassium Tartrate 11071-15-1 7.0E+00 n 1.1E+02 n   1.8E+00 n  n  
  4.0E-04 H  0.15   Antimony Tetroxide 1332-81-6 3.1E+00 n 4.7E+01 n 7.8E-01 n n  
   2.0E-04 I 0.15   Antimony Trioxide 1309-64-4 2.8E+04 n 1.2E+05 nm 2.1E-02 n 8.8E-02 n    
  1.3E-02 I  1 0.1  Apollo 74115-24-5 8.0E+01 n 1.1E+03 n   2.3E+01 n 1.4E+00 n  

2.5E-02 I 7.1E-06 I 5.0E-02 H  1 0.1  Aramite 140-57-8 2.1E+01 c* 9.2E+01 c* 4.0E-01 c 1.7E+00 c 1.3E+00 c* 1.5E-02 c*  
1.5E+00 I 4.3E-03 I 3.0E-04 I 1.5E-05 C 1 0.03  Arsenic, Inorganic 7440-38-2 6.7E-01 c**R 3.0E+00 c*R 6.5E-04 c** 2.9E-03 c** 5.2E-02 c* 1.0E+01 1.5E-03 c* 2.9E-01

  3.5E-06 C 5.0E-05 I 1   Arsine 7784-42-1 2.7E-02 n 4.1E-01 n 5.2E-03 n 2.2E-02 n 7.0E-03 n  n  
  9.0E-03 I  1 0.1  Assure 76578-14-8 5.5E+01 n 7.4E+02 n 1.2E+01 n 1.9E-01 n  
  5.0E-02 I  1 0.1  Asulam 3337-71-1 3.1E+02 n 4.1E+03 n   1.0E+02 n 2.6E-02 n  

2.3E-01 C  3.5E-02 I  1 0.1  Atrazine 1912-24-9 2.3E+00 c* 1.0E+01 c   3.0E-01 c 3.0E+00 1.9E-04 c 1.9E-03
8.8E-01 C 2.5E-04 C   1 0.1  Auramine 492-80-8 6.1E-01 c 2.6E+00 c 1.1E-02 c 4.9E-02 c 6.6E-02 c 6.0E-04 c  

  4.0E-04 I  1 0.1  Avermectin B1 65195-55-3 2.5E+00 n 3.3E+01 n   8.0E-01 n 1.4E+00 n  
1.1E-01 I 3.1E-05 I   V 1   Azobenzene 103-33-3 5.6E+00 c 2.6E+01 c 9.1E-02 c 4.0E-01 c 1.2E-01 c 9.2E-04 c  

  1.0E+00 P 7.0E-06 P 1 0.1  Azodicarbonamide 123-77-3 8.5E+02 n 4.0E+03 n 7.3E-04 n 3.1E-03 n 2.0E+03 n 6.8E-01 n  
  2.0E-01 I 5.0E-04 H 0.07   Barium 7440-39-3 1.5E+03 n 2.2E+04 n 5.2E-02 n 2.2E-01 n 3.8E+02 n 2.0E+03 1.6E+01 n 8.2E+01
  4.0E-03 I  1 0.1  Baygon 114-26-1 2.5E+01 n 3.3E+02 n   7.8E+00 n 2.5E-03 n  
  3.0E-02 I  1 0.1  Bayleton 43121-43-3 1.8E+02 n 2.5E+03 n 5.5E+01 n 4.4E-02 n  
  2.5E-02 I  1 0.1  Baythroid 68359-37-5 1.5E+02 n 2.1E+03 n   1.2E+01 n 3.1E+00 n  
  3.0E-01 I  1 0.1  Benefin 1861-40-1 1.8E+03 n 2.5E+04 n   1.7E+02 n 5.6E+00 n  
  5.0E-02 I  1 0.1  Benomyl 17804-35-2 3.1E+02 n 4.1E+03 n 9.7E+01 n 8.5E-02 n  
  3.0E-02 I  1 0.1  Bentazon 25057-89-0 1.8E+02 n 2.5E+03 n   5.7E+01 n 1.2E-02 n  
  1.0E-01 I  V 1  1.2E+03 Benzaldehyde 100-52-7 7.8E+02 n 1.2E+04 ns   1.9E+02 n 4.3E-02 n  

5.5E-02 I 7.8E-06 I 4.0E-03 I 3.0E-02 I V 1  1.8E+03 Benzene 71-43-2 1.2E+00 c** 5.1E+00 c** 3.6E-01 c** 1.6E+00 c** 4.5E-01 c** 5.0E+00 2.3E-04 c** 2.6E-03
1.0E-01 X  3.0E-04 X  1 0.1  Benzenediamine-2-methyl sulfate, 1,4- 6369-59-1 1.8E+00 n 2.3E+01 c**   6.0E-01 n 1.7E-04 n  

  1.0E-03 P  V 1  1.3E+03 Benzenethiol 108-98-5 7.8E+00 n 1.2E+02 n   1.7E+00 n 1.1E-03 n  
2.3E+02 I 6.7E-02 I 3.0E-03 I  M 1 0.1  Benzidine 92-87-5 5.2E-04 c 1.0E-02 c 1.5E-05 c 1.8E-04 c 1.1E-04 c 2.7E-07 c  

  4.0E+00 I  1 0.1  Benzoic Acid 65-85-0 2.5E+04 n 3.3E+05 nm   7.5E+03 n 1.8E+00 n  
1.3E+01 I    V 1  3.2E+02 Benzotrichloride 98-07-7 5.3E-02 c 2.5E-01 c   2.9E-03 c 6.5E-06 c  

Key: I = IRIS; P = PPRTV; A = ATSDR; C = Cal EPA; X = APPENDIX PPRTV SCREEN (See FAQ #27); H = HEAST; J = New Jersey; O = EPA Office of Water; F = See FAQ; E = Environmental Criteria and Assessment Office; S = see user guide Section 5; L = see user guide on lead; M = mutagen; V = volatile; 
R = RBA applied (See User Guide for Arsenic notice) ;  c = cancer; * = where: n SL < 100X c SL; ** = where n SL < 10X c SL; n = noncancer; m = Concentration may exceed ceiling limit (See User Guide); s = Concentration may exceed Csat (See User Guide); SSL values are based on DAF=1
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Regional Screening Level (RSL) Summary Table (TR=1E-6, HQ=0.1) May 2014
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R = RBA applied (See User Guide for Arsenic notice) ;  c = cancer; * = where: n SL < 100X c SL; ** = where n SL < 10X c SL; n = noncancer; m = Concentration may exceed ceiling limit (See User Guide); s = Concentration may exceed Csat (See User Guide); SSL values are based on DAF=1
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  1.0E-01 P  1 0.1  Benzyl Alcohol 100-51-6 6.2E+02 n 8.2E+03 n 2.0E+02 n 4.8E-02 n  
1.7E-01 I 4.9E-05 C 2.0E-03 P 1.0E-03 P V 1  1.5E+03 Benzyl Chloride 100-44-7 1.1E+00 c** 4.8E+00 c** 5.7E-02 c** 2.5E-01 c** 8.9E-02 c** 9.7E-05 c**  

 2.4E-03 I 2.0E-03 I 2.0E-05 I 0.007   Beryllium and compounds 7440-41-7 1.6E+01 n 2.3E+02 n 1.2E-03 c** 5.1E-03 c** 2.5E+00 n 4.0E+00 1.9E+00 n 3.2E+00
  1.0E-04 I  1 0.1  Bidrin 141-66-2 6.2E-01 n 8.2E+00 n 2.0E-01 n 4.7E-05 n  
  9.0E-03 P  1 0.1  Bifenox 42576-02-3 5.5E+01 n 7.4E+02 n   1.0E+01 n 7.6E-02 n  
  1.5E-02 I  1 0.1  Biphenthrin 82657-04-3 9.2E+01 n 1.2E+03 n   3.0E+01 n 1.4E+02 n  

8.0E-03 I  5.0E-01 I 4.0E-04 X V 1   Biphenyl, 1,1'- 92-52-4 4.7E+00 n 2.0E+01 n 4.2E-02 n 1.8E-01 n 8.3E-02 n 8.7E-04 n  
7.0E-02 H 1.0E-05 H 4.0E-02 I  V 1  1.0E+03 Bis(2-chloro-1-methylethyl) ether 108-60-1 4.9E+00 c* 2.2E+01 c 2.8E-01 c 1.2E+00 c 3.6E-01 c 1.3E-04 c  

  3.0E-03 P  1 0.1  Bis(2-chloroethoxy)methane 111-91-1 1.8E+01 n 2.5E+02 n   5.9E+00 n 1.3E-03 n  
1.1E+00 I 3.3E-04 I   V 1  5.1E+03 Bis(2-chloroethyl)ether 111-44-4 2.3E-01 c 1.0E+00 c 8.5E-03 c 3.7E-02 c 1.4E-02 c 3.6E-06 c  
2.2E+02 I 6.2E-02 I   V 1  4.2E+03 Bis(chloromethyl)ether 542-88-1 8.3E-05 c 3.6E-04 c 4.5E-05 c 2.0E-04 c 7.2E-05 c 1.7E-08 c  

  5.0E-02 I  1 0.1  Bisphenol A 80-05-7 3.1E+02 n 4.1E+03 n   7.7E+01 n 5.8E+00 n  
  2.0E-01 I 2.0E-02 H 1   Boron And Borates Only 7440-42-8 1.6E+03 n 2.3E+04 n 2.1E+00 n 8.8E+00 n 4.0E+02 n 1.3E+00 n  
  2.0E+00 P 2.0E-02 P 1   Boron Trichloride 10294-34-5 1.6E+04 n 2.3E+05 nm 2.1E+00 n 8.8E+00 n 4.0E+03 n  n  
  4.0E-02 C 1.3E-02 C 1   Boron Trifluoride 7637-07-2 3.1E+02 n 4.7E+03 n 1.4E+00 n 5.7E+00 n 8.0E+01 n  n  

7.0E-01 I  4.0E-03 I  1   Bromate 15541-45-4 9.9E-01 c* 4.7E+00 c 1.1E-01 c* 1.0E+01 8.5E-04 c* 7.7E-02
2.0E+00 X 6.0E-04 X   V 1  2.4E+03 Bromo-2-chloroethane, 1- 107-04-0 2.6E-02 c 1.1E-01 c 4.7E-03 c 2.0E-02 c 7.4E-03 c 2.1E-06 c  

  8.0E-03 I 6.0E-02 I V 1  6.8E+02 Bromobenzene 108-86-1 2.9E+01 n 1.8E+02 n 6.3E+00 n 2.6E+01 n 6.2E+00 n 4.2E-03 n  
   4.0E-02 X V 1  4.0E+03 Bromochloromethane 74-97-5 1.5E+01 n 6.3E+01 n 4.2E+00 n 1.8E+01 n 8.3E+00 n 2.1E-03 n  

6.2E-02 I 3.7E-05 C 2.0E-02 I  V 1  9.3E+02 Bromodichloromethane 75-27-4 2.9E-01 c 1.3E+00 c 7.6E-02 c 3.3E-01 c 1.3E-01 c 8.0E+01(F) 3.6E-05 c 2.2E-02
7.9E-03 I 1.1E-06 I 2.0E-02 I  1 0.1  Bromoform 75-25-2 6.7E+01 c** 2.9E+02 c** 2.6E+00 c 1.1E+01 c 9.2E+00 c** 8.0E+01(F) 2.4E-03 c** 2.1E-02

  1.4E-03 I 5.0E-03 I V 1  3.6E+03 Bromomethane 74-83-9 6.8E-01 n 3.0E+00 n 5.2E-01 n 2.2E+00 n 7.5E-01 n 1.9E-04 n  
  5.0E-03 H  1 0.1  Bromophos 2104-96-3 3.1E+01 n 4.1E+02 n   3.5E+00 n 1.5E-02 n  
  2.0E-02 I  1 0.1  Bromoxynil 1689-84-5 1.2E+02 n 1.6E+03 n   3.3E+01 n 2.8E-02 n  
  2.0E-02 I  1 0.1  Bromoxynil Octanoate 1689-99-2 1.2E+02 n 1.6E+03 n 1.4E+01 n 1.2E-01 n  

3.4E+00 C 3.0E-05 I  2.0E-03 I V 1  6.7E+02 Butadiene, 1,3- 106-99-0 5.8E-02 c** 2.6E-01 c** 9.4E-02 c** 4.1E-01 c** 1.8E-02 c* 9.9E-06 c*  
  1.0E-01 I  1 0.1  Butanol, N- 71-36-3 6.2E+02 n 8.2E+03 n   2.0E+02 n 4.1E-02 n  

1.9E-03 P  2.0E-01 I  1 0.1  Butyl Benzyl Phthlate 85-68-7 2.8E+02 c** 1.2E+03 c* 1.6E+01 c* 2.3E-01 c*  
  2.0E+00 P 3.0E+01 P 1 0.1  Butyl alcohol, sec- 78-92-2 1.2E+04 n 1.6E+05 nm 3.1E+03 n 1.3E+04 n 4.0E+03 n 8.1E-01 n  
  5.0E-02 I  1 0.1  Butylate 2008-41-5 3.1E+02 n 4.1E+03 n   4.6E+01 n 4.5E-02 n  

2.0E-04 C 5.7E-08 C   1 0.1  Butylated hydroxyanisole 25013-16-5 2.7E+03 c 1.2E+04 c 4.9E+01 c 2.2E+02 c 2.4E+02 c 4.5E-01 c  
3.6E-03 P  3.0E-01 P  1 0.1  Butylated hydroxytoluene 128-37-0 1.5E+02 c* 6.4E+02 c*   3.3E+00 c* 9.7E-02 c*  

  5.0E-02 P  V 1  1.1E+02 Butylbenzene, n- 104-51-8 3.9E+02 ns 5.8E+03 ns   1.0E+02 n 3.2E-01 n  
  1.0E-01 X  V 1  1.5E+02 Butylbenzene, sec- 135-98-8 7.8E+02 ns 1.2E+04 ns 2.0E+02 n 5.9E-01 n  
  1.0E-01 X  V 1  1.8E+02 Butylbenzene, tert- 98-06-6 7.8E+02 ns 1.2E+04 ns   6.9E+01 n 1.6E-01 n  
  2.0E-02 A  1 0.1  Cacodylic Acid 75-60-5 1.2E+02 n 1.6E+03 n   4.0E+01 n  n  
 1.8E-03 I 1.0E-03 I 1.0E-05 A 0.025 0.001  Cadmium (Diet) 7440-43-9 7.0E+00 n 9.8E+01 n  
 1.8E-03 I 5.0E-04 I 1.0E-05 A 0.05 0.001  Cadmium (Water) 7440-43-9   1.0E-03 n 4.4E-03 n 9.2E-01 n 5.0E+00 6.9E-02 n 3.8E-01
  5.0E-01 I 2.2E-03 C 1 0.1  Caprolactam 105-60-2 3.1E+03 n 4.0E+04 n 2.3E-01 n 9.6E-01 n 9.9E+02 n 2.5E-01 n  

1.5E-01 C 4.3E-05 C 2.0E-03 I  1 0.1  Captafol 2425-06-1 3.6E+00 c** 1.5E+01 c* 6.5E-02 c 2.9E-01 c 4.0E-01 c** 7.1E-04 c**  
2.3E-03 C 6.6E-07 C 1.3E-01 I  1 0.1  Captan 133-06-2 2.3E+02 c** 1.0E+03 c* 4.3E+00 c 1.9E+01 c 3.1E+01 c** 2.2E-02 c**  

  1.0E-01 I  1 0.1  Carbaryl 63-25-2 6.2E+02 n 8.2E+03 n   1.8E+02 n 1.7E-01 n  
  5.0E-03 I  1 0.1  Carbofuran 1563-66-2 3.1E+01 n 4.1E+02 n 9.4E+00 n 4.0E+01 3.7E-03 n 1.6E-02
  1.0E-01 I 7.0E-01 I V 1  7.4E+02 Carbon Disulfide 75-15-0 7.7E+01 n 3.5E+02 n 7.3E+01 n 3.1E+02 n 8.1E+01 n 2.4E-02 n  

7.0E-02 I 6.0E-06 I 4.0E-03 I 1.0E-01 I V 1  4.6E+02 Carbon Tetrachloride 56-23-5 6.5E-01 c* 2.9E+00 c* 4.7E-01 c* 2.0E+00 c* 4.5E-01 c* 5.0E+00 1.8E-04 c* 1.9E-03
  1.0E-02 I  1 0.1  Carbosulfan 55285-14-8 6.2E+01 n 8.2E+02 n 5.1E+00 n 1.2E-01 n  
  1.0E-01 I  1 0.1  Carboxin 5234-68-4 6.2E+02 n 8.2E+03 n   1.9E+02 n 1.0E-01 n  
   9.0E-04 I 1   Ceric oxide 1306-38-3 1.3E+05 nm 5.4E+05 nm 9.4E-02 n 3.9E-01 n    
  1.0E-01 I  1 0.1  Chloral Hydrate 302-17-0 6.2E+02 n 8.2E+03 n 2.0E+02 n 4.0E-02 n  
  1.5E-02 I  1 0.1  Chloramben 133-90-4 9.2E+01 n 1.2E+03 n   2.9E+01 n 7.0E-03 n  

4.0E-01 H    1 0.1  Chloranil 118-75-2 1.3E+00 c 5.7E+00 c   1.8E-01 c 1.5E-04 c  
3.5E-01 I 1.0E-04 I 5.0E-04 I 7.0E-04 I 1 0.04  Chlordane 12789-03-6 1.8E+00 c** 8.0E+00 c** 2.8E-02 c** 1.2E-01 c** 2.2E-01 c** 2.0E+00 1.5E-02 c** 1.4E-01
1.0E+01 I 4.6E-03 C 3.0E-04 I  1 0.1  Chlordecone (Kepone) 143-50-0 5.3E-02 c* 2.3E-01 c 6.1E-04 c 2.7E-03 c 3.5E-03 c* 1.2E-04 c*  

  7.0E-04 A  1 0.1  Chlorfenvinphos 470-90-6 4.3E+00 n 5.8E+01 n   1.1E+00 n 3.1E-03 n  
  2.0E-02 I  1 0.1  Chlorimuron, Ethyl- 90982-32-4 1.2E+02 n 1.6E+03 n 3.9E+01 n 1.3E-02 n  
  1.0E-01 I 1.5E-04 A 1   Chlorine 7782-50-5 7.5E+02 n 1.0E+04 n 1.5E-02 n 6.4E-02 n 2.0E+02 n 9.0E-02 n  
  3.0E-02 I 2.0E-04 I 1   Chlorine Dioxide 10049-04-4 2.3E+02 n 3.4E+03 n 2.1E-02 n 8.8E-02 n 6.0E+01 n  n  
  3.0E-02 I  1   Chlorite (Sodium Salt) 7758-19-2 2.3E+02 n 3.5E+03 n 6.0E+01 n 1.0E+03 n  
   5.0E+01 I V 1  1.2E+03 Chloro-1,1-difluoroethane, 1- 75-68-3 5.4E+03 ns 2.3E+04 ns 5.2E+03 n 2.2E+04 n 1.0E+04 n 5.2E+00 n  
 3.0E-04 I 2.0E-02 H 2.0E-02 I V 1  7.5E+02 Chloro-1,3-butadiene, 2- 126-99-8 1.0E-02 c 4.4E-02 c 9.4E-03 c 4.1E-02 c 1.9E-02 c 9.8E-06 c  

4.6E-01 H    1 0.1  Chloro-2-methylaniline HCl, 4- 3165-93-3 1.2E+00 c 5.0E+00 c 1.7E-01 c 1.5E-04 c  
1.0E-01 P 7.7E-05 C 3.0E-03 X  1 0.1  Chloro-2-methylaniline, 4- 95-69-2 5.3E+00 c** 2.3E+01 c* 3.6E-02 c 1.6E-01 c 6.9E-01 c** 3.9E-04 c**  
2.7E-01 X    V 1 0.1 2.8E+04 Chloroacetaldehyde, 2- 107-20-0 2.0E+00 c 8.6E+00 c   2.9E-01 c 5.8E-05 c  

  2.0E-03 H  1 0.1  Chloroacetic Acid 79-11-8 1.2E+01 n 1.6E+02 n 4.0E+00 n 6.0E+01 8.1E-04 n 1.2E-02
   3.0E-05 I 1 0.1  Chloroacetophenone, 2- 532-27-4 4.3E+03 n 1.8E+04 n 3.1E-03 n 1.3E-02 n    
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2.0E-01 P  4.0E-03 I  1 0.1  Chloroaniline, p- 106-47-8 2.7E+00 c** 1.2E+01 c*   3.6E-01 c* 1.6E-04 c*  
  2.0E-02 I 5.0E-02 P V 1  7.6E+02 Chlorobenzene 108-90-7 2.8E+01 n 1.3E+02 n 5.2E+00 n 2.2E+01 n 7.8E+00 n 1.0E+02 5.3E-03 n 6.8E-02

1.1E-01 C 3.1E-05 C 2.0E-02 I  1 0.1  Chlorobenzilate 510-15-6 4.8E+00 c* 2.1E+01 c* 9.1E-02 c 4.0E-01 c 3.1E-01 c* 1.0E-03 c*  
  3.0E-02 X  1 0.1  Chlorobenzoic Acid, p- 74-11-3 1.8E+02 n 2.5E+03 n   5.1E+01 n 1.3E-02 n  
  3.0E-03 P 3.0E-01 P V 1  1.2E+02 Chlorobenzotrifluoride, 4- 98-56-6 2.1E+01 n 2.5E+02 ns 3.1E+01 n 1.3E+02 n 3.5E+00 n 1.2E-02 n  
  4.0E-02 P  V 1  7.3E+02 Chlorobutane, 1- 109-69-3 3.1E+02 n 4.7E+03 ns   6.4E+01 n 2.6E-02 n  
   5.0E+01 I V 1  1.7E+03 Chlorodifluoromethane 75-45-6 4.9E+03 ns 2.1E+04 ns 5.2E+03 n 2.2E+04 n 1.0E+04 n 4.3E+00 n  
  2.0E-02 P  1 0.1  Chloroethanol, 2- 107-07-3 1.2E+02 n 1.6E+03 n 4.0E+01 n 8.1E-03 n  

3.1E-02 C 2.3E-05 I 1.0E-02 I 9.8E-02 A V 1  2.5E+03 Chloroform 67-66-3 3.2E-01 c* 1.4E+00 c* 1.2E-01 c* 5.3E-01 c* 2.2E-01 c* 8.0E+01(F) 6.1E-05 c* 2.2E-02
   9.0E-02 I V 1  1.3E+03 Chloromethane 74-87-3 1.1E+01 n 4.6E+01 n 9.4E+00 n 3.9E+01 n 1.9E+01 n 4.9E-03 n  

2.4E+00 C 6.9E-04 C   V 1  2.6E+04 Chloromethyl Methyl Ether 107-30-2 2.0E-02 c 8.9E-02 c 4.1E-03 c 1.8E-02 c 6.5E-03 c 1.4E-06 c  
3.0E-01 P  3.0E-03 P 1.0E-05 X 1 0.1  Chloronitrobenzene, o- 88-73-3 1.8E+00 c* 7.7E+00 c* 1.0E-03 n 4.4E-03 n 2.3E-01 c* 2.2E-04 c*  
6.3E-03 P  1.0E-03 P 6.0E-04 P 1 0.1  Chloronitrobenzene, p- 100-00-5 6.2E+00 n 8.2E+01 n 6.3E-02 n 2.6E-01 n 1.8E+00 n 1.7E-03 n  

  5.0E-03 I  V 1  2.2E+04 Chlorophenol, 2- 95-57-8 3.9E+01 n 5.8E+02 n 9.1E+00 n 7.4E-03 n  
   4.0E-04 C V 1  6.2E+02 Chloropicrin 76-06-2 2.0E-01 n 8.2E-01 n 4.2E-02 n 1.8E-01 n 8.3E-02 n 2.5E-05 n  

3.1E-03 C 8.9E-07 C 1.5E-02 I  1 0.1  Chlorothalonil 1897-45-6 9.2E+01 n 7.4E+02 c** 3.2E+00 c 1.4E+01 c 2.2E+01 c** 4.9E-02 c**  
  2.0E-02 I  V 1  9.1E+02 Chlorotoluene, o- 95-49-8 1.6E+02 n 2.3E+03 ns 2.4E+01 n 2.3E-02 n  
  2.0E-02 X  V 1  2.5E+02 Chlorotoluene, p- 106-43-4 1.6E+02 n 2.3E+03 ns   2.5E+01 n 2.4E-02 n  

2.4E+02 C 6.9E-02 C   1 0.1  Chlorozotocin 54749-90-5 2.2E-03 c 9.6E-03 c 4.1E-05 c 1.8E-04 c 3.2E-04 c 7.1E-08 c  
  2.0E-01 I  1 0.1  Chlorpropham 101-21-3 1.2E+03 n 1.6E+04 n 2.8E+02 n 2.6E-01 n  
  1.0E-03 A  1 0.1  Chlorpyrifos 2921-88-2 6.2E+00 n 8.2E+01 n   8.4E-01 n 1.2E-02 n  
  1.0E-02 H  1 0.1  Chlorpyrifos Methyl 5598-13-0 6.2E+01 n 8.2E+02 n   1.2E+01 n 5.4E-02 n  
  5.0E-02 I  1 0.1  Chlorsulfuron 64902-72-3 3.1E+02 n 4.1E+03 n 9.9E+01 n 8.3E-02 n  
  8.0E-04 H  1 0.1  Chlorthiophos 60238-56-4 4.9E+00 n 6.6E+01 n   2.8E-01 n 7.3E-03 n  
  1.5E+00 I  0.013   Chromium(III), Insoluble Salts 16065-83-1 1.2E+04 n 1.8E+05 nm   2.2E+03 n 4.0E+06 n  

5.0E-01 J 8.4E-02 S 3.0E-03 I 1.0E-04 I M 0.025   Chromium(VI) 18540-29-9 3.0E-01 c* 6.3E+00 c* 1.2E-05 c 1.5E-04 c 3.5E-02 c 6.7E-04 c  
    0.013   Chromium, Total 7440-47-3      1.0E+02  1.8E+05
 9.0E-03 P 3.0E-04 P 6.0E-06 P 1   Cobalt 7440-48-4 2.3E+00 n 3.5E+01 n 3.1E-04 c** 1.4E-03 c** 6.0E-01 n 2.7E-02 n  
 6.2E-04 I   M 1 0.1  Coke Oven Emissions 8007-45-2  1.6E-03 c 2.0E-02 c  
  4.0E-02 H  1   Copper 7440-50-8 3.1E+02 n 4.7E+03 n   8.0E+01 n 1.3E+03 2.8E+00 n 4.6E+01
  5.0E-02 I 6.0E-01 C 1 0.1  Cresol, m- 108-39-4 3.1E+02 n 4.1E+03 n 6.3E+01 n 2.6E+02 n 9.3E+01 n 7.4E-02 n  
  5.0E-02 I 6.0E-01 C 1 0.1  Cresol, o- 95-48-7 3.1E+02 n 4.1E+03 n 6.3E+01 n 2.6E+02 n 9.3E+01 n 7.5E-02 n  
  1.0E-01 A 6.0E-01 C 1 0.1  Cresol, p- 106-44-5 6.2E+02 n 8.2E+03 n 6.3E+01 n 2.6E+02 n 1.9E+02 n 1.5E-01 n  
  1.0E-01 A  1 0.1  Cresol, p-chloro-m- 59-50-7 6.2E+02 n 8.2E+03 n   1.4E+02 n 1.7E-01 n  
  1.0E-01 A 6.0E-01 C 1 0.1  Cresols 1319-77-3 6.2E+02 n 8.2E+03 n 6.3E+01 n 2.6E+02 n 1.9E+02 n 1.5E-01 n  

1.9E+00 H  1.0E-03 P  V 1  1.7E+04 Crotonaldehyde, trans- 123-73-9 3.7E-01 c* 1.7E+00 c*   4.0E-02 c* 8.2E-06 c*  
  1.0E-01 I 4.0E-01 I V 1  2.7E+02 Cumene 98-82-8 1.9E+02 n 9.9E+02 ns 4.2E+01 n 1.8E+02 n 4.5E+01 n 7.4E-02 n  

2.2E-01 C 6.3E-05 C   1 0.1  Cupferron 135-20-6 2.4E+00 c 1.0E+01 c 4.5E-02 c 1.9E-01 c 3.5E-01 c 6.1E-04 c  
8.4E-01 H  2.0E-03 H  1 0.1  Cyanazine 21725-46-2 6.3E-01 c* 2.7E+00 c*   8.7E-02 c* 4.1E-05 c*  

       Cyanides        
  1.0E-03 I  1   ~Calcium Cyanide 592-01-8 7.8E+00 n 1.2E+02 n 2.0E+00 n n  
  5.0E-03 I  1   ~Copper Cyanide 544-92-3 3.9E+01 n 5.8E+02 n   1.0E+01 n  n  
  6.0E-04 I 8.0E-04 S V 1  1.0E+07 ~Cyanide (CN-) 57-12-5 2.1E+00 n 1.3E+01 n 8.3E-02 n 3.5E-01 n 1.5E-01 n 2.0E+02 1.5E-03 n 2.0E+00
  1.0E-03 I  V 1   ~Cyanogen 460-19-5 7.8E+00 n 1.2E+02 n 2.0E+00 n n  
  9.0E-02 I  V 1   ~Cyanogen Bromide 506-68-3 7.0E+02 n 1.1E+04 n   1.8E+02 n  n  
  5.0E-02 I  V 1   ~Cyanogen Chloride 506-77-4 3.9E+02 n 5.8E+03 n   1.0E+02 n  n  
  6.0E-04 I 8.0E-04 I V 1  1.0E+07 ~Hydrogen Cyanide 74-90-8 2.3E+00 n 1.5E+01 n 8.3E-02 n 3.5E-01 n 1.5E-01 n 1.5E-03 n  
  2.0E-03 I  1   ~Potassium Cyanide 151-50-8 1.6E+01 n 2.3E+02 n   4.0E+00 n  n  
  5.0E-03 I  0.04   ~Potassium Silver Cyanide 506-61-6 3.9E+01 n 5.8E+02 n   8.2E+00 n  n  
  1.0E-01 I  0.04   ~Silver Cyanide 506-64-9 7.8E+02 n 1.2E+04 n 1.8E+02 n n  
  1.0E-03 I  1   ~Sodium Cyanide 143-33-9 7.8E+00 n 1.2E+02 n   2.0E+00 n 2.0E+02  n  
  2.0E-04 P  1   ~Thiocyanates NA 1.6E+00 n 2.3E+01 n   4.0E-01 n  n  
  2.0E-04 X  1   ~Thiocyanic Acid 463-56-9  4.0E-01 n n  
  5.0E-02 I  1   ~Zinc Cyanide 557-21-1 3.9E+02 n 5.8E+03 n   1.0E+02 n  n  
   6.0E+00 I V 1  1.2E+02 Cyclohexane 110-82-7 6.5E+02 ns 2.7E+03 ns 6.3E+02 n 2.6E+03 n 1.3E+03 n 1.3E+00 n  

2.3E-02 H    1 0.1  Cyclohexane, 1,2,3,4,5-pentabromo-6-chloro- 87-84-3 2.3E+01 c 1.0E+02 c 2.4E+00 c 1.4E-02 c  
  5.0E+00 I 7.0E-01 P 1 0.1  Cyclohexanone 108-94-1 3.1E+04 n 4.1E+05 nm 7.3E+01 n 3.1E+02 n 9.9E+03 n 2.3E+00 n  
  5.0E-03 P 1.0E+00 X V 1  2.8E+02 Cyclohexene 110-83-8 3.1E+01 n 2.9E+02 ns 1.0E+02 n 4.4E+02 n 7.0E+00 n 4.6E-03 n  
  2.0E-01 I  1 0.1  Cyclohexylamine 108-91-8 1.2E+03 n 1.6E+04 n 3.8E+02 n 1.0E-01 n  
  5.0E-03 I  1 0.1  Cyhalothrin/karate 68085-85-8 3.1E+01 n 4.1E+02 n   1.0E+01 n 6.8E+00 n  
  1.0E-02 I  1 0.1  Cypermethrin 52315-07-8 6.2E+01 n 8.2E+02 n   2.0E+01 n 3.2E+00 n  
  7.5E-03 I  1 0.1  Cyromazine 66215-27-8 4.6E+01 n 6.2E+02 n 1.5E+01 n 3.8E-03 n  

2.4E-01 I 6.9E-05 C   1 0.1  DDD 72-54-8 2.2E+00 c 9.6E+00 c 4.1E-02 c 1.8E-01 c 3.1E-02 c 7.2E-03 c  
3.4E-01 I 9.7E-05 C   1 0.1  DDE, p,p'- 72-55-9 1.6E+00 c 6.8E+00 c 2.9E-02 c 1.3E-01 c 2.3E-01 c 5.4E-02 c  
3.4E-01 I 9.7E-05 I 5.0E-04 I  1 0.03  DDT 50-29-3 1.9E+00 c** 8.6E+00 c** 2.9E-02 c 1.3E-01 c 2.3E-01 c** 7.7E-02 c**  
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Regional Screening Level (RSL) Summary Table (TR=1E-6, HQ=0.1) May 2014
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Key: I = IRIS; P = PPRTV; A = ATSDR; C = Cal EPA; X = APPENDIX PPRTV SCREEN (See FAQ #27); H = HEAST; J = New Jersey; O = EPA Office of Water; F = See FAQ; E = Environmental Criteria and Assessment Office; S = see user guide Section 5; L = see user guide on lead; M = mutagen; V = volatile; 
R = RBA applied (See User Guide for Arsenic notice) ;  c = cancer; * = where: n SL < 100X c SL; ** = where n SL < 10X c SL; n = noncancer; m = Concentration may exceed ceiling limit (See User Guide); s = Concentration may exceed Csat (See User Guide); SSL values are based on DAF=1

Toxicity and Chemical-specific Information Contaminant Screening Levels Protection of Ground Water SSLs

  1.0E-02 I  1 0.1  Dacthal 1861-32-1 6.2E+01 n 8.2E+02 n   1.2E+01 n 1.5E-02 n  
  3.0E-02 I  1 0.1  Dalapon 75-99-0 1.8E+02 n 2.5E+03 n   6.0E+01 n 2.0E+02 1.2E-02 n 4.1E-02

7.0E-04 I  7.0E-03 I  1 0.1  Decabromodiphenyl ether, 2,2',3,3',4,4',5,5',6,6'- (BDE-209) 1163-19-5 4.3E+01 n 5.8E+02 n 1.4E+01 n 7.8E+00 n  
  4.0E-05 I  1 0.1  Demeton 8065-48-3 2.5E-01 n 3.3E+00 n   6.7E-02 n  n  

1.2E-03 I  6.0E-01 I  1 0.1  Di(2-ethylhexyl)adipate 103-23-1 4.4E+02 c** 1.9E+03 c*   6.5E+01 c* 4.0E+02 4.7E+00 c* 2.9E+01
6.1E-02 H    1 0.1  Diallate 2303-16-4 8.7E+00 c 3.8E+01 c 5.2E-01 c 7.8E-04 c  

  7.0E-04 A  1 0.1  Diazinon 333-41-5 4.3E+00 n 5.8E+01 n   1.0E+00 n 6.5E-03 n  
  1.0E-02 X  V 1   Dibenzothiophene 132-65-0 7.8E+01 n 1.2E+03 n   6.5E+00 n 1.2E-01 n  

8.0E-01 P 6.0E-03 P 2.0E-04 P 2.0E-04 I V M 1  9.8E+02 Dibromo-3-chloropropane, 1,2- 96-12-8 5.3E-03 c* 6.4E-02 c* 1.7E-04 c 2.0E-03 c* 3.3E-04 c 2.0E-01 1.4E-07 c 8.6E-05
  1.0E-02 I  1 0.1  Dibromobenzene, 1,4- 106-37-6 6.2E+01 n 8.2E+02 n   1.3E+01 n 1.2E-02 n  

8.4E-02 I 2.7E-05 C 2.0E-02 I  V 1 0.1 8.0E+02 Dibromochloromethane 124-48-1 7.3E-01 c 3.2E+00 c 1.0E-01 c 4.5E-01 c 1.7E-01 c 8.0E+01(F) 4.5E-05 c 2.1E-02
2.0E+00 I 6.0E-04 I 9.0E-03 I 9.0E-03 I V 1  1.3E+03 Dibromoethane, 1,2- 106-93-4 3.6E-02 c 1.6E-01 c 4.7E-03 c 2.0E-02 c 7.5E-03 c 5.0E-02 2.1E-06 c 1.4E-05

  1.0E-02 H 4.0E-03 X V 1  2.8E+03 Dibromomethane (Methylene Bromide) 74-95-3 2.3E+00 n 9.8E+00 n 4.2E-01 n 1.8E+00 n 8.0E-01 n 2.0E-04 n  
  3.0E-04 P  1 0.1  Dibutyltin Compounds NA 1.8E+00 n 2.5E+01 n   6.0E-01 n  n  
  3.0E-02 I  1 0.1  Dicamba 1918-00-9 1.8E+02 n 2.5E+03 n 5.7E+01 n 1.5E-02 n  
 4.2E-03 P   V 1  5.2E+02 Dichloro-2-butene, 1,4- 764-41-0 7.4E-03 c 3.2E-02 c 6.7E-04 c 2.9E-03 c 1.3E-03 c 6.2E-07 c  
 4.2E-03 P   V 1 0.1 5.2E+02 Dichloro-2-butene, cis-1,4- 1476-11-5 7.4E-03 c 3.2E-02 c 6.7E-04 c 2.9E-03 c 1.3E-03 c 6.2E-07 c  
 4.2E-03 P   V 1 0.1 7.6E+02 Dichloro-2-butene, trans-1,4- 110-57-6 7.4E-03 c 3.2E-02 c 6.7E-04 c 2.9E-03 c 1.3E-03 c 6.2E-07 c  

5.0E-02 I  4.0E-03 I  1 0.1  Dichloroacetic Acid 79-43-6 1.1E+01 c** 4.6E+01 c**   1.5E+00 c** 6.0E+01 3.1E-04 c** 1.2E-02
  9.0E-02 I 2.0E-01 H V 1  3.8E+02 Dichlorobenzene, 1,2- 95-50-1 1.8E+02 n 9.3E+02 ns 2.1E+01 n 8.8E+01 n 3.0E+01 n 6.0E+02 3.0E-02 n 5.8E-01

5.4E-03 C 1.1E-05 C 7.0E-02 A 8.0E-01 I V 1   Dichlorobenzene, 1,4- 106-46-7 2.6E+00 c 1.1E+01 c 2.6E-01 c 1.1E+00 c 4.8E-01 c 7.5E+01 4.6E-04 c 7.2E-02
4.5E-01 I 3.4E-04 C   1 0.1  Dichlorobenzidine, 3,3'- 91-94-1 1.2E+00 c 5.1E+00 c 8.3E-03 c 3.6E-02 c 1.2E-01 c 8.1E-04 c  

  9.0E-03 X  1 0.1  Dichlorobenzophenone, 4,4'- 90-98-2 5.5E+01 n 7.4E+02 n   7.8E+00 n 4.7E-02 n  
  2.0E-01 I 1.0E-01 X V 1  8.5E+02 Dichlorodifluoromethane 75-71-8 8.7E+00 n 3.7E+01 n 1.0E+01 n 4.4E+01 n 2.0E+01 n 3.0E-02 n  

5.7E-03 C 1.6E-06 C 2.0E-01 P  V 1  1.7E+03 Dichloroethane, 1,1- 75-34-3 3.6E+00 c 1.6E+01 c 1.8E+00 c 7.7E+00 c 2.7E+00 c 7.8E-04 c  
9.1E-02 I 2.6E-05 I 6.0E-03 X 7.0E-03 P V 1  3.0E+03 Dichloroethane, 1,2- 107-06-2 4.6E-01 c** 2.0E+00 c** 1.1E-01 c** 4.7E-01 c** 1.7E-01 c** 5.0E+00 4.8E-05 c** 1.4E-03

  5.0E-02 I 2.0E-01 I V 1  1.2E+03 Dichloroethylene, 1,1- 75-35-4 2.3E+01 n 1.0E+02 n 2.1E+01 n 8.8E+01 n 2.8E+01 n 7.0E+00 1.0E-02 n 2.5E-03
  2.0E-03 I  V 1  2.4E+03 Dichloroethylene, 1,2-cis- 156-59-2 1.6E+01 n 2.3E+02 n   3.6E+00 n 7.0E+01 1.1E-03 n 2.1E-02
  2.0E-02 I  V 1  1.7E+03 Dichloroethylene, 1,2-trans- 156-60-5 1.6E+02 n 2.3E+03 ns   3.6E+01 n 1.0E+02 1.1E-02 n 2.9E-02
  3.0E-03 I  1 0.1  Dichlorophenol, 2,4- 120-83-2 1.8E+01 n 2.5E+02 n 4.6E+00 n 5.4E-03 n  
  1.0E-02 I  1 0.05  Dichlorophenoxy Acetic Acid, 2,4- 94-75-7 6.9E+01 n 9.7E+02 n   1.7E+01 n 7.0E+01 4.5E-03 n 1.8E-02
  8.0E-03 I  1 0.1  Dichlorophenoxy)butyric Acid, 4-(2,4- 94-82-6 4.9E+01 n 6.6E+02 n   1.2E+01 n 4.8E-03 n  

3.6E-02 C 1.0E-05 C 9.0E-02 A 4.0E-03 I V 1  1.4E+03 Dichloropropane, 1,2- 78-87-5 1.0E+00 c** 4.4E+00 c** 2.8E-01 c** 1.2E+00 c** 4.4E-01 c** 5.0E+00 1.5E-04 c** 1.7E-03
  2.0E-02 P  V 1  1.5E+03 Dichloropropane, 1,3- 142-28-9 1.6E+02 n 2.3E+03 ns   3.7E+01 n 1.3E-02 n  
  3.0E-03 I  1 0.1  Dichloropropanol, 2,3- 616-23-9 1.8E+01 n 2.5E+02 n   5.9E+00 n 1.3E-03 n  

1.0E-01 I 4.0E-06 I 3.0E-02 I 2.0E-02 I V 1  1.6E+03 Dichloropropene, 1,3- 542-75-6 1.8E+00 c** 8.2E+00 c** 7.0E-01 c** 3.1E+00 c** 4.7E-01 c** 1.7E-04 c**  
2.9E-01 I 8.3E-05 C 5.0E-04 I 5.0E-04 I 1 0.1  Dichlorvos 62-73-7 1.8E+00 c** 8.0E+00 c** 3.4E-02 c** 1.5E-01 c** 2.6E-01 c** 8.1E-05 c**  

  8.0E-02 P 3.0E-04 X V 1   Dicyclopentadiene 77-73-6 1.3E-01 n 5.4E-01 n 3.1E-02 n 1.3E-01 n 6.3E-02 n 2.2E-04 n  
1.6E+01 I 4.6E-03 I 5.0E-05 I  1 0.1  Dieldrin 60-57-1 3.3E-02 c** 1.4E-01 c* 6.1E-04 c 2.7E-03 c 1.7E-03 c* 6.9E-05 c*  

 3.0E-04 C  5.0E-03 I 1 0.1  Diesel Engine Exhaust NA   9.4E-03 c* 4.1E-02 c*    
  2.0E-03 P 2.0E-04 P 1 0.1  Diethanolamine 111-42-2 1.2E+01 n 1.6E+02 n 2.1E-02 n 8.8E-02 n 4.0E+00 n 8.1E-04 n  
  3.0E-02 P 1.0E-04 P 1 0.1  Diethylene Glycol Monobutyl Ether 112-34-5 1.8E+02 n 2.4E+03 n 1.0E-02 n 4.4E-02 n 6.0E+01 n 1.3E-02 n  
  6.0E-02 P 3.0E-04 P 1 0.1  Diethylene Glycol Monoethyl Ether 111-90-0 3.7E+02 n 4.8E+03 n 3.1E-02 n 1.3E-01 n 1.2E+02 n 2.4E-02 n  
  1.0E-03 P  1 0.1  Diethylformamide 617-84-5 6.2E+00 n 8.2E+01 n   2.0E+00 n 4.1E-04 n  

3.5E+02 C 1.0E-01 C   1 0.1  Diethylstilbestrol 56-53-1 1.5E-03 c 6.6E-03 c 2.8E-05 c 1.2E-04 c 4.9E-05 c 2.7E-05 c  
  8.0E-02 I  1 0.1  Difenzoquat 43222-48-6 4.9E+02 n 6.6E+03 n   1.6E+02 n  n  
  2.0E-02 I  1 0.1  Diflubenzuron 35367-38-5 1.2E+02 n 1.6E+03 n   2.9E+01 n 3.3E-02 n  
   4.0E+01 I V 1  1.4E+03 Difluoroethane, 1,1- 75-37-6 4.8E+03 ns 2.0E+04 ns 4.2E+03 n 1.8E+04 n 8.3E+03 n 2.8E+00 n  

4.4E-02 C 1.3E-05 C   V 1 0.1  Dihydrosafrole 94-58-6 2.6E-01 c 1.1E+00 c 2.2E-01 c 9.4E-01 c 3.0E-01 c 3.7E-04 c  
   7.0E-01 P V 1  2.3E+03 Diisopropyl Ether 108-20-3 2.2E+02 n 9.4E+02 n 7.3E+01 n 3.1E+02 n 1.5E+02 n 3.7E-02 n  
  8.0E-02 I  V 1  5.3E+02 Diisopropyl Methylphosphonate 1445-75-6 6.3E+02 ns 9.3E+03 ns 1.6E+02 n 4.5E-02 n  
  2.0E-02 I  1 0.1  Dimethipin 55290-64-7 1.2E+02 n 1.6E+03 n   4.0E+01 n 8.8E-03 n  
  2.0E-04 I  1 0.1  Dimethoate 60-51-5 1.2E+00 n 1.6E+01 n   4.0E-01 n 9.0E-05 n  

1.6E+00 P    1 0.1  Dimethoxybenzidine, 3,3'- 119-90-4 3.3E-01 c 1.4E+00 c 4.7E-02 c 5.7E-05 c  
1.7E-03 P  6.0E-02 P  1 0.1  Dimethyl methylphosphonate 756-79-6 3.1E+02 c** 1.4E+03 c**   4.6E+01 c** 9.6E-03 c**  
4.6E+00 C 1.3E-03 C   1 0.1  Dimethylamino azobenzene [p-] 60-11-7 1.2E-01 c 5.0E-01 c 2.2E-03 c 9.4E-03 c 4.9E-03 c 2.1E-05 c  
5.8E-01 H    1 0.1  Dimethylaniline HCl, 2,4- 21436-96-4 9.2E-01 c 4.0E+00 c 1.3E-01 c 1.2E-04 c  
2.0E-01 P  2.0E-03 X  1 0.1  Dimethylaniline, 2,4- 95-68-1 2.7E+00 c** 1.2E+01 c*   3.7E-01 c* 2.1E-04 c*  

  2.0E-03 I  V 1  8.3E+02 Dimethylaniline, N,N- 121-69-7 1.6E+01 n 2.3E+02 n   3.5E+00 n 1.3E-03 n  
1.1E+01 P    1 0.1  Dimethylbenzidine, 3,3'- 119-93-7 4.8E-02 c 2.1E-01 c 6.5E-03 c 4.3E-05 c  

  1.0E-01 P 3.0E-02 I 1 0.1  Dimethylformamide 68-12-2 6.2E+02 n 8.2E+03 n 3.1E+00 n 1.3E+01 n 2.0E+02 n 4.0E-02 n  
  1.0E-04 X 2.0E-06 X 1 0.1  Dimethylhydrazine, 1,1- 57-14-7 6.2E-01 n 8.2E+00 n 2.1E-04 n 8.8E-04 n 2.0E-01 n 4.5E-05 n  

5.5E+02 C 1.6E-01 C   1 0.1  Dimethylhydrazine, 1,2- 540-73-8 9.7E-04 c 4.2E-03 c 1.8E-05 c 7.7E-05 c 1.4E-04 c 3.2E-08 c  
  2.0E-02 I  1 0.1  Dimethylphenol, 2,4- 105-67-9 1.2E+02 n 1.6E+03 n   3.6E+01 n 4.2E-02 n  
  6.0E-04 I  1 0.1  Dimethylphenol, 2,6- 576-26-1 3.7E+00 n 4.9E+01 n   1.1E+00 n 1.3E-03 n  
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  1.0E-03 I  1 0.1  Dimethylphenol, 3,4- 95-65-8 6.2E+00 n 8.2E+01 n 1.8E+00 n 2.1E-03 n  
4.5E-02 C 1.3E-05 C   V 1 0.1 1.1E+03 Dimethylvinylchloride 513-37-1 2.1E-01 c 9.3E-01 c 2.2E-01 c 9.4E-01 c 3.3E-01 c 2.0E-04 c  

  8.0E-05 X  1 0.1  Dinitro-o-cresol, 4,6- 534-52-1 4.9E-01 n 6.6E+00 n   1.5E-01 n 2.6E-04 n  
  2.0E-03 I  1 0.1  Dinitro-o-cyclohexyl Phenol, 4,6- 131-89-5 1.2E+01 n 1.6E+02 n 2.3E+00 n 7.7E-02 n  
  1.0E-04 P  1 0.1  Dinitrobenzene, 1,2- 528-29-0 6.2E-01 n 8.2E+00 n   1.9E-01 n 1.8E-04 n  
  1.0E-04 I  1 0.1  Dinitrobenzene, 1,3- 99-65-0 6.2E-01 n 8.2E+00 n   2.0E-01 n 1.8E-04 n  
  1.0E-04 P  1 0.1  Dinitrobenzene, 1,4- 100-25-4 6.2E-01 n 8.2E+00 n 2.0E-01 n 1.8E-04 n  
  2.0E-03 I  1 0.1  Dinitrophenol, 2,4- 51-28-5 1.2E+01 n 1.6E+02 n   3.9E+00 n 4.4E-03 n  

6.8E-01 I    1 0.1  Dinitrotoluene Mixture, 2,4/2,6- NA 7.8E-01 c 3.4E+00 c   1.1E-01 c 1.5E-04 c  
3.1E-01 C 8.9E-05 C 2.0E-03 I  1 0.102  Dinitrotoluene, 2,4- 121-14-2 1.7E+00 c** 7.4E+00 c* 3.2E-02 c 1.4E-01 c 2.4E-01 c* 3.2E-04 c*  
1.5E+00 P  3.0E-04 X  1 0.099  Dinitrotoluene, 2,6- 606-20-2 3.6E-01 c** 1.5E+00 c*   4.8E-02 c* 6.7E-05 c*  

  2.0E-03 S  1 0.006  Dinitrotoluene, 2-Amino-4,6- 35572-78-2 1.5E+01 n 2.3E+02 n   3.9E+00 n 3.0E-03 n  
  2.0E-03 S  1 0.009  Dinitrotoluene, 4-Amino-2,6- 19406-51-0 1.5E+01 n 2.3E+02 n 3.9E+00 n 3.0E-03 n  

4.5E-01 X  9.0E-04 X  1 0.1  Dinitrotoluene, Technical grade 25321-14-6 1.2E+00 c** 5.1E+00 c*   1.6E-01 c* 2.2E-04 c*  
  1.0E-03 I  1 0.1  Dinoseb 88-85-7 6.2E+00 n 8.2E+01 n   1.5E+00 n 7.0E+00 1.3E-02 n 6.2E-02

1.0E-01 I 5.0E-06 I 3.0E-02 I 3.0E-02 I 1 0.1  Dioxane, 1,4- 123-91-1 5.3E+00 c* 2.3E+01 c 5.6E-01 c** 2.5E+00 c** 7.8E-01 c* 1.6E-04 c*  
       Dioxins        

6.2E+03 I 1.3E+00 I   1 0.03  ~Hexachlorodibenzo-p-dioxin, Mixture NA 1.0E-04 c 4.7E-04 c 2.2E-06 c 9.4E-06 c 1.3E-05 c 1.7E-05 c  
1.3E+05 C 3.8E+01 C 7.0E-10 I 4.0E-08 C 1 0.03  ~TCDD, 2,3,7,8- 1746-01-6 4.9E-06 c** 2.2E-05 c** 7.4E-08 c* 3.2E-07 c* 6.0E-07 c** 3.0E-05 3.0E-07 c** 1.5E-05

  3.0E-02 I  1 0.1  Diphenamid 957-51-7 1.8E+02 n 2.5E+03 n   5.3E+01 n 5.2E-01 n  
  8.0E-04 X  1 0.1  Diphenyl Sulfone 127-63-9 4.9E+00 n 6.6E+01 n   1.5E+00 n 3.6E-03 n  
  2.5E-02 I  1 0.1  Diphenylamine 122-39-4 1.5E+02 n 2.1E+03 n 3.1E+01 n 5.8E-02 n  

8.0E-01 I 2.2E-04 I   1 0.1  Diphenylhydrazine, 1,2- 122-66-7 6.7E-01 c 2.9E+00 c 1.3E-02 c 5.6E-02 c 7.7E-02 c 2.5E-04 c  
  2.2E-03 I  1 0.1  Diquat 85-00-7 1.4E+01 n 1.8E+02 n   4.4E+00 n 2.0E+01 8.3E-02 n 3.7E-01

7.4E+00 C 2.1E-03 C   1 0.1  Direct Black 38 1937-37-7 7.2E-02 c 3.1E-01 c 1.3E-03 c 5.8E-03 c 1.1E-02 c 5.1E+00 c  
7.4E+00 C 2.1E-03 C   1 0.1  Direct Blue 6 2602-46-2 7.2E-02 c 3.1E-01 c 1.3E-03 c 5.8E-03 c 1.1E-02 c 1.7E+01 c  
6.7E+00 C 1.9E-03 C   1 0.1  Direct Brown 95 16071-86-6 7.9E-02 c 3.4E-01 c 1.5E-03 c 6.5E-03 c 1.2E-02 c  c  

  4.0E-05 I  1 0.1  Disulfoton 298-04-4 2.5E-01 n 3.3E+00 n 5.0E-02 n 9.4E-05 n  
  1.0E-02 I  V 1 0.1  Dithiane, 1,4- 505-29-3 6.2E+01 n 8.2E+02 n   2.0E+01 n 9.7E-03 n  
  2.0E-03 I  1 0.1  Diuron 330-54-1 1.2E+01 n 1.6E+02 n   3.6E+00 n 1.5E-03 n  
  4.0E-03 I  1 0.1  Dodine 2439-10-3 2.5E+01 n 3.3E+02 n 8.0E+00 n 4.1E-02 n  
  2.5E-02 I  V 1   EPTC 759-94-4 2.0E+02 n 2.9E+03 n   3.8E+01 n 2.0E-02 n  
  6.0E-03 I  1 0.1  Endosulfan 115-29-7 3.7E+01 n 4.9E+02 n   1.0E+01 n 1.4E-01 n  
  2.0E-02 I  1 0.1  Endothall 145-73-3 1.2E+02 n 1.6E+03 n 3.8E+01 n 1.0E+02 9.1E-03 n 2.4E-02
  3.0E-04 I  1 0.1  Endrin 72-20-8 1.8E+00 n 2.5E+01 n   2.3E-01 n 2.0E+00 9.2E-03 n 8.1E-02

9.9E-03 I 1.2E-06 I 6.0E-03 P 1.0E-03 I V 1  1.1E+04 Epichlorohydrin 106-89-8 1.9E+00 n 8.2E+00 n 1.0E-01 n 4.4E-01 n 2.0E-01 n 4.5E-05 n  
   2.0E-02 I V 1  1.5E+04 Epoxybutane, 1,2- 106-88-7 1.6E+01 n 6.7E+01 n 2.1E+00 n 8.8E+00 n 4.2E+00 n 9.2E-04 n  
  5.0E-03 I  1 0.1  Ethephon 16672-87-0 3.1E+01 n 4.1E+02 n   1.0E+01 n 2.1E-03 n  
  5.0E-04 I  1 0.1  Ethion 563-12-2 3.1E+00 n 4.1E+01 n   4.3E-01 n 8.5E-04 n  
  1.0E-01 P 6.0E-02 P 1 0.1  Ethoxyethanol Acetate, 2- 111-15-9 6.2E+02 n 8.2E+03 n 6.3E+00 n 2.6E+01 n 2.0E+02 n 4.2E-02 n  
  9.0E-02 P 2.0E-01 I 1 0.1  Ethoxyethanol, 2- 110-80-5 5.5E+02 n 7.4E+03 n 2.1E+01 n 8.8E+01 n 1.8E+02 n 3.6E-02 n  
  9.0E-01 I 7.0E-02 P V 1  1.1E+04 Ethyl Acetate 141-78-6 6.2E+01 n 2.6E+02 n 7.3E+00 n 3.1E+01 n 1.4E+01 n 3.1E-03 n  

4.8E-02 H    V 1  2.5E+03 Ethyl Acrylate 140-88-5 1.4E+01 c 6.8E+01 c 1.6E+00 c 3.5E-04 c  
   1.0E+01 I V 1  2.1E+03 Ethyl Chloride (Chloroethane) 75-00-3 1.4E+03 n 5.7E+03 ns 1.0E+03 n 4.4E+03 n 2.1E+03 n 5.9E-01 n  
  2.0E-01 I  V 1  1.0E+04 Ethyl Ether 60-29-7 1.6E+03 n 2.3E+04 ns   3.9E+02 n 8.8E-02 n  
  9.0E-02 H 3.0E-01 P V 1  1.1E+03 Ethyl Methacrylate 97-63-2 1.4E+02 n 7.1E+02 n 3.1E+01 n 1.3E+02 n 4.6E+01 n 1.1E-02 n  
  1.0E-05 I  1 0.1  Ethyl-p-nitrophenyl Phosphonate 2104-64-5 6.2E-02 n 8.2E-01 n   8.9E-03 n 2.8E-04 n  

1.1E-02 C 2.5E-06 C 1.0E-01 I 1.0E+00 I V 1  4.8E+02 Ethylbenzene 100-41-4 5.8E+00 c* 2.5E+01 c* 1.1E+00 c* 4.9E+00 c* 1.5E+00 c* 7.0E+02 1.7E-03 c* 7.8E-01
  7.0E-02 P  1 0.1  Ethylene Cyanohydrin 109-78-4 4.3E+02 n 5.8E+03 n 1.4E+02 n 2.8E-02 n  
  9.0E-02 P  1 0.1  Ethylene Diamine 107-15-3 5.5E+02 n 7.4E+03 n   1.8E+02 n 4.1E-02 n  
  2.0E+00 I 4.0E-01 C 1 0.1  Ethylene Glycol 107-21-1 1.2E+04 n 1.6E+05 nm 4.2E+01 n 1.8E+02 n 4.0E+03 n 8.1E-01 n  
  1.0E-01 I 1.6E+00 I 1 0.1  Ethylene Glycol Monobutyl Ether 111-76-2 6.2E+02 n 8.2E+03 n 1.7E+02 n 7.0E+02 n 2.0E+02 n 4.1E-02 n  

3.1E-01 C 8.8E-05 C  3.0E-02 C V 1  1.2E+05 Ethylene Oxide 75-21-8 1.8E-01 c 7.9E-01 c 3.2E-02 c* 1.4E-01 c* 5.1E-02 c 1.1E-05 c  
4.5E-02 C 1.3E-05 C 8.0E-05 I  1 0.1  Ethylene Thiourea 96-45-7 4.9E-01 n 6.6E+00 n 2.2E-01 c 9.4E-01 c 1.6E-01 n 3.6E-05 n  
6.5E+01 C 1.9E-02 C   V 1 0.1 1.5E+05 Ethyleneimine 151-56-4 2.5E-03 c 1.1E-02 c 1.5E-04 c 6.5E-04 c 2.4E-04 c 5.2E-08 c  

  3.0E+00 I  1 0.1  Ethylphthalyl Ethyl Glycolate 84-72-0 1.8E+04 n 2.5E+05 nm   5.8E+03 n 1.3E+01 n  
  8.0E-03 I  1 0.1  Express 101200-48-0 4.9E+01 n 6.6E+02 n   1.6E+01 n 6.1E-03 n  
  2.5E-04 I  1 0.1  Fenamiphos 22224-92-6 1.5E+00 n 2.1E+01 n 4.4E-01 n 4.3E-04 n  
  2.5E-02 I  1 0.1  Fenpropathrin 39515-41-8 1.5E+02 n 2.1E+03 n   6.4E+00 n 2.9E-01 n  
  1.3E-02 I  1 0.1  Fluometuron 2164-17-2 8.0E+01 n 1.1E+03 n   2.4E+01 n 1.9E-02 n  
  4.0E-02 C 1.3E-02 C 1   Fluoride 16984-48-8 3.1E+02 n 4.7E+03 n 1.4E+00 n 5.7E+00 n 8.0E+01 n 1.2E+01 n  
  6.0E-02 I 1.3E-02 C 1   Fluorine (Soluble Fluoride) 7782-41-4 4.7E+02 n 7.0E+03 n 1.4E+00 n 5.7E+00 n 1.2E+02 n 4.0E+03 1.8E+01 n 6.0E+02
  8.0E-02 I  1 0.1  Fluridone 59756-60-4 4.9E+02 n 6.6E+03 n   1.4E+02 n 1.6E+01 n  
  2.0E-02 I  1 0.1  Flurprimidol 56425-91-3 1.2E+02 n 1.6E+03 n 3.4E+01 n 1.6E-01 n  
  6.0E-02 I  1 0.1  Flutolanil 66332-96-5 3.7E+02 n 4.9E+03 n   9.5E+01 n 5.0E-01 n  
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  1.0E-02 I  1 0.1  Fluvalinate 69409-94-5 6.2E+01 n 8.2E+02 n   2.0E+01 n 2.9E+01 n  
3.5E-03 I  1.0E-01 I  1 0.1  Folpet 133-07-3 1.5E+02 c** 6.6E+02 c* 2.0E+01 c** 4.7E-03 c**  
1.9E-01 I    1 0.1  Fomesafen 72178-02-0 2.8E+00 c 1.2E+01 c   3.9E-01 c 1.3E-03 c  

  2.0E-03 I  1 0.1  Fonofos 944-22-9 1.2E+01 n 1.6E+02 n   2.4E+00 n 4.7E-03 n  
 1.3E-05 I 2.0E-01 I 9.8E-03 A 1 0.1  Formaldehyde 50-00-0 1.2E+03 n 1.6E+04 n 2.2E-01 c** 9.4E-01 c** 4.0E+02 n 8.0E-02 n  
  9.0E-01 P 3.0E-04 X 1 0.1  Formic Acid 64-18-6 4.9E+03 n 5.2E+04 n 3.1E-02 n 1.3E-01 n 1.8E+03 n 3.6E-01 n  
  3.0E+00 I  1 0.1  Fosetyl-AL 39148-24-8 1.8E+04 n 2.5E+05 nm   6.0E+03 n  n  
       Furans   
  1.0E-03 X  V 1 0.03  ~Dibenzofuran 132-64-9 7.2E+00 n 1.0E+02 n   7.9E-01 n 1.5E-02 n  
  1.0E-03 I  V 1 0.03 6.2E+03 ~Furan 110-00-9 7.2E+00 n 1.0E+02 n   1.9E+00 n 7.3E-04 n  
  9.0E-01 I 2.0E+00 I V 1 0.03 1.7E+05 ~Tetrahydrofuran 109-99-9 1.8E+03 n 9.6E+03 n 2.1E+02 n 8.8E+02 n 3.4E+02 n 7.5E-02 n  

3.8E+00 H    1 0.1  Furazolidone 67-45-8 1.4E-01 c 6.1E-01 c   2.0E-02 c 3.9E-05 c  
  3.0E-03 I 5.0E-02 H 1 0.1  Furfural 98-01-1 1.8E+01 n 2.5E+02 n 5.2E+00 n 2.2E+01 n 6.0E+00 n 1.3E-03 n  

1.5E+00 C 4.3E-04 C   1 0.1  Furium 531-82-8 3.6E-01 c 1.5E+00 c 6.5E-03 c 2.9E-02 c 5.0E-02 c 6.8E-05 c  
3.0E-02 I 8.6E-06 C   1 0.1  Furmecyclox 60568-05-0 1.8E+01 c 7.7E+01 c 3.3E-01 c 1.4E+00 c 1.1E+00 c 1.2E-03 c  

  4.0E-04 I  1 0.1  Glufosinate, Ammonium 77182-82-2 2.5E+00 n 3.3E+01 n   8.0E-01 n 1.8E-04 n  
   8.0E-05 C 1 0.1  Glutaraldehyde 111-30-8 1.1E+04 n 4.8E+04 n 8.3E-03 n 3.5E-02 n  
  4.0E-04 I 1.0E-03 H 1 0.1  Glycidyl 765-34-4 2.5E+00 n 3.3E+01 n 1.0E-01 n 4.4E-01 n 8.0E-01 n 1.6E-04 n  
  1.0E-01 I  1 0.1  Glyphosate 1071-83-6 6.2E+02 n 8.2E+03 n   2.0E+02 n 7.0E+02 8.8E-01 n 3.1E+00
  3.0E-03 I  1 0.1  Goal 42874-03-3 1.8E+01 n 2.5E+02 n 3.2E+00 n 2.5E-01 n  
  1.0E-02 X  1 0.1  Guanidine 113-00-8 6.2E+01 n 8.2E+02 n   2.0E+01 n 4.5E-03 n  
  2.0E-02 P  1 0.1  Guanidine Chloride 50-01-1 1.2E+02 n 1.6E+03 n   4.0E+01 n  n  
  3.0E-03 A 1.0E-02 A 1 0.1  Guthion 86-50-0 1.8E+01 n 2.5E+02 n 1.0E+00 n 4.4E+00 n 5.6E+00 n 1.7E-03 n  
  5.0E-05 I  1 0.1  Haloxyfop, Methyl 69806-40-2 3.1E-01 n 4.1E+00 n   7.6E-02 n 8.4E-04 n  
  1.3E-02 I  1 0.1  Harmony 79277-27-3 8.0E+01 n 1.1E+03 n   2.6E+01 n 7.8E-03 n  

4.5E+00 I 1.3E-03 I 5.0E-04 I  1 0.1  Heptachlor 76-44-8 1.2E-01 c* 5.1E-01 c* 2.2E-03 c 9.4E-03 c 2.0E-03 c* 4.0E-01 1.6E-04 c* 3.3E-02
9.1E+00 I 2.6E-03 I 1.3E-05 I  1 0.1  Heptachlor Epoxide 1024-57-3 5.9E-02 c** 2.5E-01 c** 1.1E-03 c 4.7E-03 c 3.8E-03 c** 2.0E-01 7.8E-05 c** 4.1E-03

  2.0E-03 I  1 0.1  Hexabromobenzene 87-82-1 1.2E+01 n 1.6E+02 n   4.0E+00 n 2.3E-02 n  
  2.0E-04 I  1 0.1  Hexabromodiphenyl ether, 2,2',4,4',5,5'- (BDE-153) 68631-49-2 1.2E+00 n 1.6E+01 n 4.0E-01 n n  

1.6E+00 I 4.6E-04 I 8.0E-04 I  1 0.1  Hexachlorobenzene 118-74-1 3.3E-01 c* 1.4E+00 c* 6.1E-03 c 2.7E-02 c 4.9E-02 c* 1.0E+00 6.1E-04 c* 1.3E-02
7.8E-02 I 2.2E-05 I 1.0E-03 P  1 0.1  Hexachlorobutadiene 87-68-3 6.2E+00 n 3.0E+01 c** 1.3E-01 c 5.6E-01 c 3.0E-01 c** 5.7E-04 c**  
6.3E+00 I 1.8E-03 I 8.0E-03 A  1 0.1  Hexachlorocyclohexane, Alpha- 319-84-6 8.5E-02 c 3.7E-01 c 1.6E-03 c 6.8E-03 c 7.1E-03 c 4.1E-05 c  
1.8E+00 I 5.3E-04 I   1 0.1  Hexachlorocyclohexane, Beta- 319-85-7 3.0E-01 c 1.3E+00 c 5.3E-03 c 2.3E-02 c 2.5E-02 c 1.4E-04 c  
1.1E+00 C 3.1E-04 C 3.0E-04 I  1 0.04  Hexachlorocyclohexane, Gamma- (Lindane) 58-89-9 5.6E-01 c** 2.5E+00 c* 9.1E-03 c 4.0E-02 c 4.1E-02 c** 2.0E-01 2.4E-04 c** 1.2E-03
1.8E+00 I 5.1E-04 I   1 0.1  Hexachlorocyclohexane, Technical 608-73-1 3.0E-01 c 1.3E+00 c 5.5E-03 c 2.4E-02 c 2.5E-02 c 1.4E-04 c  

  6.0E-03 I 2.0E-04 I 1 0.1  Hexachlorocyclopentadiene 77-47-4 3.7E+01 n 4.9E+02 n 2.1E-02 n 8.8E-02 n 3.1E+00 n 5.0E+01 9.6E-03 n 1.6E-01
4.0E-02 I 1.1E-05 C 7.0E-04 I 3.0E-02 I 1 0.1  Hexachloroethane 67-72-1 4.3E+00 n 5.8E+01 c** 2.6E-01 c* 1.1E+00 c* 6.9E-01 n 4.2E-04 n  

  3.0E-04 I  1 0.1  Hexachlorophene 70-30-4 1.8E+00 n 2.5E+01 n 6.0E-01 n 8.0E-01 n  
1.1E-01 I  3.0E-03 I  1 0.015  Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) 121-82-4 6.0E+00 c** 2.8E+01 c*   7.0E-01 c** 2.7E-04 c**  

   1.0E-05 I V 1  5.2E+03 Hexamethylene Diisocyanate, 1,6- 822-06-0 3.1E-01 n 1.3E+00 n 1.0E-03 n 4.4E-03 n 2.1E-03 n 2.1E-05 n  
  4.0E-04 P  1 0.1  Hexamethylphosphoramide 680-31-9 2.5E+00 n 3.3E+01 n 8.0E-01 n 1.8E-04 n  
  6.0E-02 H 7.0E-01 I V 1  1.4E+02 Hexane, N- 110-54-3 5.4E+01 n 2.5E+02 ns 7.3E+01 n 3.1E+02 n 3.2E+01 n 2.3E-01 n  
  2.0E+00 P  1 0.1  Hexanedioic Acid 124-04-9 1.2E+04 n 1.6E+05 nm   4.0E+03 n 9.9E-01 n  
  5.0E-03 I 3.0E-02 I V 1  3.3E+03 Hexanone, 2- 591-78-6 2.0E+01 n 1.3E+02 n 3.1E+00 n 1.3E+01 n 3.8E+00 n 8.8E-04 n  
  3.3E-02 I  1 0.1  Hexazinone 51235-04-2 2.0E+02 n 2.7E+03 n   6.4E+01 n 3.0E-02 n  

3.0E+00 I 4.9E-03 I  3.0E-05 P 1   Hydrazine 302-01-2 2.3E-01 c 1.1E+00 c 5.7E-04 c** 2.5E-03 c** 2.6E-02 c  c  
3.0E+00 I 4.9E-03 I   1   Hydrazine Sulfate 10034-93-2 2.3E-01 c 1.1E+00 c 5.7E-04 c 2.5E-03 c 2.6E-02 c c  

   2.0E-02 I 1   Hydrogen Chloride 7647-01-0 2.8E+06 nm 1.2E+07 nm 2.1E+00 n 8.8E+00 n    
  4.0E-02 C 1.4E-02 C 1   Hydrogen Fluoride 7664-39-3 3.1E+02 n 4.7E+03 n 1.5E+00 n 6.1E+00 n 8.0E+01 n  n  
   2.0E-03 I 1   Hydrogen Sulfide 7783-06-4 2.8E+05 nm 1.2E+06 nm 2.1E-01 n 8.8E-01 n  

6.0E-02 P  4.0E-02 P  1 0.1  Hydroquinone 123-31-9 8.9E+00 c* 3.8E+01 c*   1.3E+00 c* 8.7E-04 c*  
  1.3E-02 I  1 0.1  Imazalil 35554-44-0 8.0E+01 n 1.1E+03 n   1.9E+01 n 3.2E-01 n  
  2.5E-01 I  1 0.1  Imazaquin 81335-37-7 1.5E+03 n 2.1E+04 n 4.9E+02 n 2.4E+00 n  
  1.0E-02 A  1   Iodine 7553-56-2 7.8E+01 n 1.2E+03 n   2.0E+01 n 1.2E+00 n  
  4.0E-02 I  1 0.1  Iprodione 36734-19-7 2.5E+02 n 3.3E+03 n   7.4E+01 n 2.2E-02 n  
  7.0E-01 P  1   Iron 7439-89-6 5.5E+03 n 8.2E+04 n 1.4E+03 n 3.5E+01 n  
  3.0E-01 I  1 0.1  Isobutyl Alcohol 78-83-1 1.8E+03 n 2.5E+04 n   5.9E+02 n 1.2E-01 n  

9.5E-04 I  2.0E-01 I 2.0E+00 C 1 0.1  Isophorone 78-59-1 5.6E+02 c** 2.4E+03 c** 2.1E+02 n 8.8E+02 n 7.8E+01 c** 2.6E-02 c**  
  1.5E-02 I  1 0.1  Isopropalin 33820-53-0 9.2E+01 n 1.2E+03 n 4.0E+00 n 9.2E-02 n  
   7.0E+00 C 1 0.1  Isopropanol 67-63-0 9.9E+08 nm 4.2E+09 nm 7.3E+02 n 3.1E+03 n    
  1.0E-01 I  1 0.1  Isopropyl Methyl Phosphonic Acid 1832-54-8 6.2E+02 n 8.2E+03 n   2.0E+02 n 4.3E-02 n  
  5.0E-02 I  1 0.1  Isoxaben 82558-50-7 3.1E+02 n 4.1E+03 n 7.3E+01 n 2.0E-01 n  
   3.0E-01 A V 1   JP-7 NA 4.3E+07 nm 1.8E+08 nm 3.1E+01 n 1.3E+02 n 6.3E+01 n  n  
  7.5E-02 I  1 0.1  Kerb 23950-58-5 4.6E+02 n 6.2E+03 n   1.2E+02 n 1.2E-01 n  
  2.0E-03 I  1 0.1  Lactofen 77501-63-4 1.2E+01 n 1.6E+02 n 2.5E+00 n 1.2E-01 n  
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       Lead Compounds        
2.8E-01 C 8.0E-05 C   1 0.1  ~Lead acetate 301-04-2 1.9E+00 c 8.2E+00 c 3.5E-02 c 1.5E-01 c 2.8E-01 c  c  

    1   ~Lead and Compounds 7439-92-1 4.0E+02 L 8.0E+02 L 1.5E-01 L L L 1.5E+01 L 1.4E+01
3.8E-02 C 1.1E-05 C   1 0.1  ~Lead subacetate 1335-32-6 1.4E+01 c 6.1E+01 c 2.6E-01 c 1.1E+00 c 2.1E+00 c  c  

  1.0E-07 I  1 0.1  ~Tetraethyl Lead 78-00-2 6.2E-04 n 8.2E-03 n   1.3E-04 n 4.7E-07 n  
  2.0E-03 I  1 0.1  Linuron 330-55-2 1.2E+01 n 1.6E+02 n 3.3E+00 n 2.9E-03 n  
  2.0E-03 P  1   Lithium 7439-93-2 1.6E+01 n 2.3E+02 n   4.0E+00 n 1.2E+00 n  
  2.0E-01 I  1 0.1  Londax 83055-99-6 1.2E+03 n 1.6E+04 n   3.9E+02 n 1.0E-01 n  
  5.0E-04 I  1 0.1  MCPA 94-74-6 3.1E+00 n 4.1E+01 n 7.5E-01 n 2.0E-04 n  
  1.0E-02 I  1 0.1  MCPB 94-81-5 6.2E+01 n 8.2E+02 n   1.5E+01 n 5.8E-03 n  
  1.0E-03 I  1 0.1  MCPP 93-65-2 6.2E+00 n 8.2E+01 n   1.6E+00 n 4.6E-04 n  
  2.0E-02 I  1 0.1  Malathion 121-75-5 1.2E+02 n 1.6E+03 n 3.9E+01 n 1.0E-02 n  
  1.0E-01 I 7.0E-04 C 1 0.1  Maleic Anhydride 108-31-6 6.1E+02 n 8.1E+03 n 7.3E-02 n 3.1E-01 n 1.9E+02 n 3.8E-02 n  
  5.0E-01 I  1 0.1  Maleic Hydrazide 123-33-1 3.1E+03 n 4.1E+04 n   1.0E+03 n 2.1E-01 n  
  1.0E-04 P  1 0.1  Malononitrile 109-77-3 6.2E-01 n 8.2E+00 n 2.0E-01 n 4.1E-05 n  
  3.0E-02 H  1 0.1  Mancozeb 8018-01-7 1.8E+02 n 2.5E+03 n   5.9E+01 n 8.4E-02 n  
  5.0E-03 I  1 0.1  Maneb 12427-38-2 3.1E+01 n 4.1E+02 n   9.9E+00 n 1.4E-02 n  
  1.4E-01 I 5.0E-05 I 1   Manganese (Diet) 7439-96-5   
  2.4E-02 S 5.0E-05 I 0.04   Manganese (Non-diet) 7439-96-5 1.8E+02 n 2.6E+03 n 5.2E-03 n 2.2E-02 n 4.3E+01 n 2.8E+00 n  
  9.0E-05 H  1 0.1  Mephosfolan 950-10-7 5.5E-01 n 7.4E+00 n   1.8E-01 n 2.6E-04 n  
  3.0E-02 I  1 0.1  Mepiquat Chloride 24307-26-4 1.8E+02 n 2.5E+03 n 6.0E+01 n 2.0E-02 n  
       Mercury Compounds        
  3.0E-04 I 3.0E-04 S 0.07   ~Mercuric Chloride (and other Mercury salts) 7487-94-7 2.3E+00 n 3.5E+01 n 3.1E-02 n 1.3E-01 n 5.7E-01 n 2.0E+00  n  
   3.0E-04 I V 1  3.1E+00 ~Mercury (elemental) 7439-97-6 9.4E-01 n 4.0E+00 ns 3.1E-02 n 1.3E-01 n 6.3E-02 n 2.0E+00 3.3E-03 n 1.0E-01
  1.0E-04 I  1   ~Methyl Mercury 22967-92-6 7.8E-01 n 1.2E+01 n   2.0E-01 n  n  
  8.0E-05 I  1 0.1  ~Phenylmercuric Acetate 62-38-4 4.9E-01 n 6.6E+00 n   1.6E-01 n 5.0E-05 n  
  3.0E-05 I  1 0.1  Merphos 150-50-5 1.8E-01 n 2.5E+00 n 6.0E-02 n 5.9E-03 n  
  3.0E-05 I  1 0.1  Merphos Oxide 78-48-8 1.8E-01 n 2.5E+00 n   8.5E-03 n 4.2E-05 n  
  6.0E-02 I  1 0.1  Metalaxyl 57837-19-1 3.7E+02 n 4.9E+03 n   1.2E+02 n 3.3E-02 n  
  1.0E-04 I 3.0E-02 P V 1  4.6E+03 Methacrylonitrile 126-98-7 7.5E-01 n 1.0E+01 n 3.1E+00 n 1.3E+01 n 1.9E-01 n 4.3E-05 n  
  5.0E-05 I  1 0.1  Methamidophos 10265-92-6 3.1E-01 n 4.1E+00 n   1.0E-01 n 2.1E-05 n  
  2.0E+00 I 2.0E+01 I 1 0.1  Methanol 67-56-1 1.2E+04 n 1.6E+05 nm 2.1E+03 n 8.8E+03 n 4.0E+03 n 8.1E-01 n  
  1.0E-03 I  1 0.1  Methidathion 950-37-8 6.2E+00 n 8.2E+01 n 1.9E+00 n 4.7E-04 n  
  2.5E-02 I  1 0.1  Methomyl 16752-77-5 1.5E+02 n 2.1E+03 n   5.0E+01 n 1.1E-02 n  

4.9E-02 C 1.4E-05 C   1 0.1  Methoxy-5-nitroaniline, 2- 99-59-2 1.1E+01 c 4.7E+01 c 2.0E-01 c 8.8E-01 c 1.5E+00 c 5.3E-04 c  
  5.0E-03 I  1 0.1  Methoxychlor 72-43-5 3.1E+01 n 4.1E+02 n 3.7E+00 n 4.0E+01 2.0E-01 n 2.2E+00
  8.0E-03 P 1.0E-03 P 1 0.1  Methoxyethanol Acetate, 2- 110-49-6 4.9E+01 n 6.6E+02 n 1.0E-01 n 4.4E-01 n 1.6E+01 n 3.3E-03 n  
  5.0E-03 P 2.0E-02 I 1 0.1  Methoxyethanol, 2- 109-86-4 3.1E+01 n 4.1E+02 n 2.1E+00 n 8.8E+00 n 1.0E+01 n 2.0E-03 n  
  1.0E+00 X  V 1  2.9E+04 Methyl Acetate 79-20-9 7.8E+03 n 1.2E+05 nms 2.0E+03 n 4.1E-01 n  
  3.0E-02 H 2.0E-02 P V 1  6.8E+03 Methyl Acrylate 96-33-3 1.4E+01 n 6.0E+01 n 2.1E+00 n 8.8E+00 n 3.9E+00 n 8.3E-04 n  
  6.0E-01 I 5.0E+00 I V 1  2.8E+04 Methyl Ethyl Ketone (2-Butanone) 78-93-3 2.7E+03 n 1.9E+04 n 5.2E+02 n 2.2E+03 n 5.6E+02 n 1.2E-01 n  
 1.0E-03 X 1.0E-03 P 2.0E-05 X 1 0.1  Methyl Hydrazine 60-34-4 6.2E+00 n 8.2E+01 n 2.1E-03 n 8.8E-03 n 2.0E+00 n 4.5E-04 n  
  8.0E-02 H 3.0E+00 I V 1  3.4E+03 Methyl Isobutyl Ketone (4-methyl-2-pentanone) 108-10-1 5.3E+02 n 5.6E+03 ns 3.1E+02 n 1.3E+03 n 1.2E+02 n 2.8E-02 n  
   1.0E-03 C V 1 0.1 1.7E+04 Methyl Isocyanate 624-83-9 4.6E-01 n 1.9E+00 n 1.0E-01 n 4.4E-01 n 2.1E-01 n 5.9E-05 n  
  1.4E+00 I 7.0E-01 I V 1  2.4E+03 Methyl Methacrylate 80-62-6 4.4E+02 n 1.9E+03 n 7.3E+01 n 3.1E+02 n 1.4E+02 n 3.0E-02 n  
  2.5E-04 I  1 0.1  Methyl Parathion 298-00-0 1.5E+00 n 2.1E+01 n   4.5E-01 n 7.4E-04 n  
  6.0E-02 X  1 0.1  Methyl Phosphonic Acid 993-13-5 3.7E+02 n 4.9E+03 n   1.2E+02 n 2.4E-02 n  
  6.0E-03 H 4.0E-02 H V 1  3.9E+02 Methyl Styrene (Mixed Isomers) 25013-15-4 2.3E+01 n 1.5E+02 n 4.2E+00 n 1.8E+01 n 3.8E+00 n 6.2E-03 n  

9.9E-02 C 2.8E-05 C   1 0.1  Methyl methanesulfonate 66-27-3 5.4E+00 c 2.3E+01 c 1.0E-01 c 4.4E-01 c 7.9E-01 c 1.6E-04 c  
1.8E-03 C 2.6E-07 C  3.0E+00 I V 1  8.9E+03 Methyl tert-Butyl Ether (MTBE) 1634-04-4 4.7E+01 c* 2.1E+02 c* 1.1E+01 c* 4.7E+01 c* 1.4E+01 c* 3.2E-03 c*  

  3.0E-04 X  1 0.1  Methyl-1,4-benzenediamine dihydrochloride, 2- 615-45-2 1.8E+00 n 2.5E+01 n 6.0E-01 n 3.6E-04 n  
9.0E-03 P  2.0E-02 X  1 0.1  Methyl-5-Nitroaniline, 2- 99-55-8 5.9E+01 c** 2.6E+02 c**   8.1E+00 c** 4.5E-03 c**  
8.3E+00 C 2.4E-03 C   1 0.1  Methyl-N-nitro-N-nitrosoguanidine, N- 70-25-7 6.4E-02 c 2.8E-01 c 1.2E-03 c 5.1E-03 c 9.4E-03 c 3.2E-06 c  
1.3E-01 C 3.7E-05 C   1 0.1  Methylaniline Hydrochloride, 2- 636-21-5 4.1E+00 c 1.8E+01 c 7.6E-02 c 3.3E-01 c 5.7E-01 c 2.5E-04 c  

  1.0E-02 A  1 0.1  Methylarsonic acid 124-58-3 6.2E+01 n 8.2E+02 n   2.0E+01 n  n  
  2.0E-04 X  1 0.1  Methylbenzene,1-4-diamine monohydrochloride, 2- 74612-12-7 1.2E+00 n 1.6E+01 n   4.0E-01 n  n  

1.0E-01 X  3.0E-04 X  1 0.1  Methylbenzene-1,4-diamine sulfate, 2- 615-50-9 1.8E+00 n 2.3E+01 c** 6.0E-01 n n  
2.2E+01 C 6.3E-03 C   M 1 0.1  Methylcholanthrene, 3- 56-49-5 5.4E-03 c 1.0E-01 c 1.6E-04 c 1.9E-03 c 1.1E-03 c 2.2E-03 c  
2.0E-03 I 1.0E-08 I 6.0E-03 I 6.0E-01 I V M 1  3.3E+03 Methylene Chloride 75-09-2 3.5E+01 n 3.2E+02 n 6.3E+01 n 2.6E+02 n 1.1E+01 n 5.0E+00 2.7E-03 n 1.3E-03
1.0E-01 P 4.3E-04 C 2.0E-03 P  M 1 0.1  Methylene-bis(2-chloroaniline), 4,4'- 101-14-4 1.2E+00 c* 2.3E+01 c** 2.4E-03 c 2.9E-02 c 1.6E-01 c* 1.8E-03 c*  
4.6E-02 I 1.3E-05 C   1 0.1  Methylene-bis(N,N-dimethyl) Aniline, 4,4'- 101-61-1 1.2E+01 c 5.0E+01 c 2.2E-01 c 9.4E-01 c 4.6E-01 c 2.6E-03 c  
1.6E+00 C 4.6E-04 C  2.0E-02 C 1 0.1  Methylenebisbenzenamine, 4,4'- 101-77-9 3.3E-01 c 1.4E+00 c 6.1E-03 c 2.7E-02 c 4.7E-02 c 2.1E-04 c  

   6.0E-04 I 1 0.1  Methylenediphenyl Diisocyanate 101-68-8 8.5E+04 n 3.6E+05 nm 6.3E-02 n 2.6E-01 n  
  7.0E-02 H  V 1  5.0E+02 Methylstyrene, Alpha- 98-83-9 5.5E+02 ns 8.2E+03 ns   7.8E+01 n 1.2E-01 n  
  1.5E-01 I  1 0.1  Metolachlor 51218-45-2 9.2E+02 n 1.2E+04 n   2.7E+02 n 3.2E-01 n  
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  2.5E-02 I  1 0.1  Metribuzin 21087-64-9 1.5E+02 n 2.1E+03 n 4.9E+01 n 1.5E-02 n  
  3.0E+00 P  V 1 0.1 3.4E-01 Mineral oils 8012-95-1 1.8E+04 ns 2.5E+05 nms   6.0E+03 n 2.4E+02 n  

1.8E+01 C 5.1E-03 C 2.0E-04 I  1 0.1  Mirex 2385-85-5 3.0E-02 c* 1.3E-01 c 5.5E-04 c 2.4E-03 c 4.3E-03 c* 3.1E-03 c*  
  2.0E-03 I  1 0.1  Molinate 2212-67-1 1.2E+01 n 1.6E+02 n 3.0E+00 n 1.7E-03 n  
  5.0E-03 I  1   Molybdenum 7439-98-7 3.9E+01 n 5.8E+02 n   1.0E+01 n 2.0E-01 n  
  1.0E-01 I  1   Monochloramine 10599-90-3 7.8E+02 n 1.2E+04 n   2.0E+02 n 4.0E+03  n  
  2.0E-03 P  1 0.1  Monomethylaniline 100-61-8 1.2E+01 n 1.6E+02 n 3.8E+00 n 1.4E-03 n  
  3.0E-04 X  1 0.1  N,N'-Diphenyl-1,4-benzenediamine 74-31-7 1.8E+00 n 2.5E+01 n   3.6E-01 n 3.7E-02 n  
  2.0E-03 I  1 0.1  Naled 300-76-5 1.2E+01 n 1.6E+02 n   4.0E+00 n 1.8E-03 n  
  3.0E-02 X 1.0E-01 P V 1   Naphtha, High Flash Aromatic (HFAN) 64724-95-6 2.3E+02 n 3.5E+03 n 1.0E+01 n 4.4E+01 n 1.5E+01 n n  

1.8E+00 C 0.0E+00 C   1 0.1  Naphthylamine, 2- 91-59-8 3.0E-01 c 1.3E+00 c   3.9E-02 c 2.0E-04 c  
  1.0E-01 I  1 0.1  Napropamide 15299-99-7 6.2E+02 n 8.2E+03 n   1.6E+02 n 1.1E+00 n  
  1.1E-02 C 1.4E-05 C 0.04   Nickel Carbonyl 13463-39-3 8.2E+01 n 1.1E+03 n 1.5E-03 n 6.1E-03 n 2.0E+01 n n  
  1.1E-02 C 2.0E-05 C 1   Nickel Oxide 1313-99-1 8.4E+01 n 1.2E+03 n 2.1E-03 n 8.8E-03 n 2.2E+01 n  n  
 2.4E-04 I 1.1E-02 C 1.4E-05 C 0.04   Nickel Refinery Dust NA 8.2E+01 n 1.1E+03 n 1.5E-03 n 6.1E-03 n 2.2E+01 n 3.2E+00 n  
 2.6E-04 C 2.0E-02 I 9.0E-05 A 0.04   Nickel Soluble Salts 7440-02-0 1.5E+02 n 2.2E+03 n 9.4E-03 n 3.9E-02 n 3.9E+01 n 2.6E+00 n  

1.7E+00 C 4.8E-04 I 1.1E-02 C 1.4E-05 C 0.04   Nickel Subsulfide 12035-72-2 4.1E-01 c 1.9E+00 c 1.5E-03 n 6.1E-03 n 4.5E-02 c  c  
  1.6E+00 I  1   Nitrate 14797-55-8 1.3E+04 n 1.9E+05 nm   3.2E+03 n 1.0E+04  n  
    1   Nitrate + Nitrite (as N) NA  1.0E+04  
  1.0E-01 I  1   Nitrite 14797-65-0 7.8E+02 n 1.2E+04 n   2.0E+02 n 1.0E+03  n  
  1.0E-02 X 5.0E-05 X 1 0.1  Nitroaniline, 2- 88-74-4 6.1E+01 n 8.0E+02 n 5.2E-03 n 2.2E-02 n 1.9E+01 n 8.0E-03 n  

2.0E-02 P  4.0E-03 P 6.0E-03 P 1 0.1  Nitroaniline, 4- 100-01-6 2.5E+01 n 1.2E+02 c** 6.3E-01 n 2.6E+00 n 3.8E+00 c** 1.6E-03 c**  
 4.0E-05 I 2.0E-03 I 9.0E-03 I V 1  3.1E+03 Nitrobenzene 98-95-3 5.1E+00 c** 2.2E+01 c** 7.0E-02 c* 3.1E-01 c* 1.4E-01 c** 9.2E-05 c**  
  3.0E+03 P  1 0.1  Nitrocellulose 9004-70-0 1.8E+07 nm 2.5E+08 nm   6.0E+06 n 1.3E+03 n  
  7.0E-02 H  1 0.1  Nitrofurantoin 67-20-9 4.3E+02 n 5.8E+03 n 1.4E+02 n 6.1E-02 n  

1.3E+00 C 3.7E-04 C   1 0.1  Nitrofurazone 59-87-0 4.1E-01 c 1.8E+00 c 7.6E-03 c 3.3E-02 c 6.0E-02 c 5.4E-05 c  
1.7E-02 P  1.0E-04 P  1 0.1  Nitroglycerin 55-63-0 6.2E-01 n 8.2E+00 n   2.0E-01 n 8.5E-05 n  

  1.0E-01 I  1 0.1  Nitroguanidine 556-88-7 6.2E+02 n 8.2E+03 n 2.0E+02 n 4.8E-02 n  
 8.8E-06 P  5.0E-03 P V 1  1.8E+04 Nitromethane 75-52-5 5.4E+00 c** 2.4E+01 c** 3.2E-01 c** 1.4E+00 c** 6.4E-01 c** 1.4E-04 c**  
 2.7E-03 H  2.0E-02 I V 1  4.9E+03 Nitropropane, 2- 79-46-9 1.4E-02 c 6.0E-02 c 1.0E-03 c 4.5E-03 c 2.1E-03 c 5.4E-07 c  

2.7E+01 C 7.7E-03 C   M 1 0.1  Nitroso-N-ethylurea, N- 759-73-9 4.4E-03 c 8.6E-02 c 1.3E-04 c 1.6E-03 c 9.2E-04 c 2.2E-07 c  
1.2E+02 C 3.4E-02 C   M 1 0.1  Nitroso-N-methylurea, N- 684-93-5 9.9E-04 c 1.9E-02 c 3.0E-05 c 3.6E-04 c 2.1E-04 c 4.6E-08 c  
5.4E+00 I 1.6E-03 I   V 1   Nitroso-di-N-butylamine, N- 924-16-3 9.4E-02 c 4.3E-01 c 1.8E-03 c 7.7E-03 c 2.7E-03 c 5.5E-06 c  
7.0E+00 I 2.0E-03 C   1 0.1  Nitroso-di-N-propylamine, N- 621-64-7 7.6E-02 c 3.3E-01 c 1.4E-03 c 6.1E-03 c 1.1E-02 c 8.1E-06 c  
2.8E+00 I 8.0E-04 C   1 0.1  Nitrosodiethanolamine, N- 1116-54-7 1.9E-01 c 8.2E-01 c 3.5E-03 c 1.5E-02 c 2.8E-02 c 5.6E-06 c  
1.5E+02 I 4.3E-02 I   M 1 0.1  Nitrosodiethylamine, N- 55-18-5 7.9E-04 c 1.5E-02 c 2.4E-05 c 2.9E-04 c 1.7E-04 c 6.0E-08 c  
5.1E+01 I 1.4E-02 I 8.0E-06 P 4.0E-05 X M 1 0.1  Nitrosodimethylamine, N- 62-75-9 2.3E-03 c* 4.5E-02 c* 7.2E-05 c* 8.8E-04 c* 4.9E-04 c* 1.2E-07 c*  
4.9E-03 I 2.6E-06 C   1 0.1  Nitrosodiphenylamine, N- 86-30-6 1.1E+02 c 4.7E+02 c 1.1E+00 c 4.7E+00 c 1.2E+01 c 6.6E-02 c  
2.2E+01 I 6.3E-03 C   1 0.1  Nitrosomethylethylamine, N- 10595-95-6 2.4E-02 c 1.0E-01 c 4.5E-04 c 1.9E-03 c 3.5E-03 c 1.0E-06 c  
6.7E+00 C 1.9E-03 C   1 0.1  Nitrosomorpholine [N-] 59-89-2 7.9E-02 c 3.4E-01 c 1.5E-03 c 6.5E-03 c 1.2E-02 c 2.8E-06 c  
9.4E+00 C 2.7E-03 C   1 0.1  Nitrosopiperidine [N-] 100-75-4 5.7E-02 c 2.5E-01 c 1.0E-03 c 4.5E-03 c 8.2E-03 c 4.4E-06 c  
2.1E+00 I 6.1E-04 I   1 0.1  Nitrosopyrrolidine, N- 930-55-2 2.5E-01 c 1.1E+00 c 4.6E-03 c 2.0E-02 c 3.7E-02 c 1.4E-05 c  

  1.0E-04 X  1 0.1  Nitrotoluene, m- 99-08-1 6.2E-01 n 8.2E+00 n 1.7E-01 n 1.6E-04 n  
2.2E-01 P  9.0E-04 P  V 1  1.5E+03 Nitrotoluene, o- 88-72-2 3.2E+00 c** 1.5E+01 c**   3.1E-01 c** 2.9E-04 c**  
1.6E-02 P  4.0E-03 P  1 0.1  Nitrotoluene, p- 99-99-0 2.5E+01 n 1.4E+02 c**   4.2E+00 c** 3.9E-03 c**  

  3.0E-04 X 2.0E-02 P V 1  6.9E+00 Nonane, n- 111-84-2 1.1E+00 n 7.2E+00 ns 2.1E+00 n 8.8E+00 n 5.3E-01 n 7.5E-03 n  
  4.0E-02 I  1 0.1  Norflurazon 27314-13-2 2.5E+02 n 3.3E+03 n   7.7E+01 n 5.0E-01 n  
  7.0E-04 I  1 0.1  Nustar 85509-19-9 4.3E+00 n 5.8E+01 n   1.1E+00 n 1.8E-01 n  
  3.0E-03 I  1 0.1  Octabromodiphenyl Ether 32536-52-0 1.8E+01 n 2.5E+02 n 6.0E+00 n 1.2E+00 n  
  5.0E-02 I  1 0.006  Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) 2691-41-0 3.8E+02 n 5.7E+03 n   1.0E+02 n 1.3E-01 n  
  2.0E-03 H  1 0.1  Octamethylpyrophosphoramide 152-16-9 1.2E+01 n 1.6E+02 n   4.0E+00 n 9.6E-04 n  
  5.0E-02 I  1 0.1  Oryzalin 19044-88-3 3.1E+02 n 4.1E+03 n 8.1E+01 n 1.5E-01 n  
  5.0E-03 I  1 0.1  Oxadiazon 19666-30-9 3.1E+01 n 4.1E+02 n   4.7E+00 n 4.8E-02 n  
  2.5E-02 I  1 0.1  Oxamyl 23135-22-0 1.5E+02 n 2.1E+03 n   5.0E+01 n 2.0E+02 1.1E-02 n 4.4E-02
  1.3E-02 I  1 0.1  Paclobutrazol 76738-62-0 8.0E+01 n 1.1E+03 n 2.3E+01 n 4.6E-02 n  
  4.5E-03 I  1 0.1  Paraquat Dichloride 1910-42-5 2.8E+01 n 3.7E+02 n   9.0E+00 n 1.2E-01 n  
  6.0E-03 H  1 0.1  Parathion 56-38-2 3.7E+01 n 4.9E+02 n   8.6E+00 n 4.3E-02 n  
  5.0E-02 H  1 0.1  Pebulate 1114-71-2 3.1E+02 n 4.1E+03 n 5.6E+01 n 4.5E-02 n  
  4.0E-02 I  1 0.1  Pendimethalin 40487-42-1 2.5E+02 n 3.3E+03 n   1.8E+01 n 2.1E-01 n  
  2.0E-03 I  1 0.1  Pentabromodiphenyl Ether 32534-81-9 1.2E+01 n 1.6E+02 n   4.0E+00 n 1.7E-01 n  
  1.0E-04 I  1 0.1  Pentabromodiphenyl ether, 2,2',4,4',5- (BDE-99) 60348-60-9 6.2E-01 n 8.2E+00 n 2.0E-01 n 8.7E-03 n  
  8.0E-04 I  1 0.1  Pentachlorobenzene 608-93-5 4.9E+00 n 6.6E+01 n   3.2E-01 n 2.4E-03 n  

9.0E-02 P    1 0.1  Pentachloroethane 76-01-7 5.9E+00 c 2.6E+01 c   6.4E-01 c 3.1E-04 c  
2.6E-01 H  3.0E-03 I  1 0.1  Pentachloronitrobenzene 82-68-8 2.0E+00 c** 8.9E+00 c* 1.2E-01 c* 1.4E-03 c*  
4.0E-01 I 5.1E-06 C 5.0E-03 I  1 0.25  Pentachlorophenol 87-86-5 9.9E-01 c* 4.0E+00 c* 5.5E-01 c 2.4E+00 c 4.0E-02 c* 1.0E+00 4.0E-04 c* 1.0E-02
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4.0E-03 X  2.0E-03 P  1 0.1  Pentaerythritol tetranitrate (PETN) 78-11-5 1.2E+01 n 1.6E+02 n   3.9E+00 n 5.8E-03 n  
   1.0E+00 P V 1  3.9E+02 Pentane, n- 109-66-0 8.1E+01 n 3.4E+02 n 1.0E+02 n 4.4E+02 n 2.1E+02 n 1.0E+00 n  
       Perchlorates        
  7.0E-04 I  1   ~Ammonium Perchlorate 7790-98-9 5.5E+00 n 8.2E+01 n   1.4E+00 n  n  
  7.0E-04 I  1   ~Lithium Perchlorate 7791-03-9 5.5E+00 n 8.2E+01 n 1.4E+00 n n  
  7.0E-04 I  1   ~Perchlorate and Perchlorate Salts 14797-73-0 5.5E+00 n 8.2E+01 n   1.4E+00 n 1.5E+01(F)  n  
  7.0E-04 I  1   ~Potassium Perchlorate 7778-74-7 5.5E+00 n 8.2E+01 n   1.4E+00 n  n  
  7.0E-04 I  1   ~Sodium Perchlorate 7601-89-0 5.5E+00 n 8.2E+01 n 1.4E+00 n n  
  5.0E-02 I  1 0.1  Permethrin 52645-53-1 3.1E+02 n 4.1E+03 n   1.0E+02 n 2.4E+01 n  

2.2E-03 C 6.3E-07 C   1 0.1  Phenacetin 62-44-2 2.4E+02 c 1.0E+03 c 4.5E+00 c 1.9E+01 c 3.4E+01 c 9.7E-03 c  
  2.5E-01 I  1 0.1  Phenmedipham 13684-63-4 1.5E+03 n 2.1E+04 n 4.0E+02 n 2.1E+00 n  
  3.0E-01 I 2.0E-01 C 1 0.1  Phenol 108-95-2 1.8E+03 n 2.5E+04 n 2.1E+01 n 8.8E+01 n 5.8E+02 n 3.3E-01 n  
  5.0E-04 X  1 0.1  Phenothiazine 92-84-2 3.1E+00 n 4.1E+01 n   4.3E-01 n 1.4E-03 n  
  6.0E-03 I  1 0.1  Phenylenediamine, m- 108-45-2 3.7E+01 n 4.9E+02 n 1.2E+01 n 3.2E-03 n  

4.7E-02 H    1 0.1  Phenylenediamine, o- 95-54-5 1.1E+01 c 4.9E+01 c   1.6E+00 c 4.4E-04 c  
  1.9E-01 H  1 0.1  Phenylenediamine, p- 106-50-3 1.2E+03 n 1.6E+04 n   3.8E+02 n 1.0E-01 n  

1.9E-03 H    1 0.1  Phenylphenol, 2- 90-43-7 2.7E+02 c 1.2E+03 c 3.0E+01 c 4.0E-01 c  
  2.0E-04 H  1 0.1  Phorate 298-02-2 1.2E+00 n 1.6E+01 n   3.0E-01 n 3.4E-04 n  
   3.0E-04 I V 1  1.6E+03 Phosgene 75-44-5 3.1E-02 n 1.3E-01 n 3.1E-02 n 1.3E-01 n    
  2.0E-02 I  1 0.1  Phosmet 732-11-6 1.2E+02 n 1.6E+03 n 3.7E+01 n 8.2E-03 n  
       Phosphates, Inorganic        
  4.9E+01 P  1   ~Aluminum metaphosphate 13776-88-0 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Ammonium polyphosphate 68333-79-9 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Calcium pyrophosphate 7790-76-3 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Diammonium phosphate 7783-28-0 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Dicalcium phosphate 7757-93-9 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Dimagnesium phosphate 7782-75-4 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Dipotassium phosphate 7758-11-4 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Disodium phosphate 7558-79-4 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Monoaluminum phosphate 13530-50-2 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Monoammonium phosphate 7722-76-1 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Monocalcium phosphate 7758-23-8 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Monomagnesium phosphate 7757-86-0 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Monopotassium phosphate 7778-77-0 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Monosodium phosphate 7558-80-7 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Polyphosphoric acid 8017-16-1 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Potassium tripolyphosphate 13845-36-8 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Sodium acid pyrophosphate 7758-16-9 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Sodium aluminum phosphate (acidic) 7785-88-8 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Sodium aluminum phosphate (anhydrous) 10279-59-1 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Sodium aluminum phosphate (tetrahydrate) 10305-76-7 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Sodium hexametaphosphate 10124-56-8 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Sodium polyphosphate 68915-31-1 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Sodium trimetaphosphate 7785-84-4 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Sodium tripolyphosphate 7758-29-4 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Tetrapotassium phosphate 7320-34-5 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Tetrasodium pyrophosphate 7722-88-5 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Trialuminum sodium tetra decahydrogenoctaorthophosphate (dihydrate) 15136-87-5 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Tricalcium phosphate 7758-87-4 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Trimagnesium phosphate 7757-87-1 3.8E+05 nm 5.7E+06 nm 9.7E+04 n n  
  4.9E+01 P  1   ~Tripotassium phosphate 7778-53-2 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  4.9E+01 P  1   ~Trisodium phosphate 7601-54-9 3.8E+05 nm 5.7E+06 nm   9.7E+04 n  n  
  3.0E-04 I 3.0E-04 I 1   Phosphine 7803-51-2 2.3E+00 n 3.5E+01 n 3.1E-02 n 1.3E-01 n 6.0E-01 n n  
  4.9E+01 P 1.0E-02 I 1   Phosphoric Acid 7664-38-2 3.0E+05 nm 2.9E+06 nm 1.0E+00 n 4.4E+00 n 9.7E+04 n  n  
  2.0E-05 I  1   Phosphorus, White 7723-14-0 1.6E-01 n 2.3E+00 n   4.0E-02 n 1.5E-04 n  
       Phthalates   

1.4E-02 I 2.4E-06 C 2.0E-02 I  1 0.1  ~Bis(2-ethylhexyl)phthalate 117-81-7 3.8E+01 c** 1.6E+02 c* 1.2E+00 c 5.1E+00 c 5.6E+00 c** 6.0E+00 1.3E+00 c** 1.4E+00
  1.0E+00 I  1 0.1  ~Butylphthalyl Butylglycolate 85-70-1 6.2E+03 n 8.2E+04 n   1.3E+03 n 3.0E+01 n  
  1.0E-01 I  1 0.1  ~Dibutyl Phthalate 84-74-2 6.2E+02 n 8.2E+03 n 9.0E+01 n 2.3E-01 n  
  8.0E-01 I  1 0.1  ~Diethyl Phthalate 84-66-2 4.9E+03 n 6.6E+04 n   1.5E+03 n 6.1E-01 n  
  1.0E-01 I  V 1   ~Dimethylterephthalate 120-61-6 7.8E+02 n 1.2E+04 n   1.9E+02 n 4.9E-02 n  
  1.0E-02 P  1 0.1  ~Octyl Phthalate, di-N- 117-84-0 6.2E+01 n 8.2E+02 n 2.0E+01 n 5.7E+00 n  
  1.0E+00 H  1 0.1  ~Phthalic Acid, P- 100-21-0 6.2E+03 n 8.2E+04 n   1.9E+03 n 6.8E-01 n  
  2.0E+00 I 2.0E-02 C 1 0.1  ~Phthalic Anhydride 85-44-9 1.2E+04 n 1.6E+05 nm 2.1E+00 n 8.8E+00 n 3.9E+03 n 8.5E-01 n  
  7.0E-02 I  1 0.1  Picloram 1918-02-1 4.3E+02 n 5.8E+03 n 1.4E+02 n 5.0E+02 3.8E-02 n 1.4E-01
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  1.0E-04 X  1 0.1  Picramic Acid (2-Amino-4,6-dinitrophenol) 96-91-3 6.2E-01 n 8.2E+00 n   2.0E-01 n 1.3E-04 n  
  1.0E-02 I  1 0.1  Pirimiphos, Methyl 29232-93-7 6.2E+01 n 8.2E+02 n   1.2E+01 n 1.2E-02 n  

3.0E+01 C 8.6E-03 C 7.0E-06 H  1 0.1  Polybrominated Biphenyls 59536-65-1 1.8E-02 c** 7.7E-02 c** 3.3E-04 c 1.4E-03 c 2.6E-03 c** c**  
       Polychlorinated Biphenyls (PCBs)        

7.0E-02 S 2.0E-05 S 7.0E-05 I  1 0.14  ~Aroclor 1016 12674-11-2 4.0E-01 n 5.2E+00 n 1.4E-01 c 6.1E-01 c 1.4E-01 n 1.3E-02 n  
2.0E+00 S 5.7E-04 S   V 1 0.14 7.6E+02 ~Aroclor 1221 11104-28-2 1.5E-01 c 6.6E-01 c 4.9E-03 c 2.1E-02 c 4.6E-03 c 7.9E-05 c  
2.0E+00 S 5.7E-04 S   V 1 0.14 7.3E+01 ~Aroclor 1232 11141-16-5 1.5E-01 c 6.6E-01 c 4.9E-03 c 2.1E-02 c 4.6E-03 c 7.9E-05 c  
2.0E+00 S 5.7E-04 S   1 0.14  ~Aroclor 1242 53469-21-9 2.4E-01 c 1.0E+00 c 4.9E-03 c 2.1E-02 c 3.9E-02 c 6.1E-03 c  
2.0E+00 S 5.7E-04 S   1 0.14  ~Aroclor 1248 12672-29-6 2.4E-01 c 1.0E+00 c 4.9E-03 c 2.1E-02 c 3.9E-02 c 6.0E-03 c  
2.0E+00 S 5.7E-04 S 2.0E-05 I  1 0.14  ~Aroclor 1254 11097-69-1 1.1E-01 n 1.0E+00 c** 4.9E-03 c 2.1E-02 c 3.9E-02 c** 1.0E-02 c**  
2.0E+00 S 5.7E-04 S   1 0.14  ~Aroclor 1260 11096-82-5 2.4E-01 c 1.0E+00 c 4.9E-03 c 2.1E-02 c 3.9E-02 c 2.7E-02 c  

  6.0E-04 X  1 0.1  ~Aroclor 5460 11126-42-4 1.7E+01 n 1.7E+02 n 1.2E+00 n 2.0E-01 n  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Heptachlorobiphenyl, 2,3,3',4,4',5,5'- (PCB 189) 39635-31-9 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 1.4E-02 c**  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Hexachlorobiphenyl, 2,3',4,4',5,5'- (PCB 167) 52663-72-6 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 8.4E-03 c**  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Hexachlorobiphenyl, 2,3,3',4,4',5'- (PCB 157) 69782-90-7 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 8.5E-03 c**  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Hexachlorobiphenyl, 2,3,3',4,4',5- (PCB 156) 38380-08-4 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 8.5E-03 c**  
3.9E+03 E 1.1E+00 E 2.3E-08 E 1.3E-06 E 1 0.14  ~Hexachlorobiphenyl, 3,3',4,4',5,5'- (PCB 169) 32774-16-6 1.2E-04 c** 5.3E-04 c** 2.5E-06 c* 1.1E-05 c* 2.0E-05 c** 8.4E-06 c**  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Pentachlorobiphenyl, 2',3,4,4',5- (PCB 123) 65510-44-3 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 5.2E-03 c**  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Pentachlorobiphenyl, 2,3',4,4',5- (PCB 118) 31508-00-6 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 5.1E-03 c**  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Pentachlorobiphenyl, 2,3,3',4,4'- (PCB 105) 32598-14-4 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 5.2E-03 c**  
3.9E+00 E 1.1E-03 E 2.3E-05 E 1.3E-03 E 1 0.14  ~Pentachlorobiphenyl, 2,3,4,4',5- (PCB 114) 74472-37-0 1.2E-01 c** 5.3E-01 c** 2.5E-03 c* 1.1E-02 c* 2.0E-02 c** 5.2E-03 c**  
1.3E+04 E 3.8E+00 E 7.0E-09 E 4.0E-07 E 1 0.14  ~Pentachlorobiphenyl, 3,3',4,4',5- (PCB 126) 57465-28-8 3.7E-05 c** 1.6E-04 c** 7.4E-07 c* 3.2E-06 c* 6.0E-06 c** 1.5E-06 c**  
2.0E+00 I 5.7E-04 I   1 0.14  ~Polychlorinated Biphenyls (high risk) 1336-36-3 2.4E-01 c 1.0E+00 c 4.9E-03 c 2.1E-02 c    
4.0E-01 I 1.0E-04 I   1 0.14  ~Polychlorinated Biphenyls (low risk) 1336-36-3  2.8E-02 c 1.2E-01 c 1.9E-01 c 5.0E-01 3.0E-02 c 7.8E-02
7.0E-02 I 2.0E-05 I   1 0.14  ~Polychlorinated Biphenyls (lowest risk) 1336-36-3   1.4E-01 c 6.1E-01 c    
1.3E+01 E 3.8E-03 E 7.0E-06 E 4.0E-04 E 1 0.14  ~Tetrachlorobiphenyl, 3,3',4,4'- (PCB 77) 32598-13-3 3.7E-02 c** 1.6E-01 c** 7.4E-04 c* 3.2E-03 c* 6.0E-03 c** 9.4E-04 c**  
3.9E+01 E 1.1E-02 E 2.3E-06 E 1.3E-04 E 1 0.14  ~Tetrachlorobiphenyl, 3,4,4',5- (PCB 81) 70362-50-4 1.2E-02 c** 5.3E-02 c** 2.5E-04 c* 1.1E-03 c* 2.0E-03 c** 3.1E-04 c**  

   6.0E-04 I 1 0.1  Polymeric Methylene Diphenyl Diisocyanate (PMDI) 9016-87-9 8.5E+04 n 3.6E+05 nm 6.3E-02 n 2.6E-01 n    
       Polynuclear Aromatic Hydrocarbons (PAHs)        
  6.0E-02 I  V 1 0.13  ~Acenaphthene 83-32-9 3.5E+02 n 4.5E+03 n 5.3E+01 n 5.5E-01 n  
  3.0E-01 I  V 1 0.13  ~Anthracene 120-12-7 1.7E+03 n 2.3E+04 n   1.8E+02 n 5.8E+00 n  

7.3E-01 E 1.1E-04 C   M 1 0.13  ~Benz[a]anthracene 56-55-3 1.5E-01 c 2.9E+00 c 9.2E-03 c 1.1E-01 c 3.4E-02 c 1.2E-02 c  
1.2E+00 C 1.1E-04 C   1 0.13  ~Benzo(j)fluoranthene 205-82-3 4.1E-01 c 1.8E+00 c 2.6E-02 c 1.1E-01 c 6.5E-02 c 7.8E-02 c  
7.3E+00 I 1.1E-03 C   M 1 0.13  ~Benzo[a]pyrene 50-32-8 1.5E-02 c 2.9E-01 c 9.2E-04 c 1.1E-02 c 3.4E-03 c 2.0E-01 4.0E-03 c 2.4E-01
7.3E-01 E 1.1E-04 C   M 1 0.13  ~Benzo[b]fluoranthene 205-99-2 1.5E-01 c 2.9E+00 c 9.2E-03 c 1.1E-01 c 3.4E-02 c 4.1E-02 c  
7.3E-02 E 1.1E-04 C   M 1 0.13  ~Benzo[k]fluoranthene 207-08-9 1.5E+00 c 2.9E+01 c 9.2E-03 c 1.1E-01 c 3.4E-01 c 4.0E-01 c  

  8.0E-02 I  V 1   ~Chloronaphthalene, Beta- 91-58-7 6.3E+02 n 9.3E+03 n   7.5E+01 n 3.8E-01 n  
7.3E-03 E 1.1E-05 C   M 1 0.13  ~Chrysene 218-01-9 1.5E+01 c 2.9E+02 c 9.2E-02 c 1.1E+00 c 3.4E+00 c 1.2E+00 c  
7.3E+00 E 1.2E-03 C   M 1 0.13  ~Dibenz[a,h]anthracene 53-70-3 1.5E-02 c 2.9E-01 c 8.4E-04 c 1.0E-02 c 3.4E-03 c 1.3E-02 c  
1.2E+01 C 1.1E-03 C   1 0.13  ~Dibenzo(a,e)pyrene 192-65-4 4.1E-02 c 1.8E-01 c 2.6E-03 c 1.1E-02 c 6.5E-03 c 8.4E-02 c  
2.5E+02 C 7.1E-02 C   M 1 0.13  ~Dimethylbenz(a)anthracene, 7,12- 57-97-6 4.5E-04 c 8.5E-03 c 1.4E-05 c 1.7E-04 c 1.0E-04 c 9.9E-05 c  

  4.0E-02 I  1 0.13  ~Fluoranthene 206-44-0 2.3E+02 n 3.0E+03 n 8.0E+01 n 8.9E+00 n  
  4.0E-02 I  V 1 0.13  ~Fluorene 86-73-7 2.3E+02 n 3.0E+03 n   2.9E+01 n 5.4E-01 n  

7.3E-01 E 1.1E-04 C   M 1 0.13  ~Indeno[1,2,3-cd]pyrene 193-39-5 1.5E-01 c 2.9E+00 c 9.2E-03 c 1.1E-01 c 3.4E-02 c 2.4E-01 c  
2.9E-02 P  7.0E-02 A  V 1 0.13  ~Methylnaphthalene, 1- 90-12-0 1.7E+01 c* 7.3E+01 c* 1.1E+00 c* 5.8E-03 c*  

  4.0E-03 I  V 1 0.13  ~Methylnaphthalene, 2- 91-57-6 2.3E+01 n 3.0E+02 n   3.6E+00 n 1.9E-02 n  
 3.4E-05 C 2.0E-02 I 3.0E-03 I V 1 0.13  ~Naphthalene 91-20-3 3.8E+00 c** 1.7E+01 c** 8.3E-02 c** 3.6E-01 c** 1.7E-01 c** 5.4E-04 c**  

1.2E+00 C 1.1E-04 C   1 0.13  ~Nitropyrene, 4- 57835-92-4 4.1E-01 c 1.8E+00 c 2.6E-02 c 1.1E-01 c 1.9E-02 c 3.2E-03 c  
  3.0E-02 I  V 1 0.13  ~Pyrene 129-00-0 1.7E+02 n 2.3E+03 n   1.2E+01 n 1.3E+00 n  

1.5E-01 I  9.0E-03 I  1 0.1  Prochloraz 67747-09-5 3.6E+00 c* 1.5E+01 c*   3.7E-01 c* 1.9E-03 c*  
  6.0E-03 H  1 0.1  Profluralin 26399-36-0 3.7E+01 n 4.9E+02 n 2.6E+00 n 1.6E-01 n  
  1.5E-02 I  1 0.1  Prometon 1610-18-0 9.2E+01 n 1.2E+03 n   2.5E+01 n 1.2E-02 n  
  4.0E-03 I  1 0.1  Prometryn 7287-19-6 2.5E+01 n 3.3E+02 n   6.0E+00 n 9.0E-03 n  
  1.3E-02 I  1 0.1  Propachlor 1918-16-7 8.0E+01 n 1.1E+03 n 2.5E+01 n 1.5E-02 n  
  5.0E-03 I  1 0.1  Propanil 709-98-8 3.1E+01 n 4.1E+02 n   8.2E+00 n 4.5E-03 n  
  2.0E-02 I  1 0.1  Propargite 2312-35-8 1.2E+02 n 1.6E+03 n   1.6E+01 n 1.2E+00 n  
  2.0E-03 I  1 0.1  Propargyl Alcohol 107-19-7 1.2E+01 n 1.6E+02 n 4.0E+00 n 8.1E-04 n  
  2.0E-02 I  1 0.1  Propazine 139-40-2 1.2E+02 n 1.6E+03 n   3.4E+01 n 3.0E-02 n  
  2.0E-02 I  1 0.1  Propham 122-42-9 1.2E+02 n 1.6E+03 n   3.5E+01 n 2.2E-02 n  
  1.3E-02 I  1 0.1  Propiconazole 60207-90-1 8.0E+01 n 1.1E+03 n 2.1E+01 n 6.9E-02 n  
   8.0E-03 I V 1  3.3E+04 Propionaldehyde 123-38-6 7.5E+00 n 3.1E+01 n 8.3E-01 n 3.5E+00 n 1.7E+00 n 3.4E-04 n  
  1.0E-01 X 1.0E+00 X V 1 0.1 2.6E+02 Propyl benzene 103-65-1 3.3E+02 ns 2.2E+03 ns 1.0E+02 n 4.4E+02 n 6.6E+01 n 1.2E-01 n  
   3.0E+00 C V 1 0.1 3.5E+02 Propylene 115-07-1 2.2E+02 n 9.3E+02 ns 3.1E+02 n 1.3E+03 n 6.3E+02 n 6.0E-01 n  
  2.0E+01 P  1 0.1  Propylene Glycol 57-55-6 1.2E+05 nm 1.6E+06 nm   4.0E+04 n 8.1E+00 n  
   2.7E-04 A 1 0.1  Propylene Glycol Dinitrate 6423-43-4 3.9E+04 n 1.6E+05 nm 2.8E-02 n 1.2E-01 n    
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Key: I = IRIS; P = PPRTV; A = ATSDR; C = Cal EPA; X = APPENDIX PPRTV SCREEN (See FAQ #27); H = HEAST; J = New Jersey; O = EPA Office of Water; F = See FAQ; E = Environmental Criteria and Assessment Office; S = see user guide Section 5; L = see user guide on lead; M = mutagen; V = volatile; 
R = RBA applied (See User Guide for Arsenic notice) ;  c = cancer; * = where: n SL < 100X c SL; ** = where n SL < 10X c SL; n = noncancer; m = Concentration may exceed ceiling limit (See User Guide); s = Concentration may exceed Csat (See User Guide); SSL values are based on DAF=1

Toxicity and Chemical-specific Information Contaminant Screening Levels Protection of Ground Water SSLs

  7.0E-01 H  1 0.1  Propylene Glycol Monoethyl Ether 1569-02-4 4.3E+03 n 5.8E+04 n 1.4E+03 n 2.8E-01 n  
  7.0E-01 H 2.0E+00 I 1 0.1  Propylene Glycol Monomethyl Ether 107-98-2 4.3E+03 n 5.8E+04 n 2.1E+02 n 8.8E+02 n 1.4E+03 n 2.8E-01 n  

2.4E-01 I 3.7E-06 I  3.0E-02 I V 1  7.8E+04 Propylene Oxide 75-56-9 2.1E+00 c* 9.7E+00 c* 7.6E-01 c** 3.3E+00 c** 2.7E-01 c* 5.6E-05 c*  
  2.5E-01 I  1 0.1  Pursuit 81335-77-5 1.5E+03 n 2.1E+04 n 4.7E+02 n 4.1E-01 n  
  2.5E-02 I  1 0.1  Pydrin 51630-58-1 1.5E+02 n 2.1E+03 n   5.0E+01 n 3.2E+01 n  
  1.0E-03 I  V 1  5.3E+05 Pyridine 110-86-1 7.8E+00 n 1.2E+02 n   2.0E+00 n 6.8E-04 n  
  5.0E-04 I  1 0.1  Quinalphos 13593-03-8 3.1E+00 n 4.1E+01 n 5.1E-01 n 4.3E-03 n  

3.0E+00 I    1 0.1  Quinoline 91-22-5 1.8E-01 c 7.7E-01 c   2.4E-02 c 7.8E-05 c  
   3.0E-02 A 1   Refractory Ceramic Fibers NA 4.3E+06 nm 1.8E+07 nm 3.1E+00 n 1.3E+01 n    
  3.0E-02 I  1 0.1  Resmethrin 10453-86-8 1.8E+02 n 2.5E+03 n 6.7E+00 n 4.2E+00 n  
  5.0E-02 H  1 0.1  Ronnel 299-84-3 3.1E+02 n 4.1E+03 n   4.1E+01 n 3.7E-01 n  
  4.0E-03 I  1 0.1  Rotenone 83-79-4 2.5E+01 n 3.3E+02 n   6.1E+00 n 3.2E+00 n  

2.2E-01 C 6.3E-05 C   M 1 0.1  Safrole 94-59-7 5.4E-01 c 1.0E+01 c 1.6E-02 c 1.9E-01 c 9.5E-02 c 5.9E-05 c  
  2.5E-02 I  1 0.1  Savey 78587-05-0 1.5E+02 n 2.1E+03 n   1.1E+01 n 5.0E-02 n  
  5.0E-03 I  1   Selenious Acid 7783-00-8 3.9E+01 n 5.8E+02 n   1.0E+01 n  n  
  5.0E-03 I 2.0E-02 C 1   Selenium 7782-49-2 3.9E+01 n 5.8E+02 n 2.1E+00 n 8.8E+00 n 1.0E+01 n 5.0E+01 5.2E-02 n 2.6E-01
  5.0E-03 C 2.0E-02 C 1   Selenium Sulfide 7446-34-6 3.9E+01 n 5.8E+02 n 2.1E+00 n 8.8E+00 n 1.0E+01 n  n  
  9.0E-02 I  1 0.1  Sethoxydim 74051-80-2 5.5E+02 n 7.4E+03 n   1.0E+02 n 9.3E-01 n  
   3.0E-03 C 1   Silica (crystalline, respirable) 7631-86-9 4.3E+05 nm 1.8E+06 nm 3.1E-01 n 1.3E+00 n  
  5.0E-03 I  0.04   Silver 7440-22-4 3.9E+01 n 5.8E+02 n   9.4E+00 n 8.0E-02 n  

1.2E-01 H  5.0E-03 I  1 0.1  Simazine 122-34-9 4.4E+00 c** 1.9E+01 c*   6.1E-01 c* 4.0E+00 3.0E-04 c* 2.0E-03
  1.3E-02 I  1 0.1  Sodium Acifluorfen 62476-59-9 8.0E+01 n 1.1E+03 n 2.6E+01 n 2.1E-01 n  
  4.0E-03 I  1   Sodium Azide 26628-22-8 3.1E+01 n 4.7E+02 n   8.0E+00 n  n  

2.7E-01 H  3.0E-02 I  1 0.1  Sodium Diethyldithiocarbamate 148-18-5 2.0E+00 c* 8.6E+00 c   2.9E-01 c  c  
  5.0E-02 A 1.3E-02 C 1   Sodium Fluoride 7681-49-4 3.9E+02 n 5.8E+03 n 1.4E+00 n 5.7E+00 n 1.0E+02 n n  
  2.0E-05 I  1 0.1  Sodium Fluoroacetate 62-74-8 1.2E-01 n 1.6E+00 n   4.0E-02 n 8.1E-06 n  
  1.0E-03 H  1   Sodium Metavanadate 13718-26-8 7.8E+00 n 1.2E+02 n   2.0E+00 n  n  

2.4E-02 H  3.0E-02 I  1 0.1  Stirofos (Tetrachlorovinphos) 961-11-5 2.2E+01 c** 9.6E+01 c* 2.8E+00 c* 8.1E-03 c*  
  6.0E-01 I  1   Strontium, Stable 7440-24-6 4.7E+03 n 7.0E+04 n   1.2E+03 n 4.2E+01 n  
  3.0E-04 I  1 0.1  Strychnine 57-24-9 1.8E+00 n 2.5E+01 n   5.9E-01 n 6.5E-03 n  
  2.0E-01 I 1.0E+00 I V 1  8.7E+02 Styrene 100-42-5 6.0E+02 n 3.5E+03 ns 1.0E+02 n 4.4E+02 n 1.2E+02 n 1.0E+02 1.3E-01 n 1.1E-01
  1.0E-03 P 2.0E-03 P 1 0.1  Sulfolane 126-33-0 6.2E+00 n 8.2E+01 n 2.1E-01 n 8.8E-01 n 2.0E+00 n 4.4E-04 n  
  8.0E-04 P  1 0.1  Sulfonylbis(4-chlorobenzene), 1,1'- 80-07-9 4.9E+00 n 6.6E+01 n   1.1E+00 n 6.5E-03 n  
   1.0E-03 C 1   Sulfuric Acid 7664-93-9 1.4E+05 nm 6.0E+05 nm 1.0E-01 n 4.4E-01 n  
  2.5E-02 I  1 0.1  Systhane 88671-89-0 1.5E+02 n 2.1E+03 n   4.5E+01 n 5.6E-01 n  
  3.0E-02 H  1 0.1  TCMTB 21564-17-0 1.8E+02 n 2.5E+03 n   4.8E+01 n 3.3E-01 n  
  7.0E-02 I  1 0.1  Tebuthiuron 34014-18-1 4.3E+02 n 5.8E+03 n 1.4E+02 n 3.9E-02 n  
  2.0E-02 H  1 0.1  Temephos 3383-96-8 1.2E+02 n 1.6E+03 n   4.0E+01 n 7.6E+00 n  
  1.3E-02 I  1 0.1  Terbacil 5902-51-2 8.0E+01 n 1.1E+03 n   2.5E+01 n 7.5E-03 n  
  2.5E-05 H  1 0.1  Terbufos 13071-79-9 1.5E-01 n 2.1E+00 n 2.4E-02 n 5.2E-05 n  
  1.0E-03 I  1 0.1  Terbutryn 886-50-0 6.2E+00 n 8.2E+01 n   1.3E+00 n 1.9E-03 n  
  1.0E-04 I  1 0.1  Tetrabromodiphenyl ether, 2,2',4,4'- (BDE-47) 5436-43-1 6.2E-01 n 8.2E+00 n   2.0E-01 n 5.3E-03 n  
  3.0E-04 I  1 0.1  Tetrachlorobenzene, 1,2,4,5- 95-94-3 1.8E+00 n 2.5E+01 n 1.7E-01 n 7.9E-04 n  

2.6E-02 I 7.4E-06 I 3.0E-02 I  V 1  6.8E+02 Tetrachloroethane, 1,1,1,2- 630-20-6 2.0E+00 c 8.8E+00 c 3.8E-01 c 1.7E+00 c 5.7E-01 c* 2.2E-04 c*  
2.0E-01 I 5.8E-05 C 2.0E-02 I  V 1  1.9E+03 Tetrachloroethane, 1,1,2,2- 79-34-5 6.0E-01 c 2.7E+00 c 4.8E-02 c 2.1E-01 c 7.6E-02 c 3.0E-05 c  
2.1E-03 I 2.6E-07 I 6.0E-03 I 4.0E-02 I V 1  1.7E+02 Tetrachloroethylene 127-18-4 8.1E+00 n 3.9E+01 n 4.2E+00 n 1.8E+01 n 4.1E+00 n 5.0E+00 1.8E-03 n 2.3E-03

  3.0E-02 I  1 0.1  Tetrachlorophenol, 2,3,4,6- 58-90-2 1.8E+02 n 2.5E+03 n   2.4E+01 n 1.5E-01 n  
2.0E+01 H    1 0.1  Tetrachlorotoluene, p- alpha, alpha, alpha- 5216-25-1 2.7E-02 c 1.2E-01 c   1.3E-03 c 4.4E-06 c  

  5.0E-04 I  1 0.1  Tetraethyl Dithiopyrophosphate 3689-24-5 3.1E+00 n 4.1E+01 n 7.1E-01 n 5.2E-04 n  
   8.0E+01 I V 1  1.1E+03 Tetrafluoroethane, 1,1,1,2- 811-97-2 1.0E+04 ns 4.3E+04 ns 8.3E+03 n 3.5E+04 n 1.7E+04 n 9.3E+00 n  
  2.0E-03 P  1 0.1  Tetryl (Trinitrophenylmethylnitramine) 479-45-8 1.2E+01 n 1.6E+02 n   3.9E+00 n 3.7E-02 n  
  7.0E-06 X  1   Thallium (I) Nitrate 10102-45-1 5.5E-02 n 8.2E-01 n 1.4E-02 n n  
  1.0E-05 X  1   Thallium (Soluble Salts) 7440-28-0 7.8E-02 n 1.2E+00 n   2.0E-02 n 2.0E+00 1.4E-03 n 1.4E-01
  6.0E-06 X  1   Thallium Acetate 563-68-8 4.7E-02 n 7.0E-01 n   1.2E-02 n  n  
  2.0E-05 X  1   Thallium Carbonate 6533-73-9 1.6E-01 n 2.3E+00 n 4.0E-02 n n  
  6.0E-06 X  1   Thallium Chloride 7791-12-0 4.7E-02 n 7.0E-01 n   1.2E-02 n  n  
  2.0E-05 X  1   Thallium Sulfate 7446-18-6 1.6E-01 n 2.3E+00 n   4.0E-02 n  n  
  1.0E-02 I  1 0.1  Thiobencarb 28249-77-6 6.2E+01 n 8.2E+02 n 1.6E+01 n 5.5E-02 n  
  7.0E-02 X  1 0.008  Thiodiglycol 111-48-8 5.4E+02 n 7.9E+03 n   1.4E+02 n 2.8E-02 n  
  3.0E-04 H  1 0.1  Thiofanox 39196-18-4 1.8E+00 n 2.5E+01 n   5.3E-01 n 1.8E-04 n  
  8.0E-02 I  1 0.1  Thiophanate, Methyl 23564-05-8 4.9E+02 n 6.6E+03 n 1.6E+02 n 1.4E-01 n  
  5.0E-03 I  1 0.1  Thiram 137-26-8 3.1E+01 n 4.1E+02 n   9.8E+00 n 1.4E-02 n  
  6.0E-01 H  1   Tin 7440-31-5 4.7E+03 n 7.0E+04 n   1.2E+03 n 3.0E+02 n  
   1.0E-04 A 1   Titanium Tetrachloride 7550-45-0 1.4E+04 n 6.0E+04 n 1.0E-02 n 4.4E-02 n  
  8.0E-02 I 5.0E+00 I V 1  8.2E+02 Toluene 108-88-3 4.9E+02 n 4.7E+03 ns 5.2E+02 n 2.2E+03 n 1.1E+02 n 1.0E+03 7.6E-02 n 6.9E-01
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Toxicity and Chemical-specific Information Contaminant Screening Levels Protection of Ground Water SSLs

1.8E-01 X  2.0E-04 X  1 0.1  Toluene-2,5-diamine 95-70-5 1.2E+00 n 1.3E+01 c**   4.0E-01 n 1.2E-04 n  
3.0E-02 P  4.0E-03 X  1 0.1  Toluidine, p- 106-49-0 1.8E+01 c** 7.7E+01 c** 2.5E+00 c** 1.1E-03 c**  

  3.0E+00 P  V 1  3.4E-01 Total Petroleum Hydrocarbons (Aliphatic High) NA 2.3E+04 ns 3.5E+05 nms   6.0E+03 n 2.4E+02 n  
   6.0E-01 P V 1  1.4E+02 Total Petroleum Hydrocarbons (Aliphatic Low) NA 5.2E+01 n 2.2E+02 ns 6.3E+01 n 2.6E+02 n 1.3E+02 n 8.8E-01 n  
  1.0E-02 X 1.0E-01 P V 1  6.9E+00 Total Petroleum Hydrocarbons (Aliphatic Medium) NA 9.6E+00 ns 4.4E+01 ns 1.0E+01 n 4.4E+01 n 1.0E+01 n 1.5E-01 n  
  4.0E-02 P  1 0.1  Total Petroleum Hydrocarbons (Aromatic High) NA 2.5E+02 n 3.3E+03 n   8.0E+01 n 8.9E+00 n  
  4.0E-03 P 3.0E-02 P V 1  1.8E+03 Total Petroleum Hydrocarbons (Aromatic Low) NA 8.2E+00 n 4.2E+01 n 3.1E+00 n 1.3E+01 n 3.3E+00 n 1.7E-03 n  
  4.0E-03 P 3.0E-03 P V 1   Total Petroleum Hydrocarbons (Aromatic Medium) NA 1.1E+01 n 6.0E+01 n 3.1E-01 n 1.3E+00 n 5.5E-01 n 2.3E-03 n  

1.1E+00 I 3.2E-04 I   1 0.1  Toxaphene 8001-35-2 4.8E-01 c 2.1E+00 c 8.8E-03 c 3.8E-02 c 1.5E-02 c 3.0E+00 2.4E-03 c 4.6E-01
  7.5E-03 I  1 0.1  Tralomethrin 66841-25-6 4.6E+01 n 6.2E+02 n   1.5E+01 n 5.8E+00 n  
  3.0E-04 A  1 0.1  Tri-n-butyltin 688-73-3 1.8E+00 n 2.5E+01 n 3.7E-01 n 8.2E-03 n  
  8.0E+01 X  1 0.1  Triacetin 102-76-1 4.9E+05 nm 6.6E+06 nm   1.6E+05 n 4.5E+01 n  
  1.3E-02 I  1 0.1  Triallate 2303-17-5 8.0E+01 n 1.1E+03 n   1.2E+01 n 2.6E-02 n  
  1.0E-02 I  1 0.1  Triasulfuron 82097-50-5 6.2E+01 n 8.2E+02 n 2.0E+01 n 2.1E-02 n  
  5.0E-03 I  1 0.1  Tribromobenzene, 1,2,4- 615-54-3 3.1E+01 n 4.1E+02 n   4.5E+00 n 6.4E-03 n  

9.0E-03 P  1.0E-02 P  1 0.1  Tributyl Phosphate 126-73-8 5.9E+01 c** 2.6E+02 c**   5.1E+00 c** 2.5E-02 c**  
  3.0E-04 P  1 0.1  Tributyltin Compounds NA 1.8E+00 n 2.5E+01 n 6.0E-01 n n  
  3.0E-04 I  1 0.1  Tributyltin Oxide 56-35-9 1.8E+00 n 2.5E+01 n   5.7E-01 n 2.9E+01 n  
  3.0E+01 I 3.0E+01 H V 1  9.1E+02 Trichloro-1,2,2-trifluoroethane, 1,1,2- 76-13-1 4.0E+03 ns 1.7E+04 ns 3.1E+03 n 1.3E+04 n 5.5E+03 n 1.4E+01 n  

7.0E-02 I  2.0E-02 I  1 0.1  Trichloroacetic Acid 76-03-9 7.6E+00 c* 3.3E+01 c* 1.1E+00 c* 6.0E+01 2.2E-04 c* 1.2E-02
2.9E-02 H    1 0.1  Trichloroaniline HCl, 2,4,6- 33663-50-2 1.8E+01 c 8.0E+01 c   2.7E+00 c 7.4E-03 c  
7.0E-03 X  3.0E-05 X  1 0.1  Trichloroaniline, 2,4,6- 634-93-5 1.8E-01 n 2.5E+00 n   4.0E-02 n 3.6E-04 n  

  8.0E-04 X  V 1 0.1  Trichlorobenzene, 1,2,3- 87-61-6 4.9E+00 n 6.6E+01 n 7.0E-01 n 2.1E-03 n  
2.9E-02 P  1.0E-02 I 2.0E-03 P V 1  4.0E+02 Trichlorobenzene, 1,2,4- 120-82-1 5.8E+00 n 2.6E+01 n 2.1E-01 n 8.8E-01 n 4.0E-01 n 7.0E+01 1.2E-03 n 2.0E-01

  2.0E+00 I 5.0E+00 I V 1  6.4E+02 Trichloroethane, 1,1,1- 71-55-6 8.1E+02 ns 3.6E+03 ns 5.2E+02 n 2.2E+03 n 8.0E+02 n 2.0E+02 2.8E-01 n 7.0E-02
5.7E-02 I 1.6E-05 I 4.0E-03 I 2.0E-04 X V 1  2.2E+03 Trichloroethane, 1,1,2- 79-00-5 1.5E-01 n 6.3E-01 n 2.1E-02 n 8.8E-02 n 4.1E-02 n 5.0E+00 1.3E-05 n 1.6E-03
4.6E-02 I 4.1E-06 I 5.0E-04 I 2.0E-03 I V M 1  6.9E+02 Trichloroethylene 79-01-6 4.1E-01 n 1.9E+00 n 2.1E-01 n 8.8E-01 n 2.8E-01 n 5.0E+00 1.0E-04 n 1.8E-03

  3.0E-01 I 7.0E-01 H V 1  1.2E+03 Trichlorofluoromethane 75-69-4 7.3E+01 n 3.1E+02 n 7.3E+01 n 3.1E+02 n 1.1E+02 n 7.3E-02 n  
  1.0E-01 I  1 0.1  Trichlorophenol, 2,4,5- 95-95-4 6.2E+02 n 8.2E+03 n 1.2E+02 n 4.4E-01 n  

1.1E-02 I 3.1E-06 I 1.0E-03 P  1 0.1  Trichlorophenol, 2,4,6- 88-06-2 6.2E+00 n 8.2E+01 n 9.1E-01 c 4.0E+00 c 1.2E+00 n 4.5E-03 n  
  1.0E-02 I  1 0.1  Trichlorophenoxyacetic Acid, 2,4,5- 93-76-5 6.2E+01 n 8.2E+02 n   1.6E+01 n 6.7E-03 n  
  8.0E-03 I  1 0.1  Trichlorophenoxypropionic acid, -2,4,5 93-72-1 4.9E+01 n 6.6E+02 n 1.1E+01 n 5.0E+01 6.1E-03 n 2.8E-02
  5.0E-03 I  V 1  1.3E+03 Trichloropropane, 1,1,2- 598-77-6 3.9E+01 n 5.8E+02 n   8.8E+00 n 3.5E-03 n  

3.0E+01 I  4.0E-03 I 3.0E-04 I V M 1  1.4E+03 Trichloropropane, 1,2,3- 96-18-4 5.1E-03 c* 1.1E-01 c* 3.1E-02 n 1.3E-01 n 7.5E-04 c* 3.2E-07 c*  
  3.0E-03 X 3.0E-04 P V 1  4.5E+02 Trichloropropene, 1,2,3- 96-19-5 7.3E-02 n 3.1E-01 n 3.1E-02 n 1.3E-01 n 6.2E-02 n 3.1E-05 n  
  2.0E-02 A  1 0.1  Tricresyl Phosphate (TCP) 1330-78-5 5.8E+02 n 5.6E+03 n   1.6E+01 n 1.5E+00 n  
  3.0E-03 I  1 0.1  Tridiphane 58138-08-2 1.8E+01 n 2.5E+02 n   1.8E+00 n 1.3E-02 n  
   7.0E-03 I V 1  2.8E+04 Triethylamine 121-44-8 1.2E+01 n 4.8E+01 n 7.3E-01 n 3.1E+00 n 1.5E+00 n 4.4E-04 n  

7.7E-03 I  7.5E-03 I  1 0.1  Trifluralin 1582-09-8 4.6E+01 n 3.0E+02 c**   2.5E+00 c** 8.2E-02 c**  
2.0E-02 P  1.0E-02 P  1 0.1  Trimethyl Phosphate 512-56-1 2.7E+01 c** 1.2E+02 c**   3.9E+00 c** 8.6E-04 c**  

   5.0E-03 P V 1  2.9E+02 Trimethylbenzene, 1,2,3- 526-73-8 4.9E+00 n 2.1E+01 n 5.2E-01 n 2.2E+00 n 1.0E+00 n 1.5E-03 n  
   7.0E-03 P V 1  2.2E+02 Trimethylbenzene, 1,2,4- 95-63-6 5.8E+00 n 2.4E+01 n 7.3E-01 n 3.1E+00 n 1.5E+00 n 2.1E-03 n  
  1.0E-02 X  V 1  1.8E+02 Trimethylbenzene, 1,3,5- 108-67-8 7.8E+01 n 1.2E+03 ns   1.2E+01 n 1.7E-02 n  
  3.0E-02 I  1 0.019  Trinitrobenzene, 1,3,5- 99-35-4 2.2E+02 n 3.2E+03 n 5.9E+01 n 2.1E-01 n  

3.0E-02 I  5.0E-04 I  1 0.032  Trinitrotoluene, 2,4,6- 118-96-7 3.6E+00 n 5.2E+01 n   9.8E-01 n 5.7E-03 n  
  2.0E-02 P  1 0.1  Triphenylphosphine Oxide 791-28-6 1.2E+02 n 1.6E+03 n   3.6E+01 n 1.5E-01 n  
  2.0E-02 A  1 0.1  Tris(1,3-Dichloro-2-propyl) Phosphate 13674-87-8 1.2E+02 n 1.6E+03 n 3.6E+01 n 8.0E-01 n  
  1.0E-02 X  1 0.1  Tris(1-chloro-2-propyl)phosphate 13674-84-5 6.2E+01 n 8.2E+02 n   1.9E+01 n 6.5E-02 n  

2.0E-02 P  7.0E-03 P  1 0.1  Tris(2-chloroethyl)phosphate 115-96-8 2.7E+01 c** 1.2E+02 c**   3.8E+00 c** 3.8E-03 c**  
3.2E-03 P  1.0E-01 P  1 0.1  Tris(2-ethylhexyl)phosphate 78-42-2 1.7E+02 c** 7.2E+02 c* 2.4E+01 c** 1.2E+02 c**  

  3.0E-03 I 4.0E-05 A 1   Uranium (Soluble Salts) NA 2.3E+01 n 3.5E+02 n 4.2E-03 n 1.8E-02 n 6.0E+00 n 3.0E+01 2.7E+00 n 1.4E+01
1.0E+00 C 2.9E-04 C   M 1 0.1  Urethane 51-79-6 1.2E-01 c 2.3E+00 c 3.5E-03 c 4.2E-02 c 2.5E-02 c 5.6E-06 c  

 8.3E-03 P 9.0E-03 I 7.0E-06 P 0.026   Vanadium Pentoxide 1314-62-1 6.6E+01 n 8.4E+02 n 3.4E-04 c** 1.5E-03 c** 1.5E+01 n n  
  5.0E-03 S 1.0E-04 A 0.026   Vanadium and Compounds 7440-62-2 3.9E+01 n 5.8E+02 n 1.0E-02 n 4.4E-02 n 8.6E+00 n 8.6E+00 n  
  1.0E-03 I  1 0.1  Vernolate 1929-77-7 6.2E+00 n 8.2E+01 n   1.1E+00 n 8.9E-04 n  
  2.5E-02 I  1 0.1  Vinclozolin 50471-44-8 1.5E+02 n 2.1E+03 n 4.4E+01 n 3.4E-02 n  
  1.0E+00 H 2.0E-01 I V 1  2.8E+03 Vinyl Acetate 108-05-4 9.1E+01 n 3.8E+02 n 2.1E+01 n 8.8E+01 n 4.1E+01 n 8.7E-03 n  
 3.2E-05 H  3.0E-03 I V 1  3.4E+03 Vinyl Bromide 593-60-2 1.2E-01 c** 5.2E-01 c** 8.8E-02 c** 3.8E-01 c** 1.8E-01 c** 5.1E-05 c**  

7.2E-01 I 4.4E-06 I 3.0E-03 I 1.0E-01 I V M 1  3.9E+03 Vinyl Chloride 75-01-4 5.9E-02 c 1.7E+00 c* 1.7E-01 c* 2.8E+00 c* 1.9E-02 c 2.0E+00 6.5E-06 c 6.9E-04
  3.0E-04 I  1 0.1  Warfarin 81-81-2 1.8E+00 n 2.5E+01 n   5.6E-01 n 5.9E-04 n  
  2.0E-01 S 1.0E-01 S V 1  3.9E+02 Xylene, P- 106-42-3 5.6E+01 n 2.4E+02 n 1.0E+01 n 4.4E+01 n 1.9E+01 n 1.9E-02 n  
  2.0E-01 S 1.0E-01 S V 1  3.9E+02 Xylene, m- 108-38-3 5.5E+01 n 2.4E+02 n 1.0E+01 n 4.4E+01 n 1.9E+01 n 1.9E-02 n  
  2.0E-01 S 1.0E-01 S V 1  4.3E+02 Xylene, o- 95-47-6 6.5E+01 n 2.8E+02 n 1.0E+01 n 4.4E+01 n 1.9E+01 n 1.9E-02 n  
  2.0E-01 I 1.0E-01 I V 1  2.6E+02 Xylenes 1330-20-7 5.8E+01 n 2.5E+02 n 1.0E+01 n 4.4E+01 n 1.9E+01 n 1.0E+04 1.9E-02 n 9.8E+00
  3.0E-04 I  1   Zinc Phosphide 1314-84-7 2.3E+00 n 3.5E+01 n 6.0E-01 n n  
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  3.0E-01 I  1   Zinc and Compounds 7440-66-6 2.3E+03 n 3.5E+04 n   6.0E+02 n 3.7E+01 n  
  5.0E-02 I  1 0.1  Zineb 12122-67-7 3.1E+02 n 4.1E+03 n   9.9E+01 n 2.9E-01 n  
  8.0E-05 X  1   Zirconium 7440-67-7 6.3E-01 n 9.3E+00 n 1.6E-01 n 4.8E-01 n  
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SECTION 1 : Introduction 
  

1.1. Background 
 

The 1980 amendments to the Resource Conservation and Recovery Act 
(RCRA) created an exemption to the federal hazardous waste program for 
oil and gas exploration and production (E&P) wastes pending completion 
of a study by the U.S. Environmental Protection Agency (EPA).  In 1988, 
EPA completed its study and determined that these wastes should not be 
regulated as hazardous wastes.  EPA’s regulatory determination concluded 
that existing state and federal regulations were generally adequate, but 
that some regulatory gaps existed and that enforcement of existing 
regulations was inconsistent.  EPA proposed a three-pronged approach to 
address these concerns that included working with the states to encourage 
improvement in state regulations and enforcement programs.  Further 
discussion of the regulatory determination follows in section 1.2. 
 
In 1989, the Interstate Oil and Gas Compact Commission (“IOGCC”) 
responded by offering to assist EPA by creating a state regulatory review 
process.  The IOGCC created the Council on Regulatory Needs, bringing 
together state, environmental, and industry representatives to develop 
national guidelines for state oil and gas programs.  In early 1990, the 
Council released a document entitled “EPA/IOCC Study of State 
Regulation of Oil and Gas Exploration and Production Waste”.  This 
document established guidelines that represented recommended criteria 
for regulatory programs.  The Council also proposed to implement a 
process by which state oil and gas programs were reviewed in comparison 
with those guidelines. 
 
In 1990, EPA provided a grant to the IOGCC to initiate state regulatory 
program reviews in comparison with the guidelines.  Review teams were 
comprised of state regulatory officials, environmental representatives, and 
industry representatives.  Representatives of other interested parties, such 
as federal agencies and tribal governments, were invited to observe the 
process.  State reviews were conducted in states that volunteered for 
review.  Recommendations were offered as blueprints for change to be 
considered by state legislators and regulators. 
  
The Council recommended that the guidelines be reviewed and updated 
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every three years.  In 1994, the Council updated the guidelines and added 
sections regarding naturally occurring radioactive material (NORM) and 
abandoned wells. 
 
In 1999, a multi-stakeholder organization was formed by the state review 
program participants to revitalize and carry the state review program 
forward.  This new organization is called State Review of Oil and Natural 
Gas Environmental Regulations, Inc. (“STRONGER”).  STRONGER is a non-
profit corporation that has been specifically formed to educate regulators 
and the public as to the appropriate elements of a state oil and gas 
exploration and production waste management regulatory program, and 
to compare various state programs against the guidelines developed by 
STRONGER and accepted by the IOGCC for the protection of public 
health, safety and the environment.  
 
In 1999, STRONGER established five committees to review and update the 
1994 version of the guidelines.  STRONGER incorporated the consensus 
recommendations of the committees, including a new section on 
performance measures, in the 2000 Guidelines update, which were 
reviewed by the IOGCC in draft, revised, and accepted by the IOGCC 
member states.  STRONGER again initiated revision and updating of the 
Guidelines in 2004, which resulted in the 2005 Guidelines.  The 2005 
Guidelines incorporate spill prevention and performance measures into the 
administrative criteria section and were expanded to include a new section 
on stormwater management.  In 2009 STRONGER formed a hydraulic 
fracturing workgroup that developed guidelines that were finalized in 
2010.  These 2010 Guidelines are the basis for subsequent reviews. 
 
Since 1990, 38 initial and follow-up state reviews have been conducted 
against the guideline standards: 12 under the 1990 guidelines, 5 under the 
1994 revised guidelines, 11 under the 2000 guidelines, 2 under the 2005 
guidelines, and 6 focused on hydraulic fracturing.  These states represent 
over 94% of all domestic, onshore oil and gas production.  The states have 
implemented many of the recommended improvements, as documented in 
STRONGER’s report entitled “A Report on the STRONGER State Review 
Process” (March, 2011). 
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11.2. EPA's Regulatory Determination for E&P Waste 
 

The 1980 amendments to the RCRA required EPA to conduct a study of 
the environmental and potential human health impacts associated with 
E&P wastes and their associated waste management practices.  EPA 
completed its two-year study in 1987.  Based on the findings in the Report 
to Congress, and on oral and written comments received during public 
hearings in the spring of 1988, on June 30, 1988, EPA decided not to 
recommend federal regulation of E&P wastes as hazardous wastes under 
Subtitle C of RCRA (EPA 1988).  The Agency gave the following reasons for 
its determination: 

 
a. "Subtitle C does not provide sufficient flexibility to consider costs and 

avoid the serious economic impacts that regulation would create for the 
industry's exploration and production operations; 

 
b. "Existing state and federal regulatory programs are generally adequate 

for controlling oil, gas, and geothermal wastes.  Regulatory gaps in the 
Clean Water Act and UIC (Underground Injection Control) program are 
already being addressed, and the remaining gaps in state and federal 
regulatory programs can be effectively addressed by formulating 
requirements under Subtitle D of RCRA and by working with the States; 

 
c. "Permitting delays would hinder new facilities, disrupting the search for 

new oil and gas deposits; 
 

d. "Subtitle C regulation of these wastes could severely strain existing 
Subtitle C facility capacity; 

 
e. "It is impractical and inefficient to implement Subtitle C for all or some 

of these wastes because of the disruption and, in some cases, 
duplication of state authorities that administer programs through 
organizational structures tailored to the oil and gas industry; and 

 
f. "It is impractical and inefficient to implement Subtitle C for all or some 

of these wastes because of the permitting burden that the regulatory 
agencies would incur if even a small percentage of these sites were 
considered Treatment, Storage, and Disposal Facilities (TSDFs)."  (53 FR 
25456, July 6, 1988). 
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In the determination, EPA found that "existing state and federal 
regulations are generally adequate...Certain regulatory gaps do exist and 
enforcement of existing regulation in some states is inadequate."  To 
address those concerns, EPA announced a three-pronged approach that 
consists of: 

 
• "Improving federal programs under existing statutory authorities in 

RCRA Subtitle D, the Clean Water Act, and the Safe Drinking Water 
Act; 

 
• "Working with states to encourage improvements in the states' 

regulations and enforcement of existing programs; and 
 

• "Working with Congress to develop any additional statutory authority 
that may be required." 

 

11.3. State and Federal Relations  
 

Periodic evaluations of state and federal E&P waste management 
programs have proven useful in improving the effectiveness of those 
programs and increasing cooperation between federal and state regulatory 
agencies.  Stakeholder review mechanisms have demonstrated the need 
for establishment of a performance baseline against which E&P waste 
management programs can be evaluated.  Those mechanisms have led to 
the identification of strategies that will improve communication and 
program understanding between the states and the federal government. 
 
 

1.3.1  Strategies for Maintaining a Successful Relationship Between 
State and Federal Agencies 

 
As stated in EPA’s regulatory determination for E&P waste, “…existing 
state and federal regulations are generally adequate to control the 
management of oil and gas wastes.  Certain regulatory gaps do exist, 
however, and enforcement of existing regulations in some states is 
inadequate.”  The key is that overall state programs are adequate, and 
have improved since 1990 through adoption of recommendations from 
reviews, information sharing among the states and self-initiated program 
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improvements.  To address remaining gaps and build upon the success of 
the state review program, the focus of future efforts should be to utilize 
information developed from the reviews already conducted, augmented by 
new information developed by the stakeholders, to improve the 
performance of state regulatory programs.  
  
The stakeholders — oil and gas producing states, public interest 
representatives, and industry representatives — have identified ten related 
strategies that enhance state and federal relations and promote effective 
management of oil and gas wastes. 

 
a. Commitment to Work Cooperatively.  The states and federal agencies 

should maintain a commitment to work cooperatively to improve the 
design, implementation, and enforcement of state and federal programs 
for managing E&P wastes.  State and federal agencies should take steps 
to encourage open communications among state and federal agencies, 
the regulated industry, and other interested parties pertaining to the 
management and regulation of E&P wastes. 

 
b. Recognition of Different Priorities.  States should recognize the interest 

of federal agencies in achieving national goals and objectives and 
assuring adherence to federal statutory and regulatory requirements.  At 
the same time, federal agencies should recognize the authorities, 
responsibilities, and capabilities of states to regulate certain activities 
within their borders. 

 
c. Recognition of Different Statutory Objectives.  Several of the federal 

statutes governing protection of the environment (e.g., RCRA, Clean 
Water Act (CWA), Safe Drinking Water Act (SDWA)) provide for state 
implementation of certain elements with federal oversight.  The 
objectives of and authorities granted by each statute differ.  As such, it 
should be recognized that federal and state authorities and 
implementation approaches may differ. 

 
d. Recognition of Regional Diversity.  As discussed in the Report to 

Congress and the legislative history of the SDWA, variable approaches 
to the management of E&P wastes are necessary.  These variable 
approaches are partly a result of the different geologic, hydrologic, or 
historic conditions in states and areas within a state, the diverse 
characteristics of oil and gas activities, and differences in state 
government structures among the producing states.  Guidelines or 
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criteria, whether issued by a federal agency such as EPA or as advocated 
by the IOGCC and STRONGER, should be sufficiently flexible to permit 
states to take into account these varying conditions.  

 
ee. Baseline of Performance.  The criteria adopted by IOGCC and 

STRONGER should be used by federal or state agencies that are 
responsible for any portion of an E&P waste management program.  
These criteria should serve as a baseline of performance by which the 
effectiveness of programs can be judged.  The criteria provide states 
flexibility to address unique conditions while accomplishing the goals 
set forth in Section 3.   

 
f. State Responsibility for Enforcement.  Enforcement is a critical 

component of a state E&P waste management program.  Federal 
government involvement should occur only if the state agency fails to 
enforce the requirements or requests federal assistance. 

 
g. State Program Review Process.  The state program review process 

should continue to provide states with an independent evaluation of 
their E&P waste management programs using criteria adopted by the 
IOGCC and STRONGER.  

 
h. Resolving Conflicts/Building Consensus.  Where there are unresolved 

national issues or concerns regarding E&P waste management, a task 
force should be created which is similar in makeup and form to that 
established for the EPA's Office of Drinking Water Mid-Course 
Evaluation of Class II UIC programs.  The creation of this task force 
would bring knowledgeable federal and state regulators together to 
discuss issues, to ascertain whether problems associated with these 
issues are real or perceived, and to decide how best to address the 
issues.  This process should be based on the best available information 
and could be initiated by either the federal government or the states. 

 
i .  Effective Multi-Agency Coordination.  Coordination among the state 

agencies is addressed in more detail in section 4.4.  However, each state 
should recognize that coordination among various agencies is necessary 
for building and maintaining trust between the state agencies and the 
federal agency that has oversight responsibilities. 

 
j .  Technical and Financial Assistance.  The federal government should 

provide technical and financial assistance to states to improve the 
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design, implementation, and enforcement of state E&P waste 
management programs.  Such assistance may be in the areas of training, 
enforcement, and data management.  
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SECTION 2 : Scope of the Criteria  

 

2.1. General 
 

a. These criteria are intended to guide states in assessing and improving 
their regulatory programs for E&P waste management, abandoned sites, 
naturally occurring radioactive materials (NORM), storm water 
management and hydraulic fracturing.  This document, therefore, sets 
out the elements of an effective program using "should" rather than the 
mandatory "shall", and “are encouraged to” for elements which are 
desirable, but which are not necessary for an effective program.   

 
b. These criteria address waste management practices that are unique to 

E&P operations and wastes that were determined by EPA to be exempt 
from the hazardous waste management requirements of Subtitle C of 
RCRA.  These narrowly defined wastes include drilling muds and 
cuttings, produced water and other wastes associated with E&P 
activities.  The chemical and radiological characteristics of these wastes 
and the management practices associated with the storage, treatment, 
and disposal of these wastes are covered by these criteria.  Wastes that 
are uniformly regulated by RCRA hazardous waste management 
requirements, as well as general industrial wastes such as solvents, off-
specification chemicals, commercial products, household wastes, and 
office refuse are not addressed by these criteria.   

 
c. These criteria apply to all new and currently operating E&P waste 

management facilities.  In addition, the criteria in Section 6 apply to 
abandoned sites, the criteria in Section 7 apply to NORM, the criteria in 
Section 8 apply to storm water management, and the criteria in Section 
9 apply to hydraulic fracturing. 

 
d. These criteria do not address disposal of E&P wastes by injection or 

surface discharge when those waste management practices are 
regulated by EPA or by the states under authority of the federal SDWA 
and federal CWA, respectively.  Brief descriptions of the regulatory 
frameworks authorized by those laws follow in Sections 2.2. and 2.3.    

 
e. In addition to a review of provisions of the SDWA and CWA that are 

applicable to E&P wastes, this section also contains federal definitions of 
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solid wastes and hazardous wastes and reviews EPA's waste mixture 
rule; lists examples of exempt and non-exempt E&P wastes; and 
describes general requirements for the management of non-exempt 
wastes.  States may have different definitions for solid and hazardous 
wastes. 

  

2.2. Class II  Injection Wells 
 

The SDWA is the primary federal statute that governs injection wells.  The 
SDWA required the EPA to promulgate regulations to protect drinking 
water sources from contamination through underground injection, but 
directed the Agency not to prescribe requirements which would impede oil 
and gas production.  EPA established five classes of injection wells, 
categorized by purpose, potential for endangering drinking water, depth 
of injection, and characteristics of their injectate quality.  Class II injection 
wells are broadly defined as related to oil and gas injection activities.  
Activities in this class relate to the disposal of fluids associated with oil and 
gas exploration and production, enhanced recovery operations, and the 
storage of liquid hydrocarbons. 

 
Enhanced recovery describes all efforts to increase ultimate production of 
oil and gas from a reservoir, and this terminology will be considered to 
encompass other nomenclature in common usage such as pressure 
maintenance, secondary recovery, and tertiary recovery.  All enhanced 
recovery techniques include methods for supplementing natural reservoir 
forces and energy, or otherwise increasing ultimate recovery.  Such 
techniques include water injection, gas injection, gas cycling, and miscible 
chemicals and thermal processes.  

 
Class II UIC programs are administered by the States where EPA has 
approved primary enforcement authority (primacy), or are directly 
implemented by EPA where the States have not sought or received 
approval for their UIC program.  Amendments to the SDWA in 1980 further 
allowed a State with an existing regulatory program to obtain primary 
enforcement authority from EPA as long as the State was able to 
demonstrate that its program was effective in protecting underground 
sources of drinking water (USDWs), rather than adopting the complete set 
of Federal requirements.  States with UIC program primacy receive federal 
funding for program implementation.  
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In general, EPA determines which fluids may be injected into Class II wells 
in direct implementation UIC programs.  Primacy States follow their EPA-
approved primacy agreements in ascertaining whether specific fluids are 
qualified for injection into their Class II wells. 

 
Among the minimum requirements for Class II wells are: 

 
aa.  Only approved fluids may be injected, 

 
b.  No injection may endanger a USDW, 

 
c.  No well may be used for injection without a permit, unless authorized 

by rule.   
 

d. All injection wells must demonstrate mechanical integrity at least once 
every 5 years. 

 

2.3. NPDES-Permitted Discharges 

 
All point-source discharges of pollutants to surface waters of the United 
States must comply with the requirements of permits issued under the 
National Pollutant Discharge Elimination System (NPDES).  The NPDES 
program is administered by EPA under the authority of the federal CWA or 
by the states through programs delegated by EPA.  NPDES permits 
establish effluent limitations and monitoring requirements for discharges.  
Effluent limits are based upon the more stringent of levels which can be 
achieved through the use of available technology, and levels necessary to 
meet EPA-approved state water quality standards.   
 
The CWA requires NPDES permits for E&P waste discharges to surface 
water.  Currently, effluent guidelines prevent most discharge to surface 
waters except the following categories: 
 
a. Discharges to certain coastal areas; 
 
b. Discharges of low-salinity produced waters which are of beneficial use in 

arid regions west of the 98th meridian; and 
 

c. Discharges from stripper oil wells in certain areas. 
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22.4. Federal Definition of Solid Waste 
 

a. In simplest terms, a solid waste is any material that is discarded or 
intended to be discarded.  According to RCRA, solid wastes may be 
solid, semi-solid, liquid, or contained gaseous material.  Commercial 
products are not solid wastes unless, and until, they are discarded.  
Commercial products and their releases may also be regulated under 
other statutes such as the Federal Insecticide, Fungicide and 
Rodenticide Act (FIFRA), the Toxic Substances Control Act (TSCA), 
Superfund Amendments and Reauthorization Act (SARA), and the 
Occupational Safety and Health Act (OSHA). 

 
b. EPA has also determined that produced water injected for enhanced 

recovery is not a waste for purposes of RCRA Subtitle C or D, since 
produced water used in enhanced recovery is beneficially recycled and 
is an integral part of some crude oil and natural gas production 
processes. 

 

2.5. Hazardous Waste 
 

Under RCRA, a solid waste may be designated as hazardous waste if it is 
specifically listed as a hazardous waste or if it exhibits one or more of the 
characteristics of hazardous wastes.  (See 40 CFR 261). 

 

2.5.1.   Listed Hazardous Waste 

 
a. EPA has listed numerous types or classes of solid wastes as hazardous 

waste because they typically exhibit one or more of the characteristics of 
hazardous waste, or have been shown to exceed certain human toxicity 
criteria, or contain any one of the chemical compounds or substances 
that are listed as hazardous constituents.  (see 40 CFR 261 APP VIII.) 

 
b. EPA's regulations contain four lists of hazardous wastes:  1) hazardous 

waste from non-specific sources; 2) hazardous waste from specific 
sources; 3) commercial chemical products that become acutely 
hazardous waste when disposed; and 4) commercial chemical products 
that become toxic wastes when disposed. 
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2.5.2.   Characteristically Hazardous Waste 

 
a. EPA considers any solid waste to be a hazardous waste if it exhibits any 

one of the characteristics of ignitability, corrosivity, reactivity, or toxicity. 
 

b.  The toxicity characteristic is determined by the toxicity characteristic 
leaching procedure (TCLP).  The list of constituents includes eight heavy 
metals and thirty-two organic compounds 

 

2.6. EPA's Identif ication of Exempt Exploration and 
Production Wastes 
 

The list below identifies many, but not all, exempt wastes. In general, E&P 
exempt wastes are generated in "primary field operations" and are unique 
or intrinsic to exploration and production activities (e.g., drilling for, 
producing, and purifying crude oil and natural gas), and not as a result of 
maintenance or transportation activities. 
 
All wastes generated in transportation and refining are non-exempt. EPA's 
regulatory determination for E&P wastes (see 53 FR 25453, July 6, 1988) 
found that the following wastes are exempt from RCRA hazardous waste 
management requirements: 

 
• "Produced water; 

 
• "Drilling fluids; 

 
• "Drill cuttings; 

 
• "Rig wash; 

 
• "Drilling fluids and cuttings from offshore operations disposed of onshore; 

 
• "Well completion, treatment, and stimulation fluids; 

 
• "Basic sediment and water, and other tank bottoms from storage facilities 

that hold product and exempt waste; 
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• "Accumulated materials such as hydrocarbons, solids, sand, and emulsion 
from production separators, fluid treating vessels, and production 
impoundments; 

 
• "Pit sludges and contaminated bottoms from storage or disposal of 

exempt wastes; 
 

• "Workover wastes; 
 

• "Gas plant sweetening wastes for sulfur removal, including amine, amine 
filters, amine filter media, backwash, precipitated amine sludge, iron 
sponge, and hydrogen sulfide scrubber liquid and sludge;  

 
• "Cooling tower blowdown; 

 
• "Spent filters, filter media, and backwash (assuming the filter itself is not 

hazardous and the residue in it is from an exempt waste stream); 
 

• "Packing fluids; 
 

• "Produced sand; 
 

• "Pipe scale, hydrocarbon solids, hydrates, and other deposits removed 
from piping and equipment prior to transportation; 

 
• "Hydrocarbon-bearing soil; 

 
• "Pigging wastes from gathering lines; 

 
• "Wastes from subsurface gas storage and retrieval, except for the listed 

non-exempt wastes; 
 

• "Constituents removed from produced water before it is injected or 
otherwise disposed of; 

 
• "Liquid hydrocarbons removed from the production stream but not from 

oil refining; 
 

• "Gases removed from the production stream, such as hydrogen sulfide and 
carbon dioxide, and volatilized hydrocarbons; 
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• "Materials ejected from a producing well during the process known as 
blowdown; 

 
• "Waste crude oil from primary field operations and production; and 

 
• "Light organics volatilized from exempt wastes in reserve pits or 

impoundments or production equipment." 
 

On March 22, 1993, EPA provided "clarification" regarding the scope of 
the E&P waste exemption.  (see 58 FR 15284-15287.)  EPA clarified the 
concept of primary field operations for crude oil and natural gas 
production.  To fall under the scope of the exemption, an E&P waste must 
be generated in primary field operations and be unique or intrinsic to the 
production process.  In addition, EPA stated that certain waste streams 
generated by oil and gas service companies may be "uniquely associated" 
with primary field operations and as such are within the scope of the RCRA 
Subtitle C exemption.  EPA further clarified that an exempt waste remains 
exempt regardless of the waste’s custody transfer, and that the residual 
waste from the treatment of an exempt waste remains exempt (e.g., 
residual sediment and water from crude oil reclamation from exempt tank 
bottoms).  EPA's clarification cautioned, however, that exempt crude oil 
reclamation and service-company wastes may not remain exempt if they 
are mixed with non-exempt materials or wastes.  States should carefully 
review EPA's clarification along with EPA publication EPA530-K-01-004 
(October 2002). (found at http://www.epa.gov/epaoswer/other/oil/oil-
gas.pdf).  EPA periodically issues interpretive letters regarding the oil and 
gas exemption.  One such letter was issued in November 1993 and is 
referred to in EPA publication EPA530-K-01-004.   

 

22.7. EPA's Identif ication of Non-exempt Exploration and 
Production Wastes 

 
Non-exempt wastes include wastes that are not unique to E&P and wastes 
generated by transportation (pipeline and trucking) and service activities.  
While the following wastes are non-exempt, their regulatory status as 
"hazardous wastes" is dependent upon whether they are listed as 
hazardous waste or they exhibit a hazardous waste characteristic.  Non-
exempt wastes should be managed as described under Section 2.8. EPA's 
1988 regulatory determination lists the following wastes as non-exempt: 
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• "Unused fracturing fluids or acids; 
 

• "Gas plant cooling tower cleaning wastes; 
 

• "Painting wastes; 
 

• "Oil and gas service company wastes, such as empty drums, drum rinsate, 
vacuum truck rinsate, sandblast media, painting wastes, spent solvents, 
spilled chemicals, and waste acids; 

 
• "Vacuum truck and drum rinsate from trucks and drums transporting or 

containing non-exempt waste; 
 

• "Refinery wastes; 
 

• "Liquid and solid wastes generated by crude oil and tank bottom 
reclaimers; 

 
• "Used equipment lubrication oils; 

 
• "Waste compressor oil, filters, and blowdown; 

 
• "Used hydraulic fluids; 

 
• "Waste solvents; 

 
• "Waste in transportation pipeline-related pits; 

 
• "Caustic or acid cleaners; 

 
• "Boiler cleaning wastes; 

 
• "Boiler refractory bricks; 

 
• "Incinerator ash; 

 
• "Laboratory wastes; 

 
• "Sanitary wastes; 

 
• "Pesticide wastes; 
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• "Radioactive tracer wastes; and Drums, insulation, and miscellaneous 

solids." 
 

EPA did not specifically address, in its 1988 regulatory determination, the 
status of hydrocarbon-bearing material that is recycled or reclaimed by re-
injection into a crude stream.  However, under existing EPA regulations, 
recycled oil, even if it were otherwise hazardous, could be reintroduced 
into the crude steam, if it is from normal operations and is to be refined 
along with normal process streams at a petroleum refinery facility.  
Regulations addressing an exclusion for used oil are at 40 C.F.R 261.6(a)(4), 
and regulations addressing an exclusion for recovered oil are at 40 C.F.R. 
261.4(a)(12) as revised. 

 

22.8. Requirements for Non-exempt Wastes 
 

a. EPA's hazardous waste regulations require that a hazardous waste 
determination be made for any non-exempt E&P waste.  The 
determination may find the non-exempt waste either to be listed as a 
hazardous waste or to exhibit a hazardous waste characteristic.  If a 
non-exempt waste is found not to be listed as a hazardous waste or not 
to exhibit a hazardous waste characteristic, it is a non-exempt non-
hazardous waste. 

 
b. If a non-exempt waste is not a listed hazardous waste, it should be 

tested whenever there is reason to believe it may exhibit one or more 
of the hazardous waste characteristics.  Alternatively, a hazardous waste 
determination may be made based on knowledge of the process by 
which the waste is produced.  Although there is no requirement that a 
non-exempt waste be tested to determine if it is hazardous, civil and 
criminal penalties may be imposed if the waste is not managed in a safe 
manner and according to regulations. 

 
c.  Depending on the actual hazardous waste quantity generated and 

accumulated on-site, RCRA hazardous waste management standards for 
generators may apply.  Additionally, treatment, storage, or disposal 
activities on-site may be subject to more stringent RCRA Subtitle C 
requirements, such as permitting and corrective action. 

 
d. Non-exempt waste should also be segregated whenever possible from 
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exempt waste.  If the non-exempt waste was a listed hazardous waste, 
its mixture with an exempt waste could make the entire commingled 
waste stream subject to stringent RCRA Subtitle C requirements, 
including the requirement that the waste be disposed at a hazardous 
waste facility.  When segregation is not practical, the non-exempt waste 
should be examined closely to assure that it is not a hazardous waste.  
See Section 2.9 for additional discussion of waste mixtures. 

 
ee. Some states have adopted hazardous waste regulations and have 

obtained authority from EPA to administer the federal hazardous waste 
regulations.  Those state programs’ regulations may differ from those 
that EPA has promulgated; however, by law, the states’ regulations must 
be at least as stringent as the federal programs. 

 

2.9. Waste Mixtures   
 

EPA's RCRA regulations provide that the commingling of any listed 
hazardous waste with a non-hazardous waste generally renders the entire 
mixture a hazardous waste.  The intent of this mixture rule is to prevent 
avoidance of hazardous waste regulations through dilution.  For example, 
discarding a listed hazardous waste (e.g., a half-empty container of a listed 
solvent) in a reserve pit could cause the otherwise exempt pit contents to 
become a hazardous waste and result in the expensive closing of the 
reserve pit under RCRA hazardous waste regulations.  Likewise, the mixing 
of a characteristic hazardous waste with an exempt waste could render the 
entire mixture a hazardous waste.  Also, in those cases where the mixture is 
no longer considered a hazardous waste, the process of rendering the 
hazardous waste non-hazardous could be considered treatment of a 
hazardous waste and RCRA Subtitle C would apply.   
Unused commercial products are not exempt wastes when disposed and, if 
hazardous (or potentially hazardous), should not be disposed with exempt 
oil-field waste.  All reasonable efforts should be made to completely use 
commercial products, return them to their vendor if they are not fully used, 
or segregate them from other waste for management and disposal. 
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SECTION 3 : General Criteria 
  

3.1. General 
 

An effective program for the regulation of E&P activities should include, at 
a minimum: 

 
a. Statutory authority which adequately details the powers and duties of 

the regulatory body; 
 

b. Statutory authority to promulgate appropriate rules and regulations; 
 

c. Statutes and implementing regulations which adequately define 
necessary terminology; 

 
d. Provisions to adequately fund and staff the program; 

 
e. Mechanisms for coordination among the public, government agencies, 

and regulated industry; and 
 

f. Technical criteria for E&P  environmental management practices. 
 

3.2. Goals 
 

An effective state program should contain a clear statement of the 
program's goals and objectives.  Such goals should include, at a minimum, 
protecting human health and the environment from the mismanagement of 
E&P activities while recognizing the need for an economically viable oil and 
gas industry..  When establishing regulations and policies for E&P waste 
management, states should use the waste management hierarchy set forth 
in Section 5.3 to encourage waste minimization and source reduction. 
 

3.3. State/Regional Variations in Criteria 
 

These criteria are intended to provide guidance to the states in the 
formulation, development, and evaluation of oil and gas environmental 
regulatory programs.  Fundamental differences exist from state to state, 
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and within regions within a state in terms of climate, meteorological 
patterns, air quality compliance status, hydrology, geology, economics, 
and method of operation, which may impact on the manner in which oil 
and gas exploration, development, and production is performed.  State oil 
and gas programs can and should vary from state to state and within 
portions of a state.  The process by which these criteria are incorporated 
into state programs is a function of, and within the discretion of, the 
responsible state agency.  It is recognized that state programs must vary in 
order to accommodate differences in climate, hydrology, geology, 
economics, and method of operation or to accommodate individual 
differences in state administrative procedures or law.  Furthermore, in 
some instances, in order to accommodate regional, area-wide, or 
individual differences within a state, it is appropriate for site-specific 
waivers or variances to be allowed for good cause shown.  All such 
variations should be consistent with the goals of Section 3.2. 
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SECTION 4 : Administrative Criteria 
  

4.1. Basic Requirements 
 

Various federal regulations applicable to the delegation to states of federal 
environmental programs provide a useful framework for the development 
of criteria for an effective state program.  Environmental regulatory 
programs for E&P activities should, at a minimum, include provisions for 
permitting, compliance evaluation, and enforcement. 

 

4.1.1.   Permitting 

 
A state should have a regulatory mechanism to assure that E&P activities 
are conducted in an environmentally responsible manner.  A program to 
achieve that objective may rely on one or more mechanisms, including 
issuance of individual permits, issuance of permits by rule, establishment of 
regulatory requirements by rule, issuance of general permits, registration 
of facilities, and/or notification of certain activities undertaken pursuant to 
general regulations.  State agencies should have authority to refuse to 
issue or reissue permits or authorizations if the applicant has outstanding, 
finally determined violations or unpaid penalties, or if a history of past 
violations demonstrates the applicant's unwillingness or inability to comply 
with permit requirements.  Where the operator responsible for E&P  
activities changes, state requirements should address the new operator's 
financial responsibility and compliance history.  An effective state program 
should provide that a state permit does not relieve the operator of the 
obligation to comply with federal, local, or other state permits or 
regulatory requirements. 

 
Individual permits for specific facilities or operations should be issued for 
fixed terms.  In the case of commercial or centralized facilities, permits 
generally should be reviewed and revised, if necessary, no less frequently 
than every five years.  Where similar requirements are mandated by two or 
more regulatory programs, those requirements should be combined where 
feasible.  The process for obtaining permits and other authorizations  
should also involve prompt consideration and response to applications 
while preserving the integrity of the permit review process, including 
appropriate public participation.  For the purposes of these guidelines, the 
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terms "license" or "licensing" as used in Section 7 of these guidelines, 
criteria for the management of oil-field NORM, will be synonymous with 
the terms "permit" or "permitting" as they are used throughout these 
guidelines.   
 

44.1.2.   Compliance Evaluation 

4.1.2.1. 
 

State programs should contain the following compliance evaluation 
capabilities: 

 
a. Procedures for the receipt, evaluation, retention, and investigation for 

possible enforcement action of all notices and reports required of 
permittees and other regulated persons.  Investigation for possible 
enforcement action should include determination of failure to submit 
these notices and reports.  Effective data management systems as 
prescribed in Section 4.2.7. can be used to track compliance.   

 
b. Inspection and surveillance procedures that are independent of 

information supplied by regulated persons and which allow the state to 
determine compliance with program requirements, including: 

 
i. The capability to conduct comprehensive investigations of facilities 

and activities subject to regulation in order to identify a failure to 
comply with program requirements by responsible  persons; 

 
ii. The capability to conduct regular inspections of regulated facilities 

and activities at a frequency that is commensurate with the risk to the 
environment that is presented by each facility or activity; and 

 
iii. The authority to investigate information obtained regarding violations 

of applicable program and permit requirements. 
 

c. Procedures to receive and evaluate information submitted by the public 
about alleged violations and to encourage the public to report 
perceived violations.  Such procedures should not only involve 
communications with the public to apprise it of the process to be 
followed in filing reports or complaints, but should also communicate 
how the state agency will assure an appropriate and timely response. 
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dd. Authority to conduct unannounced inspections of any regulated site or 

premises where E&P activities are being conducted, including the 
authority to inspect, sample, monitor, or otherwise investigate 
compliance with permit conditions and other program requirements. 

 
e. Authority to enter locations where records are kept during reasonable 

hours for purposes of copying and inspecting such records. 
 

f. Investigatory procedures that will produce a paper trail to support 
evidence which may be admitted in  any enforcement proceeding 
brought against an alleged violator, including clear inspection and 
inspection reporting procedures. 

 

4.1.3. Enforcement 

4.1.3.1. 
 

With respect to violations of the state program, the state agency should 
have effective enforcement tools, which may include the following actions1: 

 
a. Issue a notice of violation with a compliance schedule; 

 
b. Restrain, immediately and effectively, any person by order or by suit in 

state court from engaging in any impending or continuing unauthorized 
activity which is causing or may cause damage to public health or the 
environment; 

 
c. Establish the identity of emergency conditions which pose an imminent 

and substantial human health or environmental hazard that would 
warrant entry and immediate corrective action by the state agency after 
reasonable efforts to notify the operator have failed; 

 
d. Sue or cause suit to be brought in courts of competent jurisdiction to 

enjoin any impending or continuing violation of any program 
requirement, including any permit condition, without the necessity of a 
prior revocation of the permit; 

 
                                                             

     1 In some states, enforcement remedies include authorities to cause cessation 
of production or transportation of product, and/or seizure of illegal product. 
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ee. Require, by administrative order or suit in state court, that appropriate 
action be undertaken to correct any harm to public health and the 
environment that may have resulted from a violation of any program 
requirement, including, but not limited to, establishment of compliance 
schedules; 

 
f. Revoke, modify, or suspend any permit upon a determination by the 

state agency that the permittee has violated the terms and conditions of 
the permit, failed to pay an assessed penalty, or used false or 
misleading information or fraud to obtain the permit; or 

 
g. Assess administrative penalties or seek, in court, civil penalties or 

criminal sanctions including fines and/or imprisonment. 
 

h. Forfeiture of financial assurance instruments. 

4.1.3.2. 
 

States should develop guidance for calculations of penalties that include 
factors such as the economic benefit resulting from the violation, 
willfulness, harm to the environment and the public, harm to wildlife, fish or 
aquatic life or their habitat, expenses incurred by the state in removing, 
correcting or terminating the effects of the unauthorized activity, 
conservation of the resource, timeliness of corrective action, notification of 
appropriate authority, and history of violations.  Benefits of guidance for 
calculation of penalties include consistency in the assessment of penalties 
and development of readily defensible assessments.  Penalties should be 
such that an operator does not benefit financially from  unlawful conduct, 
and should provide compliance incentive to other operators.  States should 
evaluate their enforcement options and policies to assure that the full 
range of actions available are effectively used. 

 
4.1.3.3. 
 

The right to appeal or seek administrative and/or judicial review of agency 
action should be available to any person having an interest which is or may 
be adversely affected, or who is aggrieved by any such action. 
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44.2. Additional Program Requirements 
 

Beyond basic requirements, an effective state program should also include 
a variety of other administrative requirements as discussed below. 

 

4.2.1.   Contingency Planning and Spill Risk Management 

4.2.1.1.  State Contingency Program 
 

a. The state should develop and adopt a state contingency program for 
preventing and responding to spills and unauthorized releases to land 
or water from E&P facilities.  The state program need not duplicate 
applicable federal regulations for contingency planning and spill risk 
management.  The state’s contingency program may include a state 
contingency plan, or may consist of a set of regulations or operator 
contingency plan requirements.  The program should define the volume 
of a spill or release of a petroleum product or waste and the level of risk 
to various receiving environments that triggers implementation of the 
spill contingency plan and response requirements.  

 

b. The state contingency program should also contain funding provisions 
which enable the state agency to undertake immediate response actions 
for significant spills or releases which constitute a threat to human health 
or the environment in the event that a responsible operator cannot be 
located or is unwilling or unable to respond to the spill or release in a 
timely manner. 

 

4.2.1.2.  Reporting capabilities  
 
The state should provide mechanisms for operators or the public to report 
spills and unauthorized releases.  These mechanisms should include 
telephone access 24 hours a day, 7days a week.  A single point of contact 
1-800 telephone number should be considered.  Telephone answering 
capabilities should include provisions for the prompt notification of 
appropriate state agency personnel.  
 

4.2.1.3.  Interagency coordination 
 

The state should provide for coordination of actions between appropriate 
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agencies that have jurisdiction for the management of risks from spills and 
unauthorized releases from E&P facilities.  This includes clear designation 
of onsite spill responsibilities.   
 

4.2.1.4.  Operator Prevention of, and Response to, Spills and Releases  
 
The state agency should require an operator to take measures to prevent, 
and prepare to respond to, spills or unauthorized releases of petroleum 
products or waste that may occur at an E&P facility.  These requirements 
can be spelled out in regulations or guidance, or they may be included in 
operator-specific or site-specific plans.  

 

4.2.1.4.1.  General  
  
a.  State contingency programs should address the following: 
 

i. E&P facilities, equipment at those facilities, and materials found at 
E&P sites that may pose a significant threat to human health and/or 
the environment; 

 
ii. The various types of receiving environments, including water 
(surface and groundwater) and land (environmentally sensitive areas, 
special soil or geological conditions, urban areas, cultural and special 
resource areas); and 
 
iii. Public and responder safety concerns, including training for 
response personnel. 

 
b.  The state program should require the operator to identify the 
following: 

 
i. The operator’s incident command structure, including emergency 
contact information for key personnel. 

 
ii.  Equipment, manpower, contracted services, and other logistical 
support necessary for response to spills and unauthorized releases. 
 
iii. Opportunities for coordination of joint response actions, manpower 
or equipment, with nearby well sites or other facilities of the operator 
or other operators. 
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iv. Procedures for identification of and communication with parties 
impacted or threatened by spills or unauthorized releases. 
 
v.  Acceptable methods of containment of spills and unauthorized 
releases. 

 
vi.  Acceptable disposal methods, such as on-site remediation, 
approved disposal facilities, and waste haulers, for materials of 
concern. 

 
cc.  The State program should require responder training to assure that 

personnel are prepared to respond efficiently and effectively. 
 

4.2.1.4.2.  Prevention measures 
 
Where spills and unauthorized releases pose a significant risk to human 
health and/or the environment, the State should require prevention 
measures which may include: 
 
a. Secondary containment such as dikes, berms and firewalls, or 

equivalent measures. 
 
b.  Tertiary containment and/or monitoring systems in high risk areas.  
 
c.  Inspection, testing, and maintenance schedules and procedures for 

facilities and equipment.  
 
d.  Site security measures as necessary.  
 
e.  Periodic review of spill histories to identify opportunities to reduce 

future spills and unauthorized releases.  
 

4.2.1.4.3.  Response Measures 
 
a.   A State program should include reporting and notification procedures 

to be used in the event of a spill or unauthorized release.  These 
should include:  
 
i.  Agencies and parties to be notified with contact information. 
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ii.  The type of reporting (verbal, written) required  for various 
incidents. 

 
iii.  Reporting time requirements. 

 
iv.  Reporting thresholds. 

 
v.  Operator reporting information, such as the names of the operator 
and the operator’s representative reporting the incident; a description 
of the incident, including the date and time of the incident and its 
discovery; the type and volume of material released; the location of 
the incident; the apparent extent of the release; damage or threat to 
groundwater, surface water and land; and weather conditions. 

  
b.  States should provide guidance for containment, abatement, and 

remediation, including: 
 
i.  Cleanup standards; 

 
ii.  Required sampling and analyses; and 

 
iii.  Where appropriate, approved non-mechanical response actions, 
such as the use of dispersants, in-situ bioremediation or in-situ 
burning, including identification of the agencies that must provide 
approval of these operations. 

 
c.  The state should specify any requirements for final reporting, site 

monitoring, and necessary agency approvals.  Any final report 
required should  identify the cause of the incident and actions taken 
to prevent or minimize the likelihood of a recurrence.  

 

4.2.1.5.  Follow-up actions 
 
The state program should provide for enforcement, as described in Section 
4.1.3. of these Guidelines, for the failure of an operator to report or respond 
to spills and unauthorized releases as required.  The state program should 
also consider provisions for the assessment of damages caused by an 
incident.  A state program should contain provisions allowing the state to 
pursue a responsible operator for reimbursement of state monies expended 
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in responding to such a spill or release. 

4.2.1.6.  Database 
 
The state data management program, as described in Section 4.2.7. of these 
Guidelines, should include information on spills and unauthorized releases.  
This data should be analyzed periodically as part of a program effectiveness 
evaluation as described in Section 4.2.3, Program Planning and Evaluation, 
of these Guidelines. 

  

4.2.2.   Public Participation  

 

4.2.2.1.  Notice and Records 
 

State program legislation or regulations should require that the affected 
public be provided with adequate notice of the agency's intention to issue 
a permit or license that addresses E&P activities.  The public should be 
provided with an appropriate opportunity to comment on a permit or 
license prior to issuance.  Wherever possible, this notice should be 
coordinated with the notice requirements of other concurrently applicable 
state or federal programs.  For commercial or centralized disposal facilities, 
the operator should also be required to provide written notice to adjacent 
landowners of record for such area and in such manner as may be 
prescribed by the state agency.   

 
Agency records related to this program should generally be available for 
review by the public.  Such records are to include waste disposal and pit 
locations and any required analytical data.  Where information submitted 
by an operator is of a "confidential business" nature, an agency should 
have procedures for segregating that information and protecting it from 
disclosure.  In all cases, spill and violation records should be available to 
the public.  Agencies should establish a minimum record keeping time 
period of three years which should be automatically extended while any 
unresolved enforcement action regarding the regulated activity is pending. 
 

4.2.2.2.  Program Information 
 

States should provide for the dissemination of program information to the 
regulated industry and the public.  Such educational materials should 
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include information or guidance on contingency planning, spill response, 
permitting, operating, monitoring and other requirements.  Such efforts 
should be part of an ongoing process through which information is 
exchanged in an open forum.  Because E&P environmental requirements 
are undergoing numerous changes, states have the obligation to inform 
the regulated industry and the public of changes.  Industry associations 
and other organizations may provide a convenient and effective 
mechanism for dissemination of information.  States should actively make 
use of seminars, newsletters, special mailings, association committees, 
incentive programs and other mechanisms. 

 

4.2.2.3.  Advisory Groups 
 

States should use advisory groups of industry, government, and public 
representatives, or other similar mechanisms, to obtain input and feedback 
on the effectiveness of state programs for the regulation of E&P  activities.  
Provision should be made for education or training as is appropriate to 
give such advisory groups a sound basis for providing input and feedback. 

 

4.2.3.  Program Planning and Evaluation 
 

4.2.3.1.  Program Planning 
 
States should have a sound regulatory development process which 
includes both short-term and long-term strategic planning for defining 
goals and objectives, setting priorities, and evaluating the clarity, 
efficiency, and effectiveness of the E&P environmental regulatory program.  
In formulating environmental regulatory programs, states should use the 
best available scientific and technical information and should consider the 
environmental, economic and energy impacts of the regulations.  
  

4.2.3.2.  Program Evaluation 
 
a.  General 
 
Beyond the general, technical and administrative criteria set forth 
elsewhere in this guidance document,  a program for the regulation of E&P 
activities should evaluate how well the program protects human health and 
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the environment while recognizing the need for an economically viable oil 
and gas industry..  

 
Program evaluation measures may be of a wide variety and include positive 
indicators (what’s working) as well as negative indicators (what’s not 
working).  Some administrative aspects of program performance can be 
evaluated by examining how well the program enables the industry, the 
public, and the regulators themselves to function.  Environmental aspects 
can be evaluated by assessing some combination of preventive measures, 
the qualities and characteristics of oil field wastes the severity of impact 
from a spill or unauthorized release, and the timeliness of remediation.  
While it is important for the program to have adequate rules, performance 
evaluation indicates to what extent the implementation of a rule or practice 
of the program brings about environmental protection. 
 
Although a formal evaluation of program performance might occur at 
periodic intervals, the monitoring of activities and the modifications to the 
program form an ongoing, cyclic process as outlined in Figure 4.1.  The 
process has no specific beginning or ending point.  Rather, the steps in the 
process form a continuous progression that should be examined during 
performance review. 

 
 

Air quality 
Ground/surface water  Public Health  
Crops and sustainability 
   of natural resources 

Waste type 
Waste management 
Permitted vs. 
    nonpermitted 
new vs. historical 
 

Permits/authorizations 
Complaints  
Inspection results 
Inspection types 
Field monitoring  
  

Modifications to programs, , 
Resources, regulations,  
and/or enforcement. 
Education/outreach 
Stakeholder Partnerships 

Change   Possible causes of 
  adverse effects 

    Monitoring of 
  Activities & results 

Environmental/health 
          Results    E&P 

Activity 

Figure 4.1.  Performance review cycle.  
 

A state should select parameters that are appropriate for use in 
measuring the effectiveness of its E&P regulatory program.  
Documentation of the selected parameters and the ability to acquire, 
assess, and present the relevant data are critically important to evaluation 
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of performance.  This requires establishing a definition of the parameters 
being evaluated and specifying the technical measurements to be made 
or the technical data to be examined.  In addition, it requires installation 
and use of a data management system that facilitates review and 
evaluation.  Program performance should be evaluated periodically, using 
measures that can be applied consistently from one evaluation period to 
another, although the measures may evolve and improve in time.  If a 
database of releases, regulatory activities, remediation sites, or other 
information is used for performance evaluation, it should, if possible, 
extend backward in time so as to enable a measure of progress on 
historical problems. 

  
b.  Qualities of Performance Measures 
 

In evaluating its performance, a program should have data management 
capabilities to enable assessment of program effectiveness and 
timeliness.  Evaluation measures should: 

 
• be quantitative, whenever possible; 
• allow consistent evaluation across time; 
• be available to program personnel, the industry, and the public; 
• document significant trends; 
• summarize an evaluation of the nature and extent of contamination 

[Section 5.2], abandoned wastes, and abandoned facilities [Section 
6] as they occur across the state; NORM [Section 7], stormwater 
management [Section 8] and hydraulic fracturing [Section 9]. 

• include identification and priority of outstanding environmental 
threats, so as to aid the program in targeting its efforts; 

• enable evaluation of whether the program's responses to violations 
encourage compliance. 

 
Evaluation of performance may include, as an example: 

  
• Contamination: the state-wide nature and extent of environmental 

contamination by E&P wastes; 
• Trends: whether the extent of contamination by E&P wastes is 

increasing or decreasing, and the reasons why; 
• Prevention: the effectiveness of the program's efforts in preventing 

releases of E&P wastes to the environment; 
• Timeliness: the timeliness of agency actions in controlling the 

impacts of E&P wastes released to the environment;  
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• Abatement: the effectiveness of agency actions in abating pollution 
by E&P wastes, or in causing pollution to be abated; and  

• Enforcement: the effectiveness of the agency's administrative 
controls in the prevention or abatement of pollution by E&P wastes 
[Section 4.1]. 

 
cc.  Examples of program evaluation 
 

i.  Assessment of impacts 
 

A state could identify documented cases that demonstrate 
reasonably clear links of cause and effect between operational 
practices and resulting environmental impacts.  Such impacts 
might be human health effects, ecological effects, effects on 
wildlife or livestock, or effects on natural resources. 

 
From examination of documented cases, a state could determine 
whether those cases were the result of violations of existing 
program requirements, insufficient programmatic enforcement of 
the requirements, other causes, or whether the cases suggest that 
the requirements should be revised. 

 
A case could be documented if impacts are found to exist as part 
of the findings of a scientific study.  Such studies could be formal 
investigations supporting litigation or a state enforcement action, 
or they could be the results of technical tests (such as monitoring 
of wells) if such tests (a) were conducted with state-approved 
quality control procedures, and (b) revealed contamination levels in 
excess of an applicable state or federal standard or guideline (such 
as a drinking water standard or water quality criteria). 

 
Possible impact indicators might be: 
 
• The area or other measure of contaminated or affected ground 

or surface water, tracked periodically over time. 
• A histogram of the number of releases versus time, amount of 

produced resource and number of wells in the state.  Releases 
might be grouped by material released, such as crude oil, 
produced water, etc. 

• A histogram of the number of releases of a given material 
versus the approved time to completion of remediation. 
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• The time elapsed between an agency's receipt of a remediation 
proposal or related correspondence, and the agency's 
response to that proposal or correspondence. 

 
ii.  Analysis of activities and results 

 
Activity and results analysis comprises administrative measures of 
program goals, plans, and operations.  These measures focus on 
prevention of pollution, efficiency of operations, priorities, and the 
allocation of resources within the program.   

 
The following are examples of activities: 
 
• The development of a strategic plan with goals, milestones, 

and establishment of priorities  [Sections 3.2, 4.2.3].  The plan 
should be based on anticipated threats and/or known impacts, 
as well as budget and administrative factors that may be 
beyond the control of the agency.  

• The development of a program promoting use of the waste 
management hierarchy  [Section 5.3].  

• A review of the number of stream miles listed as impaired by oil 
and gas activities in the state biennial Integrated Water Quality 
Monitoring and Assessment Report required under Sections 
305(b) and 303(d) of the federal Clean Water Act.  

• An evaluation of the number of wells abandoned without being 
properly plugged compared to levels of financial assurance or 
other program measures to address orphan wells. 

• Evaluation of the results of surveys to determine the satisfaction 
of permit recipients and other customers with program 
implementation.   

• The development of a program, including time and activity 
tracking, to conduct efficiency studies of average time to issue 
permits, conduct inspections and perform other required 
activities.   

• A documented process for obtaining input from within the 
agency, from the public, and/or from an advisory group for 
identification of program strengths and deficiencies  [Section 
4.2.2.3]. 

• Evaluation of the results of a training, educational, or outreach 
program  [Section 4.2.2]. 

• Evaluation of the effectiveness of the agency’s enforcement 
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program.  [Sections 4.1.2., 4.1.3, 4.2.1.2]. 
 

The following are examples of results: 
 

• The number of inspections by the agency. 
• The number, type and causes of spills, accidents and safety 

incidents reported to the agency. 
• The number of operations witnessed by the agency. 
• The number, type, frequency and cause of violations detected 

by inspectors  [Section 4.1.2]. 
• The number, type, frequency and cause of complaints by the 

public, and the time required to resolve those complaints  
[Section 4.2.2.1]. 

• The number of violations, the time to resolve those violations, 
and the number unresolved  [Section 4.1.2]. 

• The number of actions going to hearing, enforcement, and/or 
fines  [Section 4.1.3]. 

  
d.   BBaselines and Follow-up 
 

A state agency should regularly evaluate its effectiveness in attaining the 
goals set forth in Section 3.2 in a way that will  create a baseline against 
which to compare the program’s performance  in the future. 
 
A state agency is encouraged to conduct periodic self-assessments in 
addition to the assessments conducted in the State Review Process.  
These self-assessments should document successes and should identify 
areas for improvement.  This will allow continual improvement of a state’s 
program while recording its successes 
 
The utilization of performance evaluations and a continual improvement 
process will demonstrate the state’s efforts to adapt to changes in 
technology, concerns of the public and regulated community, and to 
provide both for the documentation of successes and identification of 
areas requiring improvement. 

 

4.2.4.  Financial Assurance 

 
All states should have an adequate financial assurance program to provide 
resources to the state to close or remediate a site should an operator fail 
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to meet its obligations under the law.  The goal of any financial assurance 
program should be to avoid passing on the responsibility for closure and 
remediation costs to the citizens of the state.  An adequate financial 
assurance program should be supported by the following elements: 
frequent site inspections; strict permit enforcement; and appropriate 
regulations governing and monitoring “inactive status” of covered 
facilities.  
 
States should identify those activities such as closure and remediation and 
other relevant activities for which criteria have been set forth in Section 5 
that need to be covered by financial assurance.  Some states require 
financial assurance for inactive wells, some for drilling and/or plugging, 
some for waste disposal facilities, and some for the life of the well.   

 
States should determine the types of financial assurances that will provide 
reliable monetary resources to the state and will facilitate an operator’s 
compliance with permit requirements.   Types of financial assurance include 
surety bonds; self-bonding; letters of credit; certificates of deposit; cash, 
federal, state, or municipal bonds; and other forms of collateral.  Some 
states require performance bonds and some states require penal bonds.  
Some states accept a nonrefundable fee to be paid into the well plugging 
fund in lieu of a bond.  Some states allow phased payments of collateral 
into a fund so that small operators can develop a collateral bond over a 
specified period of time.  States should develop financial assurance 
options which facilitate an operator's compliance with bonding 
requirements.   In addition to single well bonds, many states allow blanket 
bonds.  This allows operators to assure that an established minimum level 
of financial assurance is provided without the commitment of an 
unnecessary amount of operating funds. 

 
States should periodically review the amount of assurance required to 
determine if the amount is adequate to provide incentive for proper 
plugging of a well and reclamation of a site, and to assure proper 
management of E&P wastes. 

 
In the case of commercial and centralized facilities as defined in Section 
5.10, including those that manage oil-field NORM, state financial assurance 
requirements should be sufficient to cover the costs of appropriate facility 
decontamination, reclamation, and closure, and should extend through any 
post-closure care, monitoring, or control period.  (see Section 5.10.2.2.e.) 
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States should develop appropriate procedures to access an operator's 
financial assurance when the operator does not meet the obligations 
covered by the financial assurance.  These procedures should include 
provisions for notice, hearings, and forfeiture. 

 
Some states have special funds, such as well-plugging funds, that are 
available for state use to correct problems where an operator does not 
comply with state requirements.  Although the availability of such funds 
may be a consideration in some states when determining bond coverage 
amounts, special funds should be used to supplement rather than 
completely take the place of other forms of financial assurance provided by 
the operator.  The use of special funds should be limited to instances 
where the responsible operator cannot be determined or is unavailable.  
These special funds can be generated by taxes, fines, forfeitures, or fees. 

  

4.2.5.  Waste Hauler Certif ication 

 
The appropriate state agency should have authority to require the training 
of drivers of trucks which are involved in the commercial transportation of 
E&P waste to a commercial or centralized disposal facility.  Such training 
should include, among other things, emphasis on proper record keeping, 
the need to deliver the waste to the designated facility and emergency 
response and notification procedures.  The appropriate state agency 
should also have authority to require the registration of all vehicles used to 
commercially transport the waste and of all commercial waste haulers. 
 

4.2.6. Location of Closed Disposal Sites 

 
A state program should contain authority with respect to disposal site 
closure, including authority to identify the location of the disposal site and 
for such information to be permanently maintained by the state agency for 
public review.  Whether the location of a waste disposal site is disclosed in 
the public land records is a matter which is within the discretion of the 
state. 
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44.2.7. Data Management 

 

4.2.7.1  General 
 
Effective data management systems should be maintained due to the 
amount of information that states compile.  Such systems should include 
permitting, operating, spill, remediation, and monitoring information and 
should include those data elements that an individual state finds are 
necessary to make cost-effective, risk-based decisions.  Data should be 
maintained on as detailed a level as is necessary for the agencies to 
conduct their regulatory reviews.  States and the federal government 
should undertake efforts to facilitate the sharing of data among 
responsible agencies, the public, and other users.  The IOGCC and federal 
government should continue to assist the states in developing and 
maintaining effective data management systems. 
 
States are encouraged to track and maintain the minimum data set 
described in the IOGCC publication Guidelines for States: Exploration and 
Production Data Management (November 1996).  States are further 
encouraged to capture and maintain the expanded dataset described in 
that publication to the extent possible.  States should develop policies for 
data access, data dissemination, and the allocation of cost of services to 
governmental and non-governmental users. 
 

4.2.7.2  Electronic Data Management 
 

Electronic filing, permitting, imaging, geographic information systems and 
internet data transfer and access are emerging technologies which can 
contribute to program efficiency and data accessibility, although they are 
not required for effective waste management.  However, because of the 
efficiencies of electronic data management and enhanced accessibility of 
electronic data to regulators, the industry and the public, agencies are 
encouraged to develop systems for the electronic submittal, storage and 
retrieval of agency data.  States are encouraged to evaluate implementing 
electronic data management systems to improve program efficiency and 
data access to the extent they are appropriate to the State’s regulatory 
program. 
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4.2.7.3  Program Elements 
 

Agencies should provide for the capture of data and images as 
appropriate, and for both protecting the quality of data collected and the 
long-term protection and backup of captured information through 
measures such as off-site duplicate storage, archiving, and/or data 
retention and destruction policies.  Agencies should include public and 
industry access in their data management systems. 

 
Most program data are available to the public under various sunshine rules.  
Some records may be retained as confidential files for a defined period of 
time.  Certain confidential types of data may also be discoverable.  States 
should develop policies that define data sets to be made available to the 
public and/or industry. 

 

44.3. Personnel and Funding 
 

4.3.1.  Personnel 

 
For a state program to function effectively, sufficient, properly trained 
personnel to accomplish the goals and objectives of the program are 
necessary. 

 
In determining its personnel needs, a state agency should consider not 
only the number of activities that it must regulate and inspect, but also the 
accessibility of those activities to agency personnel.  Accessibility will be 
heavily influenced by the size of the area to be regulated, the local terrain, 
and road conditions.  In addition, a state agency should evaluate how its 
personnel needs will be affected by activities occurring in environmentally 
sensitive areas (e.g., in close proximity to surface water and groundwater). 

 
Generally, personnel needs should be evaluated in each of the categories 
of administration, legal, technical, and field inspectors.  In each case, a 
state agency should define the areas of responsibility for the position, as 
well as any prerequisite experience and background.  In addition, the state 
agency should provide for the continuing training of personnel to keep 
them abreast of changes in regulations, policy and technical issues, and to 
increase professionalism.  This training can be accomplished through such 
means as seminars and university short courses.  The following discussion 
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addresses these issues in each of the major personnel categories: 
  

4.3.1.1.  Administration 
 

The elements of the administration of a state program should include 
traditional administrative functions such as program planning and 
evaluation, budgeting, and personnel. In addition, administration should 
be responsible for such programmatic functions as permitting, licensing, 
financial assurance, and ownership transfer.  Public involvement and data 
collection management are also key elements of program administration.  
The conduct public hearings, the coordination of enforcement activities, 
and the referral of cases to legal personnel for follow-up action should also 
be administrative functions. 

 

4.3.1.2.  Legal 
 

Legal support for an E&P environmental regulatory program can be 
provided by in-house state agency lawyers through the support of the 
attorney general's office or through independent counsel.  In any case, 
sufficient legal support should be provided to a state agency to assure that 
the regulatory program has an effective capability to pursue appropriate 
enforcement actions in a timely manner against violators of program 
requirements.  A critical element of this capability is that the program's 
legal element be capable of directing the preparation of enforcement 
cases and providing guidance and direction to field inspectors and others 
involved in case preparation.  The legal element of a program should also 
be involved in both the procedural and substantive aspects of rulemaking. 

 

4.3.1.3.  Technical 
 

All program elements require adequate technical support.  In supporting 
administrative functions, technical personnel should provide geologic and 
engineering evaluation, and technical specifications on such matters as 
cementing and casing.  Technical support to the legal and field personnel 
is necessary for the development and implementation of rules and in the 
preparation of enforcement cases.  In support of field inspectors, technical 
personnel should be capable of mapping hydrologically sensitive areas and 
areas containing treatable water, and provide support in determining pit 
construction requirements and guidance in waste handling.  Key technical 
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personnel should have a bachelor of science degree in geology, 
engineering, hydrology, earth science, environmental science, or a related 
field, or possess equivalent experience.  Technical personnel should be 
subject to continuing education in such areas as ongoing development of 
rules, policies, and technological changes. 
  

4.3.1.4.  Field Personnel 
 

Field personnel should be responsible for conducting routine inspections 
of regulated facilities and activities to assure compliance with program 
requirements.  In addition, field personnel should be among the state 
agency's on-site representatives to witness critical regulated activities and 
to observe or supervise clean-up or remedial actions.  Field personnel also 
should be involved in the assembly of evidence for enforcement actions 
and in the state agency's community relations.  Field personnel generally 
should be high school graduates or have equivalent experience, and 
should otherwise be knowledgeable about oil and gas field-related work 
and waste management practices.  The ongoing training of field  personnel 
should emphasize the range of chemical and radiological constituents in 
E&P wastes and at E&P sites, sampling and investigative procedures 
associated with enforcement proceedings, and a thorough understanding 
of current rules and policies of the program, as well as sound 
environmental practices.   Field personnel should be provided with training 
in NORM identification and management, where appropriate.  In addition, 
field personnel should be skilled in the handling of hazardous materials 
and in all aspects of personnel safety. They should also be trained in the 
identification of abandoned sites and the abandoned site remediation 
program, storm water management practices and requirements, and 
hydraulic fracturing processes. 

 

4.3.1.5.  Training Requirements 
 

State programs should provide for adequate and effective training of state 
agency personnel regarding the regulations, policies, and criteria 
applicable to E&P  activities.  These programs should include training for 
agency personnel on such issues as site maintenance, contingency 
planning and spill response, permitting requirements and standards, 
compliance requirements and criteria, data management, enforcement 
procedures, investigative procedures, court preparation, report writing, 
sampling and analysis, and such other issues relating to proper E&P 
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environmental regulation as may be necessary.  Training programs should 
be incorporated as an on-going activity to encourage consistent 
enforcement of regulation throughout the state. 

  

4.3.2.   Funding 

 
An effective E&P environmental regulatory program should be funded at a 
level sufficient to allow it to accomplish its environmental protection goals 
and objectives.  While many state agencies are funded through a general 
appropriation from that state's legislature, each state agency should 
evaluate other sources of funding such as user fees, special levies on 
production, the dedication of fees and penalties to special accounts, and 
grants from various sources. 

 

4.4. Coordination Among Agencies 
 

Many state programs regulating E&P activities have their roots in oil and 
gas conservation programs that were established during the early part of 
the last century.  In most cases, these programs have evolved to 
accommodate other state and federal objectives such as protection of 
human health and the environment. 

 
In most states, multiple agencies are involved in the management of E&P 
activities.  Different agencies are often responsible for the regulation of oil 
and gas wells, pits and impoundments, disposal wells, surface water 
discharges, spill prevention and response, and disposal of drill cuttings and 
muds.  Each agency has its own administrative requirements relating to 
permitting, operational requirements, and financial assurance, and 
develops its own budget priorities.  Each has its own inspection and 
enforcement authorities.  Unless a high level of formal interagency 
coordination exists, such unilateral program development and 
implementation can lead to duplication of personnel effort, duplication of 
regulation with sometimes conflicting standards for the industry, and 
duplication of funding.  Duplication of programs often diminishes the 
effectiveness of spill response, permitting, inspection, enforcement, 
training, and other regulatory activities.  Where multiple state agencies 
have jurisdiction over the management of E&P activities, budget 
development should be coordinated and the agencies should develop 
formal coordination procedures, such as the development of interagency 
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Memoranda of Agreement, interagency task forces with periodic meetings, 
and/or interagency legislative and regulatory review panels to ensure 
jurisdictional clarity and regulatory consistency.   

 
Additionally, states should review existing agreements to assure that they 
are current and effective.  Finally, interagency mechanisms should be 
developed to facilitate the sharing of information among and between 
involved agencies so that each agency can carry out its program 
responsibilities.  
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SECTION 5 : Technical Criteria 
 
 

55.1.  General 
 
These technical criteria for E&P waste management practices address 
waste characterization, waste management hierarchy, pits, land 
applications, tanks and centralized and commercial facilities.  In most 
cases, these criteria are general in scope.  The states should establish and 
implement specific performance standards and design specifications based 
on site-specific or regional differences in geology, hydrology, climate, and 
waste characteristics.  State E&P waste management programs should 
include the following general provisions as requirements:  
 
a. Facilities and sites used for the storage or disposal of wastes derived 

from the exploration and production of oil and natural gas should be 
operated and managed at all times to prevent contamination of 
groundwater and surface water, soil and air, protect public health, safety 
and the environment, and prevent property damage.  

 
b. Facilities and sites operated specifically for the storage or disposal of 

exempt E&P wastes should not receive, collect, store, or dispose of any 
wastes that are listed or defined as hazardous wastes and regulated 
under Subtitle C of RCRA, except in accordance with state and federal 
hazardous waste laws and regulations. 

 
c. Disposal of E&P wastes into landfills may be considered.  If such 

disposal is allowed, it should only be allowed where the landfill is 
designed to contain such wastes, and the E&P wastes contain no free 
liquids and are not mixed with non-exempt wastes prior to disposal.  

 
d. Technical criteria for siting, construction, and operation of E&P waste 

disposal facilities should be flexible enough to address site-specific or 
regional conditions based on findings by the regulatory agency.  

 
e. Siting Criteria  

 
i.    States should incorporate siting requirements in statewide rules for 

pits, landspreading, landfilling and burial, and waste reclamation 
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facilities.  Area-wide rules or site-specific permits may contain 
additional siting conditions. 

 
ii. No E&P waste management facility should be located in a flowing or 

intermittent stream. 
 

iii. Where necessary to protect human health, new E&P waste 
management facilities should not be located in close proximity to 
existing residences, schools, hospitals or commercial buildings.  The 
need for minimum distance criteria from residences or other buildings 
to the boundary of E&P waste management facilities should be 
considered.   

 
iv. Generally, applicable siting requirements should address such factors 

as depth to and quality of groundwater, wetlands, floodplains, 
topography, proximity to existing drinking water supplies and wells, 
geology, geologic hazards, and other environmentally sensitive areas. 

 
v. Siting of E&P waste management facilities should be consistent with 

applicable land-use requirements. 
 

55.2. Waste Characterization  
 

5.2.1.  Purposes  

 
Waste characterization should support at least the following functions of a 
state's E&P waste management program:  

 
a. ensuring E&P waste management practices are suited to the particular 

wastes involved and in compliance with applicable program 
requirements; and  

 
b. ensuring commercial E&P waste facilities are managing only wastes they 

are authorized to handle.  
 

5.2.2.   Sampling and Analysis  

  
a. State waste characterization requirements should include appropriate 
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testing of E&P wastes prior to disposal for such characteristics as organic 
content, pH, salinity, and sulfur compounds, including hydrogen sulfide 
content.  Testing must be appropriate for the type of waste, method of 
disposal, and the potential for adverse health and environmental effects.  
In addition, while nothing in these criteria mandates testing for every 
hazardous constituent in E&P wastes, it is recognized that waste 
management practices and regulatory requirements would be improved 
by obtaining a more complete knowledge, through sampling and 
analysis, of the range of hazardous and toxic constituents in E&P wastes.  
Accordingly, waste characterization requirements should provide data 
necessary to meet the purposes of waste characterization described in 
section 5.2.1 and to administer and enforce state program requirements 
effectively.  

 
bb. State requirements for the assessment of E&P wastes for Naturally 

Occurring Radioactive Material (NORM) should meet the criteria of this 
section and of sections 7.3.3. and 7.3.9.  Such requirements should 
address all types of radiation expected in E&P wastes.  

 
c. These guidelines do not address all the details of a waste 

characterization program, such as testing methods, frequencies, or 
parameters.  The details are expected to vary depending upon the 
waste, the proposed management practice, and other state program 
requirements. 

 

5.2.3.  Quality Control  

 
a. State programs should contain provisions that any required waste 

sampling follow appropriate sampling procedures, and any required 
laboratory analysis be performed by qualified laboratories in order to 
produce valid and reliable results.  A state may rely on field testing to 
satisfy waste characterization requirements where it can be determined 
that such testing will produce valid and reliable results.  

 
b. Testing methods should produce data that are valid for the purpose 

intended. By example, EPA's Toxicity Characteristic Leaching Procedure 
(TCLP) may not accurately predict the leachability of oily E&P wastes.   
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55.3. Waste Management Hierarchy 
 

As in any aspect of waste management, there are some general, sound 
practices that should be employed.  These practices, which emphasize 
waste minimization, not only serve to protect human health and the 
environment, but also tend to protect waste generators from long-term 
liabilities associated with waste disposal.  Additionally, waste minimization 
may reduce regulatory compliance concerns for E&P operators and result 
in cost savings.  Generally, the choice of an E&P waste management 
option should be based upon the following hierarchy of preference: 

 
a. Source Reduction: Reduce the quantity and/or toxicity of the waste 

generated; 
 

b. Recycling: Reuse or reclaim as much of the waste generated as possible, 
and whenever possible, combine hydrocarbons with crude oil, 
condensate, or natural gas liquids; 

 
c. Treatment: Employ techniques to reduce the volume or the toxicity of 

waste that has been unavoidably generated. 
 

d. Proper Disposal: Dispose of remaining wastes in ways that minimize 
adverse impacts to the environment and that protect human health. 

 

5.3.1.   Source Reduction Opportunities 

 
There are significant source reduction opportunities in E&P waste 
management.  State programs have a variety of available resources which 
provide proven source reduction techniques. Categories of source 
reduction opportunities and examples include: 

 
a. Equipment Modifications: Many technically and economically feasible 

equipment modifications are available.  For example, retrofitting glycol 
dehydration units with volatile organic vapor recovery units can result in 
the recovery, in certain circumstances, of economically viable quantities 
of volatile hydrocarbons that would otherwise be released to the 
atmosphere.  In addition, compliance concerns regarding air emission 
regulations may be reduced considerably.  

 
b. Procedure Changes: Many times a simple change in the procedure used 
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in an operation can result in significant source reduction.  A simple 
example with significant results is the change one operator made in 
produced water filter replacements in an EOR project.  The original 
procedure of bi-monthly filter replacements was changed to a 
procedure based on filter differential pressure.  The result was a 98% 
reduction in the quantity of generated waste filters.  At production sites 
where NORM-scale formation is expected, implementing a procedure of 
scale inhibitor injection may reduce its occurrence. 

 
cc. Product Substitution: The careful selection of chemical products used in 

exploration and production can reduce the toxicity of E&P wastes.  
Potential product substitution candidates include biocides, coagulants, 
dispersants, emulsion breakers, scale and corrosion inhibitors, gas 
sweetening and dehydration agents, catalysts, and pipe dope.  In 
particular, many substitute drilling fluids have been developed to 
replace oil-based drilling fluids. 

 
d. Reduction in the Use of Fresh Water: A significant example of the 

reduction of fresh water use is the use of produced water for EOR 
whenever possible.  Another simple example is the use of high-pressure, 
low-volume nozzles on rig wash hoses. 

 
e. Good Housekeeping and Preventive Maintenance: In addition to 

product substitution, source reduction can be achieved by minimizing 
the generation of clean-up wastes from production facilities and waste 
management facilities.  An evaluation of potential spills and mitigation 
measures may identify effective spill and release prevention techniques.  
These techniques include good housekeeping practices, routine 
inspections of equipment, equipment innovations, and containment 
systems.  Radiation surveys of equipment and sites can be helpful in 
preventing or minimizing the spread of above-background levels of oil-
field NORM that may be encountered during routine equipment 
maintenance and servicing and site cleanup. 

 
f. Planning: The first opportunity to accomplish source reduction is in the 

planning stage of an operation.  For example, careful planning of a well 
stimulation can result in the reduction of left over chemical that may be 
disposed. Also, careful planning of a drilling site’s construction to 
control stormwater runoff may reduce the quantity of contaminated 
stormwater that may be generated as waste. 
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gg. Training: Training is possibly the most important source reduction 
opportunity.  Personnel in the oil field conduct the activities that 
generate waste.  Training in waste identification, classification, and 
source reduction techniques provides the field personnel with the tools 
necessary to effectively reduce waste generation. 

 
h. Selection of Contractors: Service companies perform a wide variety of 

functions in the oil field on behalf of E&P operators.  An important 
source reduction opportunity for operators is the selection of service 
companies that implement source reduction opportunities as a business 
practice.  

 

5.3.2.   Recycling Opportunities 

 
Many opportunities now exist to recycle E&P wastes.  State programs may 
coordinate with recycling programs developed by other agencies 
responsible for waste management.  For example, many states’ agencies 
provide listings of companies that recycle wastes common to E&P and, in 
some instances, operate waste exchange programs. 

 
Wastes generated at E&P facilities that may be recycled include drilling 
fluids, used lubricating oil, used lubricating oil filters, antifreeze, wooden 
pallets, spent solvents, unused chemicals, and scrap metal.  Also, recycling 
opportunities include the use of produced water for enhanced recovery, 
and the recovery of hydrocarbons in crude oil tank bottoms, skim oils, gas 
pipeline drips, slop oil emulsions solids and sludges, and other oily 
sludges. 

 
Recycling also includes reuse of materials that would otherwise be 
managed as waste.  For example, a natural gas company found that 
partially spent caustic sweetening solution was suitable for use as reagent 
in sulfur dioxide scrubber units at a natural gas processing plant. 
 

5.3.3.  State Program Elements 

 
State programs should contain mechanisms to encourage waste 
management consistent with the hierarchy of this section.  A variety of 
mechanisms may be used, such as: 
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aa. Program requirements or policies that encourage source reduction and 
recycling; 

 
b. Improved training of state personnel so they can identify source 

reduction opportunities; 
 

c. Technical assistance or incentives to operators; and 
 

d. Educational activities aimed at informing facility operators of the options 
available. 

 
The waste management hierarchy should be integrated into the other 
elements of a state program.  For example, spill and release prevention 
should be incorporated into facility management regulations.  Similarly, 
state requirements should address the segregation of waste streams that 
have a higher pollution potential from those with a lower pollution 
potential.  State information program elements should include a 
component related to hierarchy planning and implementation. 

 
State program planning activities should include goals and objectives that 
provide for substantial progress in this area over a reasonable time.  States 
should have sufficient information to evaluate whether the mechanisms 
used to encourage source reduction and recycling are achieving those 
goals and objectives.  State program requirements should be reviewed for 
consistency with the waste management hierarchy and the established 
goals and objectives.  State agencies should also coordinate their efforts 
with other agencies that are responsible for waste management. 

 

5.4. Quantitative Elements 
 

Specific quantitative guidelines have been included for some waste 
management practices.  The numbers cited are considered to be 
conservative values for protection of human health and the environment.  
However, they are not intended to be the basis for nationwide standards.  
Regulatory agencies may approve either less stringent or more stringent 
requirements where circumstances warrant as long as they afford the 
protection described in Section 5.1.a., and in the goals statement of 
Section 3.2. 
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55.5. Technical Criteria for Pits 
 

5.5.1.  Definitions 

 
a. Reserve Pits 

 
Pits used: (a) to store additional drilling fluids for use in drilling 
operations; and/or (b) to dispose of wastes generated by drilling 
operations and initial completion procedures. 

 
b. PProduction Pits 

 
i.   Skimming/Settling:  Pits used to provide retention time for settling of 

solids and separation of residual oil. 
 

ii.  Produced Water:  Pits used for storage of produced water prior to 
injection for enhanced recovery or disposal, off-site transport, or 
surface-water discharge. 

 
iii.  Percolation:  Pits used to dispose of waste liquids via drainage or 

seepage through the bottom and/or sides of the pits into surrounding 
soils. 

 
iv. Evaporation:  Lined pits used to contain produced waters which 

evaporate into the atmosphere by natural thermal forces. 
 

c. Special Purpose Pits 
 

i. Blowdown:  Pits used for collecting material resulting from the 
emptying or depressurization of wells or vessels. 

 
ii. Flare Pits:  Pits used exclusively for flaring gas. 

 
iii. Emergency Pits:  Pits used to contain liquids on a temporary basis 

due to process upset conditions. 
 

iv. Basic Sediment:  Lined pits used for temporary storage of production 
wastes from tank batteries or production vessels which may contain 
residual oil.   
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v. Workover:  Pits used to contain liquids during the performance of 
remedial operations on a producing well in an effort to increase 
production. 

 

55.5.2.  Permitting 

 
a. A permitting or review process should be in place for all pits.  Pits may 

be authorized by rule, general permit, individual permit, or as a part of 
an operational permit or program. 

 
b. Pits may be permitted by rule based upon specific requirements in areas 

where geologic, topographic, hydrologic or other conditions are similar. 
 

c. Authorization for a pit may be included in operational, facility, or other 
environmental permits (e.g., drilling, workover, gas plant, NPDES 
discharge).  The permit application process may have to be expanded to 
include certain additional information concerning the pit (i.e., intake 
volume, soil type, fluid makeup, topography, geology, hydrology, 
climatology, and such other factors as may be necessary to protect 
human health and the environment). 

 
d. Construction and use of rule-authorized pits should require prior 

notification of the appropriate regulatory agency to ensure that proper 
construction, operation, and closure methods are used to protect 
human health and the environment. 

 
e. State programs should include provisions to accommodate approval of 

pits for emergency situations. 
 

5.5.3.  Construction 

 
General standards for construction of pits should be included in area or 
statewide regulations and should address the following items: 

 
a. Size should be sufficient to ensure adequate storage until closure, taking 

into account historical precipitation patterns. 
 

b. Depth should be such that the bottom does not penetrate groundwater 
or such that the pit contents do not adversely impact groundwater or 
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surface water.  A review of available information or a study should be 
made of the area where the pit is to be located to determine if aquifers 
are present and should be protected.  

 
cc. Berm height, slope, and material should be such that the pit is 

structurally sound and that pit integrity is not compromised by terrain or 
breached by heavy rains, winds, seepage, or other natural forces. 

 
d. If a salt section is anticipated or oil-based muds are used during a 

drilling program, reserve pits should be designed to accommodate 
those fluids. 

 
e. Construction standards for pits may differ depending upon the wastes 

they receive, the length of time they are used, and site-specific 
conditions. 

 
i. The use of production pits is declining nationally because of concerns 

about potential contamination of air, soils, and groundwater.  In many 
instances, equipment consolidation, process modifications, or tanks 
can be used in lieu of pits.  The use of alternatives is generally 
encouraged.  Where production pits are used, they should generally 
be lined, except as provided below in subsection 5.5.3.e.v. 

 
ii. In the case of reserve and workover pits, liners should be required in 

certain instances based upon fluid type and site-specific 
characteristics (e.g., unconsolidated soils and/or hydro-geologic 
conditions that create a potential for adverse impact to surface water 
or groundwater, and proximity to environmentally sensitive areas). 

 
iii. Special purpose pits and other pits such as dehydration, tank drain, 

pipeline drip collector, and compressor scrubber pits should be lined. 
 

iv. Blowdown, flare and emergency pits may be unlined where the 
removal requirement of Section 5.5.4.k. will prevent adverse 
groundwater quality impacts. 

 
v. Variances to the above liner requirements should only be provided, 

and percolation pits should only be used, where it is clearly 
demonstrated there is minimal potential to affect adversely 
groundwater quality. 
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vi. Liners can consist of natural or synthetic materials, should meet 
accepted engineering practices, and should be compatible with 
expected pit contents. 

 
ff. Requirements for fencing, netting, and caging, or any other method to 

secure a pit, should be set by area or statewide regulations, as 
necessary, to protect the public, domestic animals, and/or wildlife.  
Netting of a pit is recommended as the preferred method to protect 
wildlife in circumstances, among others, where pits have oil on the 
surface, where pits are used for long periods, and/or where pits are 
located in areas with arid climates. 

 
g. Where feasible, reserve pits should be placed to directly receive the 

discharge from solids separation equipment and to collect rigwash 
water, spills, and leaks from drilling equipment. 

 

5.5.4.  Operational Requirements 

 
a. Specific restrictions on the type of wastes that can be placed in the 

different types of pits should be included in area or statewide 
regulations.  Restrictions should consider salinity, hydrocarbon content, 
pH, radionuclides associated with oil field NORM, or other 
characteristics which may be detrimental to the environment. 

 
b. General security guidelines should protect the public, the environment, 

and wildlife. 
 

c. Liquids should be maintained at a freeboard level determined by the 
state that takes into account extreme precipitation events or other 
possibilities and prevents overtopping or un-permitted discharges. 

 
d. Lined pits should be operated in a manner that ensures liner integrity. 

 
e. Inspections and monitoring should be conducted at regular intervals or 

as necessary to ensure that pits meet all operating and structural 
integrity requirements and to ensure that pit contents do not adversely 
impact groundwater or surface water. 

 
f. Hydrocarbons which inadvertently accumulate in an unlined reserve pit 

should be skimmed off the pit at the cessation of drilling and 
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completion operations. 
 

gg. Separated oil or accumulated wastes should be periodically removed 
from unlined skimming/settling pits. 

 
h. Produced water pits should be used only for storage of produced water 

prior to injection or off-site transport. 
 

i . Percolation pits should be used only for disposal of produced waters 
and only when area or statewide restrictions established under Section 
5.5.4.a. above are met. 

 
j . Evaporation pits should be periodically inspected for compliance with 

permitted input volumes and liner integrity.  Evaporation pits should be 
skimmed as necessary to maintain an optimum evaporation rate. 

 
k. Blowdown, flare, and emergency pits should not be used for long-term 

storage or disposal.  The regulatory agency should be notified promptly 
of the use of emergency pits.  Fluids diverted to emergency pits should 
be removed as quickly as practical following the end of the emergency.  

 
l . Unlined basic sediment pits should not be used for storage of oily 

wastes; they should be replaced by lined pits or tanks. 
 

m. Workover pits should be open only for the duration of workover 
operations and should be closed within 120 days after workover 
operations are complete.   

 
n. Pit wastes that exhibit oilfield NORM above regulatory action levels 

should be managed in accordance with the criteria of Section 7 and any 
other applicable criteria of these guidelines. 

 

5.5.5.   Closure 

 
a. Pits should be closed in accordance with local, state, and federal 

regulations and, if on private property, consistent with lease obligations. 
 

b. Reserve pits should be closed as soon as practical  but no later than 12 
months after cessation of drilling operations.  However, the closure of 
reserve pits beyond 12 months after cessation of drilling operations may 
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be allowed in unusual circumstances if good cause can be 
demonstrated. 
 

cc. Pit liquids should have free oil removed and, when appropriate, should 
be sampled prior to closure for salinity, hydrocarbon content, pH, 
radionuclides associated with oil-field NORM, or other characteristics 
which may be detrimental to the environment.  On-site disposal of pit 
contents should be conducted in accordance with the landspreading, 
burial, and landfilling criteria of Sections 5.6. and 5.7,  or by NPDES or 
UIC permit. 
 

d. Liquid and nonliquid materials not satisfying the on-site criteria for 
landspreading or burial (Sections 5.6. and 5.7.) should be disposed in 
federal or state approved disposal facilities. 

 
e. Pit sites should be capped, compacted, contoured, and vegetated 

where necessary, and in accordance with applicable state or area 
regulations to ensure ground support stability and to prevent erosion 
and ponding. 

 
f.  Records should be permanently kept by the regulatory agency of all pit 

locations and should be available to the public for inspection and 
copying.  A permit to drill may serve as adequate record keeping for the 
location of all pits within 200 feet of the well location. 

 

5.6. Technical Criteria for Landspreading 
 

5.6.1.  Definition and Applicability 

 
a. Landspreading is a method of treatment and disposal of low toxicity 

wastes in which the wastes are spread upon and sometimes mixed into 
soils to promote reduction of organic constituents and the dilution and 
attenuation of metals.  Landfarming or multiple applications are covered 
under Section 5.10. 

 
b. These criteria apply to waste disposal at or near E&P locations and do 

not apply to commercial disposal operations.  Commercial facilities used 
for disposal of E&P wastes are covered in Section 5.10. 
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cc. On-site landspreading of E&P wastes containing NORM above 
regulatory action levels should be prohibited. 

 

5.6.2.  Regulatory Requirements 

 
When landspreading practices are used at E&P sites, they should be 
conducted consistent with local, state, and federal regulations, and lease 
and landowner obligations.  General standards for landspreading should 
be included in area or state regulations and should address the operational 
requirements of Section 5.6.3. 
 

5.6.3.  Operational Requirements 

 
a. Free oil should be removed from the wastes by mechanical means such 

as skimming or filtration before the wastes are landspread. 
 

b. Landspread liquids should have a pH of 6 to 10 S.U.  Where needed, 
liquids should be neutralized to obtain this range. 

 
c. Solid wastes should be spread evenly and disked into the soil. 

 
d. E&P wastes should be subject to loading rates, location restrictions, 

and/or other appropriate requirements that promote biodegradation of 
organic constituents; will not result in waste pooling, ponding, or runoff; 
will prevent the contamination of groundwater or surface waters; and 
will protect air quality. 

 
e. Where enhancement of biodegradation is desired, nitrogen and other 

nutrients should be added to the soil before disking.  Nutrient 
application can be repeated over time. 

 
f. Amounts of waste added to soil during landspreading are generally 

limited by the electrical conductivity (EC), exchangeable sodium 
percentage (ESP), and sodium absorption ratio (SAR).  The state should 
determine its criteria based on site-specific and waste-specific 
conditions.  For example, some plants tolerate higher or lower salt 
levels, higher rainfall areas encourage salt movement out of the root-
zone, or shallow groundwater may severely limit application. 
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gg. After landspreading of hydrocarbon containing waste, the waste-soil 
mixture should not exceed one percent by weight oil and grease, unless 
the state regulatory agency approves a less or more stringent 
requirement where circumstances warrant. 

 
h. Salt- and hydrocarbon-loading criteria apply to the final waste-soil 

mixture and are not an application standard.  The operator should be 
required to demonstrate that these criteria are met within 12 months of 
cessation of drilling or production.  If these criteria are not met, 
remediation will be required.  Nothing in this paragraph is intended to 
delay any requirement for erosion control and/or site reclamation or re-
vegetation. 
 

i . Soil analyses should be performed prior to landspreading and again 
upon closure of the site.  Upon site closure, waste constituents should 
not be present at levels that pose a significant risk to human health and 
the environment. 

 
j . Enhanced techniques, such as repetitive disking and nutrient addition, 

may be needed to meet the salt and hydrocarbon criteria of the final 
waste-soil mixture. 

 
k. Under special or abnormal conditions, additional limitations and analysis 

requirements should be considered for wastes that may contain toxic 
constituents derived from formation liquids, cuttings, drilling muds, or 
drilling-mud activities.  Records should be permanently maintained by 
the agency of all waste analyses conducted pursuant to such additional 
requirements. 

 

5.7. Technical Criteria for Burial and Landfil l ing 
 

5.7.1.  Definitions and Applicability 

 
a. Burial of wastes involves placing the wastes in an excavation and 

covering the wastes with a layer of soil. 
 

b. Landfilling of wastes involves placing the wastes on the ground and 
covering them with a layer of soil. 
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cc. These criteria apply to waste disposal at or near E&P sites and do not 
apply to commercial disposal facilities.  Criteria for commercial disposal 
facilities are contained in Section 5.10. 

 

5.7.2.  Regulatory Requirements 

 
When burial or landfilling is used at E&P sites, either should be conducted 
consistent with lease and landowner obligations and with local, state, and 
federal regulations.  General standards for burial or landfilling should be 
included in area or statewide regulations and should address the 
operational requirements in Section 5.7.3. 

 

5.7.3.  Operational Requirements 

 
a. Wastes or waste-soil mixtures may be buried or landfilled without a 

protective bottom liner only when they meet the landspreading criteria 
of Section 5.6. prior to burial.  The contents of such waste or waste-soil 
mixtures should be limited to materials such as fresh water-based 
drilling muds, drill cuttings, spent iron sponge, gas plant catalyst, or 
molecular sieve.  Closure should be consistent with Sections  5.5.5.a. 
and  5.5.5.e. 

 
b. A protective bottom liner, solidification, fixation, or encapsulation 

should be required for burial or landfilling of wastes whose salt and/or 
hydrocarbon content exceeds the landspreading criteria of Section 
5.6.3.  A protective bottom liner, solidification, fixation, or encapsulation 
should be required for burial or landfilling of E&P wastes containing 
NORM above regulatory action levels.  The regulatory agency may grant 
a variance from this requirement for fields or portions of fields, upon a 
showing by the operator that groundwater either is not present beneath 
the waste site or is naturally protected from the threat of contamination. 

 
c. Agency records should be permanently maintained for any required 

analytical data taken, sites used, and types and quantities of waste 
disposed.  Site locations should be located on plat maps. 
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55.8. Technical Criteria for Roadspreading 
 

5.8.1.  Definition 

 
Roadspreading is the placement on roads of E&P wastes that exhibit 
properties similar to commercial road oils, mixes, dust suppressants, or 
road compaction  or deicing materials.  Roadspreading of E&P wastes that 
do not exhibit such properties should be prohibited.  Roadspreading of 
E&P wastes containing NORM above regulatory action levels should be 
prohibited. 
 

5.8.2.  Regulatory Requirements 

 
When roadspreading is used, it should be conducted consistent with lease 
and landowner obligations and local, state, and federal regulations.  
General standards for roadspreading should be included in area or state 
regulations and address the operational requirements in Section  5.8.3. 

 

5.8.3.  Operational Requirements 

 
a. Exempt wastes such as tank bottoms, emulsions, heavy hydrocarbons, 

and crude oil-contaminated soil may be used for road oil, road mix, or 
asphalt if they are not ignitable and have a mixed density and metal 
content consistent with approved road oils or mixes. 

 
b. Roadspreading should be subject to loading rates and/or other 

appropriate requirements that prevent pooling, ponding, or runoff; 
prevent the contamination of groundwater and surface water; and 
protect air quality. 

 
c. Roadspreading should be subject to appropriate buffer zones 

established to protect waters of the state, water wells, and wetlands.   
 

d. Produced water should be tested and should exhibit properties similar 
to commercial roadspreading products that are regulated by federal, 
state,  or local agencies. 
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55.9. Technical Criteria for Tanks 
 

5.9.1.   Scope 

 
a. This section applies to permanently installed E&P waste tanks and to 

produced water storage tanks located at enhanced recovery operations.  
Where some waste tanks are regulated under the Spill Prevention 
Control and Countermeasures (SPCC) requirements of the federal Clean 
Water Act, states may defer to the SPCC requirements for those tanks. 

 
b. Except as provided in Section 5.9.3.b., this section does not apply to: 

 
i. condensate and crude oil tanks; 

 
ii. process vessels, such as separators, heater treaters, dehydrators or 

freewater knockouts, except that stacks or vents on such vessels 
should be equipped, where necessary, to protect migratory birds and 
other wildlife; and 

 
iii. tanks used temporarily in drilling and workover operations. 

 
c. The regulatory agency may adjust or exempt from the requirements of 

this section small-capacity tanks. 
 
 

5.9.2.  General Requirements 

 
a. States should have information, where available, on the locations, use, 

capacity, age and construction materials (e.g., steel, fiberglass, etc.) of 
tanks as needed to administer and enforce state program requirements 
effectively.  Such information may be obtained through registrations, 
inventories, or other appropriate means. 

 
b. Tanks covered by this section should not be located in a flowing or 

intermittent stream and should be sited consistent with applicable local 
land-use requirements.   

 
c. Tanks should be subject to spill-prevention, preventive maintenance and 

inspection requirements, including those of Sections 5.3.1.c. and 5.3.3. 
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of these guidelines. 

55.9.3.  Construction and Operation Standards 

 
a. A principal goal of construction and operation standards for tanks is to 

minimize the occurrence of and the environmental impacts from spills 
and leaks. 

 
i. New tanks should be constructed in a manner that provides for 

corrosion protection consistent with the intended use of the tanks.  
All tanks covered by this section should be operated in a manner that 
provides for corrosion protection consistent with the use of the tanks. 

 
ii. Tanks should exhibit structural integrity consistent with their intended 

use.  Wooden tanks should receive increased scrutiny in this regard. 
 

iii. Tanks should be operated in a manner that protects against 
overtopping. 

 
iv. Secondary containment systems or other appropriate means, such as 

leak detection, should be employed to minimize environmental 
impacts in the event of releases. 

 
b. Covered tanks are preferred to open tanks. Open E&P waste and 

product tanks should be equipped to protect migratory birds and other 
wildlife in a manner consistent with the wildlife-protection criterion of 
Section 5.5.3.f. 
 

c. Tanks located in populated areas where emissions of hydrogen sulfide 
can be expected should be equipped with appropriate warning devices. 

 

5.9.4.   Tank Removal and Closure 

 
a. Tanks should be emptied prior to their retirement and the resulting 

materials should be managed properly. 
 

b. Tanks and associated above ground equipment should be removed 
upon cessation of operations.  For good cause, a state may allow tanks 
to be removed as soon as practical thereafter.  Site reclamation should 
meet all landowner and lease obligations and any other applicable 

WRITTEN STATEMENTS (not from Hearing)



 67 

requirements. 
 

cc. Prior to removal, closure, or release for unrestricted use, tanks and 
associated piping and equipment should be surveyed for NORM as 
provided for in Section 7.  When regulatory action levels are exceeded, 
NORM and the equipment containing NORM should be managed in 
accordance with the state's NORM regulatory program (see Section 7 of 
these guidelines). 

 

5.10.  Technical Criteria for Commercial and Centralized 
Disposal Facil it ies  
 

5.10.1. Definitions and Exemptions  

 
a. Commercial Disposal Facility: A facility whose owner(s) or operator(s)  

receives compensation from others for the temporary storage, 
reclamation, treatment, and/or disposal of produced water, drilling 
fluids, drilling cuttings, completion fluids, and any other RCRA exempt 
E&P waste, and whose primary business objective is to provide these 
services. These facilities may, under certain circumstances, also accept 
non-exempt, non-hazardous wastes generated from E&P operations.  
This definition also includes facilities whose owner(s) or operator(s) 
receives compensation from others for oil field NORM-related storage, 
decontamination, treatment, or disposal.  

 
b. Centralized Disposal Facility: A facility, other than a commercial disposal 

facility, that is:  (1) used exclusively by one owner or operator; or (2) 
used by more than one operator under an operating agreement and 
which receives for collection, treatment, temporary storage, and/or 
disposal of produced water, drilling fluids, drill cuttings, completion 
fluids, and any other RCRA exempt E&P wastes that are generated from 
two or more production units or areas or from a set of commonly 
owned or operated leases. These facilities may, under certain 
circumstances, also accept non-exempt, non-hazardous wastes 
generated from E&P operations. This definition covers the surface 
storage and disposal facilities that are present at Class II disposal well 
sites. This definition also covers oil field NORM related storage, 
decontamination, treatment, or disposal.  
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cc. Exemptions:  The definitions and technical criteria of Section 5.10 do 
not apply to Class II injection wells or to enhanced oil recovery projects.  
The definitions and technical criteria of Section 5.10 are not intended to 
apply to emergency cleanup situations at a Class II injection facility.  
The regulatory agency may adjust or exempt from the standards and 
requirements of this section (Sections 5.10), centralized facilities that 
receive a limited number of substantially similar waste streams and 
limited volumes of wastes, or commercial or centralized tank-only 
facilities.  

 

5.10.2.  Technical Standards and Regulatory Requirements  

 
Commercial and centralized off-site disposal facilities should meet the 
technical and regulatory requirements of this section and the general 
standards of Section 5.1 of these criteria.  Compliance with these 
requirements should be demonstrated in the permit application required in 
subsection 5.10.2.a.  Because commercial disposal facilities use advanced 
methods of waste treatment and disposal, the regulatory agency should 
establish, where applicable, numerical requirements for the design of pond 
liners and leachate collection systems, for landfarming operations (i.e., 
repeated land applications), and for E&P waste reclamation facilities.  The 
requirements of this section are intended to furnish the regulatory agency 
with sufficient and meaningful information such that permitting decisions 
will lead to no environmental impact or public health impact once the 
facility has commenced operations and following its closure.  

 
The regulatory agency may adjust or exempt from these requirements 
centralized facilities that receive a limited number of substantially similar 
waste streams and limited volumes of waste, such as the consolidated 
produced water disposal facilities in a large multi-operator field.  
Administrative criteria for centralized facilities also may be less extensive 
than those for commercial facilities.  

 

5.10.2.1.  Regulatory Agency Responsibilities in Permitting  
 

a. Permits. The regulatory agency should authorize off-site commercial and 
centralized disposal facilities for E&P wastes by permit.  A permit should 
be in force for a finite period to be determined by the agency.  The 
agency should use the data and information required by the technical 
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standards of this section to approve or deny applications for permits, to 
ensure compliance with permit conditions, to order corrective actions in 
order to prevent or abate violations of the standards, or for any other 
purpose deemed necessary by the agency.  

 
bb. Acceptable Wastes. The agency should prescribe the range of E&P 

wastes that can be disposed at commercial and centralized facilities and 
at municipal solid-waste landfills.  

 
c. Waste Characteristics and Disposal. The agency should identify the 

chemical characteristics of wastes likely to be disposed at commercial 
and centralized facilities on the basis of published scientific data and on 
knowledge about regional or site-specific waste characteristics.  The 
agency should consider the types of waste management appropriate for 
each waste type, and the extent to which additional protective measures 
(e.g., leachate collection) are needed to protect groundwater, surface 
water and air.  The agency should prescribe these waste disposal 
facilities and waste stream relationships by rule or in the permitting 
process and ensure that operators of commercial or centralized facilities 
comply with them.  For sampling and testing, refer to Section 
5.10.2.2.c.v. and vi.  For determining radiological content, refer to 
Sections 7.3.3 and 5.2.2.b. 

 

5.10.2.2.  Permitting Requirements  
 

a. Any new or existing commercial or centralized facility should be 
required to obtain a permit from the regulatory agency to commence 
operation or to continue to operate.  An individual permit should be 
required for E&P waste reclaimers and other commercial facilities where 
waste is placed on the land (e.g., in pits and in landfarms).  A permit 
should be issued only upon compliance with the general requirements 
of Section 5.1 and the technical requirements of this section, and upon 
submittal and approval of an application that contains a Siting Plan, 
Construction Plan, Operating Plan, and Closure Plan.  Operation of a 
facility should comply with the terms and conditions of the permit.  The 
regulatory agency may tailor the technical requirements for all existing 
facilities and for centralized disposal facilities to the conditions present 
at the locations of such facilities.  In the case of centralized facilities, the 
regulatory agency may adjust the requirements of Section 5.10.2.2.a. b. 
and c. in the light of the volume and characteristics of wastes received 
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by the facility.  
 

bb. Siting Plan. The specific site for a commercial facility and, to the extent 
possible, the site for a centralized facility, should have natural features 
that prevent or minimize release of pollutants to waters, land, and air.  
Those natural features could include isolation from or considerable 
depths to groundwater, protection against flooding, the presence of low 
permeability soils, and topography conducive to protection against 
erosion.  Additional safeguards may be required by the regulatory 
agency for centralized facilities that are located on sites that do not 
exhibit natural protective features or are located in close proximity to 
residences, schools, hospitals or commercial buildings.  An application 
for a permit for a commercial or centralized facility should, at a 
minimum, contain the following information:  

 
i. Names, addresses, and telephone numbers of owner(s) and the 

operator(s) of the facility, the owner(s) and occupant(s) of properties 
within close proximity of the site, or any nearby person who may 
reasonably be adversely affected by release from the site;  

 
ii. Topographic map showing the location of the site and any highways 

or roads that abut or traverse the site and depicting all water courses, 
flood plains, water wells, pipelines, and dwellings located within one 
mile of the site; 

 
iii. Geologic, hydrologic, engineering, chemical, and any other data or 

information that demonstrate disposal of wastes and operation of the 
facility will not contaminate fresh water, the surrounding soils or air, 
endanger public health, safety or the environment, or cause property 
damage;  

 
iv. Average annual precipitation and evaporation rate at the disposal 

site;  
 

v. Nature and permeability of vadose zone; description of the 
subsurface strata, identification of the areal extent of underlying 
aquifer(s), and depth to groundwater; direction of groundwater 
movement; baseline data on water quality of nearby surface waters, 
underlying aquifer(s) and soils prior to commencement of operations; 
and points of past or current use of surface water or groundwater; 
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vi. Proof that all public notice requirements have been met; and  
 

vii. Certification by an authorized representative of the applicant that 
information submitted in the application is true, accurate, and 
complete to the best of the applicant's knowledge.  

 
cc. Construction Plan. In general, commercial and centralized disposal 

facilities should be constructed to prevent or minimize releases of 
wastes or waste byproducts to surface water, groundwater, soils, and air.  
Design should allow for the segregation, separation and containment of 
free oil to minimize emissions, where appropriate. The need for 
additional protective measures (e.g., barriers) at facilities in close 
proximity to residences, schools, hospitals, or commercial buildings 
should be considered.  Pits at these facilities should at least meet the 
construction requirements of Section 5.5.3.e. In the case of E&P waste 
reclamation facilities, construction requirements to prevent or minimize 
releases should also apply to wastes stored before and after 
reclamation. For commercial facilities, detailed engineering drawings 
and diagrams of engineered disposal facilities should be required; for 
centralized or one-owner facilities, such extensive construction details 
may not be needed.  Construction should follow guidelines and rules 
adopted by the regulatory agency.  

 
d. Operating Plan. Applications for permits for existing or new facilities 

should be accompanied by an Operating Plan that describes the wastes 
that will be accepted at the facility and the methods by which those 
wastes will be managed and disposed.  The need for groundwater, air, 
or other monitoring at commercial or centralized disposal facilities 
where wastes are placed on the land should be evaluated by the state 
as part of this program development and implementation, and should 
depend upon the nature and size of the disposal activities.  At facilities 
that manage oil-field NORM, monitoring should be sufficient to 
determine compliance with maximum permissible doses to workers and 
to members of the public in unrestricted areas. The Operating Plan 
should contain the following information:  

 
i. Volume, rate of application, and type of material to be disposed at 

the facilities and the facilities that will be used to dispose of each 
waste stream (i.e., unlined or lined pits, above- or below-grade tanks, 
etc.);  
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ii. Contingency plan for reporting, responding to and cleaning up spills, 
leaks, and releases of wastes or waste byproducts, including 
provisions for notifying emergency response authorities and for 
taking operator-initiated emergency response actions;  

 
iii. Plan for routine inspection, maintenance, and monitoring to ensure 

and demonstrate compliance with permit requirements.  At 
commercial and centralized facilities where wastes are placed on the 
land, such as in pits or landfarms, groundwater monitoring should be 
required in the absence of site-specific or facility-specific conditions 
that minimize the potential for adverse impacts to groundwater.  
Specific plans for preventing or minimizing air emissions from sources 
such as  (1) the volatilization of organic materials in the waste; (2) 
particulate matter (dust) carried by the wind; and (3) chemical 
reactions (e.g., production of hydrogen sulfide from sulfur-bearing 
wastes) should be considered.  Monitoring to ensure organic wastes 
are treated effectively should also be required for landfarming 
operations.  

 
iv. Waste acceptance policy for the facility that details the types of 

wastes that the facility will accept(exempt E&P wastes and/or non-
exempt, non-hazardous wastes from E&P operations), how the facility 
will determine whether a shipment of wastes meets its acceptance 
criteria including whether on-site sampling and testing will be 
employed, and the procedures that will be followed if unacceptable 
wastes arrive at the facility; 

 
v. Plan to characterize wastes received for disposal.  Waste 

characterization requirements for small centralized facilities may be 
more limited, based on the limited types and volumes of wastes 
received.  At a minimum, waste characterization should comply with 
the requirements of Section 5.2.  States should determine additional 
minimum testing criteria applicable to their regions; 

 
vi. Plan for periodic removal and subsequent handling of free oil;  

 
vii. Security plan for the facility; 

 
viii. In the case of landfarming operations, loading rates, location 

restrictions, and/or other appropriate requirements that ensure the 
treatment of organic constituents, prevent the contamination of 
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groundwater or surface waters, and protect air quality.  Operations 
should comply with the requirements of Section 5.6.3; 

 
ix. A community relations or public information plan should be 

considered; and 
 

x. Environmental, Health, and Safety Plan.  Where applicable, an 
environmental, health, and safety plan should be developed for 
commercial disposal facilities.  Such plan should describe site 
sampling methods and procedures to determine the potential risks to 
human health and the environment posed by the site.  State 
regulatory programs should take into consideration the size and 
nature (treatment and disposal processes) of each facility when 
determining whether or not this environmental, health, and safety 
plan is applicable. 

 
ee. Closure Plan.  

 
i. Applications for permits for existing or new facilities should be 

accompanied by a Closure Plan that describes the methods to be 
used to reclaim the facility following the cessation of operations.  
Closure should comply with the general requirements of Section 5.1 
and with any other requirements established by the regulatory 
agency.  

 
ii. For commercial disposal facilities and centralized disposal facilities of 

comparable nature or size, the plan should describe the site sampling 
methods that will be used to determine the risks to human health and 
the environment posed by the site, if any, once closure is completed; 
and any further measures that may be necessary to address remaining 
site contamination at that time.  The plan should also include post-
closure monitoring and maintenance requirements where the wastes 
remaining on-site after closure may adversely affect groundwater or 
surface waters, or otherwise pose a significant risk to human health 
and the environment.  The duration of the post-closure care period 
and the nature of the post-closure requirements should correspond to 
the continuing risks posed by the facility after closure. 

 
iii. The plan should include a closure schedule, a cost estimate for 

reclamation, and a schedule for authorized financial assurance 
instrument.  The cost estimate and authorized financial assurance 
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instrument schedule should be used to establish a financial surety 
level for the facility prior to permit approval.  The level of financial 
surety requested should cover the full estimated cost of facility 
closure and reclamation. 

  

5.10.2.3.  Waste Tracking Requirements  
 

To assure that only acceptable wastes are disposed of at commercial or 
centralized facilities, a waste tracking system that documents the 
movement of wastes from the site of their origin to their final disposition 
should be implemented.  The following elements should be included in the 
waste tracking system:  

 
a. Multi-Part Form or Equivalent Documentation: State regulatory 

programs should require operators to use a multi-part form or 
equivalent documentation that contains the names, addresses, and 
phone numbers of the generator (producer), hauler, and disposal facility 
operator; a description of the waste; the time and date it was collected, 
hauled, and deposited at the disposal facility; and the volume of the 
waste hauled. 

 
b. Maintenance of Waste Tracking Information: The waste tracking 

information should be maintained by the generator, hauler, and 
operator of the disposal facility for inspection by the regulatory agency 
for a period of three years after the shipment date.  This record 
retention period should be automatically extended for any person who 
is the subject of an unresolved enforcement action regarding the 
regulated activity from the date such person receives notice of the 
enforcement action until it is resolved.  

 
c. Attest to No Illegal Dumping: The waste hauler should certify in writing 

that no unauthorized wastes were dumped illegally or at a location or 
facility not designated by the generator and that no unauthorized 
wastes were mixed with the exempt wastes during transport.  The 
disposal facility operator should certify in writing that the facility is 
authorized to receive the waste for disposal. 

 
d. Reporting of Discrepancies: The operator of the disposal facility should 

immediately report to the regulatory agency and the generator, any 
discrepancy in waste descriptions, volumes, or place of origin based on 
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personal observations or documentation.  
 

ee. Permitting of Waste Haulers: Waste hauling companies should be 
permitted by the regulatory agency based on a showing of basic 
knowledge about the regulatory requirements for disposition of E&P 
wastes transported from their point of generation to their final disposal 
site.  The regulatory agency may issue permits to individual waste 
haulers or to waste hauling firms.  

 

5.10.2.4.  Applicability of Waste Tracking Criteria  
 

These waste tracking requirements do not apply to wastes moved by 
pipeline.  Operators who transport wastes by pipeline should periodically 
report waste quantities to the regulatory agency.  
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SECTION 6 : Abandoned Sites 
  

6.1. Abandoned Oil and Gas Sites Introduction 
 

States with current or historic oil and gas operations should develop and 
implement a program to inventory, prioritize, and remediate, as necessary, 
abandoned sites.  The purpose of this section is to provide guidance for 
that program.  It is not the intent of these guidelines to preclude an 
abandoned site from being returned to operation in accordance with state 
requirements. 

 

6.2. Definition of "Oil and Gas Site" and "Abandoned 
Site" 
 

The terms "Oil and Gas Site" and "Abandoned Site," as used herein, have 
the following meanings: 

 
a. An OOil and Gas Site is land or equipment, including a wellbore, that is 

now or has been used primarily for oil or gas exploration or production, 
or for the management of oil and gas wastes from exploration and 
production. 

 
b. An OOil and Gas Site is considered an AAbandoned Site if the site: 

 
i. Was not adequately plugged or closed at conclusion of operations 

such that it constitutes or may constitute a threat to public health or 
the environment; and 
 

ii. Has no owner, operator, or other responsible person (hereinafter 
called "responsible party") who can be located, or such responsible 
party has failed or refused to undertake actions, where required by 
law, to abate the threat.  A responsible party cannot be located, 
among other circumstances, where no liability for remedial actions is 
imposed by the state upon past or current owners and operators. 
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66.3. Identif ication of Abandoned Sites 
 

A state should have a procedure for identifying sites which may constitute 
a threat to public health or the environment and for determining whether a 
responsible party exists. The state should develop and maintain an 
inventory of abandoned sites. Examples of elements that may be 
considered in identifying sites which may constitute a threat to public 
health or the environment include agency reviews or inspections, referrals 
by other agencies, or citizen or landowner inquiries. Classifications or 
rankings may be used to separate these sites into relative risk categories.  
Examples of elements that may be considered in determining whether a 
responsible party exists include the failure to file required data or reports, 
the failure to respond to agency inquiries, tax defaults, information in 
public records, or landowner or public inquiries. In developing an inventory 
of abandoned sites, the state should have procedures for attempting to 
notify the last known responsible party, and providing legal notice. 

 
Emergency protocols should be included, so that remedial action can be 
initiated prior to legal notice on sites that are judged to present an 
immediate threat to the public health or environment. Where there are 
agencies with overlapping jurisdiction for abandoned sites, inventory 
procedures should be coordinated among these agencies as further 
discussed in Section 4.4. of these guidelines. 

 

6.4. Funding for Abandoned Site Remediation 
 

An effective state program to address abandoned sites should have 
adequate funds available to permit the state to undertake any necessary 
assessment, plugging, closure, or remediation of such sites. 

 
Adequate funding involves the development of a financial assurance 
program as provided in Section 4.2.4.  To ensure the continuity of financial 
assurance in the event of a change of operator, notice to the state of any 
such change should be required. Any financial assurance provided by the 
previous operator should remain in effect until the new operator's 
compliance with the state's financial assurance program is verified. 

 
Section 4.2.4. describes some of the types of financial assurance a state 
should consider in designing a program to provide it with the necessary 
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economic resources while facilitating operator compliance.  As part of a 
financial assurance program, a state should consider establishing a special 
purpose fund to plug, close, or remediate an abandoned site.  The state 
should have the authority to recover costs from the responsible party, 
where such party exists.  The state should evaluate its needs and establish 
such funding mechanisms as are appropriate to satisfy those needs.  A 
wide variety of funding mechanisms have been employed to support 
existing special purpose funds in various states.  Those mechanisms 
include bond forfeitures; legislative appropriations to the responsible state 
agency; a percentage of the taxes on oil and gas production; fines and 
penalty assessments; equipment salvage; and a host of fees, among them 
fees or charges based on the value of oil and gas, fees or charges based 
on units of production of oil and gas, operator fees, supplemental fees in 
lieu of bonds, inactive well fees, permit fees, and waste generation fees. 

  

6.5. Criteria for Priorit izing Remediation 
 

The state program should include criteria for determining whether an 
abandoned site constitutes a threat to public health or the environment 
and the site's priority for remediation.  Among other things, the following 
criteria may be used:  (1) the occurrence of or potential for an imminent 
release from the site; (2) the nature, extent, and degree of contamination; 
(3) the proximity of the site to populated areas, surface water, and/or 
groundwater; (4) whether the site is in an environmentally sensitive area; 
and (5) wellbore lithology and condition.  Where appropriate, the state 
should perform a more detailed site evaluation.  The state agency should 
have flexibility and discretion to consider the factors associated with the 
individual sites, including cost savings associated with simultaneous 
remediation of multiple sites that otherwise would have different priorities 
or similar financial considerations, in assigning them a priority on the 
inventory of abandoned sites. 

 

6.5.1.  Goal for Remediation 

 
A goal of the state program should be to remediate the abandoned sites 
on its inventory in a manner which assures that reasonable and measurable 
progress is made. 
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66.5.2.  Liabil ity for Remediation 

 
The state should establish a liability scheme that will ensure that the goals 
of its abandoned sites program will be achieved.  States should consider a 
range of options with respect to liability for remediation, which may 
include among others:  (1) liability for all current and past owner(s) and 
operator(s); (2) liability for the owner(s) and operators(s) found to be 
responsible for the contamination at an abandoned site; or (3) no liability 
for past or current owner(s) and operator(s) should the state choose to 
finance the abandoned sites program. 

 
Any liability scheme established by a state should clearly define the 
responsibility for remediation.  A state should allow remediation of an 
abandoned site by a party which would not otherwise be responsible for 
the remediation. 
 

6.6. Standards for Remediation 
 

The state should ensure that abandoned sites, including well bores, be 
plugged or closed in a cost-effective manner that minimizes or removes 
the threat to public health and the environment and that restores the land 
to an environmentally stable condition.   

 

6.6.1.  Well bore Remediation 

 
The state should consider existing rules and regulations when determining 
proper plugging procedures for abandoned sites.  However, the state 
should have the flexibility to modify those plugging procedures, while 
maintaining mechanical integrity of the well bore adequate to ensure that 
public health and the environment are protected. 

 
In carrying out well bore remediation, the state should use existing 
information from well records including depth of well, depth of any old 
plugs, presence of casing and tubing and depths set, perforations, 
existence of groundwater and hydrocarbon-bearing zones, existence of 
over-pressured zones, and any junk in the hole to determine the condition 
of the well and the proper plugging procedure.  In the absence of the 
above information, data such as existing geological and engineering field 
studies, water well records, interviews with nearby landowners, corporate 
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records, and historical literature can be reviewed. 
 

66.6.2.  Site Remediation 

 
The extent of surface remediation of an abandoned site should be 
determined based on surface and subsurface resources and land use.  
Consultation by the state regulatory agency with the surface owner, surface 
tenant, and other federal, state and local agencies, as appropriate, should 
take place prior to remediation. 

 
As appropriate, abandoned sites should be re-vegetated in accordance 
with state regulatory agency rules, and with consideration given to 
recommendations from the surface owner, surface tenant, and federal and 
local agencies.  As appropriate, soil should be evaluated to determine if 
hydrocarbons, chemicals, or NORM were spilled or leaked, and to 
determine remediation. 

 
Surface equipment or materials on an abandoned site should be removed, 
and salvaged when possible, unless the state determines otherwise.  
Procedures should be identified for handling NORM, if present.  Due to 
the expense and potential damage to the land, there may be situations 
where equipment or materials would not be removed, e.g., a gathering 
system might be abandoned in place with appropriate protection.  When 
reclaiming a pit, the state should determine the contents of the pit and 
how the pit can best be remediated.  Once emptied, cleaned and tested 
as appropriate, pits should be backfilled and contoured to prevent erosion 
from or ponding of surface water.  Monitoring wells at an abandoned site 
should be as necessary to protect groundwater resources.  The state 
should develop additional remediation criteria for commercial disposal 
sites, as appropriate. 

 

6.6.3.  Record of Remediation 

 
Once remediation of an abandoned site has been completed, reports on 
how the site was remediated should be maintained by the regulatory 
agency. 
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66.7. Public Participation 
 

The state abandoned sites program should provide for public participation.  
At a minimum, the public should have:  (1) access to information about the 
program; (2) the opportunity to participate in any rulemakings associated 
with the program; and (3) a statutory or regulatory mechanism to petition 
the state agency to change a site's status on the inventory and/or the level 
of remediation required on a site. 

 

6.7.1.  Access to Information 

 
The state should maintain and make available to the public, records related 
to the abandoned sites inventory, including:  (1) the location of an 
abandoned site; (2) the extent and degree of contamination of the 
abandoned site; and (3) the method of remediation that has been or will 
be required for an abandoned site.  In addition, the state should maintain 
public records on the state's progress with respect to implementing the 
abandoned sites program. 

 

6.7.2.  Participation in Rulemaking 

 
The state program should provide an opportunity for the public to 
participate in any rulemakings associated with the program. 

 

6.7.3.  Participation Regarding Priority on the Inventory and Level 
of Remediation 

 
The state program should include a mechanism by which an affected 
person could petition the state to:  (1) add a site to the abandoned sites 
inventory; (2) change the priority for remediation of a site on the inventory; 
and (3) conduct or require additional remediation of a site. 
 

6.8. Avoid Future Abandoned Site Problems 
 

Since abandoned sites may constitute a threat to public health and the 
environment, the state should: 
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aa.  Establish and implement an abandoned site program consistent with 
the guidance in this section; and 

 
b. Enforce its existing regulatory program, with modifications, if necessary, 

consistent with this guidance. 
 

c. Evaluate its programs for financial assurance, inspection, compliance 
tracking, and monitoring of inactive sites to determine whether or not 
the state should make adjustments to prevent an increase in 
abandoned sites. 
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SECTION 7 : Naturally Occurring Radioactive Materials 
 

77.1. Background 
 

Naturally occurring radioactive material (NORM) is present above 
background levels at some oil and gas E&P facilities and oil-field service 
company locations.  NORM found in oil-field operations originates in 
subsurface oil and gas formations and is typically transported to the surface 
in produced waters.  NORM may deposit in well tubulars, surface piping, 
vessels, tanks, pumps, valves, and other producing or processing 
equipment and may be found in scales, sludges, contaminated soil, and 
other associated E&P wastes.  NORM is also referred to as Technologically 
Enhanced Naturally Occurring Radioactive Material or TENORM. 

 

7.2. General 
 

States should adopt an oil field NORM regulatory program that addresses 
identification, use, possession, transport, storage, transfer, 
decontamination, and disposal to protect human health and the 
environment.  States may choose not to adopt such a program if they find, 
based on field monitoring data and other scientific information, that no 
NORM is present in oil and gas operations in the State, or that the levels of 
NORM present in oil and gas operations in the State do not present such a 
risk to human health or the environment to warrant a regulatory program.  
States that make such a finding should periodically reevaluate the basis for 
the determinations.  

 
If a state determines that a regulatory program is necessary, it should tailor 
its program to NORM occurrence in the oil and gas E&P industry and an 
assessment of risks to human health and the environment.  The program 
should include the elements listed in Section 7.3.  Oil-field NORM should 
be managed in accordance with the pollution prevention and waste 
management hierarchy provisions of these guidelines.  In addition, the 
other sections of these guidelines apply, where applicable, to NORM as a 
constituent of E&P waste.   
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77.3. Elements of an Oil-Field NORM Program 
 

7.3.1.   Definition 

 
States should develop a definition for NORM that is consistent with that 
which occurs in the oil and gas E&P industry.  For purposes of these 
guidelines, NORM is defined as any naturally occurring radioactive 
materials (not including byproduct, source or special nuclear material, or 
low level radioactive waste) not subject to regulation under the Atomic 
Energy Act, whose radionuclide concentrations have been enhanced by 
human activities such that potential risk to human health or the 
environment are increased. 

 

7.3.2.   Action Levels 

 
States should establish risk-based numerical action levels above which 
NORM is regulated taking into consideration the risk of exposure to human 
health and the environment.  Such action levels should also be used to 
regulate the transfer or release of equipment, materials, and sites. 

 

7.3.3.   Surveys 

 
States should develop standards for survey instruments and procedures for 
identifying and documenting equipment, materials, and sites that may 
contain NORM above the action levels.  States should consider the types 
of facilities to be surveyed, when surveys should be performed, when 
survey results should be reported to the state regulatory agency, and any 
necessary training of surveyors.  State survey requirements should provide 
data necessary to meet the purposes described in Section 5.2.1 and to 
administer and enforce state program requirements effectively. 

 

7.3.4.  Worker Protection 

 
State regulatory programs should include applicable state and federal 
standards for worker protection from exposure to radiation, including 
worker protection plans, and other standards necessary for the protection 
of workers from exposure to NORM. States should establish NORM 
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training or certification requirements based upon oil-field work related 
duties and their associated NORM exposure risk (i.e., NORM awareness 
training may be sufficient for many common oil-field work activities). 
 

77.3.5.  Licensing/Permitting 

 
a. General licensing/permitting:  Persons who possess oil-field NORM in 

concentrations or at exposure rates that exceed state-adopted action 
levels should be generally licensed or permitted. 

 
b. Specific licensing/permitting:  Specific licenses or individual permits 

should be required for commercial storage, removal, decontamination, 
remediation, treatment or disposal of oil-field NORM.  A state may 
require specific licenses or individual permits for the management of oil-
field NORM at centralized facilities as defined in Section 5.10. 
 

7.3.6.  Removal/Remediation 

 
States should consider performance standards for removal, 
decontamination, and remediation that are protective of human health and 
the environment.    
 

7.3.7.  Storage 

 
States should establish standards for storage of NORM that are protective 
of human health and the environment.  NORM storage facilities should be 
constructed to prevent or minimize releases.  Tanks used to store oil-field 
NORM should meet the requirements of Section 5.9.  A state should 
consider adoption of limits on the amount of time NORM that exceeds 
action levels can be stored, depending on factors such as quantity, 
radioactivity, climate, proximity to the public, and protective controls. 
 

7.3.8.  Transfer for Continued Use 

 
State regulatory programs should allow for the transfer of land and 
equipment containing NORM for continued operations in the production 
of crude oil and natural gas, with appropriate notification to affected 
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parties.  
 

77.3.9.  Release of Sites, Materials, and Equipment 

 
State regulatory programs should address the levels below which, and 
conditions under which, equipment, materials, and sites containing NORM 
may be released.  State regulatory programs should authorize the release 
of equipment, materials, and sites for unrestricted use only if NORM is 
below action levels.  Such regulations should provide for appropriate 
notification to affected persons. 

 

7.3.10.  Disposal 

 
State regulatory programs should authorize disposal alternatives within the 
state's jurisdiction for various E&P wastes containing NORM, including 
contaminated equipment, and should include regulatory requirements for 
NORM disposal that are protective of human health and the environment.  
Landowner or other notification may be required as a condition of disposal.  
Commercial and centralized NORM disposal facilities should meet the 
criteria of Section 5.10.   

 

7.3.11.  Interagency Coordination 

 
State radiation programs, oil and gas programs, and waste management 
programs are frequently distributed among separate agencies.  Therefore, 
in many states, multiple agencies may regulate NORM.  The various 
agencies should coordinate their regulatory and enforcement activities 
under the guidance given in Section 4.4 of these guidelines.   

 

7.3.12.  Public Participation 

 
State regulatory programs for NORM should meet the public participation 
guidelines established in Section 4.2.2. 
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77.4. Regulatory Development and Research 
 

The Conference of Radiation Control Program Directors has prepared 
suggested state regulations for NORM, and a number of states have 
developed or are in the process of developing NORM regulations.  States 
that are developing their own NORM programs are encouraged to consult 
these sources as well as applicable federal radiation guidance and 
requirements for information and assistance.  In addition, states should 
encourage and keep abreast of ongoing and future research on NORM, 
including risk assessment. 
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SECTION 8 : Stormwater Management 
 

88.1. General 
 

Stormwater can become contaminated from contact with spilled or stored 
materials, from contact with E&P waste, or from the erosion of soils.  E&P 
waste management practices that have a potential of contaminating 
stormwater include land application, landfarming and roadspreading.  
States usually have statutory authority for stormwater management 
programs through general pollution prevention or water pollution control 
legislation.  States should implement programs to minimize the potential 
for contamination of surface water from sediment and other E&P 
contaminants contained in stormwater. 
 
Stormwater management requirements should be adapted to regional 
characteristics.  These characteristics include variations in topography, 
rainfall (annual average, episodic and seasonal), major soil types, 
proximity to surface waters, floodplains, seasonal and permanent 
swamps, wetlands and marshes, and vegetative cover. 
 
States should adopt a stormwater management program based on the 
potential effects on human health and the environment.  States may 
choose not to adopt such a program if they find, based on field 
monitoring data and other scientific information, that stormwater runoff 
does not pose a significant risk to human health or the environment.  
States that make such a finding should periodically reevaluate the basis 
for the determination.  The state program need not duplicate applicable 
federal regulations for stormwater management. 

 
Stormwater management regulatory activities should be coordinated with 
activities of other interested parties including landowners, soil 
conservation agencies, land management agencies, agencies with NPDES 
jurisdiction, and agencies with spill response authority. 
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88.2. State Regulatory Elements 
 

The state agency with stormwater management or erosion control 
authority should require an operator to minimize environmental impacts 
caused by stormwater.  These requirements should include a description 
of the action the operator will take to meet state program goals for the 
geographic location in which the activity will take place.  These 
requirements may be spelled out in specific regulations or they may be 
required to be included in operator- or site-specific plans developed by 
operators.  State program requirements should specify time frames when 
stormwater control measurements are to be in place and when any state 
notifications are to occur.   
 
In regions where stormwater has a high potential for causing 
environmental degradation, states should consider the use of permits or 
other authorizations to assure that adequate measures will be put in 
place.  Such permits or authorizations should conform to Section 4.1.1. 
(Permitting). 
 
State stormwater management programs should contain compliance 
evaluation capabilities as outlined in Section 4.1.2. (Compliance 
Evaluation), contain enforcement capabilities as outlined in Section 4.1.3. 
(Enforcement), be applicable to responses to spills and releases as 
outlined in Section 4.2.1. (Contingency Planning and Spill Risk 
Management), and contain data management capabilities as described in 
Section 4.2.8. (Data Management). 
 
States programs should provide for outreach and training on stormwater 
management requirements and practices for operators, landowners and 
the public.  These activities should conform to Section 4.2.2.2. (Public 
Participation).  Similarly, training should be provided for state agency 
personnel as outlined in Section 4.3.1.5. (Training Requirements).  Where 
stormwater management and E&P regulatory authority reside in different 
agencies, oil and gas agency staff should be trained so that they can, as 
time and staffing patterns allow, provide information and referrals to 
operators. 
 
State stormwater management programs should be evaluated 
periodically in accordance with Section 4.2.3 (Program Planning and 
Evaluation).  Such evaluations should include an analysis of all aspects of 
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the program, and procedures for making any necessary program changes 
identified during the evaluation.  
 

88.3. State Agency Regulatory Program Criteria 
 

8.3.1.  Planning 

 
Within the context of an E&P program, selection of the location for a well 
site, roadway, pipeline or other E&P facility is a critical component of a 
stormwater management program.  Factors to be considered during the 
development of site requirements with respect to stormwater 
management include: minimization of the area to be disturbed, current 
land uses, site gradient, the type of facility to be constructed, springs and 
seeps, floodways, stream crossings, and the management of E&P wastes. 
 
Other factors that should be considered in the development of 
stormwater management requirements include well density, distance 
between wells, existing roads, necessary temporary and permanent roads 
to be constructed, road alignment, slope, grade and length, the 
availability of vegetative filter strips, and the management or disposal of 
trees and stumps to be removed during construction. 
 

8.3.2.  Construction 

 
The construction of well sites, access roads, pipelines, stream crossings 
and crossings of wetlands, swamps and marshes can result in the 
contamination of stormwater and/or adjacent surface waters.  
Consequently, state agencies should develop standards or management 
practices appropriate for these activities.  Similar practices may be 
necessary when responding to spills and releases when soils are disturbed 
or contaminants are mobilized by stormwater. 
 
Standards or management practices should be appropriate for the region 
in which the construction activity will occur.  Examples of such 
requirements include the construction of upgrade diversion channels and 
the collection of construction site runoff; the use of brush and other 
barriers and the stockpiling of topsoil and subsoil during clearing and 
grubbing; and the grading of cut and fill slopes, road embankments, road 
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surfaces (crowned, insloping or outsloping) and roadside ditches to 
control water. 
 
Similarly, requirements should be developed for bridges, causeways, 
cofferdams, fords and bank stabilization when surface waters are 
encountered.  Requirements for temporary road or stream crossings and 
use of rock at construction entrances may be necessary. 
 
Practices to be considered for stormwater controls during construction 
include drainage ditches, basins, sediment traps, berms, vegetative filter 
strips, sediment barriers, turnouts, culverts and cross-drains, broad-based 
dips and swales, waterbars, rock filters, straw bale barriers and fabric filter 
fence.  Outlet protection should be provided for devices with outlets to 
surface waters. 
 
Additional practices to be considered for pipeline construction include 
the use of ditchline barriers, timing of backfilling, materials used for 
trench backfill, location of staging areas, and the use of trench plugs.  In 
fragile soil, wetland and marshy areas, and at stream crossings, 
construction mats, board roads or geo-textiles should be considered. 
 
Criteria should be developed for temporary stabilization if permanent 
stabilization will be delayed.  Temporary stabilization practices such as 
seeding with annual grasses and mulching, or seed/filter fabric 
combinations should be considered.  Permanent stabilization can occur 
through the application of rock to well sites and roads, and achieving 
adequate growth of (or sodding with) permanent vegetation.  Factors to 
be considered during revegetation include calculation of acreage, soil 
types and distribution, seed bed preparation, seed mixtures (temporary, 
permanent), soil amendments, and mulching and anchoring. 
  

8.3.3.  Operation and Maintenance 

 
States should require that stormwater control measures be operated and 
maintained in a manner that will assure their effectiveness during site 
preparation, well drilling and production, and until the site is restored.  
These measures should be operated and maintained to control sediment 
as well as E&P waste and spills.  Requirements regarding the frequency 
and type of inspection, preventative maintenance and repairs are 
appropriate. 
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88.3.4.  Restoration and Reclamation 

 
Where appropriate, states should incorporate stormwater management 
during the development of standards for site restoration and reclamation.  
These requirements should apply to the restoration of recently active 
sites, orphan sites, remediation sites, and sites where prior restoration 
efforts failed. 
 
Where appropriate, stormwater management criteria should be 
developed for the removal of equipment, restoration of pits, 
disconnection and abandonment of pipelines, backfilling and grading, 
and access road reclamation. 
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SECTION 9 : Hydraulic Fracturing 
  

9.1. Background  
 

The practice of completing oil and gas wells through hydraulic fracturing, while 
not new, has evolved into a key technology in the development of 
unconventional oil and gas resources, such as coal bed methane or shale gas.  
This has resulted in questions about the potential impacts on water resources 
due to the volume of water needed for hydraulic fracturing, the potential 
impacts to groundwater by the hydraulic fracturing process, or the proper 
management or disposal of waste and other fluids associated with hydraulic 
fracturing. 

 

9.2. General  
 

States should evaluate potential risks associated with hydraulic fracturing, taking 
into account factors such as depth of the reservoir to be fractured, proximity of 
the reservoir to fresh water resources, well completion practices, well design, 
and volume and nature of fluids.  Where necessary and recognizing the local 
and regional differences discussed in Section 3.3, states should have standards 
to prevent the contamination of groundwater and surface water from hydraulic 
fracturing.  State programs for hydraulic fracturing should ensure establishment 
and maintenance of well control; protection of groundwater zones, other mineral 
resources; and isolation of zones capable of corroding casing or interfering with 
cement integrity. 

 

9.2.1.  Standards  

 
State programs for hydraulic fracturing should include standards for casing and 
cementing to meet anticipated pressures and protect resources and the 
environment.  The state should have the authority as necessary to require the 
conduct or submittal of diagnostic logs or alternative methods of determining 
well integrity.  The state program should address the identification of potential 
conduits for fluid migration in the area of hydraulic fracturing and the 
management of the extent of fracturing where appropriate.  The program 
should require monitoring and recording of annular pressures during hydraulic 
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fracturing operations.  The program also should address actions to be taken by 
the operator in response to operational or mechanical changes that may cause 
concern, such as significant deviation from the fracture design and significant 
changes in annular pressures. 

 
 State programs for hydraulic fracturing should consider baseline groundwater 

monitoring protocols that address appropriate factors which may include 
distance/radius from the well, timing/frequency of testing, test parameters, 
reporting and management of and access to data, existing/new development or 
existing production in area, responsibility for sample collection, testing, cost, 
location/gradient, surface owner consent, laboratory accreditation, and remedial 
actions.  The state should have the authority to require the conduct and 
submittal of evaluation logs as necessary to determine well integrity. 

 
 Surface controls, such as dikes, pits or tanks, should meet Sections 5.5 and 5.9 

of the guidelines.  In addition to pit technical criteria for authorization, 
construction, operation, pit integrity monitoring, and closure contained in 
Section 5.5 of the guidelines, states should address unique characteristics of 
impoundments associated with hydraulic fracturing, including the use of 
centralized and commercial facilities, operatorship, size, location, duration, and 
characteristics of contained fluids.  States should consider erosion and safety 
issues associated with fresh water impoundments associated with hydraulic 
fracturing. 

 
Contingency planning and spill risk management procedures that meet Section 
4.2.1 of the guidelines should be required.  Waste characterization should be 
consistent with Section 5.2 of the guidelines. The waste management hierarchy 
contained in Section 5.3 of the guidelines (source reduction, recycling, 
treatment and disposal), including the provisions relating to toxicity reduction, 
should be promoted. The tracking of waste disposed at commercial or 
centralized facilities should meet the requirements of Section 5.10.2.3 of the 
guidelines.  Procedures for receipt of complaints related to hydraulic fracturing 
should be consistent with Section 4.1.2.1. 
 

99.2.2.  Reporting  

 
The regulatory agency should require appropriate notification prior to, and 
reporting after completion of, hydraulic fracturing operations.  Notification 
should be sufficient to allow for the presence of field staff to monitor activities.  
Reporting should include the identification of materials used, aggregate 
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volumes of fracturing fluids and proppant used, and fracture pressures recorded. 
 

State programs should contain requirements for public disclosure of information 
on type and volume of base fluid and additives, chemical constituents, and 
actual or maximum concentration of each constituent used in fracturing fluids.  
States are encouraged to require disclosure of such information on a publicly 
accessible location, such as an internet website.  The state should have the 
authority as necessary to require the conduct or submittal of diagnostic logs or 
alternative methods of determining well integrity.  State programs should 
contain mechanisms for disclosure of chemical constituents used in fracturing 
fluids to the state in the event of an investigation and to medical personnel on a 
confidential basis for diagnosis and/or treatment of exposed individuals.  Where 
information submitted is of a confidential nature, it should be treated consistent 
with Section 4.2.2 of the guidelines.  

 

99.2.3.  Staffing and Training    

 
 In addition to the personnel and funding recommendations found in Section 4.3 

of the guidelines, state staffing levels should be sufficient to receive, record and 
respond to complaints of human health impacts and environmental damage 
resulting from hydraulic fracturing.  Staff should receive adequate training to 
stay current with new and developing hydraulic fracturing technology.   

 

9.2.4.  Public Information  

 
State agencies should provide for dissemination of educational information 
regarding well construction and hydraulic fracturing to bridge the knowledge 
gap between experts and the public as provided in Section 4.2.2.2 of the 
guidelines.  This is especially important in areas where development has not 
occurred historically and in areas where high volume water use for hydraulic 
fracturing is occurring. 

 

9.2.5.  Coordination 

 
In addition to coordination as contained in Section 4.4 of the guidelines, states 
should consider interstate coordination of regional multi-state issues such as 
source water, transportation and waste management related to hydraulic 
fracturing. 
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99.3. Water and Waste Management 
  

Fundamental differences exist from state to state, and between regions within a 
state, in terms of geology and hydrology.  The state should evaluate and 
address, where necessary, the availability of water for hydraulic fracturing in the 
context of all competing uses and potential environmental impacts resulting 
from the volume of water used for hydraulic fracturing.  The use of alternative 
water sources, including recycled water, acid mine drainage and treated 
wastewater, should be encouraged.   
 
Waste associated with hydraulic fracturing should be managed consistent with 
Section 4.1.1. and Section 7 of the guidelines 
 
States should encourage the efficient development of adequate capacity and 
infrastructure for the management of hydraulic fracturing fluids/wastes, including 
transportation (by pipeline or otherwise), recycling, treatment and disposal.  
State programs should address the integrity of pipelines for transporting and 
managing hydraulic fracturing fluids off the well pad. 
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SECTION 10 : Air Quality 
 

110.1.  Background 
 

As a result of the increased development of oil and natural gas from shale 
formations in recent years, concerns about air emissions have become 
more focused.   On August 16, 2012, EPA published 3 final rules for the Oil 
and Natural Gas Sector (NSPS OOOO, for the control of VOC and SO2 
emissions; and NESHAP HH/HHH, for the control of hazardous air pollutant 
emissions). The NSPS applies to sources that are new, modified or 
reconstructed since August 2011. It requires that companies reduce 
completion flowback emissions from hydraulically fractured and refractured 
gas wells by employing reduced emissions completions (aka “green 
completions”), control emissions from storage vessels by 95%, use low or 
no bleed pneumatic controllers in the production segment, use no bleed 
controllers at gas plants, replace reciprocating compressor seals every 
26,000 hours of operation or three years, reduce wet seal centrifugal 
compressor emissions by 95%, and implement more stringent leak 
detection and repair programs at gas plants. 
 
The NESHAP HH/HHH rules amended provisions to currently codified 
rules.  In particular, the amendments set new standards for small glycol 
dehydrators, lowered the leak detection threshold at gas plants and 
amended the definition of “associated equipment” used in making major 
source determinations at well sites.  
 
In response to petitions for administrative reconsideration of the 2012 
rules, EPA is working on changes over the next several years to improve the 
effectiveness and practicability of programs. 

 

10.2.  Administrative 
 

Where necessary, and recognizing the local and regional differences 
discussed in Section 3.3, states should have standards to prevent the 
contamination of air.  While oil and gas regulatory agencies have many 
environmental responsibilities for oil and gas operations, the air programs 
are typically regulated by sister state environmental protection or health 
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agencies and are given statutory and regulatory powers as described 
below.  The state should develop procedures for regular evaluation and 
consideration of the appropriateness and adequacy of the regulatory 
program. 

  

10.2.1.  Scope of Authority 

 
1. An effective state program for the regulation of air emissions from 

oil and gas exploration and production activities should include, at a 
minimum: 
 

2. Statutory authority that adequately details the powers and duties of 
the respective regulatory body or bodies; 

 
3. Statutory authority that grants the regulatory body (or bodies) the 

power to oversee air emissions from upstream oil and gas activities, 
including production, gathering, compression and processing.  This 
authority should include the ability to promulgate appropriate rules 
and regulations and meet the state’s obligations under federal law; 

 
4. Statutory authority to promulgate specific requirements that are 

more stringent than required under the federal Clean Air Act or 
regulations where necessary and appropriate to protect public 
health and the environment; 

 
5. Authority to accept delegation of federal air quality programs 

specific to oil and gas; 
 

6. Authority to consider cost effectiveness in setting air emission 
standards when appropriate, as well as to exempt facilities or 
sources based on criteria such as de minimis emissions or by type of 
source or facility; 

 
7. Statutes and implementing regulations which adequately and clearly 

define necessary terminology; 
 

8. Provisions to ensure adequate funding for the staff and program to 
carry out its objectives and duties; 
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9. Mechanisms for coordination among stakeholders (including the 
public, federal and state agencies, and the regulated industry); and 
 

10. Technical criteria for air emission controls. 
   

10.2.2.  Jurisdiction and Cooperation Between Agencies 

 
The Clean Air Act establishes a dual federal/state system for establishing 
requirements to protect public health and the environment, and to oversee 
air pollution sources, including oil and gas exploration and production 
(E&P) operations.  Under this framework, states are required to establish 
State Implementation Plans (SIPs) that contain sufficient requirements to 
attain and maintain compliance with National Ambient Air Quality 
Standards.  Separate from the SIP process, states may, but are not required 
to, accept delegation of certain federal air quality requirements such as the 
preconstruction Prevention of Significant Deterioration (PSD) permitting 
program, the Title V permit program or New Source Performance 
Standards.  If a state does not accept delegation of a particular federal 
requirement, EPA retains responsibility for implementing and enforcing that 
requirement.   
 
Within states that do accept delegation, jurisdiction over air quality issues 
related to E&P facilities may be split between the state air quality agency, 
local air quality agencies and/or the agency with jurisdiction over oil and 
gas drilling and production.  Finally, because states have no jurisdiction 
over air pollution sources on tribal lands, responsibility for implementation 
and enforcement of air quality requirements for E&P sources on these lands 
is held by EPA or the tribes. 
 
Where multiple state, federal or tribal authorities have jurisdiction over air 
quality issues, mechanisms should be in place to avoid duplication, 
regulatory gaps or inconsistent air quality requirements or enforcement of 
such requirements.  Such mechanisms could include formal Memoranda of 
Understanding, established interagency task forces, regular periodic 
meetings between agency staff, and joint inspections of facilities.  In 
addition to ensuring proper coordination, agencies should communicate 
with the regulated community and the public to make it clear which agency 
has jurisdiction over a particular area or is responsible for enforcing a given 
set of air quality requirements. 
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110.2.3.  Permits, Authorizations and Exemptions 

 
States with approved Clean Air Act permitting authority should adopt an air 
quality permitting program for emission sources in the oil and gas industry 
that is legally and practically enforceable and harmonizes with federal 
requirements to avoid confusing and duplicative requirements for 
operators.  The program should allow the state to adopt additional air 
quality requirements beyond federal requirements to address state-specific 
air quality issues.   State permits should clearly establish what performance 
standards and/or emission control requirements are required for each 
covered source. 
 
State air quality permitting programs should be designed to protect human 
health and the environment while allowing oil and gas development to 
proceed promptly and efficiently to provide continued, responsible growth 
in US oil and natural gas production. Therefore, state air quality permitting 
programs should be straightforward for operators to understand and 
implement, and administratively efficient for the regulatory agency to 
minimize cost in time and resources. To accomplish this, states are 
encouraged to simplify the application process, make available accepted 
emission estimation methods, make permit application assistance tools 
available to the operator, establish and make clear permit exemption 
criteria, and employ construction general permits or permits by rule that 
also serve as final permits to operate. 
 
When emissions are difficult to estimate due to uncertainty of source 
throughput and composition, states should also consider mechanisms, 
similar to some federal rules (e.g., the storage vessel provisions of the Oil 
and Gas NSPS OOOO that allow an established period for emissions 
determination before requiring control), that allows operators to construct 
and operate certain source types for a limited but sufficient period of time 
to determine actual facility emissions prior to permitting to ensure that 
permit conditions, including emission control requirements and Federal 
applicability, are properly informed.  States should consider requiring 
appropriate levels of control during this evaluation period to avoid 
exceeding regulatory emission thresholds.  It is important to note that the 
construction of a major source without a permit is prohibited by the Clean 
Air Act.  
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110.2.4. Compliance Monitoring, Demonstration & Assurance 

 
State programs should contain the following compliance monitoring, 
demonstration and assurance capabilities: 

 
1. Procedures for the receipt, evaluation, retention, and investigation 

of all notices and reports required of permittees and other regulated 
persons.  These procedures should ensure that the notices and 
reports submitted are adequate in both content and frequency to 
assess compliance with applicable requirements.  States should 
consider integrating electronic reporting systems to improve 
efficiency and timeliness of data received.  Duplicative or 
unnecessary reporting should be minimized.  Investigation for 
possible enforcement action should include determination of failure 
to submit complete notices and reports in a timely manner. Effective 
data management systems, as described in Section 4.2.7, can be 
used to track compliance.   

 
2. Inspection and monitoring procedures that are independent of 

information supplied by regulated persons and which allow the state 
to determine compliance with program requirements, including: 

 
a. The capability to conduct comprehensive investigations, that 

may include advanced monitoring techniques as appropriate, of 
facilities and activities subject to regulation in order to identify a 
failure to comply with program requirements by responsible 
persons; 

 
b. The capability to conduct regular inspections of regulated 

facilities and activities at a frequency that is commensurate with 
state priorities based on the risk to health, safety and the 
environment; and 

 
c. The authority to investigate information obtained regarding 

potential violations of applicable program and permit 
requirements. 

 
3. Procedures to receive and evaluate information submitted by the 

public about alleged violations and to encourage the public to 
report perceived violations. Such procedures should not only involve 
transparent communications with the public (to apprise it of the 
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process to be followed in filing reports or complaints), but should 
also communicate how the state agency will assure an appropriate 
and timely response. 

  
4. Authority to conduct unannounced inspections at a reasonable time 

of any regulated site or premises where oil and gas activities are 
being conducted, including the authority to inspect, sample, 
monitor, or otherwise investigate compliance with permit conditions 
and other program requirements, such as proper operation of 
control devices, process operating conditions and control device 
operating parameters. 

 
5. Authority to enter locations where records are kept during 

reasonable hours for purposes of copying or obtaining electronic 
copies and inspecting such records. 

 
6. Procedures to ensure that documents and other evidence are 

maintained and/or managed such that they can be admitted in any 
enforcement proceeding brought against an alleged violator, noting 
that some information may be entitled to confidential treatment 
(however, it is the source’s obligation to identify which information is 
confidential business information). 

 
7. Authority to require regulated persons to conduct stack testing or 

other measurements to establish or verify compliance with 
applicable emission standards, to allow the state to be present for 
such tests, be given adequate notice of the tests, and to conduct its 
own tests when deemed appropriate. 
 

8. Authority to require, under statute, regulation or permit, regulated 
persons to: 

 
a. Establish and maintain records; 
b. Make reports; 
c. Install, use, and properly maintain monitoring equipment, and 

use audit procedures, or methods; 
d. Sample emissions in accordance with prescribed methods; 
e. Provide stack test protocols and test reports; 
f. Perform parametric monitoring where direct emissions 

measurement is impracticable; 
g. Submit compliance certifications; and 
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h. Provide other information needed to determine compliance on a 
one-time, periodic or continuous basis. 

 

110.2.5.  Enforcement 

 

10.2.5.1   Enforcement Tools 
 

The state agency should have effective enforcement tools to address any 
violations of the state air program, which may include the following actions: 

 
1. Issue a notice of violation with a compliance schedule; 
 
2. Restrain, immediately and effectively, any person by order or by suit 

in state court from engaging in any impending or continuing 
unauthorized activity which is causing or may cause damage to 
public health or the environment; 

 
3. Establish the identity of emergency conditions which pose an 

imminent and substantial human health or environmental hazard that 
would warrant entry and immediate corrective action by the state 
agency after reasonable efforts to notify the operator have failed; 

 
4. Sue or cause suit to be brought in courts of competent jurisdiction 

to enjoin any impending or continuing violation of any program 
requirement, including any permit condition, without the necessity 
of a prior revocation of the permit; 

 
5. Require, by administrative order or suit in state court, that 

appropriate action be undertaken to correct any harm to public 
health and the environment that may have resulted from a violation 
of any program requirement, including, but not limited to, 
establishment of compliance schedules or requiring the source to 
apply for and obtain permits for previously unpermitted emissions; 

 
6. Encourage Beneficial Environmental Projects or Supplemental 

Environmental Projects to secure additional environmental benefits 
through enforcement settlements; 

 
7. After administrative review, revoke, modify, or suspend any permit, 
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or take other enforcement action deemed appropriate by the state, 
when the state agency determines that the permittee has violated 
the terms and conditions of the permit, failed to pay an assessed 
penalty, or used false or misleading information or fraud to obtain 
the permit;  

  
8. Assess administrative penalties or seek, in court, civil penalties or 

criminal sanctions including fines and/or imprisonment; or 
 
9. Resolve compliance issues informally, through mechanisms such as 

settlement agreements or warning letters, in lieu of a formal notice 
of violation, administrative order, or court order.  

 
As an alternative to the enforcement tools identified above, state programs 
should have incentives (such as penalty mitigation and auditing/self 
disclosure policies) to encourage sources to voluntarily disclose and correct 
violations. 

 

10.2.5.2   Penalties 
 

States should develop guidance for calculations of penalties that include 
factors such as the economic benefit resulting from the violation, 
willfulness, harm to the environment and the public, duration of the 
violation, the operator’s compliance history, and the operator’s good faith 
efforts to comply.  Some of the benefits of having guidance for calculation 
of penalties include: 1) an opportunity to encourage voluntary disclosure of 
violations; 2) providing consistency and transparency in the assessment of 
penalties; and 3) providing for the development of readily defensible 
assessments. Penalties should be such that an operator does not benefit 
financially from unlawful conduct, and should provide compliance incentive 
to other operators. States should evaluate their enforcement options and 
policies to assure that the full range of actions available are effectively 
used. 

 

10.2.5.3   Right of Appeal 
 

The right to appeal or seek administrative and/or judicial review of agency 
action should be available to any person having an interest which is or may 
be adversely affected, or who is aggrieved by any such action. 
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110.2.6.   Staffing and Training 

 
In addition to the general personnel and funding recommendations found 
in Section 4.3 of the guidelines, state staffing levels should be sufficient to 
receive, record and respond to complaints of human health impacts and 
environmental damage resulting from air emissions.  Staff should receive 
adequate training to stay current with federal and state air regulatory 
requirements, state airshed goals, and industry production practices and 
technology, especially new and developing air pollution control and 
monitoring technology.  This training should include an oil and gas industry 
overview to familiarize state agency staff with the sources and monitoring 
equipment they will be regulating.  Training programs to accomplish these 
goals could include: 
 

1. Training courses or resource materials available through US EPA, 
multi-state air planning organizations, private sector, industry 
associations, consortiums and universities; 

 
2. Field visits and tours to oil and gas facilities in the state; 

 
3. Engagement with other states’ air regulatory programs; 

 
4. Conference attendance; and 

 
5. Coordination and frequent discussions with other state agencies 

regulating oil and gas operations, including state oil conservation 
commissions and divisions. 

 
Additionally, agencies should have a mechanism to assess and implement 
strategies designed to recruit and retain key agency staff such as: 
 

1. Maintaining competitive salary levels; 
 

2. Creation of new technical positions (air specialists, oil and gas sector 
specialists, etc.) in the permitting and enforcement programs; and 

 
3. Increasing staff responsibilities via promotion of staff to higher 

positions (project leaders, team leaders, etc.). 
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110.2.7.  Data Management 

 
In addition to the data management recommendations found in Section 
4.2.7 of the guidelines, states should ensure that appropriate data is shared 
between agencies so that the air quality program has access to the 
inventory, which includes the level of detail needed to conduct an effective 
program ( locations of oil and gas facilities and a unique identifier for the 
regulated activity (e.g., API well number)). as necessary to conduct an 
effective program.  After appropriate quality assurance, public information, 
such as emissions data, should be made available to the public, air quality 
researchers and managers, in appropriate user-friendly electronic formats 
(e.g., data downloads, web services). 

 

10.2.8.  Public Involvement 

 
State agencies should provide for the electronic dissemination of 
educational and other appropriate information regarding air emissions from 
oil and gas activities to bridge the knowledge gap between experts and 
the public. This should occur as part of an ongoing process through which 
information is exchanged in an open forum as provided in Section 4.2.2.2 
of the guidelines.  This is especially important in areas where development 
has not occurred historically.  The public should also have the ability to ask 
questions and receive responses through the agency website. States 
should also use advisory groups of industry, government, and public 
representatives, or other similar mechanisms, to obtain input and feedback 
on the effectiveness of state programs as provided in Section 4.2.2.3 of the 
guidelines.  

 

10.2.9.  Outreach 

 
  In addition to the public participation provisions found in Section 4.2.2 of 

the guidelines, states should take measures, such as web postings, FAQs, 
and distribution of fact sheets, to ensure that the industry, other state 
agencies and the public are aware of the delineation of responsibilities 
between the air quality program and the oil and gas program.  Provisions 
should also be made for the availability of speakers to make presentations 
to interested groups. 
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110.2.10.  Strategic Program and Resource Planning  

 
 

State air programs for oil and gas will require adequate resources to fulfill 
state and federal mandates to ensure healthy air quality while providing 
adequate response time to permit applications and other needs from 
industry.  As with other growing sectors, the oil and gas industry’s potential 
for rapid growth in production basins can challenge the planning process 
for air programs, since large numbers of facilities can be deployed in 
production basins and cumulative emissions from new and existing facilities 
can potentially have significant impacts on air quality. 

 
To address these challenges, and as set forth in these guidelines, states 
should have adequate resources to conduct necessary regulatory 
development, permitting, enforcement, monitoring, modeling, inventory 
development and public outreach activities.   Additionally, states should 
have strategic planning capabilities to ensure that these resources remain 
adequate in light of dynamic growth in the oil and gas sector and rapid 
evolution in production technologies.  
 

10.3.  Air Program-Specific Elements 

 

10.3.1.  Delineation of Sources 

 
States should consider developing an inventory of sources and activities 
not previously registered or permitted, for example grandfathered facilities 
and equipment, and non-permitted sources and activities, if information 
about emissions from those sources is critical for planning and analysis for 
agency priorities such as efficiently ensuring compliance with air quality 
standards.   

 
This inventory should be comprehensive but straightforward and relatively 
simple to administer However, the state or tribe should make efforts to 
avoid capture of inconsequential (de minimis) sources that do not impact 
air quality. 

10.3.2.  Source-Specific Requirements 

 
These guidelines are developed with particular emphasis on VOC and HAP 
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emissions, and control of these pollutants often reduces methane emissions 
as a co-benefit. However, there may be some sources that emit dry gas 
with little or no VOC or HAP content, but that emit methane emissions..  
Since 1993, industry partners in the EPA voluntary Natural Gas STAR 
Program have developed and employed a variety of innovative techniques 
for mitigating methane emissions in the oil and gas sector.  The state 
should be aware of which operators participate in EPA’s Natural Gas STAR 
program and make others aware of the program. States should be aware of 
regulatory initiatives of other states to address methane/dry gas emissions. 
 
A state’s air quality program should identify oil and gas industry emission 
source types that must be represented in applications for air quality permits 
or authorizations. Oil and gas emissions source types and activities may 
include stationary engines and turbines, well completions or recompletions, 
venting and leaking gas from compressors, gas-powered pneumatic 
devices, dehydration units, gas processing plants, transmission and storage 
facilities, storage vessels and condensate handling, wellbore liquids 
unloading, produced water management facilities, sweetening units and 
flares. 
 
The state requirements for these source types and activities should align 
with Federal requirements unless the state needs to establish additional or 
more stringent requirements.  When specific air issues demand more 
stringent requirements, states may consider adopting, as consistently as 
possible, provisions by other states that have been implemented to 
address similar air quality issue, to minimize the impact on state resources. 
 
State air quality programs may want to address unplanned and episodic 
emissions due to such things as fugitive air emissions upstream of gas 
processing plants, process upsets, wellbore liquids unloading, third party 
equipment downtime, and equipment failure.  The programs should 
require incident reporting and corrective actions where possible, to avoid 
incident recurrence.  However, the state should also consider safety aspects 
when developing new requirements for unplanned emissions. 
 
Finally, because there is a growing concern over wasted gas from drilling 
operations, the state air quality regulator should consider coordination with 
the state oil and gas conservation regulator on a process to quantify and 
minimize the flaring or venting of associated gas from oil wells. 
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110.3.3.   Air Quality Monitoring Networks 

 
Air quality monitoring is an essential tool both to determine compliance 
with National Ambient Air Quality Standards and to assess the impact of air 
pollution sources on air quality.  State programs should have an air quality 
monitoring network in place that meets these needs.  In developing an air 
quality monitoring network, states should consider several parameters, 
including but not limited to: the number of monitors, the types of 
pollutants to be monitored, the location of monitors, specific monitoring 
instrumentation to be used, frequency of monitoring, and appropriate 
QA/QC procedures.  In placing air quality monitors, states should consider 
factors such as emission source location, population density, topography 
and meteorology. 
 
Many of the air quality monitoring requirements for states are set forth in 
implementing regulations for the various National Ambient Air Quality 
Standards.  Additionally, federal permitting requirements for major 
stationary sources include certain source specific monitoring requirements.  
States should have appropriate mechanisms in place to ensure that this 
source specific monitoring is conducted in accordance with established 
standards and methods. 
 
States may also consider whether to conduct ambient air quality monitoring 
that goes beyond the standards established under federal law.  While 
states should have considerable latitude in determining whether and how 
to conduct such additional monitoring, appropriate procedures should be 
established to ensure that such monitoring, if undertaken, accurately 
assesses ambient air quality levels.  As part of this additional monitoring, 
states should consider, where possible, establishing baseline air quality 
levels in order to assess the impact of emission source changes. 
 
Areas with significant oil and gas production activity may have few or no 
regulatory air quality monitors, because these areas may not meet typical 
criteria for siting of monitors, such as population density.  States should 
consider whether to add monitors in these areas to assess emissions from 
present or anticipated increases in oil and gas activity.   
 
Once it has gone through appropriate QA/QC procedures, air quality data 
should be publicly available.  Options for making data available could 
include putting it on-line or publishing regular air quality reports.  US EPA 
makes limited criteria air pollutant data from state air monitors available 
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through federal websites, such as AIRNow.gov.  Agencies should consider 
whether to make data additionally available through their own websites to 
allow greater context and address local issues and concerns. 
 

110.3.4.  Reporting, Emission Inventories & Recordkeeping 

 
States should develop and periodically update accurate and robust 
emission inventories as necessary to conduct good air quality planning and 
program assessment.  States should establish emission reporting 
requirements for air pollution sources that adequately support their efforts 
to develop high quality emission inventories. For individually small sources 
of air pollution that don’t report (commonly called nonpoint sources), states 
should use the best available methodologies to quantify emissions.  As 
states review and update their inventories they should work with industry 
and other stakeholders to identify the types of oil and gas sources which 
can produce significant emissions, and determine when updates to 
inventories are needed due to new information, changes to emission 
inventory compilation methodologies, or changes in production or 
operational practices.  
 
States should consider using the EPA’s oil and gas emissions tool(s) for 
computing nonpoint sources of oil and gas emissions. EPA provides the 
tool, instructions, and other guidance for computing these emissions as 
part of its National Emissions Inventory (NEI) program available on the 
Clearinghouse for Inventories & Emissions Factors (CHIEF). The tool allows 
for local inputs to be added by states to improve their emissions estimates. 
EPA also develops projection methods available on the CHIEF Emissions 
Modeling Clearinghouse for use by states. 
 
Every three years, states are required to submit to EPA all sources of 
emissions of criteria pollutants and their precursors (Air Emissions 
Reporting Requirements, 40 CFR Part 51, Subpart A).  This includes both 
point and nonpoint sources for the oil and gas sector. 
 
States should also develop well-founded emission projections, to ensure 
that air quality standards will continue to be met in the future.  Best 
available data and methods should be used for these projections.  As with 
other growing emission sectors, development of oil and gas can result in 
rapid increases in emissions in a given area, so states should develop 
programs that can keep pace   Projections which consider emissions under 
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a range of alternative future conditions, such as the effect of changing 
industry practices and regulations, will yield better results than those that 
are based on single factors. 
 
After administrative review, emission inventories and projections and 
reported emission data should be readily available to the public, including 
documentation of methodology, data sources, and assumptions made in 
producing the inventory.  The inventory development process should 
include stakeholder review so that the general public and the regulated 
community can provide input.  Furthermore, consistent calculations 
methods, based on the gas and condensate compositions for specific 
formations and basins, should be applied.  If included in SIPs, the public 
review process is a requirement for those current and projected inventories 
used for both nonattainment area inventories as well as modeling 
inventories. 
 

110.3.5.   Corrective Actions & Emergency Response 

 
The states should establish clear criteria for the emergency reporting of 
significant, non-routine releases to air.  These criteria should consider 
factors such as the mass and type of constituents released and the 
proximity of the release to sensitive receptors. 
 
Agencies responsible for receiving emergency notifications of reportable 
releases to air should be identified and be responsible for the coordination, 
as appropriate, of any necessary response action with the operator, state 
and local emergency responders, environmental and/or public health 
agency and any other agency responsible for public protection. 
 
States should ensure that community residents are notified when 
potentially hazardous air releases occur and should ensure that companies, 
in addition to emergency responders, take necessary actions to minimize 
public exposure. 
 
States should require operators to submit reports that contain information 
on the cause of the release, the type(s) and amount(s) of pollutants 
released and the corrective actions the company implemented, to aid in 
the prevention of incident recurrence. 
 
State air regulators should have appropriate air monitoring equipment 
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necessary to support emergency response activities. 
 

110.3.6.   Long-Term Planning, Prioritization & Evaluation 

 
In addition to the program planning and evaluation provisions found in 
Section 4.2.3 of the guidelines, states should have a good understanding 
of oil and gas operations, including exploration and production; gathering, 
boosting, processing, and transmission; and accurate inventories and 
projections of air emissions.  Because emissions characteristics, operational 
requirements, and operational approaches can vary widely by basin, it is 
critical for regulators to involve interested stakeholders (including oil and 
gas producers and environmental and citizen groups) in the planning and 
evaluation processes., Periodic analyses should be completed to ensure 
that air quality will remain protective of public health and the environment, 
in accordance with state and federal statutes and regulations, as industry 
evolves and grows. 
 
There are and will be a number of federal regulations applicable to oil and 
gas operations that must be assessed for state adoption, incorporated by 
reference into state regulations, or left to US EPA for implementation.  In 
most states, these federal regulations become the base of the state air 
regulatory program.  State air regulatory program planning must consider 
the air quality impacts of federal regulations.  Airsheds with oil and gas 
basins that have measured or modeled concentrations of air pollutants near 
or above the NAAQS, considerable existing or planned development, 
and/or geographic conditions (topography and meteorology) that can 
create stagnant air, may require specific, specialized analyses to assess the 
short-term and long-term status of compliance with the NAAQS.  
Collaboration with industry and other stakeholders is very important to 
ensure that the analyses are comprehensive, scientifically sound and 
adequately address the relevant questions and issues.  Technical 
collaborations may be more successful when accomplished within a 
structured process that clearly defines the roles and responsibilities of 
participants, procedures for widely disseminating analysis design, 
solicitation of comments, processes for responding to comments, and other 
opportunities for feedback. 
 
Analyses of criteria pollutant trends, comprehensive emissions trends, and 
projections of pollutant concentrations, visibility, and deposition are 
important indicators for evaluation of state air programs.  In the process of 
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developing a strategic plan, states may develop specific airshed goals to 
reduce the impacts of pollutants.  The development of these goals should 
be based upon careful analysis of state needs, priorities, available 
resources, and applicable state and federal regulations. 
 
Additional program goals could include (i) the development and 
implementation of an effective stakeholder outreach and education 
program; (ii) the development of incentives for additional pollution control, 
such as streamlined permitting programs, permits by rule, and other 
permitting options that simplify the application and review process while 
promoting air pollution control; (iii) the development and posting of 
guidelines, policies and templates that result in efficiencies in the 
permitting and enforcement processes while encouraging good practice; 
(iv) the creation of voluntary programs that recognize operators adopting 
additional air pollution measures; and (v) the development or improvement 
of an air monitoring network in areas with oil and gas activity, emissions 
inventories and calculation methods, and air modeling tools. 
 
Regarding evaluation, performance metrics could include an evaluation of 
ambient pollutant concentrations, emissions trends, permit response time, 
appropriateness of permitting options, and clarity of conditions required for 
compliance.  States should give consideration to the frequency of the 
evaluation of these types of metrics as well.  Evaluation of emissions trends 
and modeling data may be more suited to an annual or periodic basis, 
whereas other metrics, such as stakeholder outreach and monitoring, may 
be done more frequently.  The state agency should identify the set of 
measures that is most applicable to the goal and then determine the 
schedule for program evaluation. 
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SECTION 11 : Recommendations for Future Work 
 

1. Industry, the federal government, state-affiliated academic institutions, and 
public-interest groups are encouraged to conduct and support research 
into effective ways of minimizing and reusing wastes generated in the 
nation's oil and gas fields. 
 

2. EPA is urged to continue to support and work with IOGCC, STRONGER, 
and all interested parties in advancing the state review process.  
 

3. While these guidelines expressly provide for the protection of air quality, 
few specifics are now included in this area.  Accordingly, these guidelines 
will continue to be reviewed for possible additional air quality 
recommendations. 
 

4. These guidelines should be updated as state reviews progress and 
additional information and experience is gained in their application. 
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APPENDIX A : Glossary of Terms 
 
The following is a glossary of selected terms used in the Interstate Oil and Gas 
Compact Commission Environmental Guidelines for State Oil and Gas 
Regulatory Programs.  The glossary is included only as an aid for the 
convenience of the reader.  It is not intended as an exhaustive compilation of 
the terms used in the Report, nor are the definitions set forth intended to be 
preclusive of other potential meanings.  Terms expressly defined in the text of 
the Report are not included in this glossary. 

 
AA 

 
Acid:  A chemical compound, one element of which is hydrogen, that 
dissociates in solution to produce free-hydrogen ions.  For example, 
hydrochloric acid, HCI, dissociates in water to produce hydrogen ions - H+, and 
chloride ions, CI-.   
 
Ambient Air Quality – The concentration of pollutants present in the portion 
of the atmosphere, external to buildings, to which the general public has access, 
measured in the form of mass of the pollutant per volume of air or as a certain 
number of parts of the pollutant per million (ppm) or per billion (ppb).  See 
generally 40 C.F.R. § 50.1(e). 
 
Aquifer:  A geological formation, group of formations, or part of a formation 
that is capable of yielding water to a well or spring. 
 

B 
 
Barrel:  A measure of volume for petroleum products.  One barrel is equivalent 
to 42 U.S. gallons. 
 
Basic Sediment and Water (BS&W):  The water and other extraneous 
material present in crude oil. 
 
Biodegradation:  The process of breaking down matter into innocuous 
products by the action of living things, such as microorganisms. 
 
Blowdown:  The material discarded as a result of depressurizing a vessel or 
well. 
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BBrackish Water:  Water that contains relatively low concentrations of soluble 
solids.  Brackish water has more total dissolved solids than fresh water, but 
considerably less than sea water. 
 
Brine:  Water that has a large quantity of salt, especially sodium chloride, 
dissolved in it; salt water and certain produced water are considered brines.    
 

C 
 
Characteristic Waste:  Waste that is considered hazardous under RCRA 
because it exhibits any of four different properties: ignitability, corrosivity, 
reactivity, and toxicity. 
 
Clean Air Act (CAA): The federal act that regulates air emissions from area, 
stationary, and mobile sources codified at 42 U.S.C. Ch. § 7401 et seq. 
 
Clean Water Act (CWA): The act that sets the basic structure for regulating 
discharges of pollutants to surface waters of the United States.  CWA imposes 
contaminant limitations or guidelines for all discharges of wastewater into the 
nation’s waterways. 
 
Climatology:  The science that deals with climates (the prevailing influence or 
environmental conditions characterizing a group or period) and their 
phenomena. 
 
Completion Fluid:  A special fluid used when a well is being completed.  It is 
selected, not only for its ability to control formation pressure, but also for its 
properties that minimize formation damage. 
 
Completion Operations:  Work performed in an oil or gas well after the well 
has been drilled to total depth.  This work includes, but is not limited to, setting 
the casing, perforating, artificial stimulation, production testing, and equipping 
the well for production, all prior to the commencement of the actual production 
of oil or gas in paying quantities, or in the case of an injection or service well, 
prior to when the well is plugged and abandoned. 
 
Corrosivity:  The characteristic which identifies wastes that are acidic or basic 
(alkaline) and can readily corrode or dissolve flesh, metal, or other materials.  
The hazardous characteristic of corrosivity, for purposes of RCRA, is defined in 
40 CFR 261.22, and generally includes aqueous solutions with a pH less than or 
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equal to 2.0, or greater than or equal to 12.5, and/or liquids which corrode SAE 
1020 steel at a rate greater than or equal to 6.35 mm per year. 
 
CCrude Oil:  Unrefined liquid petroleum.  It ranges in gravity from 9 to 55 API 
and in color from yellow to black, and it may have a paraffin, asphalt, or mixed 
base.  If a crude oil, or crude, contains a sizable amount of sulfur or sulfur 
compounds, it is called a sour crude; if it has little or no sulfur, it is called a sweet 
crude.  In addition, crude oils may be referred to as heavy or light according to 
API gravity, the lighter oils having the higher gravities. 

 
D 

 
Delegated Authority – A state’s assumption, after US EPA approval, of 
partial or complete responsibility for administering EPA’s CAA programs. 
 
De-listing: A site-specific petition process whereby a handler can demonstrate 
to EPA that a particular waste stream generated at its facility that meets a listing 
description does not pose sufficient hazard to warrant RCRA regulation.  Owners 
and operators can also use the de-listing process for wastes that are hazardous 
under the mixture and derived-from rules that pose minimal hazard to human 
health and the environment. 
 
Derived-from Rule: A rule that regulates residues from the treatment of 
listed hazardous wastes.  This rule is found at 40 CFR 261.3. 
 
Disking:  The process of using a tractor-pulled set of disks to mix surface soil 
with waste for the purpose of treating and/or disposing of E&P wastes. 
 
Disposal Well:  A Class II well permitted under the SDWA which is employed 
for the injection of produced water and certain other E&P wastes into an 
underground formation. 
 
Dril l  Cutting:  The formation rock fragments that are created by the drill bit 
during the drilling process. 
 
Dril l ing Fluid: The circulating fluid used in the rotary drilling of wells to 
clean and condition the hole and to counterbalance formation pressure.  Drilling 
fluids are circulated down the drill pipe and back up the hole between the drill 
pipe and the walls of the hole usually to a surface tank.  Drilling fluids are used 
to lubricate the drill bit, to lift cuttings, to seal off porous zones, and to prevent 
blowouts.  A water-based drilling fluid is the conventional drilling mud in which 
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water is the continuous phase and the suspended medium for solids, whether or 
not oil is present.  An oil-based drilling fluid has diesel, crude, or some other oil 
as its continuous phase, with water as the dispersed phase.  Synthetic drilling 
fluid has a synthetic material such as esters or olefins as the continuous phase 
and water as the dispersed phase.   In some circumstances air or another gas is 
used as a drilling medium.   
 

E 
 
Electrical Conductivity (EC):  A numerical expression of the ability of a 
material to carry a current; the reciprocal of resistivity; normally expressed in 
milliohm/meter.  It is frequently used in soil analysis to evaluate a soil's ability to 
sustain plant growth. 
 
Emulsion:  A mixture in which a liquid, termed the dispersed phase, is 
uniformly distributed (usually as minute globules) in another liquid, called the 
continuous phase or dispersion medium.  In an oil-water emulsion, the oil is the 
dispersed phase and the water the dispersion medium; in a water-oil emulsion, 
the reverse holds.  For example emulsions occur during production processes 
where crude oil is prepared for pipeline transportation. 
 
Exploration:  The search for reservoirs of oil and gas, including aerial and 
geophysical surveys, geological studies, core testing, and the drilling of 
exploratory wells, also known as wildcats. 
 
Exchangeable Sodium Percentage (ESP):  The extent to which the 
absorption complex of a soil is occupied by sodium. 
 

ESP  = exchangeable sodium  x 100 
     cation exchange capacity 

 
Where the units for both the numerator and denominator are in milliequivalents 
per 100 grams of soil. 
 

F 
 
FAQs – “Frequently Asked Questions” reference document created, updated, 
and made publically available by a state that clarifies issues involving the 
delineation of responsibilities between a state’s air quality program and oil and 
gas program. 
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FField:  A geographic area in which a number of oil or gas wells produce from a 
continuous reservoir.  A field may refer to surface area only or to underground 
productive formations as well.  In a single field, there may be several separate 
reservoirs at varying depths. 
 
Formation:  A bed or deposit composed throughout substantially the same 
kinds of rock; a lithologic unit.  Each different formation is given a name, 
frequently as a result of the study of the formation outcrop at the surface and 
sometimes based on fossils found in the formation, and is sometimes based on 
electric or other bore-hole log characteristics. 
 
Formation Water:  The original water in place in a formation at the time 
production commences. 
 
Fracturing:  A method of stimulating production by increasing the permeability 
of the producing formation.  Under hydraulic pressure, a fluid is pumped down 
the well and out into the formation.  The fluid enters the formation and parts or 
fractures it. 
 
Fracturing Fluids:  The fluids used to hydraulically fracture a rock formation.  
In some cases, a proppant is deposited in the fractures by the fracturing fluid, 
which is subsequently pumped out and recovered. 
 

G 
 
Gas Processing Plant:  A plant for the processing of natural gas, by other 
than solely mechanical means, for the extraction of natural gas liquids, and/or 
the fractionation of the liquids into natural gas liquid produces such as ethane, 
butane, propane, and natural gasoline. 
 
Gas Treating Plant:  A plant for the purification of natural gas (e.g., the 
removal of water and/or acid gases such as hydrogen sulfide) and recovery of 
condensate. 
 
Generator: Any person whose act first creates or produces a waste. 
 
Groundwater:  Water below the land surface where there is sufficient water 
present to completely saturate the soil or rock. 
 
Groundwater Monitoring:  Sampling and analysis of groundwater for the 
purpose of detecting the release on contaminants. 
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HH 

 
Hazardous Waste: A waste with properties that make it dangerous or capable 
of having a harmful effect on human health and the environment.  Under the 
RCRA program, hazardous wastes are specifically defined as wastes that meet a 
particular listing description or that exhibit a characteristic of hazardous waste. 
 
Hydrocarbon:  Organic compound of hydrogen and carbon, whose densities, 
boiling points, and freezing points increase as their molecular weights increase.  
Although composed of only two elements, hydrocarbons exist in a variety of 
compounds because of the strong affinity of the carbon atom for other atoms 
and for itself.  The smallest molecules of hydrocarbons are gaseous; the largest 
are solid. 
 

I 
 
Ignitabil ity (RCRA):  The characteristic which identifies wastes that can readily 
catch fire and sustain combustion.  The hazardous characteristic of ignitability for 
purposes of RCRA is defined in 40 CFR 261.21 and is generally a liquid with a 
flash point less than 140 F., a non-liquid that causes fire under a friction 
condition, an ignitable compressed gas, or is an oxidizer. 
 

L 
 
Land Disposal: For purposes of RCRA Subtitle C regulation, placement in or 
on the land, except in a corrective action unit, and includes, but is not limited to, 
placement in a landfill, surface impoundment, waste pile, injection well, land 
treatment facility, salt dome formation, salt bed formation. underground mine or 
cave, or placement in a concrete vault or bunker intended for disposal purposes.  
 
Landfil l :  For purposes of RCRA Subtitle C, a disposal unit where non-liquid 
hazardous waste is placed in or on the land. 
 
Lease:  A legal document executed between a landowner (or a lessor) and a 
company or individual as lessee, that grants the right to exploit the premises for 
minerals or other products.  The lease is sometimes referred to as the area 
where production wells, stock tanks, separators, and production equipment are 
located.  
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LLegally and Practicably Enforceable – All terms or conditions included in 
a permit issued under a federally approved program – including delegated 
authority – authorizing EPA to enforce such terms or conditions.  Federally 
enforceable programs under the CAA include, but are not limited to, the New 
Source Review program, the New Source Performance Standards program under 
Section 111 of the CAA, the Title IV acid rain program, the National Emission 
Standards for Hazardous Air Pollutants program under Section 112 of the CAA, 
the Title V program, and state permit programs approved by EPA in the state’s 
SIP. 
 
Liner:  Continuous layer of natural or synthetic materials, beneath and on the 
sides of a surface impoundment, landfill, or landfill cell, which restricts the 
downward or lateral escape of waste, waste constituents, or leachate. 
 
Listed wastes: Wastes that are considered hazardous under RCRA because 
they meet specific listing descriptions. 
 
Loading Criteria:  A numeric level, normally expressed in pounds per acre, 
below which a specific chemical compound may be applied to the soil. 
 
Location:  Place at which a well is to be or has been drilled. 
 

M 
 
Mixture Rule: A rule that is intended to ensure the regulation of mixture of 
listed wastes with non-hazardous solid wastes.  
 
Molecular Sieve:  Absorbents that are used to remove small amounts of H2S 
and/or water from natural gas, capable of being regenerated. 
 
Municipal Solid Waste: Durable goods (e.g. appliances, tires, batteries), 
non-durable goods (e.g. newspapers, books, magazines), containers and 
packaging, food wastes, yard trimmings, and miscellaneous organic wastes from 
residential, commercial and industrial non-process sources. 
 

N 
 
National Ambient Air Quality Standards (NAAQS) – Nationwide air 
quality levels, promulgated pursuant to section 109 of the CAA ,42 U.S.C. § 
7409, for six criteria pollutants – sulfur dioxide, particulate matter, nitrogen 
oxide, carbon monoxide, ozone, and lead – of which a state is responsible for 
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achieving, maintaining, and enforcing pursuant to section 110 of the CAA, 42 
U.S.C. § 7410, through its approved SIP for each given pollutant.   
 
NNational Emissions Standards for Hazardous Air Pollutants – 
Nationally applicable standards under section 112(b) the CAA, 42 U.S.C. § 
7412(b), for emissions of hazardous air pollutants listed under section 112(d) the 
CAA, 42 U.S.C. § 7412(d), that apply to major and area stationary sources as 
defined under section 112 of the CAA, 42 U.S.C. § 7412. 
 
Natural Gas:  Naturally occurring mixture of hydrocarbon and non-
hydrocarbon gases found in geologic formations beneath the earth's surface.  
The principal hydrocarbon constituent is methane. 
 
New Source Performance Standards – Nationwide technology-based 
emissions standards for new or modified stationary sources in specified industrial 
source categories promulgated pursuant to section 111 the CAA, 42 U.S.C. § 
7411.  The standards reflect the degree of emission limitation achievable 
through the application of the best system of emission reduction, taking into 
account the cost of achieving such reduction and any health and environmental 
impact and energy requirements, that EPA determines is adequately 
demonstrated.   
 

O 
 
Operator:  The person or company, either proprietor, contractor, or lessee, 
actually operating a well, lease, or disposal facility. 
 

P 
 
Permeability:  The ability of a formation to transmit fluids. 
 
pH:  A measure of acidity or alkalinity of a solution, numerically equal to 7 for 
neutral solutions, increasing with increasing alkalinity and decreasing with 
increasing acidity. 
 
Plug and Abandon (P&A or Plugging):  The placement into a well of a 
plug or plugs designed to restrict the vertical movement of fluids after 
abandonment. 
 
Process Upsets – unintended mode of operation of a unit which could result 
in impaired functionality. 
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PProduced Sand:  The formation solids which flow into the wellbore with the 
produced formation fluids.  In general, the lower the formation competency, the 
greater the produced sand volumes. 
 
Produced Water:  The fluid brought up from the hydrocarbon-bearing strata 
during the extraction of oil or gas.  It can include formation water, injection 
water, and any chemicals added downhole or during the oil/water separation 
process. 
 
Production:  The phase of the petroleum industry that deals with bringing the 
well-fluids to the surface and separating them, and with storing, gauging, and 
otherwise preparing the product for sale. 
 

Q 
 
QA/QC – “Quality Assurance/Quality Control” are criteria and procedures that 
must satisfied to ensure the quality of data and the calibration, repair, and 
evaluation of air quality monitoring instruments. 
 

R 
 
Reactivity:  The characteristic identifying wastes that readily explode or 
undergo violent reactions.  The hazardous characteristic of reactivity for 
purposes of RCRA is defined in 40 CFR 261.23 and generally includes wastes 
with highly exothermic reactions or wastes which create toxic gases when mixed 
with water.  
 
Reclaimed: For purposes of defining a material as a solid waste under RCRA 
Subtitle C, a material is reclaimed if it is processed to recover a usable product, 
or regenerated by processing it in a way that restores it to usable condition. 
 
Reclamation:  The process of returning a site or contaminated soil to an 
appropriate state of environmental acceptability.  
 
Recycled: For purposes of defining a material as a solid waste under RCRA 
Subtitle C, a material is recycled if it is used or reused, or reclaimed.  
 
Recycling: The separation and collection of wastes, their subsequent 
transformation or remanufacture into usable or marketable products or 
materials, and the purchase of products made from recyclable materials. 
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RReservoir:  A subsurface, porous, permeable rock body in which oil or gas or 
both are stored.  Most reservoir rocks are limestones, dolomites, sandstones, or 
a combination of these.  The three basic types of hydrocarbon reservoirs are oil, 
gas, and condensate.  An oil reservoir generally contains three fluids; gas, oil, 
and water-with-oil, the dominant product.  In the typical oil reservoir, these 
fluids occur in different phases because of the variance in their gravities.  Gas, 
the lightest, occupies the upper part of the reservoir rocks; water, the lower part; 
and oil, the intermediate section.  In addition to occurring as a cap or in 
solution, gas may accumulate independently of the oil; if so, the reservoir is 
called a gas reservoir.  Associated with the gas, in most instances, are salt water 
and some oil.  In a condensate reservoir, the hydrocarbons may exist as a gas, 
but when brought to the surface, some of the heavier constituents condense to 
a liquid or condensate.  At the surface, the hydrocarbons from a condensate 
reservoir consist of gas and a high-gravity crude (i.e., the condensate).  
Condensate wells are sometimes called gas-condensate reservoirs. 
 

S 
 
Safe Drinking Water Act (SDWA): The act designed to protect the nation’s 
drinking water supply by establishing national drinking water standards 
(maximum contaminant levels, (MCL’s), or specific treatment techniques), and by 
regulating UIC wells. 
 
Salinity:  The quantitative level of salt in an aqueous medium. 
 
Salt Section:  A formation, or part of a formation, which is predominately 
made up of salt; typically sodium chloride. 
 
Sodium Absorption Ration (SAR):  A ratio of the concentration of sodium 
to the square root of the sum of the concentrations of calcium and magnesium. 
 

                                 Na+          
SAR= -[Ca+ + Mg2+]       

 
Where the cation concentrations are in millimoles per liter.  It is a measurement 
frequently used in soil analysis to evaluate a soil's ability to sustain plant growth. 
 
Solid Waste: Any garbage; refuse; sludge from a wastewater treatment plant, 
water supply treatment plant, or air pollution control facility; and other 
discarded material, including solid, liquid, semisolid or contained gaseous 
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material resulting from industrial, commercial, mining, and agricultural 
operations and from community activities.  For the purposes of hazardous waste 
regulation, a solid waste is a material that is discarded by being either 
abandoned, inherently waste-like, a certain waste military munition, or recycled. 
 
SSolids Separation Equipment:  Equipment used in drilling and 
workover/completion operations to remove drill cutting or formation solids from 
the drilling or workover/completion fluid.  May include liquid/solids separation 
devices such as shale shakers, hydrocyclones, centrifuges, and filtration units.   
 
SPCC:  Spill prevention Control and Countermeasures.  Regulations 
establishing spill prevention procedures and equipment requirements for non-
transportation related facilities with certain above-ground or underground 
storage capacities (e.g., crude oil tanks) that could reasonably be expected to 
discharge oil into or upon the navigable waters of the United States or adjoining 
shorelines.  
 
Spent Materials: Materials that have been used and can no longer serve the 
purpose for which they were produced without processing. 
 
State Implementation Plan (SIP) – The body of air quality rules including, 
but not limited to, enforceable source-specific emissions limitations, monitoring 
plans, and permit programs established by each state which are designed to 
either attain or maintain the NAAQS and to implement other requirements 
established by the Clean Air.  Each state’s SIP must include, at a minimum, the 
elements prescribed under CAA section 110(a)(2), 42 U.S.C. § 7410(a)(2), and 
must be approved by EPA before it becomes effective. 
 
Subtitle C:  That portion of the Resource Conservation and Recovery Act 
(RCRA) which defines and legislates the management of hazardous wastes.    
 
Sweetening – The removal of hydrogen sulfide and other organosulfur 
compounds from “sour” natural gas.  Natural gas is considered “sour” if it 
contains hydrogen sulfide in amounts greater than 5.7 milligrams per normal 
cubic meters.  
 

T 
 
Tank Bottoms:  Produced sand, formation solids, and/or emulsions that settle-
out in production operation process vessels. 
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TTitle V Permit Program – A federally mandated operating permit program 
under the CAA that requires implementation by the states.  See generally 42 
U.S.C. §§ 7661-7661f; 40 C.F.R. Parts 70 and 71.  The Title V permit program 
applies to: all “major sources” as that term is defined in CAA section 501(2), 42 
U.S.C. § 7661(2); sources subject to a standard or regulation under the NSPS 
program, 42 U.S.C. § 7411, or the NESHAP program, 42 U.S.C. § 7412; 
“affected” sources under the Acid Rain Program; sources required to have a 
PSD or NSR permit; and any other sources as designated by EPA.  See  40 
C.F.R. § 70.3 (applicability of Title V program).  Title V permits consolidate all of 
these applicable CAA requirements into one legally enforceable document. 
 
Topography:  The physical features of a district or region, such as are 
represented on maps, taken collectively; especially the relief and contour of the 
land. 
 
Toxicity:  The characteristic which identifies wastes that are likely to leak 
dangerous concentrations of toxic chemicals into groundwater.  The hazardous 
characteristic of toxicity for purposes of RCRA is defined in 40 CFR 261.24 and 
includes eight metal and thirty-one organic compounds.  The toxicity 
characteristic is determined in accordance with a prescribed test procedure (the 
toxicity characteristic leaching procedure -TCLP).  
 
Toxicity Characteristic Leaching Procedure (TCLP): A lab procedure 
designed to predict whether a particular waste is likely to leach chemicals into 
groundwater at dangerous levels. 
 
Transporter: A person engaged in the off-site transportation of waste.  
 
Treatment: Any method, technique, or process designed to physically, 
chemically, or biologically change the nature of a hazardous waste. 
 
Treatment, Storage and Disposal Facil it ies: Facilities engaged in the 
treatment, storage, or disposal of hazardous waste.  These facilities are the last 
link in the cradle-to-grave hazardous waste management system. 
 

U 
 
Underground Source of Drinking Water (USDW):  An aquifer which 
supplies drinking water for human consumption or for any public water system, 
or contains fewer than 10,000 mg per liter total dissolved solids, and does not 
contain minerals or hydrocarbons that are commercially producible, and is 
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situated at a depth or location which makes the recovery of water for drinking 
water purposes economically or technologically practical.  While EPA defines an 
USDW as containing less than 10,000 mg per liter TDS, certain states, such as 
California and Texas, have adopted a 3,000 mg per liter TDS definition for the 
Class II UIC injection well programs. 
 
UUniversal Wastes: Commonly referred to as recycled wastes with special 
management provisions intended to facilitate recycling.  There are three 
categories of universal wastes; hazardous waste batteries; hazardous waste 
pesticides that have been recalled or collected in waste pesticide collection 
programs; and hazardous waste thermostats. 
 
Used Oil: Any oil that has been refined from crude or synthetic oil that has 
been used, and as a result of such use, is contaminated by physical or chemical 
impurities. 
 

V 
 
Vadose Zone:  A subsurface soil zone that contains suspended water.  The 
vadose zone is above the zone of continuous water saturation. 
 

W 
 
Waste Minimization: The reduction, to the extent feasible, in the amount of 
waste generated prior to any treatment, storage, or disposal of the waste.  
Because waste minimization efforts eliminate waste before it is generated, 
disposal costs may be reduced, and the impact on the environment may be 
lessened. 
 
Waterflood:  A method used to enhance oil recovery in which water is injected 
into a reservoir to remove additional quantities of oil that have been left behind 
after the primary recovery.  Usually, a waterflood involves the injection of water 
into strategically placed wells so that it sweeps through the reservoir and moves 
remaining oil to the producing wells. 
 
Workover:  One or more of a variety of remedial operations performed on a 
producing well to try to increase production.  Examples of workover operations 
are deepening, plugging back, pulling and resetting the liner, squeeze-
cementing, perforating additional horizons, etc. 
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WWorkover Fluid:  A special fluid used to keep a well under control when it is 
being worked over.  A workover fluid is composed carefully so it will not cause 
formation damage.  Also used to stimulate a well to enhance productive 
capacity such as a frac fluid, acid, etc. 
 
Workover Wastes:  Wastes resulting from well workover operations.  The 
wastes usually include workover fluids, similar to drilling fluids and could include 
various small volume wastes such as tubing scale, wax/paraffin, and cleaning or 
painting wastes. 
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Special Notes

API publications necessarily address problems of a general nature. With respect to particular circumstances, local, 
state, and federal laws and regulations should be reviewed.

Neither API nor any of API's employees, subcontractors, consultants, committees, or other assignees make any 
warranty or representation, either express or implied, with respect to the accuracy, completeness, or usefulness of the 
information contained herein, or assume any liability or responsibility for any use, or the results of such use, of any 
information or process disclosed in this publication. Neither API nor any of API's employees, subcontractors, 
consultants, or other assignees represent that use of this publication would not infringe upon privately owned rights.

Users of this guidance document should not rely exclusively on the information contained in this document. Sound 
business, scientific, engineering, and safety judgment should be used in employing the information contained herein.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to warn and properly train and 
equip their employees, and others exposed, concerning health and safety risks and precautions, nor undertaking their 
obligations to comply with authorities having jurisdiction.

Information concerning safety and health risks and proper precautions with respect to particular materials and 
conditions should be obtained from the employer, the manufacturer or supplier of that material, or the material safety 
datasheet.

Where applicable, authorities having jurisdiction should be consulted.

Work sites and equipment operations may differ. Users are solely responsible for assessing their specific equipment 
and premises in determining the appropriateness of applying the publication.  At all times users should employ sound 
business, scientific, engineering, and judgment safety when using this publication.

API publications may be used by anyone desiring to do so.  Every effort has been made by the Institute to assure the 
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or 
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or 
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may 
conflict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating 
practices. These publications are not intended to obviate the need for applying sound engineering judgment 
regarding when and where these publications should be utilized. The formulation and publication of API publications 
is not intended in any way to inhibit anyone from using any other practices.

All rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any means, 
electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher. Contact the 

Publisher, API Publishing Services, 1220 L Street, NW, Washington, DC 20005.

Copyright © 2009 American Petroleum Institute
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Foreword

Nothing contained in any API publication is to be construed as granting any right, by implication or otherwise, for the 
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything 
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

Shall: As used in a publication, “shall” denotes a minimum requirement in order to conform to the publication.

Should: As used in a publication, “should” denotes a recommendation or that which is advised but not required in 
order to conform to the specification. 

Suggested revisions are invited and should be submitted to the Standards Department, API, 1220 L Street, NW, 
Washington, DC 20005, standards@api.org.

iii
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Hydraulic Fracturing Operations—Well Construction and Integrity Guidelines

1 Scope 

The purpose of this guidance document is to provide guidance and highlight industry recommended practices for well 
construction and integrity for wells that will be hydraulically fractured. The guidance provided here will help to ensure 
that shallow groundwater aquifers and the environment will be protected, while also enabling economically viable 
development of oil and natural gas resources. This document is intended to apply equally to wells in either vertical, 
directional, or horizontal configurations. 

Many aspects of drilling, completing, and operating oil and natural gas wells are not addressed in this document but 
are the subject of other API documents and industry literature (see Bibliography). Companies should always consider 
these documents, as applicable, in planning their operations.

Maintaining well integrity is a key design principle and design feature of all oil and gas production wells. Maintaining 
well integrity is essential for the two following reasons.

1) To isolate the internal conduit of the well from the surface and subsurface environment. This is critical in 
protecting the environment, including the groundwater, and in enabling well drilling and production. 

2) To isolate and contain the well’s produced fluid to a production conduit within the well. 

Although there is some variability in the details of well construction because of varying geologic, environmental, and 
operational settings, the basic practices in constructing a reliable well are similar. These practices are the result of 
operators gaining knowledge based on years of experience and technology development and improvement. These 
experiences and practices are communicated and shared via academic training, professional and trade associations, 
extensive literature and documents and, very importantly, industry standards and recommended practices. 

2 Normative References

The following referenced documents are indispensable for the application of this document. For dated references, 
only the edition cited applies. For undated references, the latest edition of the referenced document (including any 
amendments) applies.

API Specification 5B, Specification for Threading, Gauging, and Thread Inspection of Casing, Tubing, and Line Pipe 
Threads

API Specification 5CT/ISO 11960, Specification for Casing and Tubing

API Specification 10A/ISO 10426-1, Specification for Cements and Materials for Well Cementing

API Recommended Practice 10B-2/ISO 10426-2, Recommended Practice for Testing Well Cements

API Recommended Practice 10D-2/ISO 10427-2, Recommended Practice for Centralizer Placement and Stop Collar 
Testing

API Technical Report 10TR1, Cement Sheath Evaluation

API Technical Report 10TR4, Technical Report on Considerations Regarding Selection of Centralizers for Primary 
Cementing Operations
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API Recommended Practice 65-2, Isolating Potential Flow Zones During Well Construction

NOTE   API RP 65-2 was under development at the time of publication of API HF1. However, given its subject matter, API felt is 
was appropriate to include as a reference. API RP 65-2 will provide guidance on well planning, drilling and cementing practices, 
and formation integrity pressure testing. Upon publication, API RP 65-2 will be available at www.api.org/publications, and will serve 
as a valuable reference for use in conjunction with API HF1.

API Recommended Practice 90, Annular Casing Pressure Management for Offshore Wells

3 General Principles

3.1 Protecting Groundwater and the Environment

All oil and natural gas exploration, development, and production operations are conducted to ensure that the 
environment, in particular underground sources of drinking water (USDWs a, or groundwater), is protected. Statutes 
and regulations have been implemented in every oil and gas producing state of the United States to ensure that oil 
and natural gas operations are conducted in an environmentally responsible fashion. While these regulations differ 
from state to state in their details, their general intent and environmental objectives are consistent (IOGCC [1], 2007).

Groundwater is protected from the contents of the well during drilling, hydraulic fracturing, and production operations 
by a combination of steel casing and cement sheaths, and other mechanical isolation devices installed as a part of the 
well construction process. It is important to understand that the impermeable rock formations that lie between the 
hydrocarbon producing formations and the groundwater have isolated the groundwater over millions of years. The 
construction of the well is done to prevent communication (the migration and/or transport of fluids between these 
subsurface layers).

The primary method used for protecting groundwater during drilling operations consists of drilling the wellbore through 
the groundwater aquifers, immediately installing a steel pipe (called casing), and cementing this steel pipe into place. 
All state drilling regulations specifically address groundwater protection, including requirements for the surface casing 
to be set below the lowest groundwater aquifer, or USDW (DOE [2], 2009 and IOGCC [1], 2007). The steel casing 
protects the zones from material inside the wellbore during subsequent drilling operations and, in combination with 
other steel casing and cement sheaths that are subsequently installed, protects the groundwater with multiple layers 
of protection for the life of the well.

The subsurface zone or formation containing hydrocarbons produces into the well, and that production is contained 
within the well all the way to the surface. This containment is what is meant by the term “well integrity.” Moreover, 
regular monitoring takes place during drilling and production operations to ensure that these operations proceed 
within established parameters and in accordance with the well design, well plan, and permit requirements. Finally, the 
integrity of well construction is periodically tested to ensure its integrity is maintained. The monitoring activities that 
should be conducted prior to and during well construction and over the life of the well will be described in more detail 
in Section 10. 

3.2 Well Design and Construction

Drilling and completing an oil and/or gas well consists of several sequential activities. A list of these activities appears 
below, and those that are addressed in this guidance document are shown in bold. In sequential order, these activities 
are as follows:

— building the location and installing fluid handling equipment,

a A USDW is defined in federal statute (40 CFR 144.3) as any “aquifer that: (1) supplies a public water system; or (2) contains a 
sufficient quantity of water to supply a public water system and currently supplies drinking water for human consumption or 
contains fewer than 10,000 mg/L of total dissolved solids.” In addition, it cannot be an exempted aquifer. See http://
www.epa.gov/region5/water/uic/glossary.htm. “Groundwater” could include other subsurface waters that do not meet these 
criteria.
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— setting up the drilling rig and ancillary equipment and testing all equipment,

— drilling the hole,

— logging the hole (running electrical and other instruments in the well) (see note),

— running casing (steel pipe) (see note),

— cementing the casing (see note),

— logging the casing (see note),

— removing the drilling rig and ancillary equipment,

— perforating the casing (depending on completion type),

— hydraulic fracturing or stimulating the well,

— installing artificial lift equipment (if necessary),

— install surface production equipment,

— putting the well on production,

— monitoring well performance and integrity,

— reclaiming the parts of the drilling location that are no longer needed and removing equipment no longer used.

NOTE   These activities may be conducted multiple times while drilling a well.

Production wells, by necessity, must penetrate the sealing formations above the target hydrocarbon reservoir. This 
fact alone means stringent analysis and execution of well construction and integrity is of key importance in eliminating 
potential leak paths. For 75 years the industry has successfully drilled and produced wells using modern drilling 
techniques. Continuous improvements in technology and practices have allowed these wells to maintain their integrity 
and provide the required isolation.

The ultimate goal of the well design is to ensure the environmentally sound, safe production of hydrocarbons by 
containing them inside the well, protecting groundwater resources, isolating the productive formations from other 
formations, and by proper execution of hydraulic fractures and other stimulation operations. The well design and 
construction must ensure no leaks occur through or between any casing strings. The fluids produced from the well 
(oil, water, and gas) must travel directly from the producing zone to the surface inside the well conduit. 

The design basis for well construction emphasizes barrier performance and zonal isolation using the fundamentals of 
wellbore preparation, mud removal, casing running, and cement placement to provide barriers that prevent fluid 
migration. The selection of the materials for cementing and casing are important, but are secondary to the process of 
cement placement. The performance of the barrier system to protect groundwater and isolate the hydrocarbon 
bearing zones is of utmost importance.

All well designs and well plans include contingency planning. Although seldom needed, these contingency plans are 
in place to mitigate and eliminate the risk failure due to unplanned events, and most importantly, to ensure the 
protection of people and the environment. 
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3.3 The Drilling and Completion Process

Drilling a typical oil or gas well consists of several cycles of drilling, running casing (steel pipe for well construction), 
and cementing the casing in place to ensure isolation. In each cycle, steel casing is installed in sequentially smaller 
sizes inside the previous installed casing string. The last cycle of the well construction is well completion, which can 
include perforating and hydraulic fracturing or other stimulation techniques depending on the well type.

Drilling a well utilizes the drill string, consisting of drill bit, drill collars (heavy weight pipe to put weight on the bit), and 
drill pipe. The drill string is assembled and run into the hole, but suspended at the surface from the drilling derrick or 
mast. The drill string is then rotated by the use of a turntable (rotary table), top drive unit, or downhole motor drive. 

While drilling, fluid is circulated down the drill string and up the space between the drill string and hole. This drilling 
fluid serves to lubricate the drilling assembly, remove the formation cuttings drilled, maintain pressure control of the 
well, and stabilize the hole being drilled. Drilling fluid is generally a mixture of water, clays, fluid loss control additives, 
density control additives, and viscosifiers. Drilling fluid is a carefully monitored and controlled mixture designed to 
achieve best drilling results. 

Referring to Figure 1, the first hole to be drilled is for installing the conductor pipe. The conductor pipe can also be 
driven into place, like a structural piling, in some circumstances. This is followed by the sequentially deeper holes 
drilled to install the surface casing, intermediate casing (if necessary), and the production casing. Specific 
considerations for each of these casing strings are presented in Section 7. It is important to note that the shallow 
portions of the well have multiple concentric strings of steel casing installed. 

In some areas, the general design shown in Figure 1 may be altered because of local environmental or geologic 
conditions. As such, state regulations vary to achieve the level of isolation and protection needed in different settings. 
For example, the number of intermediate casing strings is determined by the geologic conditions present in the well 
being drilled.

Horizontal wells are wells that are drilled vertically to a point and then redirected to run substantially horizontally within 
the targeted hydrocarbon producing formation. The vertical portion of a horizontal well is drilled the same way as 
vertical wells described above. However, the horizontal portion of the hole is drilled with a downhole motor in virtually 
all cases. While drilling the horizontal section of the well, the downhole motor, which operates using the hydraulic 
pressure of the drilling fluid, turns the drill bit. Downhole motors are “steerable,” meaning their direction of drilling can 
be controlled from the surface to stay within the target formation. 

4 Casing Guidance

The design and selection of the casing is of utmost importance. The casing must be able to withstand the various 
compressive, tensional, and bending forces that are exerted while running in the hole, as well as the collapse and 
burst pressures that it might be subjected to during different phases of the well’s life. For example, during cementing 
operations, the casing must withstand the hydrostatic forces exerted by the cement column; after cementation, the 
casing must withstand the collapsing pressures of certain subsurface formations. These subsurface pressures exist 
regardless of the presence of hydrocarbons.

Design of the steel casing strings is a key part of the well design and a key factor in well success, including assurance 
of zonal isolation and wellbore integrity. It is the prime responsibility of operating companies, drilling contractors, and 
their drilling engineers and supervisors to design and review the design of the casing, as well as the plan to run and 
install the casing during well construction. Casing design and running are carefully executed technical processes.

Casing is threaded on each end, and has a coupling installed to join it to the next pipe. When several joints of casing 
have been screwed together they form a continuous “string” of casing that will isolate the hole. When screwing 
together a casing connection, applying the proper amount of torque is important. Too much torque overstresses the 
connection and can result in failure of the connection. Too little torque can result in a leaky connection.

WRITTEN STATEMENTS (not from Hearing)



HYDRAULIC FRACTURING OPERATIONS—WELL CONSTRUCTION AND INTEGRITY GUIDELINES 5

Casing used in oil and gas wells that will be hydraulically fractured should meet API standards, including API Spec 
5CT. API casing specifications and recommended practices cover the design, manufacturing, testing, and 
transportation. Casing manufactured to API specifications must meet strict requirements for compression, tension, 
collapse, and burst resistance, quality, and consistency. The casing used in a well should be designed to withstand 
the anticipated hydraulic fracturing pressure, production pressures, corrosive conditions, and other factors. If used or 
reconditioned casing is installed in a well that will be hydraulically fractured, it should be tested to ensure that it meets 
API performance requirements for new built casing.

Casing and coupling threads should meet API standards and specifications to ensure performance, quality, and 
consistency, including API Spec 5B. If proprietary casing and coupling threads from a specialized supplier are used, 
these threads must also pass rigorous testing done by the supplier and should adhere to applicable subsets of the 
API qualification tests.

5 Cementing the Casing

5.1 General

After the casing has been run into the drilled hole, it must be cemented in place. This is a critical part of well 
construction and is a fully designed and engineered process. The purpose of cementing the casing is to provide zonal 
isolation between different formations, including full isolation of the groundwater and to provide structural support of 
the well. Cement is fundamental in maintaining integrity throughout the life of the well and part of corrosion protection 
for casing.

Cementing is accomplished by pumping the cement (commonly known as slurry) down the inside of the casing, and 
circulating it back up the outside of the casing. Top and bottom rubber wiper plugs should be used to minimize mixing 
of cement with drilling fluid while it is being pumped. A downhole schematic of a cement job in progress is illustrated 
in Figure 2.

Figure 1—Typical Well Schematic
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Figure 2—Cementing the Casing
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5.2 Cement Selection

Oilfield cements are engineered products that are covered by API technical specifications, recommended practices, 
and technical reports. The cements and cement additives selected and the cementing practices utilized are an 
integral part of sound well design, construction, and well integrity. Various cements and cement additives are 
available for use. Appropriate API standards should be consulted in the selection and use of cementing products, 
including API Spec 10A and API RP 10B-2. Selected cements, additives, and mixing fluid should be laboratory tested 
in advance to ensure they meet the requirements of the well design. 

Specifications and recommended practices for cementing operations, developed by API and others, are well 
documented and available to all companies drilling wells. These standards should be followed by operators in all 
wells. A general list of good cementing practices is provided in 5.4.

5.3 Zone Isolation

Placement of the cement completely around the casing and at the proper height above the bottom of the drilled hole 
(cement top) is one of the primary factors in achieving successful zone isolation and integrity. Good isolation requires 
complete annular filling and tight cement interfaces with the formation and casing. Complete displacement of drilling 
fluid by cement and good bonding of the cement interfaces between the drilled hole and the casing immediately 
above the hydrocarbon formation are key parts of well integrity and seal integrity. The absence of voids and good 
bonding of cement at these interfaces prevent migration paths and establish zone isolation. 

5.4 Cementing Practices

The following cement practices are recommended in order to ensure that isolation is achieved.

— Prior to drilling, operators should investigate and review the history of nearby wells for cementing problems 
encountered, e.g. lost returns, irregular hole erosion, poor hole cleaning, poor cement displacement, etc.

— Computer simulation and other planning should be carried out in order to optimize cement placement 
procedures.

— Operators should use established, effective drilling practices to achieve a uniform, stable wellbore with desired 
hole geometry.

— Operators should ensure that the drilling fluid selection is appropriate for the designed well and the geologic 
conditions likely to be encountered.

— Casing hardware, including float equipment, centralizers, cement baskets, wiper plugs (top and bottom), and 
stage tools should be selected as necessary as part of the well design that will meet the cement design objective 
and challenges and ensure isolation.

— Casing centralizers should be selected to help center the casing in the hole and provide for good mud removal 
and cement placement, especially in critical areas, such as casing shoes, production zones, and groundwater 
aquifers (see 5.5).

— Appropriate cement testing procedures should be properly carried out by the service company personnel (see 
API RP 10B-2). Cement slurry design should include testing to measure the following parameters depending on 
site-specific geologic conditions.

— Critical Parameters—Recommended for all situations:

> slurry density;

WRITTEN STATEMENTS (not from Hearing)



8 API GUIDANCE DOCUMENT HF1

> thickening time;

> fluid loss control;

> free fluid;

> compressive strength development;

> fluid compatibility (cement, mix fluid, mud, spacer).

— Secondary Parameters—Recommended for use as appropriate to address specific well conditions:

> sedimentation control;

> expansion or shrinkage of set cement;

> static gel strength development;

> mechanical properties (Young’s Modulus, Poisson’s Ratio, etc.).

— Cement job design should include proper cement spacer design and volume. In many cases, cement placement 
is a two-stage process that uses a “lead” cement of lower density and a “tail” cement of higher density and 
compressive strength. Typically, the tail cement is used to isolate critical intervals in the well.

— The operator should ensure proper wellbore preparation, hole cleaning, and conditioning with wiper trips prior to 
the cement job.

— Rotation and reciprocation of casing should be considered where appropriate to improve mud removal and 
cement placement.

— Service providers should ensure proper mixing, blending, and pumping of the cement in the field.

5.5 Casing Centralizers

Centralization of the casing is important for mud removal and cement placement that help to ensure a good cement 
job. The casing should be centralized in the hole in order to ensure that it will be completely surrounded or encased 
by cement during cementing operations and achieve the required isolation. 

Casing centralizers are devices that are attached to the outside of the casing to keep the casing centered in the hole, 
and when the casing is cemented, this will allow the cement to completely surround the casing in a continuous 
sheath. There are three different kinds of centralizers: the bow-spring design, the rigid blade design, and the solid 
design. API RP 10D-2 and API TR 10TR4 address calculations determining the number and placement of 
centralizers in vertical and deviated wellbores and centralizer selection guidelines, respectively.

Casing centralizers should be used in wells. Computer programs are available that can be used to optimize the 
number of centralizers needed and their placement within a well.

6 Well Logging and Other Testing

6.1 General

Well logs are critical data gathering tools used in formation evaluation, well design, and construction. Also, various 
types of mechanical integrity and hydraulic pressure tests can be used to assess well integrity during the construction 
of the well. This section describes various types of well logs and other testing and the type of information that can be 
gathered.
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6.2 Open-hole Well Logging

After drilling of the hole is completed, and before casing is installed and cementing operations begin, electrical and 
other instruments are often run in the drilled hole on an electric cable in an operation called well logging. When well 
logging is carried out prior to setting casing, it is called open-hole logging. Open-hole logging is used for many 
purposes, including locating and evaluating the hydrocarbon producing formations. The types of logs that are run in a 
well are carefully selected by geologists at the time the well is designed. Common logging tools used for evaluation 
include the following log types.

— Gamma Ray—A device that detects naturally occurring gamma radiation.

— Resistivity—Measures the electrical resistance between probes on the logging tool in the wellbore. Usually at 
least three resistivity logs are run, but up to 10 may be run; the difference being the distance between the probes. 
The radius of investigation is increased with the distance between probes. 

— Density—A device used to measure the bulk density of, and, by inference, the porosity of the formation. 

— Caliper—A physical measurement of the diameter of the wellbore. A caliper log run through a wellbore is used to 
calculate the hole size and volume of the wellbore, and therefore provides critical data that is used in the design 
of the cement job.

Logging produces valuable information on all formations logged, which is useful in optimizing the well design and 
drilling operation. Logging determines the actual depth and thickness of the subsurface formations in the drilled hole. 
This allows installation of casing strings in exactly the right place to achieve the well design objectives and to properly 
achieve the isolation benefits of the casing and cement. 

Many other types of logging tools are available and may be run on a case specific basis.

6.3 Cement Integrity (Cased-hole) Logging

After cementing the casing, “cased-hole” logs can be run inside the casing. These logs usually include the gamma ray 
(described above), a collar locator (a magnetic device that detects the casing collars), and a cement bond log (CBL) 
that measures the presence of cement and the quality of the cement bond or seal between the casing and the 
formation. 

The CBL is an acoustic device that can detect cemented or noncemented casing. The CBL works by transmitting a 
sound or vibration signal, and then recording the amplitude of the arrival signal. Casing that has no cement 
surrounding it (i.e. free pipe) will have large amplitude acoustic signal because the energy remains in the pipe. On the 
other hand, casing that has a good cement sheath that fills the annular space between the casing and the formation 
will have a much smaller amplitude signal since the casing is “acoustically coupled” with the cement and the formation 
which causes the acoustic energy to be absorbed. It is precisely this coupling which is the main feature that creates 
the desired isolation. 

The variable density log (VDL) is a display that is commonly shown with the CBL, and is a display of the wave train of 
an acoustic signal. 

An experienced engineer can easily identify the key features of the cement operation, such as top of cement and the 
location of the casing collars using data derived from the various well logs that have been run. For example, when the 
well is perforated, a gamma-ray detector will be run in the hole with the perforating guns, and the exact location of the 
perforating guns with respect to the formations is known by comparison with the gamma-ray response of the open-
hole log and the CBL.
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The CBL-VDL is the most common type of cement evaluation tool that is used, but other types of cement evaluation 
tools are available and, depending on the situation, should be considered as a part of a comprehensive cement 
evaluation program. Information on the various types of cement evaluation tools can be found in API TR 10TR1. 

A key result of the cased-hole logging program is to know the exact location of the casing, casing collars, and quality 
of the cement job relative to each other and relative to the subsurface formation locations. This is important in 
determining that the well drilling construction is adequate and achieves the desired design objectives. It is also useful 
information in subsequent checks of well integrity and seals over the productive life of the well. 

6.4 Other Testing and Information

It is important to remember that the quality of a cement job cannot be fully evaluated without other supporting data. All 
of the available well information is reviewed thoroughly when assessing the integrity of a well’s cement job. Such 
information includes drilling reports, drilling fluid reports, cement design and related laboratory reports, open-hole log 
information including caliper logs, cement placement information including centralizer program, placement 
simulations and job logs, results of mechanical integrity tests performed on the well, and other information. The 
effectiveness of a cement seal should also be tested with various hydraulic pressure tests to ensure well integrity.

7 Well Construction Guidelines

7.1 General

Well design and construction are generally considered to have four main components and are focused around the 
various casing strings used: conductor, surface, intermediate, and production. This section discusses considerations 
for each casing string that should be included in well design and construction. It is important to note that because of 
varying geologic conditions, state regulations are developed to meet the particular need of that state and are not 
uniform throughout the United States. However, the general principles of groundwater protection through zone 
isolation are maintained.

All casing setting depths are determined in advance as part of the drilling plan. The depth of each casing string is 
critical in assuring isolation, meeting regulatory requirements, achieving a well system with integrity to support the rest 
of the drilling operation, and to contain any pressures that might occur inside the well. The actual length of the casing 
strings is carefully adjusted as the well is drilled based on measurements and data from the drilling process. This 
includes the results of logs (see Section 7), drill cuttings analysis, and analysis of pressures and drilling loads while 
drilling.

A frequent discussion point is whether cement is required to be placed back to surface on each casing string. This is 
necessary only in some cases and is fully considered in the well design and addressed by state regulations. Specific 
recommendations for each casing string are given below.

A general recommendation applicable to all casing strings is that after the cement is set and prior to commencing 
further drilling or completion operations, the cement surrounding the casing shoe should have a compressive strength 
of at least 500 psi and should achieve 1200 psi in 48 hours at bottomhole conditions. However, for production casing 
the cement should be tested to ensure that it is adequate to withstand the anticipated hydraulic fracturing pressure.

In addition, each casing string, except the conductor casing, should be pressure tested prior to “drill out.” The test 
pressure will vary depending on the casing string, depth, and other factors.

7.2 Conductor Casing

The first casing to be installed in the well is the conductor casing. The conductor casing serves as the foundation for 
the well. Two purposes of the conductor casing are to hold back the unconsolidated surface sediments and isolate 
shallow groundwater. Below the conductor casing there is harder, more consolidated rock. Thus, the conductor pipe 
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keeps the unconsolidated surface sediment in place as the drilling operations proceed. The conductor casing also 
protects the subsequent casing strings from corrosion and may be used to structurally support some of the wellhead 
load. Requirements for the conductor hole vary by state and area.

The conductor hole is usually drilled, with steel casing inserted into the hole and cemented in place using proper 
cementing practices and in accordance with the well design. There are instances where it is appropriate to “hammer” 
the conductor casing into place, which means it is driven directly into the ground just like a structural pile for buildings 
and bridges. The conductor hole should be drilled using air, freshwater, or freshwater-based drilling fluid. When 
determining the setting depth of the conductor casing, the depth of nearby water wells should be considered. 
Acceptable practice for a particular area is dictated by state regulations.

When cementing conductor casing, cement should be placed back to the surface. If cement cannot be circulated 
back to the surface using ordinary pumping methods, in some cases it is possible to run a small diameter pipe 
between the hole and the conductor casing. Cement can then be pumped around the outside of the surface pipe. This 
type of cement procedure is often called a “top job” or “horse collar.”

7.3 Surface Casing

After the conductor pipe is installed and cemented, the surface hole is drilled and the surface casing is run into the 
hole and cemented in place using proper cementing practices. One of the main purposes of the surface casing is the 
protection (through isolation) of groundwater aquifers. The surface casing is designed to achieve all regulatory 
requirements for isolating groundwater and also to contain pressures that might occur in the subsequent drilling 
process. 

The surface hole is typically drilled to a predetermined depth based on consideration of the deepest groundwater 
resources and pressure control requirements of subsequent drilling. The surface hole should be drilled using air, 
freshwater, or freshwater-based drilling fluid. This setting depth can be from a few hundred feet up to 2000 ft deep or 
more. The surface casing is usually set at a depth sufficient to ensure groundwater protection. State regulations 
dictate the minimal setting depth of surface casing, and the vast majority of states require the casing to be set below 
the deepest groundwater aquifer. At a minimum, it is recommended that surface casing be set at least 100 ft below 
the deepest USDW encountered while drilling the well. 

It is recommended that the surface casing be cemented from the bottom to the top, completely isolating groundwater 
aquifers. As is the case with conductor casing, a “top job” may be necessary in certain situations. In those cases 
where cementation from bottom to top is not required or possible, cementing across all USDWs is recommended. 
This will still provide the required isolation.

In some instances, unique geologic conditions that will not permit the surface casing to be run deep enough to cover 
the deepest groundwater aquifer or preclude the need for surface casing at all. In these cases, zone isolation should 
be achieved through additional strings or a combination of surface, intermediate, and/or production casing and 
cementing as appropriate.

After the surface casing cement has achieved the appropriate compressive strength and prior to drilling out, the 
surface casing should be pressure tested (commonly known as a casing pressure test). This test should be 
conducted at a pressure that will determine if the casing integrity is adequate to meet the well design and construction 
objectives.

In addition, immediately after drilling out of the surface casing plus a short interval of new formation below the surface 
casing shoe, a formation pressure integrity test (also known as a “shoe test” or “leak-off test”) should be performed. If 
the test results of the formation pressure integrity test are inadequate, remedial measures should be undertaken as 
appropriate.
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7.4 Intermediate Casing

After the surface hole has been drilled and the surface casing has been set and properly cemented, drilling of the 
intermediate hole can commence. The purpose of drilling the intermediate hole and running casing is to isolate 
subsurface formations that may cause borehole instability and to provide protection from abnormally pressured 
subsurface formations. 

In some cases, the well can be drilled from the surface casing to total depth. In these cases, an intermediate casing 
string may not be required. This is determined by the geological setting prior to drilling, and is a part of the well design 
or is determined by data and measurements taken during the drilling process.

In many cases, it is not necessary to cement the intermediate casing back to the surface to provide adequate 
isolation. This is especially true in the cases where the surface casing string and cement are fully protecting the 
groundwater aquifers. Also, in many cases this is not advisable, as attempts to cement intermediate casing back to 
the surface can result in lost circulation. If the intermediate casing is not cemented to the surface, at a minimum the 
cement should extend above any exposed USDW or any hydrocarbon bearing zone.

Depending on the well design, it may be appropriate to run a CBL and/or other diagnostic tool(s) to determine that the 
cement integrity is adequate to meet the well design and construction objectives. 

After the intermediate casing cement has achieved the appropriate compressive strength and prior to drilling out, the 
intermediate casing should be pressure tested (commonly known as a casing pressure test). This test should be 
conducted at a pressure that will determine if the casing integrity is adequate to meet the well design and construction 
objectives.

In addition, immediately after drilling out of the intermediate casing plus a short interval of new formation below the 
intermediate casing shoe, a formation pressure integrity test (also known as a “shoe test” or “leak-off test”) should be 
performed. If the test results of the formation pressure integrity test are inadequate or indicate a failure, remedial 
measures should be undertaken as appropriate. In particular, in the case of a failure, remedial cementing operations 
should be undertaken as appropriate. This is critical to maintaining well integrity.

7.5 Production Casing

The final hole to be drilled is the hole for the production casing. After the production hole is drilled and logged, 
production casing is run to the total depth of the well and cemented in place using proper cementing practices. The 
purpose of the production casing is to provide the zonal isolation between the producing zone and all other 
subsurface formations, for pumping the hydraulic fracturing fluids and other stimulation techniques from the surface 
into the producing formation without affecting any other geologic horizon in the well. It also contains the downhole 
production equipment (tubing, packer, etc.). Over the life of the well, its most important function is internally containing 
the hydrocarbon production from the producing zone. In most cases, it serves as a secondary barrier for the 
production tubing and packer that are inserted into the production casing in the final completion step.

There are many options for cementation. In most cases, the production string cement does not need to be brought 
completely to the surface. This depends on the geologic setting, well design, and wellbore conditions. In cases where 
intermediate casing is not installed, cementing the production casing to the surface should be considered. At a 
minimum, the tail cement should be brought at least 500 ft above the highest formation where hydraulic fracturing will 
be performed. In all cases, the casing is cemented to achieve the required subsurface isolation between zones. 

Prior to perforating and hydraulic fracturing operations, the production casing should be pressure tested (commonly 
known as a casing pressure test). This test should be conducted at a pressure that will determine if the casing 
integrity is adequate to meet the well design and construction objectives. A CBL and/or other diagnostic tool(s) should 
be run to determine that the cement integrity is adequate to meet the well design and construction objectives. 
Remedial cementing operations should be considered if there is evidence of inadequate cement integrity.
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7.6 Horizontal Wells

Drilling and completing horizontal wells is an evolving technology. Horizontal wells offer benefits that improve the 
production performance for certain types of producing formations. Horizontal wells also allow operators to develop 
resources with significantly fewer wells than may be required with vertical wells. Operators can drill multiple horizontal 
wells from a single surface location, thereby, reducing the cumulative surface impact of the development operation. 
However, horizontal wells are significantly more expensive to drill and maintain. In some areas, the typical cost of a 
horizontal well may be two to three times the cost of a vertical well.

As discussed earlier, horizontal wells are typically drilled vertically to a “kick-off” point where the drill bit is gradually 
turned from vertical to horizontal. Figure 3 illustrates a vertical and horizontal well for comparison. So the 
considerations and recommendations for setting conductor, surface, intermediate production casing strings are the 
same as those for vertical wells.

In horizontal wells, an “open-hole” completion is an alternative to setting the casing through the producing formation 
to the total depth of the well. In this case, the bottom of the production casing is installed at the top of the productive 
formation or open-hole section of the well. In this alternative, the producing portion of the well is the horizontal portion 
of the hole and it is entirely in the producing formation. In some instances, a short section of steel casing that runs up 
into the production casing, but not back to the surface, may be installed. Alternatively, a slotted or preperforated steel 
casing may be installed in the open-hole portion. These alternatives are generally called a “production liner,” and are 
typically not cemented into place. 

In the case of an open-hole completion, tail cement should extend above the top of the confining formation (the 
formation that limits the vertical growth of the fracture). 

Figure 3—Example of a Horizontal and Vertical Well
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8 Perforating

A perforation is the hole created between the casing or liner into the reservoir (subsurface hydrocarbon bearing 
formation). This hole creates communication to the inside of the production casing, and is the hole through which oil 
or gas is produced. By far the most common perforating method utilizes jet perforating guns that are loaded with 
specialized shaped explosive charges. 

Figure 4 illustrates the perforation process. The shaped charge is detonated and a jet of very hot, high-pressure gas 
vaporizes the steel pipe, cement, and formation in its path. The result is an isolated tunnel that connects the inside of 
the production casing to the formation. These tunnels are isolated by the cement. Additionally, the producing zone 
itself is isolated outside the production casing by the cement above and below the zone. 

Figure 4—Perforation
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9 Hydraulic Fracturing

9.1 General

Hydraulic fracturing is a well stimulation technique that has been employed in the oil and gas industry since 1947. 
Very low permeability formations such as fine sand and shale tend to have fine grains (limited porosity) and few 
interconnected pores (low permeability). Permeability represents the ability for a fluid to flow through a (somewhat) 
porous rock. In order for natural gas or oil to be produced from low permeability reservoirs, individual molecules of 
fluid must find their way through a tortuous path to the well. Without hydraulic fracturing, this process would produce 
too little oil and/or gas and the cost to drill and complete the well would be could not be justified by this low rate of 
production.

A wellbore of a “traditional” nonfractured well is schematically represented in the top part of Figure 5, where the red 
arrows represent the flow of fluid to the circle which represents the well. However, by creating an artificial fracture, 
individual molecules that are a long distance from the well can find their way to the fracture, and once there, can travel 
quickly through the fracture to the well. This situation is represented in the lower part of Figure 5.

The process of hydraulic fracturing increases the exposed area of the producing formation, creating a high 
conductivity path that extends from the wellbore through a targeted hydrocarbon bearing formation for a significant 
distance, so that hydrocarbons and other fluids can flow more easily from the formation rock, into the fracture, and 
ultimately to the wellbore. Hydraulic fracturing treatments are designed by specialists and utilize state-of-the-art 
software programs and are an integral part of the design and construction of the well. Pretreatment quality control and 
testing is carried out in order to ensure a high-quality outcome.

During hydraulic fracturing, fluid is pumped into the production casing, through the perforations (or open hole), and 
into the targeted formation at pressures high enough to cause the rock within the targeted formation to fracture. In the 
field, this is known as “breaking down” the formation. 

As high-pressure fluid injection continues, this fracture can continue to grow, or propagate. The rate at which fluid is 
pumped must be fast enough that the pressure necessary to propagate the fracture is maintained. This pressure is 
known as the propagation pressure or extension pressure. As the fracture continues to propagate, a proppant, such 
as sand, is added to the fluid. When pumping is stopped, and the excess pressure is removed, the fracture attempts 
to close. The proppant will keep the fracture open, allowing fluids to then flow more readily through this higher 
permeability fracture.

Figure  5—Illustration of a Fractured and a Nonfractured Well

“N atura l” C om ple tion

H ydrau lic F racture C om ple tion
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During the hydraulic fracturing process, some of the fracturing fluid may leave the fracture and enter the targeted 
formation adjacent to the created fracture (i.e. untreated formation). This phenomenon is known as fluid leak-off. The 
fluid flows into the micropore or pore spaces of the formation or into existing natural fractures in the formation or into 
small fractures opened and propagated into the formation by the pressure in the induced fracture. 

As one would expect, the fracture will propagate along the path of least resistance. Certain predictable characteristics 
or physical properties regarding the path of least resistance have been recognized since hydraulic fracturing was first 
conducted in the oilfield in 1947. These properties are discussed below.

9.2 Horizontal Fractures

Hydraulic fractures are formed in the direction perpendicular to the least stress. In Figure 6, an imaginary cube of rock 
is shown as having confining stress exerted on it in three dimensions. Each pair of opposing stresses must be equal 
in order for the cube to remain stationary in space. The relative size of the arrows represents the magnitude of the 
confining stress. In Figure 7, the least stress is in the vertical direction. This direction is known as the direction of 
overburden, referring to the weight of the earth that lies above. The Earth’s overburden pressure is the least principal 
stress only at shallow depth. Based on experience, horizontal fractures will occur at depths less than 2000 ft.

In this example, when pressure is applied to the center of this block, the formation will crack or fracture in the 
horizontal plane as shown, because it will be easier to part the rock in this direction than any other direction. In 
general, these fractures are parallel to the bedding plane of the formation.

9.3 Vertical Fractures

As depth increases, overburden stress in the vertical direction increases by approximately 1 psi/ft. As the stress in the 
vertical direction becomes greater with depth, the overburden stress (stress in the vertical direction) becomes the 
greatest stress. This situation generally occurs at depths greater than 2000 ft. This is represented in Figure 7 by the 
magnitude of the arrows, where the least stress is represented by the small red horizontal arrows, and the induced 
fracture will be perpendicular to this stress, or in the vertical orientation.

Since hydraulically induced fractures are formed in the direction perpendicular to the least stress, as depicted in 
Figure 7, the resulting fracture would be oriented in the vertical direction. 

The extent that the created fracture will propagate in the vertical direction toward a USDW is controlled by the upper 
confining zone or formation. This zone will stop the vertical growth of a fracture because it either possess sufficient 
strength or elasticity to contain the pressure of the injected fluids. 

9.4 Hydraulic Fracturing Process

In order to carry out hydraulic fracturing operations, a fluid must be pumped into the well’s production casing at high 
pressure. It is necessary that production casing has been installed and cemented and that it is capable of 
withstanding the pressure that it will be subjected to during hydraulic fracture operations. In some cases, the 
production casing will never be exposed to high pressure except during hydraulic fracturing. In these cases, a high-
pressure “frac string” may be used to pump the fluids into the well to isolate the production casing from the high 
treatment pressure. Once the hydraulic fracturing operations are complete, the frac string is removed. 

The well operator or the operator’s designated representative should be on site throughout the hydraulic fracturing 
process. Prior to beginning the hydraulic fracture treatment, all equipment should be tested to make sure it is in good 
operating condition. All high-pressure lines leading from the pump trucks to the wellhead should be pressure tested to 
the maximum treating pressure. Any leaks must be eliminated prior to initiation of the hydraulic fracture treatment. 
After this, the final safety and operational meetings should be conducted. 
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Figure  6—Least Principal Stress is in the Vertical Direction Resulting in a Horizontal Fracture

Figure 7—Least Principal Stress in the Horizontal Direction, Vertical Fracture
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When these conditions are met, the well is ready for the hydraulic fracturing process. In the field, the process is called 
the “treatment” or the “job.” The process is carried out in predetermined stages that can be altered depending on the 
site-specific conditions or if necessary during the treatment. In general, these stages can be described as follows.

— Pad—The pad is the first stage of the job. The fracture is initiated in the targeted formation during the initial 
pumping of the pad. From this point forward, the fracture is propagated into the formation. Typically, no proppant 
is pumped during the pad; however, in some cases, very small amounts of sand may be added in short bursts in 
order to abrade or fully open the perforations. Another purpose of the pad is to provide enough fluid volume 
within the fracture to account for fluid leak-off into the targeted formations that could occur throughout the 
treatment. 

— Proppant Stages—After the pad is pumped, the next stages will contain varying concentrations of proppant. The 
most common proppant is ordinary sand that has been sieved to a particular size. Other specialized proppants 
include sintered bauxite, which has an extremely high crushing strength, and ceramic proppant, which is an 
intermediate strength proppant. 

— Displacement—The purpose of the displacement is to flush the previous sand laden stage to a depth just above 
the perforations. This is done so that the pipe is not left full of sand, and so that most of the proppant pumped will 
end up in the fractures created in the targeted formation. Sometimes called the flush, the displacement stage is 
where the last fluid is pumped into the well. Sometimes this fluid is plain water with no additives, or it may be the 
same fluid that has been pumped into the well up to that point in time. 

In wells with long producing intervals (e.g. horizontal wells), this process may be done in multiple stages or cycles, 
working from the bottom to the top of the productive interval. Staging the treatments allows for better control and 
monitoring of the fracture process.

9.5 Hydraulic Fracturing Equipment and Materials

The hydraulic fracturing process requires an array of specialized equipment and materials. This section will describe 
the materials and equipment that are necessary to carry out typical hydraulic fracture operations in vertical and 
horizontal wells. 

The equipment required to carry out a hydraulic fracturing treatment includes fluid storage tanks, proppant transport 
equipment, blending equipment, pumping equipment, and all ancillary equipment such as hoses, piping, valves, and 
manifolds. Hydraulic fracturing service companies also provide specialized monitoring and control equipment that is 
necessary in order to carry out a successful treatment. Each of these components will be discussed below. Figure 8 is 
a diagram showing schematically how this equipment typically functions together. 

During the fracture treatment, data are being collected from the various units, and sent to monitoring equipment; in 
some cases this is a “frac van.” Data being measured include fluid rate coming from the storage tanks, slurry rate 
being delivered to the high-pressure pumps, wellhead treatment pressure, density of the slurry, sand concentration, 
chemical rate, etc.

10 Data Collection, Analysis, and Monitoring

10.1 General

The purpose of this section is to discuss what types of data collection, analysis, and monitoring activities should be 
carried out in order to ensure successful hydraulic fracture treatment and that groundwater aquifers are protected. 
Hydraulic fracturing treatments are designed using computer modeling so that the induced fractures remain below the 
upper confining formation. The dimensions, extent, and geometry of the induced fractures are controlled by pump 
rate, pressure, volume, and viscosity of the fracturing fluid. Fracture monitoring techniques provide confirmation of 
fracturing coverage, and allow the refinement of the computer models and enhancements to procedures for future 
operations.
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Data collection, analysis, and monitoring can be divided into the following activities:

— baseline assessment,

— “mini frac” treatment and analysis,

— monitoring during hydraulic fracturing operations,

— post-hydraulic fracturing monitoring techniques,

— post-completion monitoring.

10.2 Baseline Assessment

Once the location for a well has been selected and before it is drilled, water samples from any source of water located 
nearby should be obtained and tested in accordance with applicable regulatory requirements. This would include 
rivers, creeks, lakes, ponds, and water wells. If testing was not done prior to drilling, it should be done prior to 
hydraulically fracturing a well. The area of sampling should be based on the anticipated fracture length plus a safety 
factor. 

This procedure will establish the baseline conditions in the surface and groundwater prior to any drilling or hydraulic 
fracturing operations. If subsequent testing reveals changes, this baseline data will allow the operator to determine 
the potential sources causing any changes. Because the constituents of the hydraulic fracturing fluid are known, a 
determination can be made regarding the source of the changes in the groundwater composition. However, it is 
important to note that changes to groundwater composition can come from other sources not related to drilling, 
hydraulic fracturing, or oil and natural gas development activities.

10.3 “Mini frac” Treatment and Analysis

In many cases, prior to the pad being pumped into the well to begin a fracturing job, an extended “pre-pad” stage is 
pumped so that certain diagnostic studies may be performed which, depending on the results, could alter how the rest 
of the hydraulic fracture treatment is executed. This is commonly known as a “mini frac.” The data gathered during the 
mini frac is analyzed, any needed adjustments to the planned job are made and the results are used to refine 
computer models. 

10.4 Monitoring During Hydraulic Fracturing Operations

10.4.1 Treatment Parameter Monitoring

Good process monitoring and quality control during the hydraulic fracture treatment is essential for carrying out a 
successful treatment and for protection of the groundwater. There are certain monitoring parameters that should be 
observed in virtually all hydraulic fracture treatments, and others that are employed from time to time based on site-
specific needs. As mentioned previously, sophisticated software should be used to design hydraulic fracture 
treatments prior to their execution. The same software should be used during the treatment to monitor and control 
treatment progression and fracture geometry in real time. During the hydraulic fracture treatment, certain parameters 
should be continuously monitored. These would include surface injection pressure (psi), slurry rate (bpm), proppant 
concentration (ppa), fluid rate (bpm), and, sand or proppant rate (lb/min). 

The data that is collected is used to refine computer models used to plan future hydraulic fracture treatments. In areas 
with significant experience in performing hydraulic fracture treatments, the data that is collected in a particular area on 
previous fracture treatments is a good indicator of what should happen during the treatment. 
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10.4.2 Pressure Monitoring

Pressure is normally measured at the pump and in the pipe that connects the pump to the wellhead. If the annulus 
between the production casing and the intermediate casing has not been cemented to the surface, the pressure in the 
annular space should be monitored and controlled. Pressure behavior throughout the hydraulic fracture treatment 
should be monitored so that any unexplained deviation from the pretreatment design can be immediately detected 
and analyzed before operations continue. Typically, variations are within normal ranges, and slight adjustments to the 
original design may be made as operations proceed, based on real-time data obtained from the process monitoring. 
Pressure exerted on equipment should not exceed the working pressure rating of the weakest component. 

Unexpected or unusual pressure behavior during the hydraulic fracturing process could indicate some type of 
problem. Some problems such as a leak in the casing string are immediately apparent, and if this is the case, it is 
possible to shut down the treatment as soon as this occurs. The intermediate casing annulus should be equipped with 
an appropriately sized and tested relief valve. The relief valve should be set so that the pressure exerted on the 
casing does not exceed the working pressure rating of the casing. The flow line from the relief valve should be 
secured and diverted to a lined pit or tank.

10.4.3 Tiltmeter and Microseismic Monitoring

Fracture monitoring using microseismic and tiltmeter surveys is not used on every well, but is commonly used to 
evaluate new techniques, refine the effectiveness of fracturing techniques in new areas, and in calibrating hydraulic 
fracturing computer models.

A number of technologies have been developed or adapted to improve industry’s ability to monitor hydraulic fracturing 
operations. For example, hydraulic fracture mapping utilizing tiltmeters has been employed since the 1980s. A 
tiltmeter is a device that measures the change in the inclination in the earth’s surface. Initially, investigations centered 
on determining the direct propagation of a hydraulic fracture. Advances in the sensitivity of the tiltmeter instruments, 
capable of measuring changes of inclination as small as a nanoradian, and in computer processing power and speed, 
now allow tiltmeter data to be monitored in real time.

A recent technological development, known as microseismic mapping, now allows operators to monitor microseismic 
events associated with hydraulic fracture growth in three dimensions in real time. Microseismic mapping requires a 
geophone array to be placed in an observation well, and utilizes the energy of the fracturing process to make a map 
of the resulting microseismic events. By processing seismic events observed in a nearby observation well, the 
location of the microseismic events can be calculated using standard seismic technologies. Microseismic monitoring 
provides a way to evaluate critical hydraulic fracturing parameters such as vertical extent, lateral extent, azimuth, and 
fracture complexity. This represents a tool that operators can use so that the lateral and vertical extent of fracturing 
can be maintained within the desired reservoir unit and the results can be used to verify and fine tune computer 
models used to predict hydraulic fracture performance in an area.

In some cases, the integration of tiltmeter and microseismic technologies has been utilized to achieve real time 
mapping of a hydraulic fracture treatment in progress. Operators can utilize these technologies in real time to decide 
when to end one fracturing stage and proceed with the next one. For example, if the microseismic map indicates that 
the fracture may soon be nearing the edge of the targeted hydrocarbon formation, that stage of the fracture treatment 
can be terminated and the next stage of the fracture treatment can be initiated.

10.5 Post-hydraulic Fracturing Monitoring Techniques

Prior to a hydraulic fracturing treatment, the proppant, usually sand, may be “tagged” with a tracer. After the proppant 
has been pumped into the formation, a cased-hole log, capable of detecting the tracer, is run. The purpose of this 
procedure is to further confirm that the placement of the proppant was as it was intended. The radius of investigation 
of this type of log is relatively small, on the order of a few feet at best, but it does yield information indicating which 
perforations accepted proppant, and how the fracture grew immediately outside the perforations. 
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Another post-fracture cased-hole logging technique is a temperature log. This log can be run in conjunction with the 
tracer log described above. The temperature log measures the variations in temperature throughout the section of 
interest. The hydraulic fracturing fluid is typically at the ambient temperature of the surface, and the formation 
temperature at a depth of 7500 ft may be as high as 200 °F. As a result, the formation is cooled considerably during 
the fracture treatment. By running a temperature log, engineers can determine which perforations accepted fracturing 
fluid and gain some insight regarding fracture growth immediately outside the casing.

It is important to note that the use of the post-hydraulic fracturing monitoring techniques described above is declining 
with the advent of sophisticated computer modeling techniques.

10.6 Post-completion Monitoring

Throughout the life of a producing well, the well conditions should be monitored on an ongoing basis to ensure 
integrity of the well and well equipment. Mechanical integrity pressure monitoring is used to determine the mechanical 
integrity of tubulars and other well equipment when the well is producing and during fracturing operations. 

Initially during well drilling, positive pressure tests that are part of normal well construction determine the casing and 
casing shoe integrity—as noted earlier in this document. During well fracturing, casing integrity is inferred by showing 
there is no leakage into the “A” annulus (if a frac string is used), or between the “A” annulus and “B” annulus by 
monitoring these pressures. After fracturing and upon final completion the tubing/packer integrity is demonstrated by 
showing there is no leakage of injected fluids through the tubing or packer into the “A” annulus causing pressure 
buildup. 

It is important to monitor these annular pressures during production to determine if there are potential leaks. If an 
annulus is being charged with gas, an analysis of the gas content may give an indication of the source and the nature 
of a potential leak.

Maximum and minimum allowable annular surface pressures should be assigned to all annuli and these should 
consider the gradient of the fluid in each. These upper and lower limits establish the safe working range of pressures 
for normal operation in the well’s current service and should be considered “do not exceed” limits. 

Wellhead seal tests are conducted to test the mechanical integrity of the sealing elements (including valve gates and 
seats) and determine if they are capable of sealing against well pressure. If non-normal pressures are noted in an 
annulus, a repressure test of the wellhead seal system can help determine if the source of communication is in the 
surface in the wellhead system.

When equipment is removed from a well or depressurized for maintenance, a breakdown or visual inspection should 
be conducted to document the condition of the equipment after being in service. For example, if tubing is pulled from 
a well, it can be inspected for corrosion/erosion damage. While the tubing is out of the well, a casing inspection log 
can be considered to verify the casing condition.

Regular visits by lease operators/well pumpers should identify any abnormal well conditions and should be used to 
monitor well pressures. This regular inspection of the casing head equipment and annulus pressures will readily 
indicate any leaks between any of the casing strings. In addition to wellhead pressures, gas, oil, and water production 
rates should be regularly monitored. This data is can be analyzed by engineers and help identify any anomalous 
behavior or problems. 

API RP 90 covers the monitoring, diagnostic testing, and the establishment of a maximum allowable wellhead 
operating pressure (MAWOP) guidelines. API RP 90 is intended for use as a guide for managing annular casing 
pressure in offshore wells, but the dry tree recommendations are applicable for onshore wells that exhibit annular 
casing pressure, including thermal casing pressure, sustained casing pressure (SCP) and operator-imposed 
pressure. 
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Special Notes

API publications necessarily address problems of a general nature. With respect to particular circumstances, local, 
state, and federal laws and regulations should be reviewed.

Neither API nor any of API's employees, subcontractors, consultants, committees, or other assignees make any 
warranty or representation, either express or implied, with respect to the accuracy, completeness, or usefulness of the 
information contained herein, or assume any liability or responsibility for any use, or the results of such use, of any 
information or process disclosed in this publication. Neither API nor any of API's employees, subcontractors, 
consultants, or other assignees represent that use of this publication would not infringe upon privately owned rights.

Users of this guidance document should not rely exclusively on the information contained in this document. Sound 
business, scientific, engineering, and safety judgment should be used in employing the information contained herein.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to warn and properly train and 
equip their employees, and others exposed, concerning health and safety risks and precautions, nor undertaking their 
obligations to comply with authorities having jurisdiction.

Information concerning safety and health risks and proper precautions with respect to particular materials and 
conditions should be obtained from the employer, the manufacturer or supplier of that material, or the material safety 
datasheet.

Where applicable, authorities having jurisdiction should be consulted.

Work sites and equipment operations may differ. Users are solely responsible for assessing their specific equipment 
and premises in determining the appropriateness of applying the publication.  At all times users should employ sound 
business, scientific, engineering, and judgment safety when using this publication.

API publications may be used by anyone desiring to do so.  Every effort has been made by the Institute to assure the 
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or 
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or 
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may 
conflict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating 
practices. These publications are not intended to obviate the need for applying sound engineering judgment 
regarding when and where these publications should be utilized. The formulation and publication of API publications 
is not intended in any way to inhibit anyone from using any other practices.

All rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any means, 
electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher. Contact the 

Publisher, API Publishing Services, 1220 L Street, NW, Washington, DC 20005.

Copyright © 2010 American Petroleum Institute
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Foreword

Nothing contained in any API publication is to be construed as granting any right, by implication or otherwise, for the 
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything 
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

Shall: As used in a publication, “shall” denotes a minimum requirement in order to conform to the publication.

Should: As used in a publication, “should” denotes a recommendation or that which is advised but not required in 
order to conform to the specification. 

Suggested revisions are invited and should be submitted to the Standards Department, API, 1220 L Street, NW, 
Washington, DC 20005, standards@api.org.
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Executive Summary

Hydraulic fracturing has played an important role in the development of America’s oil and gas resources for nearly 60 
years. In the U.S., an estimated 35,000 wells are hydraulically fractured annually and it is estimated that over one 
million wells have been hydraulically fractured since the first well in the late 1940s. As production from conventional 
oil and gas fields continues to mature and the shift to non-conventional resources increases, the importance of 
hydraulic fracturing will also increase. 

The purpose of this guidance document is to identify and describe many of the current industry best practices used to 
minimize environmental impacts associated with the acquisition, use, management, treatment, and disposal of water 
and other fluids associated with the process of hydraulic fracturing. This document focuses primarily on issues 
associated with the water used for purposes of hydraulic fracturing and does not address other water management 
issues and considerations associated with oil and gas exploration, drilling, and production. It complements two other 
API Documents; one (API Guidance Document HF1, Hydraulic Fracturing Operations—Well Construction and 
Integrity Guidelines, First Edition, October 2009) focused on groundwater protection related to drilling and hydraulic 
fracturing operations, [1] which specifically highlights recommended practices for well construction and integrity of 
hydraulically fractured wells, and the second (API Guidance Document HF3, Surface Environmental Considerations 
Associated with Hydraulic Fracturing, publication pending, but expected in 2nd Quarter of 2010) focused on surface 
environmental issues associated with the hydraulic fracturing process. [2]

This document provides guidance and highlights many of the key considerations to minimize environmental and 
societal impacts associated with the acquisition, use, management, treatment, and disposal of water and other fluids 
used in the hydraulic fracturing process, including the following.

1) Operators should engage in proactive communication with local water planning agencies to ensure oil and gas 
operations do not constrain the resource requirements of local communities and to ensure compliance with all 
regulatory requirements. Understanding local water needs may help in the development of water storage and 
management plans that will be acceptable to the communities neighboring oil and gas operations. Also, this 
proactive communication will help operators in understanding the preferred sources of water to be used for 
hydraulic fracturing by the local planning agency. 

2) Basin-wide hydraulic fracturing planning can be beneficial upon an operator’s entry into a new operating area or 
basin, depending on the scale of the planned operations. The planning effort may include a review of potential 
water resources and wastewater management opportunities that could be used to support hydraulic fracturing 
operations. This review should consider the anticipated volumes of water required for basin-wide fracturing in 
addition to other water requirements for exploration and production operations. Operators should continue to 
engage local water planning agencies when developing their hydraulic fracturing programs and consider a broad 
spectrum of competing water requirements and constraints, such as: location and timing of water withdrawal; water 
source; water transport; fluid handling and storage requirements; flow back water treatment/disposal options; and 
potential for water recycling. 

3) Upon initial development, planning and resource extraction of a new basin, operators should review the available 
information describing water quality characteristics (surface and groundwater) in the area and, if necessary, 
proactively work with state and local regulators to assess the baseline characteristics of local groundwater and 
surface water bodies. Depending on the level of industry involvement in an area, this type of activity may be best 
handled by a regional industry association, joint industry project, or compact. On a site specific basis, pre-drilling 
surface and groundwater sampling/analysis should be considered as a means to provide a better understanding of 
on-site water quality before drilling and hydraulic fracturing operations are initiated. 

4) In evaluating potential water sources for hydraulic fracturing programs, an operator’s decision will depend upon 
volume requirements, regulatory and physical availability, competing uses, discussions with local planning 
agencies, and characteristics of the formation to be fractured (including water quality and compatibility 

vi
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considerations). A hierarchy of potential sources should be developed based upon local conditions. Where 
feasible, priority should be assigned to the use of wastewater from other industrial facilities. 

5) If water supplies are to be obtained from surface water sources, operators should consider potential issues 
associated with the timing and location of withdrawals, being cognizant of sensitive watersheds, historical droughts 
and low flow periods during the year. Operators should also be mindful of periods of the year in which activities 
such as irrigation and other community and industrial needs place additional demands on local water availability. 
Additional considerations may include: potential to maintain a stream’s designated best use; potential impacts to 
downstream wetlands and end-users; potential impacts to fish and wildlife; potential aquifer depletion; and any 
mitigation measures necessary to prevent transfer of invasive species from one surface water body to another.

6) If water supplies are to be obtained from groundwater sources, operators should consider the use of non-potable 
water where feasible and possible. Using water from such sources may alleviate issues associated with 
competition for publicly utilized water resources. Alternatively, the use of non-potable water may increase the depth 
of drilling necessary to reach such resources, and/or the level of treatment necessary to meet specifications for 
hydraulic fracturing operations.

7) On a regional basis, Operators should typically consider the evaluation of waste management and disposal 
practices for fluids within their hydraulic fracturing program. This documented evaluation should include 
information about flow back water characterization and disposition, including consideration of the preferred 
transport method from the well pad (i.e. truck or piping). Operators should review and evaluate practices regarding 
waste management and disposal from the process of hydraulic fracturing, including: The preferred disposition (e.g. 
treatment facility, disposal well, potential reuse, centralized surface impoundment or centralized tank facility) for the 
basin; treatment capabilities and permit requirements for proposed treatment facilities or disposal wells; and the 
location, construction and operational information for proposed centralized flow back impoundments. 

8) When considering preferred transport options, Operators should assess requirements and constraints associated 
with fluid transport. Transportation of water to and from a well site may significantly impact both the cost of drilling 
and operating a well. Alternative strategies should be considered to minimize this expense in addition to potential 
environmental or social impacts. 

9) Operators developing a transportation plan within their hydraulic fracturing program should consider estimated 
truck volumes within a basin, designation of appropriate off road parking/staging areas, and approved 
transportation routes. Measures to reduce or mitigate the impacts of transporting large volumes of fracture fluids 
should be considered. Developing and implementing a detailed fluid transport strategy, as well as working 
collaboratively with local law enforcement, community leaders and area residents, can aid in enhancing safety and 
reducing potential impacts.

10) In developing plans for hydraulic fracturing, Operators should strive to minimize the use of additives. When 
necessary, Operators should assess the feasibility of using more environmentally benign additives. This action 
could help with addressing concerns associated with fracture fluid management, treatment, and disposal. While 
desirable, elimination or substitution of an alternative additive is not always feasible as the performance may not 
provide the same effectiveness as more traditional constituents. 

11) Operators should make it a priority to evaluate potential opportunities for beneficial reuse of flow back and 
produced fluids from hydraulic fracturing, prior to treating for surface discharge or reinjection. Water reuse and/or 
recycling can be a key enabler to large scale future development. Pursuing this option, however, requires 
planning and knowledge of chemical additives likely to be used in hydraulic fracturing operations and the general 
composition of flow back and produced water. Reuse and/or recycling practices require the selection of 
compatible additives, with focused efforts on the use of environmentally benign constituents that do not impede 
water treatment initiatives. The wise selection of additives may enhance the quantity of fluids available and 
provide more options for ultimate use and/or disposal.

vii
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Water Management Associated with Hydraulic Fracturing

1 Scope

The purpose of this guidance document is to identify and describe many of the current industry best practices used to 
minimize environmental and societal impacts associated with the acquisition, use, management, treatment, and 
disposal of water and other fluids associated with the process of hydraulic fracturing. While this document focuses 
primarily on issues associated with hydraulic fracturing pursued in deep shale gas development, it also describes the 
important distinctions related to hydraulic fracturing in other applications. 

Moreover, this guidance document focuses on areas associated with the water used for purposes of hydraulic 
fracturing, and does not address other water management issues and considerations associated with oil and gas 
exploration, drilling, and production. These topics will be addressed in future API documents. [3]

2 Definitions

2.1
aquifer
A subsurface formation that is sufficiently permeable to conduct groundwater and to yield economically significant 
quantities of water to wells and springs.

2.2
basin
A closed geologic structure in which the beds dip toward a central location; the youngest rocks are at the center of a 
basin and are partly or completely ringed by progressively older rocks.

2.3
casing
Steel piping positioned in a wellbore and cemented in place to prevent the soil or rock from caving in. It also serves to 
isolate fluids, such as water, gas, and oil, from the surrounding geologic formations.

2.4
coal bed methane/coal bed natural gas 
CBM/CBNG
A clean-burning natural gas found deep inside and around coal seams. The gas has an affinity to coal and is held in 
place by pressure from groundwater. CBNG is produced by drilling a wellbore into the coal seam(s), pumping out 
large volumes of groundwater to reduce the hydrostatic pressure, allowing the gas to dissociate from the coal and 
flow to the surface.

2.5
completion
The activities and methods to prepare a well for production and following drilling. Includes installation of equipment for 
production from a gas well.

2.6
disposal well
A well which injects produced water into an underground formation for disposal.

2.7
directional drilling
The technique of drilling at an angle from a surface location to reach a target formation not located directly 
underneath the well pad.
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2.8
flow back
The fracture fluids that return to surface after a hydraulic fracture is completed.

2.9
formation (geologic)
A rock body distinguishable from other rock bodies and useful for mapping or description. Formations may be 
combined into groups or subdivided into members.

2.10
fracturing fluids
A mixture of water, proppant (often sand), and additives used to hydraulically induce cracks in the target formation.

2.11
gelling agent
Chemical compounds used to enhance the viscosity and increase the amount of proppant a fracturing fluid can carry.

2.12
groundwater
Subsurface water that is in the zone of saturation; source of water for wells, seepage, and springs. The top surface of 
the groundwater is the “water table.”

2.13
horizontal drilling
A drilling procedure in which the wellbore is drilled vertically to a kickoff depth above the target formation and then 
angled through a wide 90° arc such that the producing portion of the well extends horizontally through the target 
formation.

2.14
hydraulic fracturing
Injecting fracturing fluids into the target formation at a force exceeding the parting pressure of the rock thus inducing 
fractures through which oil or natural gas can flow to the wellbore.

2.15
hydrocarbons
Any of numerous organic compounds, such methane (the primarily component of natural gas), that contain only 
carbon and hydrogen.

2.16
hydrostatic pressure:
The pressure exerted by a fluid at rest due to its inherent physical properties and the amount of pressure being 
exerted on it from outside forces.

2.17
injection well
A well used to inject fluids into an underground formation either for enhanced recovery or disposal.

2.18
naturally occurring radioactive material 
NORM
Low-level, radioactive material that naturally exists in native materials.
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2.19
original gas in place
The entire volume of gas contained in the reservoir, regardless of the ability to produce it.

2.20
perforations
The holes created between the casing and liner into the reservoir (subsurface hydrocarbon bearing formation). These 
holes create the mechanism by which fluid can flow from the reservoir to the inside of the casing, through which oil or 
gas is produced. 

2.21
permeability
A rock’s capacity to transmit a fluid; dependent upon the size and shape of pores and interconnecting pore throats. A 
rock may have significant porosity (many microscopic pores) but have low permeability if the pores are not 
interconnected. Permeability may also exist or be enhanced through fractures that connect the pores.

2.22
porosity
The voids or openings in a rock, generally defined as the ratio of the volume of all the pores in a geologic formation to 
the volume of the entire formation.

2.23
primacy
A right that can be granted to state by the federal government that allows state agencies to implement programs with 
federal oversight. Usually, the states develop their own set of regulations. By statute, states may adopt their own 
standards, however, these must be at least as protective as the federal standards they replace, and may be even 
more protective in order to address local conditions. Once these state programs are approved by the relevant federal 
agency (usually the EPA), the state then has primacy jurisdiction.

2.24
produced water
Any of the many types of water produced from oil and gas wells.

2.25
propping agents/proppant
Silica sand or other particles pumped into a formation during a hydraulic fracturing operation to keep fractures open 
and maintain permeability.

2.26
reclamation
Rehabilitation of a disturbed area to make it acceptable for designated uses. This normally involves regarding, 
replacement of topsoil, revegetation, and other work necessary to restore it.

2.27
reservoir
Subsurface hydrocarbon bearing formation.

2.28
shale gas
Natural gas produced from low permeability shale formations.

2.29
slick water
A water based fluid mixed with friction reducing agents, commonly potassium chloride.
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2.30
solid waste
Any solid, semi-solid, liquid, or contained gaseous material that is intended for disposal.

2.31
stimulation
Any of several processes used to enhance near wellbore permeability and reservoir permeability, including hydraulic 
fracturing

2.32
tight gas
Natural gas trapped in a hard rock, sandstone, or limestone formation that is relatively impermeable.

2.33
total dissolved solids 
TDS
The dry weight of dissolved material, organic and inorganic, contained in water and usually expressed in parts per 
million.

2.34
underground injection control program  
UIC
A program administered by the Environmental Protection Agency, primacy state, or Indian tribe under the Safe 
Drinking Water Act to ensure that subsurface emplacement of fluids does not endanger underground sources of 
drinking water.

2.35
underground source of drinking water 
USDW

Defined in 40 CFR Section 144.3, as follows: “An aquifer or its portion:

(a) (1) Which supplies any public water system; or

(2) Which contains a sufficient quantity of groundwater to supply a public water system;

and

(i) Currently supplies drinking water for human consumption; or

(ii) Contains fewer than 10,000 mg/l total dissolved solids; and

(b) Which is not an exempted aquifer.”

2.36
water quality
The chemical, physical, and biological characteristics of water with respect to its suitability for a particular use.

2.37
watershed
All lands which are enclosed by a continuous hydrologic drainage divide and lay upslope from a specified point on a 
stream.

2.38
well completion
See completion.
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3 Introduction and Overview

Hydraulic fracturing is a process involving the injection of fluids into a subsurface geologic formation containing oil 
and/or gas at a force sufficient to induce fractures through which oil or natural gas can flow to a producing wellbore 
(see Section 2). 

Hydraulic fracturing has played an important role in the development of America’s oil and gas resources for nearly 60 
years. In the U.S., an estimated 35,000 wells are hydraulically fractured annually and it is estimated that over one 
million wells have been hydraulically fractured since the first well in the late 1940s. [4] As production from conventional 
oil and gas fields continues to mature and the shift to nonconventional resources increases, the importance of 
hydraulic fracturing will continue to escalate as new oil and gas supplies are developed from these precious 
resources. The escalating importance of these resources is a testament to America’s increased reliance on natural 
gas supplies from unconventional resources such as gas shale, tight gas sands, and coal beds—all resources that 
generally require hydraulic fracturing to facilitate economically viable natural gas production. [5] In addition, advances 
in hydraulic fracturing have played a key role in the development of domestic oil reserves, such as those found in the 
Bakken shale in Montana and North Dakota. [6]

In fact, very few unconventional gas formations in the U.S. and throughout the world would be economically viable 
without the application of hydraulic fracturing. These very low permeability formations tend to have fine grains with 
few interconnected pores. Permeability is the measurement of a rock or formation’s ability to transmit fluids. In order 
for natural gas to be produced from low permeability reservoirs, individual gas molecules must find their way through 
a tortuous path to the well. Single hydraulic fracture stimulation can increase the pathways for gas flow in a formation 
by several orders of magnitude. [7] 

Water requirements for hydraulically fracturing a well may vary widely, but on average required two to four million 
gallons for deep unconventional shale reservoirs. While these water volumes may seem large, they generally 
represent a very small percentage of total water use in the areas where fracturing operations occur. [8] Water used for 
hydraulic fracturing operations can come from a variety of sources, including surface water bodies, municipal water 
supplies, groundwater, wastewater sources, or be recycled from other sources including previous hydraulic fracturing 
operations. 

Obtaining the water necessary for use in hydraulic fracturing operations can be challenging in some areas, 
particularly in arid regions. Water volumes required for hydraulic fracturing operations are progressively challenging 
operators to find new ways to secure reliable, affordable, supplies. In some areas, operators have opted to build large 
reservoirs to capture water during high runoff events on local rivers when withdrawal is permitted and monitored by 
water resource authorities, or for future use in storing fracture flow back water. Operators have also explored the 
option of using treated produced water from existing wells as a potential supply source for hydraulic fracturing 
operations. The implementation of these practices must conform to local regulatory requirements where operations 
occur.

The management and disposal of water after it is used for hydraulic fracturing operations may present additional 
challenges for operators. After a hydraulic fracture stimulation is complete, the fluids returning to the surface within 
the first seven to fourteen days (often called flow back) will often require treatment for beneficial reuse and/or 
recycling or be disposed of by injection. This water may contain dissolved constituents from the formation itself along 
with some of the fracturing fluid constituents initially pumped into the well. 

State and local governments, along with the operating and service companies involved in hydraulic fracturing 
operations, seek to manage produced water in an effective manner that protects surface and groundwater resources 
while meeting performance specifications. Where possible, operating and service companies seek to reduce future 
demands on available water resources. Existing state oil and gas regulations are typically designed to protect water 
resources through the application of specific programmatic elements such as permitting, well construction, well 
plugging, and temporary abandonment requirements. In addition, state regulatory agencies are customarily charged 
with overseeing requirements associated with water acquisition, management, treatment, and disposal. [9]
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As development of a producing area matures and additional wells are drilled, Operators acquire a better 
understanding of the hydrocarbon-bearing formation and surrounding geology. With this additional knowledge, drilling 
and completion techniques are refined and water use requirements for hydraulic fracturing operations become more 
predictable. 

4 The Hydraulic Fracturing Process

4.1 General

Hydraulic fracturing is a well stimulation technique that has been employed in the oil and gas industry since the late 
1940s. Hydraulic fracturing is intended to increase the exposed flow area of the productive formation and to connect 
this area to the well by creating a highly conductive path extending a carefully planned distance outward from the well 
bore into the targeted hydrocarbon-bearing formation, so that hydrocarbons can flow easily to the well. [10] 

4.2 Hydraulic Fracture Stimulation Design

The design of a hydraulic fracture stimulation takes into consideration the type of geologic formation, anticipated well 
spacing, and the selection of proppant material. Other considerations include the formation temperature and 
pressure, length of the productive interval to be fractured, reservoir depth, formation rock properties, and the type of 
fracture fluid available. Long productive intervals may require the hydraulic fracture stimulation to be pumped in 
several cycles or stages. Each stage of the process is made up of different fluid mixtures that are pumped 
sequentially with the objective of creating and propagating the hydraulic fracture and placing the proppant. As a 
matter of course, it takes less than eight hours to pump one stage of a fracture stimulation and some wells may 
require many stages. Nonetheless, this is a relatively short time period when considering the 30-plus year life 
expectancy for most gas wells in low permeability formations.

4.3 Hydraulic Fracturing Process

The process of hydraulic fracturing involves pumping a mixture of water, with small amounts of additives at high 
pressure into the targeted hydrocarbon formation (see Figure 1 and Figure 2). Sometimes gases like nitrogen or 
carbon dioxide are added to the mixture. Usually the proppant is sand, but other essentially inert materials are used. 
During the process, narrow cracks (fractures) expand outward from the perforations that serve as flowing channels for 
natural gas and/or other hydrocarbons trapped in the formation to move to the wellbore. The main “frac” can have 
small branches connected to it. The placement of proppant keeps the newly created fractures from closing. 

Hydraulic fracturing begins with a transport fluid pumped into the production casing through the perforations and into 
the targeted formation at a sufficient rate and pressure to initiate a fracture; i.e. to crack the rock. This is known as 
“breaking down” the formation and is followed by a fluid “pad” that widens and extends the defined fracture within the 
target formation up to several hundred feet from the wellbore. The expansion of the fractures depends on the 
reservoir and rock properties, boundaries above and below the target zone, the rate at which the fluid is pumped, the 
total volume of fluid pumped, and the viscosity of the fluid.  

In the late 1990s, a technology known as “slickwater fracturing” refined the hydraulic fracturing process to primarily 
enhance the stimulation of shale formations. Slickwater fractures may also be more economically viable, as fewer 
additives (which are a factor in the cost of a hydraulic fracture stimulation, [11,12]) are likely required.

4.4 Chemicals Used in Hydraulic Fracturing

Water is the primary component for most hydraulic fracture treatments, representing the vast majority of the total 
volume of fluid injected during fracturing operations. The proppant is the next largest constituent. Proppant is a 
granular material, usually sand, which is mixed with the fracture fluids to hold or prop open the fractures that allow gas 
and water to flow to the well. Proppant materials are selected based on the strength needed to hold the fracture open 
after the job is completed while maintaining the desired fracture conductivity. 
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In addition to water and proppant other additives are essential to successful fracture stimulation. The chemical 
additives used in the process of hydraulic fracturing typically represent less than 1 % of the volume of the fluid 
pumped (99 % sand and water) during a “hydraulic fracture treatment” and in many cases can be even less (see 
Figure 3). [13] 

Chemical additives may consist of acids, surfactants, biocides, bactericides, pH stabilizers, gel breakers, in addition to 
both clay and iron inhibitors along with corrosion and scale inhibitors. Many of these additives are chemicals generally 
found in common household and food products, clothing, and makeup with an excellent track record of safe use. [14]

While a small number of potential fracture fluid additives (such as benzene, ethylene glycol and naphthalene) have 
been linked to negative health affects at certain exposure levels outside of fracturing operations, these are seldom 
used and/or used in very small quantities. Most additives contained in fracture fluids present very low risks to human 
health and the environment. [15] These additives, along with the characteristics of water in the formation being 
fractured, can often dictate the water management and disposal options that will be technically feasible. [16] 

The fracturing fluid is a carefully formulated product. Service providers vary the design of the fluid based on the 
characteristics of the reservoir formation and specified operator objectives. The composition of the fracturing fluid will 
vary by basin, contractor, and well. Situation-specific challenges that must be addressed include scale buildup, 
bacteria growth, proppant transport, iron content, along with fluid stability and breakdown requirements. Addressing 
each of these criteria may require specific additives to achieve the desired well performance; however, not all wells 
require each category of additives. Furthermore, while there are many different formulas for each type of additive, 
usually only one or a few of each category is required at any particular time. A typical fracture fluid will generally 
include four to six additives, but could require more or less.

Source: U.S. Department of Energy (http://www.netl.doe.gov/technologies/oil-gas/publications/eordrawings/Color/colhf.pdf)

Figure 1—Schematic Representation of a Hydraulic Fracturing Operation
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Figure 2—Schematic Representation of Hydraulically Fractured Reservoir 
From a Horizontal and Vertical Well

Source: Chesapeake Energy Corporation, 2009

Figure 3—Typical Fracture Fluid Composition for Hydraulic Fracturing for a Shale Gas Well
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5 Water Use and Management Associated with Hydraulic Fracturing

5.1 General

Hydraulic fracturing operations require the temporary installation and use of surface water storage equipment,
chemical storage, mixers, pumps, and other equipment at the well site. Additives are normally delivered in a
concentrated (solid or liquid) form, in sealed sacks, tanks, or other containers (see Figure 4). Water is delivered in
tanker trucks or via dedicated waterlines. The water may arrive over a period of days or weeks and may be stored on
site in tanks or lined pits. Blending of the fracture fluid generally occurs as pumping of the fracture stimulation is
underway, so that there is no lengthy on site storage of pre-mixed fracturing fluid. Finally, upon completion of the
fracturing operation, recovered fracture fluids in the flow back water must be separated, contained, treated, disposed
of, and/or reused.

5.2 Planning Considerations

Considerations associated with water acquisition, use, and management in hydraulic fracturing operations can be
categorized in the following different phases.

— Source Water Acquisition—Where will the water supplies needed for hydraulic fracturing operations be
acquired?

— Transport—How does the water get from the source to the well site and from the well site to the point of
treatment and/or disposal?

Source: Chesapeake Energy Corporation, 2008

Figure 4—Hydraulic Fracturing Well Site for a Marcellus Shale Well
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— Storage—What requirements and constraints exist for water storage on site, and how do source water 
considerations and fracture fluid requirements affect storage requirements?

— Use—How will the water be used, what volume is required, and what must be done (e.g. the addition of proppant 
and additives) to achieve the fracturing objectives?

— Treatment and Reuse/Recycle—Can the water produced from the fracturing operation be treated and recycled 
for reuse?

— Treatment and Disposal—If the water is not to be recycled and or reused, what must be done either prior to 
disposal or with any treatment byproducts?

Regulatory requirements often dictate water management options. These include federal, state and local regulatory 
authorities. Along with these regulatory authorities, multi-state and regional water permitting agencies may also be 
responsible for maintaining water quality and supply, such as the Susquehanna River Basin Commission (SRBC) [17]

and/or the Delaware River Basin Commission (DRBC), [18] all authorities may dictate water withdrawal and/or 
disposal options that are available for consideration and use. 

Injection wells that may be used for disposal of flow back water and other produced waters are classified as Class IID 
in EPA’s Underground Injection Control (UIC) program [19] and require state or federal permits. The primary objective 
of the UIC program, whether administered at the state or federal level, is protection of underground sources of 
drinking water (USDWs) (see 2.35). 

In many cases, the responsible authority is a function of the acquisition or disposal option chosen. For example, 
surface water discharge may be regulated by a different agency than subsurface injection. Therefore, regardless of 
the regulatory agency with UIC program authority over subsurface injection, new injection wells will require a permit 
that meets the appropriate state or federal regulatory requirements. 

A report prepared for the U.S. Department of Energy provides a comprehensive, practical guide of state oil and gas 
regulations designed to protect water resources. [20]

5.3 Water Management Drivers

5.3.1 Fluid Requirements for Successful Fracturing

The primary factor influencing water management and disposal associated with hydraulic fracturing relates to the fluid 
requirements for a successful fracturing operation. All phases of water management ultimately depend on the 
requirements the frac fluid properties need for fracturing success. These requirements are the result of the geology, 
the operating environment, the frac design, the scale of the development process, and the results required for total 
project success.

The first step in understanding the management of water for hydraulic fracturing involves asking the question: “What 
does the reservoir rock need, and what will the rock give back after fracturing?” The choice of the fracturing fluid 
dictates the frac design and what types of fracturing fluids and additives are required. The choice of the frac fluid 
dictates the fate and transport of fracturing fluids used in fracturing operations, and how the recovered fluids will need 
to be managed and disposed. [21]

Modern hydraulic fracturing practices are sophisticated, engineered, processes designed to create single fractures or 
multiple fractures in specific rock strata. These hydraulic fracture treatments are controlled and monitored processes 
designed for site specific conditions of the reservoir (see Figure 5). These conditions are based on the target product 
(natural gas or crude oil), the target formation properties and rock fracturing characteristics, the formation water 
characteristics (e.g. some coalbed methane formations are classified as USDWs), the anticipated water production 
(formation water vs fracturing flow back water), and the type of well drilled (horizontal or vertical).
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Understanding the in-situ reservoir conditions is critical to successful stimulations, and in the design of the fracture 
treatment and fluid used. Hydraulic fracturing designs are continually refined, both during the fracture stimulation 
itself, as well as over time as more about fracturing the target formation is learned from experience. Thus, while the 
concepts and general practices are similar, the details of a specific fracture operation can vary substantially from 
resource to resource, from area to area, from operator to operator, and even from well to well. 

The ideal properties of a fracturing fluid relate to its compatibility with the formation rock; its compatibility with the 
formation fluids; its ability to transfer enough pressure throughout the entire fracture to create a wide fracture, and be 
able to transport the proppant into the fracture, while breaking back down to a low viscosity fluid for cleanup after the 
treatment. Finally, and most importantly, the fracture treatment must meet necessary performance specifications.

5.3.2 Factors Influencing Fracturing Fluid Composition

As described in 4.4, there are a wide variety of additives that could be included in the fracturing fluid mix to achieve 
successful fracturing. These could include proppants, gel and foaming agents, salts, acids, and other fluid additives. 
Today, operators and service companies are working to maximize the utilization of environmentally benign additives 
and minimize the amount of additives required.

The characteristics of the resource target determine the required fracture fluid composition. For example, gas shale’s 
may contain various naturally occurring trace metals and compounds that are leached from rocks by acidic water, 
oxidation, and the action of ions found in brines. Numerous compounds have been formed naturally in the shale, and 
a stimulation fluid pumped into a well may require various chemicals to counteract any negative effects these 
compounds may have in the well or the reservoir. Iron compounds found within the Fayetteville shale require an iron 

Source: Advanced Resources International, Inc. (2009)

Figure 5—Control Room Monitoring a Hydraulic Fracture Stimulation
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sequestering agent so that the compounds of iron will not precipitate out of the fracturing fluid and be deposited within 
the pore spaces of the reservoir, reducing the reservoir’s permeability. 

In the Marcellus shale, iron control agents are generally not necessary, but strontium and barium compounds can be 
present in the flow back water. Strontium and barium scales have very little solubility to the acids that would be used 
in an attempt to clean up any scale that occurred in the wellbore or the reservoir. Specialized scale inhibitors are thus 
necessary within the fracturing fluids to eliminate any chance of these scale compounds precipitating out of solution 
before, during, or after a stimulation job. 

Recently developed shale-specific surfactants, combined with friction reducers, have improved the recovery and flow 
back of stimulation water in shale by improving the inhibition of swelling tendencies of clays that are present in the 
rock, lowering the resistance to flow in these typically low-pressure reservoirs. The Fayetteville shale is successfully 
fractured using a cross-linked gel system in very low concentrations with a surfactant, corrosion and scale inhibitors, 
iron and pH control, biocide, acid and sand. The Huron shale of Kentucky is stimulated using nitrogen and sand or 
light weight proppant as the major element of the fracturing fluid formulation.

For dry shales or those shale reservoirs that contain clays, making them particularly sensitive to contact with fresh 
water, foam fracturing—the use of foam as the carrier for the propping agent applied under high pressure—has been 
the predominant method used for stimulation. Such techniques have been employed for over 30 years and the foam 
application continues to be the method of choice. Nitrogen or carbon dioxide gas has also been used when fracturing 
dry shale reservoirs in many basins in the U.S., but success has been limited to relatively shallow shale formations 
that are very brittle.

5.3.3 Fluid Requirements to Minimize Environmental Concerns

When developing hydraulic fracturing plans, in addition to considerations associated with successfully fracturing the 
target formations, operators should carefully consider the fluid management and disposal implications of their fracture 
fluid formulations. The best practice is to use additives that pose minimal risk of possible adverse human health 
effects to the extent possible in delivering needed fracture effectiveness. While desirable, this type of product 
substitution is not currently possible in all situations, since effective alternatives are not available for all additives. 

6 Obtaining Water Supply For Hydraulic Fracturing

6.1 General

A significant part of a hydraulic fracturing operation involves securing access to reliable sources of water, the timing 
associated with this accessibility, and the requirements for obtaining permission to secure these supplies. When 
investigating potential options for securing water supplies to support hydraulic fracturing operations, awareness of 
competing water needs, water management issues, and the full range of permitting and regulatory requirements in a 
region is critical. Consultation with appropriate water management agencies is a must, if not required, since they have 
top level responsibility for the management (including permitting) and protection of water resources. 

Proactive communication with local water planning agencies, and the public where appropriate, should be pursued to 
ensure that oil and gas operations do not disrupt local community water needs. Understanding local water needs can 
help in the development of water acquisition and management plans that will be acceptable to the communities 
neighboring oil and gas developments. Although the water needed for drilling and fracturing operations may represent 
a small volume relative to other requirements, withdrawals associated with large-scale developments, conducted over 
multiple years, may have a cumulative impact to watersheds and/or groundwater. This potential cumulative impact 
can be minimized or avoided by working with local water resource managers to develop a plan of when and where 
withdrawals will occur.
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Operators should conduct a detailed, documented review of the identified water sources available in an area that 
could be used to support hydraulic fracturing operations. Considerations factoring in this review should include:

— evaluating source water requirements,

— fluid handling and storage,

— transportation considerations.

Each of these factors is considered in more detail in 6.2, 6.3 and 6.4.

6.2 Evaluating Source Water Requirements

In evaluating water requirements for hydraulic fracturing, the operator should conduct a comprehensive evaluation of 
cumulative water demand on a programmatic basis, as well as the timing of these needs at an individual well site. 
This should include consideration of the water requirements for drilling operations, dust suppression, and emergency 
response, along with the water requirements for hydraulic fracturing operations. The operator must determine 
whether or not the sources of water are adequate to support the total operation, with water of the desired quality, and 
can be accessed when needed for the planned development program.

Specifically, water supply options for hydraulic fracturing will depend on the amount of water that will be required, in 
aggregate, for the broader, long-term, area-wide development program anticipated. Water sources will need to be 
appropriate for the forecasted pace and level of development anticipated.

Water for hydraulic fracturing may be obtained from:

1) surface water, 

2) groundwater, 

3) municipal water suppliers, 

4) treated wastewater from municipal and industrial treatment facilities, 

5) power plant cooling water, and/or 

6) recycled produced water and/or flow back water. 

The choice will depend upon volume and water quality requirements, regulatory and physical availability, competing 
uses, and characteristics of the formation to be fractured (including water quality and compatibility considerations). If 
possible, wastewater from other industrial facilities should be considered, followed by ground and surface water 
sources (with the preference over non-potable sources over potable sources), with the least desirable (at least for 
long-term, large scale development) being municipal water supplies. However, this will depend on local conditions 
and the availability of ground and surface water resources in proximity to planned operations.

Importantly, not all options may be available for all situations, and the order of preferences can vary from area to area. 
Moreover, for water sources such as industrial wastewater, power plant cooling water, or recycled flow back water 
and/or produced water, additional treatment may be required prior to use for fracturing, which may not be possible or 
feasible and may not deliver the results necessary to assure project success.

Particular issues of concern associated with each of the categories of potential water sources are discussed in more 
detail in 6.2.1 through 6.2.6.
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6.2.1 Surface Water

Many areas draw their principal water supplies from surface water sources, so the large-scale use of this source for 
hydraulic fracturing operations can possibly impact other competing uses and will be of concern to local water 
management authorities and other public officials. In some circumstances there will be a need to identify water supply 
sources capable of meeting the needs for drilling and fracturing water that do not compete or interfere with community 
needs and other existing uses.

Important considerations in evaluating water supply requirements from surface water sources include the volume of 
water supplies required, as well as the sequence and scheduling of acquiring these supplies. Withdrawal from 
surface water bodies, such as rivers, streams, lakes, natural ponds, private stock ponds, etc., may require permits 
from state or multi-state regulatory agencies, as well as landowner permission. In some regions, water rights are also 
a key consideration. [22] In addition, water quality standards and regulations established by these regulatory 
authorities may prohibit any alteration in flow that would impair a fresh surface water body’s highest priority use, which 
is often defined by local water management authorities. Also consideration should be given to ensure Moreover, 
water withdrawals during periods of low stream flow do not affect fish and other aquatic life, fishing and other 
recreational activities, municipal water supplies, and other industrial facilities, such as power plants. 

Water withdrawal permits can require compliance with specific metering, monitoring, reporting, record keeping, and 
other consumptive use requirements, which could include specifications for the minimum quantity of water that must 
pass a specific point downstream of the water intake in order for a withdrawal to occur. In the case where stream flow 
is less than the prescribed minimum quantity, withdrawals may be required to be reduced or cease.

The operator should consider the issues associated with the timing and location of withdrawals since impacted 
watersheds may be sensitive, especially in drought years, during low flow periods during the years, or during periods 
of the year when activities such as irrigation place additional demands on the surface supply of water. In making 
requests for surface water withdrawal, operators should consider the following potential impacts that could control the 
timing and volume available:

— ownership, allocation, or appropriation of existing water resources;

— water volume available for other needs, including public water supply;

— degradation of a stream’s designated best use;

— impacts to downstream habitats and users;

— impacts to fish and wildlife;

— aquifer volume diminishment;

— mitigation measures to prevent transfer of invasive species from one surface water body to another (as a result 
of water withdrawal and subsequent discharge into another surface water body).

State, regional, or local water management authorities may request that the operator identify the source of water to be 
used for supplying hydraulic fracturing operations, and provide information about any newly proposed surface water 
source that has not been previously approved for use. Information that must be supplied could include the withdrawal 
location and the size of the upstream drainage area and available stream gauge data, along with demonstration of 
compliance relative to stream flow standards. For obtaining approval and/or maintaining a good relationship with 
regulatory bodies, local communities, and other stake-holders it is obvious that requests for water withdrawals from 
sensitive watersheds should be carefully considered for their wider impact.

Finally, in some jurisdictions, a variety of permits may be required for the transport of water via pipes, canals or 
streams; as well as by tanker truck. Moreover, equipment or structures used for surface water withdrawal, such as 
standpipes, may also require permits.
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One alternative that could be considered and that may be acceptable to local water management authorities is water 
withdrawal programs that make use of seasonal changes in river flow, in order to capture water when surface water 
flows are greatest. This would likely involve the use of large-scale water diversion and storage impoundments (see 
Figure 6). 

As described in more detail below, additional regulatory requirements are likely to be associated with such facilities. 
Diverting water to storage impoundments during periods of high flow allows withdrawals at a time of peak water 
availability which avoids impacts to municipal drinking water supplies or to aquatic or riparian communities. However, 
operators need to keep in mind that this approach will normally require the development of sufficient water storage 
capabilities to meet the overall requirements of drilling and hydraulic fracturing plans over the course of a season, 
year, or perhaps even over a multi-year period (to plan for possible periods of drought).

Another alternative to ensuring water supply is to use abandoned surface coal mining pits for the storage of water. 
Having more permanent facilities such as this may provide for the installation of a comprehensive water distribution 
system that can be matched to development plans. Of course, the water quality in such impoundments must meet 
with operational requirements and will likely vary depending on the nature of the exposed overburden present in such 
areas. Moreover, these pits must meet all regulatory requirements for such surface impoundments.

Another simple method that can be used is to excavate low lying areas and allow for rain water harvesting. The 
potential use of such a method requires planning as it may take a long time for the excavation to fill up, depending on 
precipitation conditions. This option should be discussed with state, regional, or local water management authorities 
to ensure compliance with stormwater runoff program elements. 

Source: Little Red River Reservoir—Chesapeake Energy Corporation, 2008

Figure 6—Example of Diversion Pond Construction
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6.2.2 Groundwater

Most regulatory programs with jurisdiction over oil and gas operations, have a strong focus on groundwater. 
Withdrawals from groundwater, especially USDWs, will almost always require permits from state or multi-state 
regulatory agencies. 

Whenever practicable, operators should consider using non-potable water for drilling and hydraulic fracturing. Many 
of the concerns about water supply can be avoided if lower-quality groundwater sources, such as water with > 10,000 
ppm total dissolved solids (TDS) are used. For example, in some cases, operators are using saline waters with up to 
30,000 ppm, content as a water source for hydraulic fracturing where fresh water availability may be uncertain or 
limited. [23] However, this may require the drilling of source water wells that are deeper than publicly used potable 
water aquifers. Deeper water may contain additional constituents that could require treating, but it can alleviate issues 
of competition with publicly utilized water resources. 

For example, domestic and municipal water wells in the Fort Worth Basin access the Upper Trinity aquifer to supply 
fresh water to the public. Operators working in the Barnett shale are drilling to the Lower Trinity aquifer to supply 
water for drilling and hydraulic fracturing. The Lower Trinity water has a higher TDS content that would not be suitable 
for domestic use without extensive water treatment. Again, in order to ensure that drilling deep into useable aquifers 
will not negatively impact the available freshwater zones, operators should consult with state, regional, or local water 
management authorities and consider undertaking a study to determine the feasibility of success in such areas. 

Operators may need to address many of the same types of considerations for groundwater as for surface water. The 
primary concern regarding groundwater withdrawal is temporary aquifer volume diminishment. In some areas, the 
availability of fresh groundwater is limited, so withdrawal limitations could be imposed. Operators may be directed to 
other shallow alluvial aquifers from which they can withdraw groundwater. Louisiana, for example, has such 
requirements. [24] 

Another groundwater protection consideration is locating water source wells for oil and gas operations at an 
appropriate distance from municipal, public, or private water supply wells. Again in consideration of hydrologic 
conditions, public or private water supply wells and fresh water springs within a defined distance of any proposed 
drilling location for a water supply well, including locations of other water supply wells, should be identified and their 
characteristics evaluated, both in terms of production capacity and water quality. Depending on the available data, 
this may include testing of the water currently available from these sources. This will require locating the public and 
private water wells and obtaining information about their depth, completed interval and use (including whether the 
well is public or private, community or non-community, and the type of facility or establishment if it is not a private 
residence). This information is normally available from state and local regulatory authorities, however direct contact 
with property owners and/or tenants may be appropriate if undocumented water wells are suspected. [25]

Guidance for groundwater protection related to well drilling and hydraulic fracturing operations are the subject of a 
separate API guidance document, [26] the purpose of which is to provide industry guidance for well construction and 
integrity for wells that will be hydraulically fractured. The objective is to ensure that USDWs and the environment will 
be protected, while delivering successful and effective fractures and overall successful projects. Specifically, 
maintaining well integrity is featured as the key design principle of all oil and gas production wells, which is essential 
for two primary reasons:

— to isolate the internal conduit of the well from the surface and subsurface environment,

— to isolate and contain the well’s produced fluid to a production conduit within the well. 

6.2.3 Municipal Water Supplies

Obtaining water supplies from municipal water suppliers can be considered, but again, the water needs for fracturing 
would need to be balanced with other uses and community needs. This option might be limited, since some areas 
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may be suffering from current water supply constraints, especially during periods of drought, so the long term 
reliability of supplies from municipal water suppliers needs to be carefully evaluated.

6.2.4 Wastewater and Power Plant Cooling Water

Other possible options for source water to support hydraulic fracturing operations that could be considered are 
municipal wastewater, industrial wastewater, and/or power plant cooling water. Clearly, the specifications of this water 
source need to be compatible with the target formation and the plan for fracturing as well as whether treating is 
technically possible and whether treatment can deliver an overall successful project. In some cases, required water 
specification could be achieved with the proper mixing of supplies from these sources with supplies from surface 
water or groundwater sources.

6.2.5 Reservoir Water and Recycled Flow Back Water

Produced reservoir water and recycled flow back water can be treated and reused for fracturing, depending on the 
quality of the water. Natural formation water has been in contact with the reservoir formation for millions of years and 
thus contains minerals native to the reservoir rock. Some of this formation water is recovered with the flow back water 
after hydraulic fracturing, so that both contribute to the characteristics of the flow back water. The salinity, TDS, and 
overall quality of this formation/flow back water mixture can vary by geologic basin and specific rock strata. For 
example, water salinity can range from brackish (5,000 parts per million (ppm) to 35,000 ppm TDS), to saline (35,000 
ppm to 50,000 ppm TDS), to supersaturated brine (50,000 ppm to >200,000 ppm TDS). Other water quality 
characteristics that may influence water management options for fracturing operations include concentrations of 
hydrocarbons (analyzed as oil and grease), suspended solids, soluble organics, iron, calcium, magnesium, and trace 
constituents such as benzene, boron, silicates, and possibly other constituents.

Several efforts are underway to examine the conditions where the use of reservoir water and recycled flow back water 
for fracturing operations may be economically viable. [27] Typically, the water must be treated. This option is discussed 
in more detail elsewhere in this guidance document.

Some coalbed methane operations may also have discharge water that is appropriate for hydraulic fracturing use.

Finally, operators should be aware that black shales, as well as other formations that are often the target formations 
for hydraulic fracturing operations, sometimes contain trace levels of naturally occurring radioactive materials 
(NORM). Gamma ray logs indicate, for example, that this is true of the Marcellus shale. Gas wells can bring NORM to 
the surface in the cuttings, flow back fluid and production brine, and NORM can accumulate in pipes and tanks (pipe 
scale). NORM contained in the discharge of fracturing fluids or production brine may be subject to discharge 
limitations. The Environmental Sciences Division of Argonne National Laboratory has addressed exploration and 
production (E&P) NORM disposal options in detail and maintains a Drilling Waste Management Information System 
website [28] that links to regulatory agencies in all oil and gas producing states. API also has published several 
documents providing guidance on the management of NORM in oil and gas operations. [29]

6.2.6 Make-up Water Requirements, Availability and Quality

In situations where water is recycled and/or reused, or additional sources of industrial wastewater make some 
contribution to supply water for fracturing operations, additional make up water may be required. In these cases, 
water management alternatives to be considered will depend on the volume and quality of both the recycled water 
and the make up water, to ensure compatibility with each other and with the formation being fractured. 

6.3 Fluid Handling And Storage Considerations

6.3.1 General

Fluids handled at the well site both before and after hydraulic fracturing often must be stored on site, and must be 
transported from the source of supply to the point of ultimate treatment and/or disposal. Fluids used for hydraulic 
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fracturing will generally be stored onsite in tanks or lined surface impoundments. Returned fluids, or flow back, may 
also be directed to tanks or lined pits. 

The volume of initial flow back water recovered during the first 30 days following the completion of hydraulic fracturing 
operations may account for less than 10 % to more than 70 % of the original fracture fluid volume. The vast majority 
of fracturing fluid injected is recovered in a very short period of time, of several hours up to a maximum of several 
months. 

All components of fracture fluids, including water, additives and proppants, should be managed properly on site 
before, during, and after the fracturing process. Ideally, fracture fluid components should all be blended into the fluids 
used for fracturing only when needed. Any unused products should be removed from the location by the contractor or 
operator as appropriate. The job planning process should consider unexpected delays of the fracture operations and 
ensure that materials are properly managed.

While flow back fluids are a federally E&P exempt waste [i.e. exempt from hazardous waste requirements under the 
Resource Conservation and Recovery Act (RCRA)], they still need to be addressed under any applicable state 
regulations. In the unlikely event that small amounts of products used to fracture a well are accidentally leaked they 
may become RCRA managed waste. Any leak to the ground creates a waste that should be managed and disposed 
of properly in accordance with all rules, regulations, and permits.

The Material Safety Data Sheet (MSDS) for each additive should be obtained from the supplier or manufacturer, be 
reviewed prior to using the additive, and be readily available at the job site. The MSDS will contain information about 
proper storage, hazards to the environment, spill clean-up procedures and other information to minimize 
environmental impacts. Addressing these issues is the subject of other API documents. [30]

Operators may be required to provide information about their water management and storage operations at the site. 
Such information may include the following:

— information about the design and capacity of storage impoundments and/or tanks;

— information about the number, individual and total capacity of receiving tanks on the well pad for flow back water;

— description of planned public access restrictions, including physical barriers and distance to edge of well pad;

— how liners are to be placed to prevent possible leakage from such impoundments.

6.3.2 Storage in Surface Impoundments

If lined impoundments or pits are used for storage of fracture fluids or flow back water, the pits must comply with 
applicable rules, regulations, good industry practice, and liner specifications. However, it is important to recognize that 
storage impoundments containing fluids associated with fracturing operations will likely contain significantly larger 
volumes of fluids than from conventional operations. To enhance efficiency and limit the number of impounds, some 
operators are considering the use of centralized impoundments to manage flow backwater. Thus, these 
impoundments will be designed and constructed in such a manner as to provide structural integrity for the life of their 
operation. Proper design and installation is imperative to the objective of preventing a failure or unintended discharge.

All surface impoundments, including those used for storing fracture fluids, will be constructed in accordance with 
existing state and federal regulations. In some states, use of such an impoundment requires a prior authorization from 
the regulatory agency; and in some, a separate permit is required specifically for the pit’s explicit functional use. [31]

Depending upon the fluids being placed in the impoundment, the duration of the storage and the soil conditions, an 
impound lining may be necessary to prevent infiltration of fluids into the subsurface. In most states, pits must have a 
natural or artificial liner designed to prevent the downward movement of pit fluids into the subsurface. Pits used for 
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long term storage of fluids should be placed an appropriate distance from surface water to prevent unlikely overflows 
from reaching the surface water.

In addition, to ensure the safe operation and maintenance of any impoundment, an inspection and maintenance plan 
should be followed. 

Additional information may be required by regulatory authorities for centralized surface impoundments for fracture 
fluids. For such facilities, requirements may include an initial review of site topography, geology and hydrogeology, 
especially if such impoundments are within defined distances of a water reservoir; perennial or intermittent stream, 
wetland, storm drain, lake or pond, or a public or private water well or domestic supply spring.

6.3.3 Storage in Tanks

Many operators store fluids used in and produced from fracturing operations in steel tanks, in addition to or rather 
than earthen pits. These tanks must meet appropriate state and federal standards, which may be specific to the use 
of the tank (e.g. use for temporary tank flow back water or more permanent production tank batteries). 

6.4 Transportation Considerations

Before fracturing, water, sand and any other additives are generally delivered separately to the well site, in 
accordance with Department of Transportation and state regulations. Water is generally delivered in tanker trucks that 
may arrive over a period of days or weeks, or via pipelines from a supply source or treatment/recycling facility.

Water supply and management approaches should take into consideration the requirements and constraints 
associated with fluid transport. Transportation of water to and from a well site can be a major expense and major 
activity. To manage the expense, improve efficiency, and limit other impacts, several strategies are used by operators.

Trucking costs can be the biggest part of the water management expense. One option to consider as an alternative to 
trucking is the use of temporary or permanent surface pipelines. Producers are increasingly turning to temporary 
surface pipelines to transport fresh water to impoundments and to well sites. However, in many situations, the 
transport of fluids associated with hydraulic fracturing by surface pipeline may not be practical, cost effective, or even 
feasible. [32]

The use of multi-well pads make the use of central water storage easier, reduces truck traffic, and allows for easier 
and centralized management of flow back water. In some cases it can enhance the option of pipeline transport of 
water.

In order to make truck transportation more efficient, cost effective and less impactful operators may want to consider 
constructing storage ponds and drilling source wells in cooperation with private property owners. The opportunity to 
help a private landowner by constructing or improving an existing pond, drilling a water well, and/or improving the 
roads on their property can be a win-win situation for the operator and the landowner. It provides close access for the 
operator to a water source, and adds improvements to the property that benefit the landowner. 

Operators should also consider utilizing agricultural techniques to transport the water used near the water sources. 
Large diameter, aluminum agricultural pipe is sometimes used to move the fresh water from the source to locations 
within a few miles where drilling and hydraulic fracturing activities are occurring. Water use by the shale gas industry 
has spurred agricultural and field service companies to supply the temporary pipe, pumps, installation, and removal 
as a business pursuit in some areas.

When fracture fluids are transported by truck, operators should develop a basin-wide trucking plan that includes the 
estimated amount of trucking required, hours of operations, appropriate off road parking/staging areas, and routes. 
Considerations for the trucking plan for large volumes of fracture fluid include the following:

— seek public input on route selection to maximize efficient driving and public safety;
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— avoidance of peak traffic hours, school bus hours, community events, and overnight quiet periods;

— coordination with local emergency management agencies and highway departments;

— upgrades and improvements to roads that will be traveled frequently to and from many different well sites;

— advance public notice of any necessary detours or road/lane closures;

— adequate off-road parking and delivery areas at the site.

7 Water Management And Disposal Associated With Hydraulic Fracturing

7.1 General

In general, well permits will specify that all fluids, including fracture fluids and flow back water, must be removed from 
the well site. In addition, any temporary storage pits used for fracturing fluids must be removed as part of reclamation. 

Water used in the hydraulic fracturing process is usually managed and disposed of in one of three ways:

1) injected in permitted disposal wells under a UIC regulatory program;

2) delivered to water treatment facilities depending on permitting (in certain regions of the country, the water is 
actually treated to remove pollutants and achieve all regulated specifications and then surface discharged);

3) reused/recycled. 

Disposal options are dependent on a variety of factors, including the availability of suitable injection zones and the 
possibility of obtaining permits for injection into these zones; the capacity of commercial and/or municipal water 
treatment facilities; and the ability of either operators or such plants to successfully obtain surface water discharge 
permits. 

While treatment of produced fluids from some fracturing operations remains an option in some jurisdictions, 
requirements associated with the use of this option are likely to continue to become more stringent. [33] Operators 
should prepare for proper management and disposal of fluids associated with hydraulic fracturing operations. 
Considerations for fluid management should include ñ flow back water disposition, including the planned transport off 
of the well pad (truck or piping), and information about any proposed piping; planned disposition (e.g. treatment 
facility, disposal well, reuse, centralized surface impoundment or centralized tank facility); identification and permit 
numbers for any proposed treatment facility or disposal well, and the location and construction and operational 
information for any proposed centralized flow back water surface impoundment.

Operators should work proactively with state, regional and local regulators to ensure surface and groundwater quality 
is adequately described. This may include supporting regional sampling/analytical programs to provide general 
information. This information will provide a better understanding of regional and local water quality before extensive 
drilling and hydraulic fracturing are initiated, and will help inform the local community about existing groundwater 
quality. Operators should consider collecting additional site specific baseline water samples collected from public and 
private wells near planned operations, as well as from nearby surface water bodies prior to drilling specific wells if 
existing information is not adequate. The actual parameters to be tested will depend somewhat on site specific 
geology and hydrology. Testing parameters should include, but are not limited to TDS, total suspended solids (TSS), 
chlorides, carbonates, bicarbonates, sulfate, barium, strontium, arsenic, surfactants, methane, hydrogen sulfide, 
NORM, and benzene.
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Primary potential destinations for flow back/production fluids generally include the following:

— injection wells, which are regulated under either a state or federal UIC program;

— municipal waste water treatment facilities;

— industrial waste treatment facilities;

— other industrial uses;

— fracture flow back water recycling/reuse.

Each of these is discussed in more detail in 7.2 through 7.6.

7.2 Injection Wells

Disposal of flow back fluids through injection, where an injection zone is available, is widely recognized as being 
environmentally sound, is well regulated, and has been proven effective. API has published several documents 
related to injection wells and subsurface disposal. [34] In order to handle the expected amount of water associated 
with large scale developments, additional injection wells in an area may need to be drilled and permitted. 

Injection wells for disposal of brine associated with oil and gas operations are classified as Class IID in EPA’s UIC 
program [35] and require state or federal permits. The primary objective of the UIC program, whether administered at 
the state or federal level, is protection of USDWs. Therefore, whether the EPA or the state regulatory agency has UIC 
program authority over subsurface injection, new injection wells will require an injection well permit that meets the 
appropriate state and/or federal regulatory requirements. 

7.3 Municipal Waste Water Treatment Facilities

Municipal wastewater treatment plants or commercial treatment facilities could be available as a treatment and 
disposal option for fracture fluid flow back and/or other produced waters. However, the availability of municipal or 
commercial treatment plants may be limited to larger urban areas where treatment facilities with sufficient available 
capacity already exist. Moreover, as with underground injection, transportation to treatment facilities may or may not 
be practical.

Municipal sewage treatment facilities, often know as Publicly Owned Treatment Works (POTWs) must have a state-
approved pretreatment program for accepting any industrial waste. POTWs generally must also notify appropriate 
regulatory authorities of any new industrial waste they plan to receive at their facility and certify that their facility is 
capable of treating the pollutants that are expected to be in that industrial waste. POTWs are generally required to 
perform certain analyses to ensure they can handle the waste without upsetting their system or causing a problem in 
the receiving water. Ultimately, approval is required of such analysis and modifications to the POTW’s permits to 
ensure water quality standards in receiving waters are maintained at all times. Thus, the POTW may require that 
operators provide information pertaining to the chemical composition of the hydraulic fracturing additives in an effort 
to assist in this review. 

7.4 Industrial Waste Treatment Facilities

Many operators believe that future disposal needs will unlikely be met by POTW’s due to regulatory and other 
restrictions in the future. Thus, an alternative solution may be the construction of private or industry-owned treating 
facilities, perhaps built and operated by an industry cooperative or an environmental services company. In several 
regions, the evolving practice is to set up temporary treatment facilities located in active drilling development areas or 
to treat the waste stream onsite with mobile facilities. The temporary facilities can alleviate/reduce the trucking of 
waste streams by the use of transitory pipeline systems that serve local wells.
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These facilities may need to be permitted by the appropriate local, state, and/or federal regulatory authorities. Permits 
for a dedicated treatment facility would include specific discharge limitations and monitoring requirements. 

7.5 Other Industrial Uses

Other industrial uses for flow back water could also be considered, but will be highly dependent on site specific 
considerations, and some treatment would likely be required. One such example could be the use of the flow back 
water to support drilling operations. Another is the use of this water as source water for water flooding operations, 
where water is injected into a partially depleted oil reservoir to displace additional oil and increase recovery. 
Waterflood operations are regulated under state regulations and/or EPA’s UIC Program. These authorities would 
review the proposed use of flow back fluids from hydraulic fracturing operations as a waterflood injectate. Often, water 
injection operations that are authorized by rule are required to submit an analysis of the injectate any time it changes; 
such operations are usually required to modify their permits to inject water from a new source. 

7.6 Fracture Flow Back Water Recycling/Reuse

In some cases, it might be more practical to treat the water to a quality that could be reused for a subsequent 
hydraulic fracturing job, or other use, rather than treating to meet requirements for surface discharge. Consequently, 
operators should consider options for the recycling of fracture treatment flow back fluid. Water reuse/recycling can be 
a key enabler to large scale future developments that use fracturing. This is already being considered in some areas. 
This ability to reuse fracturing fluid will depend on the degree of treatment required and the volume of make up water 
necessary for reuse. 

Options considered will depend on the rates and total water volumes to be treated, water constituents that need to be 
treated, their concentrations, their treatability, and water reuse or discharge requirements. The reuse of flow back 
water can provide a practical solution that overcomes many of the constraints imposed by limited source water 
supplies and difficult disposal situations.

For example, technological advancements from other water treating industries are being adapted to work with the 
high saline water that results from hydraulic fracturing and include reverse osmosis and membrane innovations. 
Distillation technology is in the process of refinement to improve the 75 % to 80 % treating effectiveness of the current 
return water. [36] However, distillation is also a very energy intensive process. It may only become an option for all 
operations with technological improvements to increase the treatment effectiveness and the overall efficiency of the 
process.

Pursuing this option requires careful planning and knowledge of the composition of the flow back water and/or the 
produced reservoir water. It requires proper chemical selection and design and additives that do not create major 
water treatment issues. Technology advances are making it more economical to treat these fluids with better results in 
water quality. The treatment of these fluids may greatly enhance the quantity of acceptable, reusable fluids and 
provide more options for ultimate disposal.

Such treatment facilities either could be run by operators, or could function as stand alone, independent commercial 
enterprises, as described previously.

A number of treatment approaches exist, and many others are being developed and modified to address the specific 
treatment needs of flow back water in different operating regions. [37,38,39,40] Processes that can be utilized for water 
treatment include but are not limited to filtration, aeration and sedimentation, biological treatment, demineralization, 
thermal distillation, condensation, reverse osmosis, [41] ionization, natural evaporation, freeze/thaw, crystallization, 
and ozonation. 

This is by no means an exhaustive list, and new alternatives are continuously being considered and evaluated. 
Operators are encouraged to keep abreast of new developments in this field.
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Given the complexity of hydraulic fracturing and flow back fluids, it is likely that multiple processes will be required in 
many, if not most cases. Obviously, key considerations are the performance and cost-effectiveness of the water 
treatment process along with the volume and environmental considerations associated with the resulting concentrate.

Additional information on the comparative performance of potential water treatment technologies could be obtained 
from the following websites: 

— http://www.pe.tamu.edu/crisman/,

— http://foodprotein.tamu.edu/separations/index.php, and 

— http://www.membrane.unsw.edu.au/.
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Special Notes

API publications necessarily address problems of a general nature. With respect to particular circumstances, local, 
state, and federal laws and regulations should be reviewed.

Neither API nor any of API's employees, subcontractors, consultants, committees, or other assignees make any 
warranty or representation, either express or implied, with respect to the accuracy, completeness, or usefulness of the 
information contained herein, or assume any liability or responsibility for any use, or the results of such use, of any 
information or process disclosed in this publication. Neither API nor any of API's employees, subcontractors, 
consultants, or other assignees represent that use of this publication would not infringe upon privately owned rights.

Users of this guidance document should not rely exclusively on the information contained in this document. Sound 
business, scientific, engineering, and safety judgment should be used in employing the information contained herein.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to warn and properly train and 
equip their employees, and others exposed, concerning health and safety risks and precautions, nor undertaking their 
obligations to comply with authorities having jurisdiction.

Information concerning safety and health risks and proper precautions with respect to particular materials and 
conditions should be obtained from the employer, the manufacturer or supplier of that material, or the material safety 
datasheet.

Where applicable, authorities having jurisdiction should be consulted.

Work sites and equipment operations may differ. Users are solely responsible for assessing their specific equipment 
and premises in determining the appropriateness of applying the publication. At all times users should employ sound 
business, scientific, engineering, and judgment safety when using this publication.

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to assure the 
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or 
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or 
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may 
conflict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating 
practices. These publications are not intended to obviate the need for applying sound engineering judgment 
regarding when and where these publications should be utilized. The formulation and publication of API publications 
is not intended in any way to inhibit anyone from using any other practices.

All rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any means, 
electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher. Contact the 

Publisher, API Publishing Services, 1220 L Street, NW, Washington, DC 20005.

Copyright © 2011 American Petroleum Institute
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Foreword

Nothing contained in any API publication is to be construed as granting any right, by implication or otherwise, for the 
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything 
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

Shall: As used in a publication, “shall” denotes a minimum requirement in order to conform to the publication.

Should: As used in a publication, “should” denotes a recommendation or that which is advised but not required in 
order to conform to the specification.

Suggested revisions are invited and should be submitted to the Standards Department, API, 1220 L Street, NW, 
Washington, DC 20005, standards@api.org.
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Executive Summary

Hydraulic fracturing has played an important role in the development of America’s oil and gas resources for nearly 60 
years. In the U.S., an estimated 35,000 wells are hydraulically fractured annually and it is estimated that well over one 
million wells have been hydraulically fractured since the first well in the late 1940s. As production from conventional 
oil and gas fields continues to mature, the need for hydraulic fracturing becomes even more important to the 
economic recovery of non-conventional resources.

This guidance document identifies and describes best practices currently used in the oil and natural gas industry to 
minimize potential surface environmental impacts associated with hydraulic fracturing operations. It complements two 
other API documents: API Guidance Document HF1, Hydraulic Fracturing Operations—Well Construction and 
Integrity Guidelines, First Edition, October 2009, which focuses on groundwater protection related to drilling and 
hydraulic fracturing operations [1] while specifically highlighting recommended practices for well construction and the 
integrity of hydraulically fractured wells, and API Guidance Document HF2, Water Management Associated with 
Hydraulic Fracturing, First Edition, June 2010 [2].

A fourth related guidance document, API 51R, Environmental Protection for Onshore Oil and Gas Production 
Operations and Leases, First Edition, July 2009 [3], addresses the design and construction of access roads and well 
locations prior to drilling, as well as site abandonment, reclamation and restoration operations, including produced 
water handling.

While hydraulic fracturing does not introduce new or unique environmental risks to exploration and production (E&P) 
operations, concerns have been raised due to the potential scale of operations where this technology is applied, 
especially with regard to emerging developments in shale gas in the United States. Many of the best practices for 
E&P operations are the same as those applicable to hydraulic fracturing operations.

Moreover, where shale gas development intersects with urban settings, regulators and the industry have developed 
special practices to alleviate potential nuisances and sensitive environmental resources impacts, along with 
interference with existing commercial activity. Operators need to be vigilant and proactive in mitigating potential 
environmental impacts from E&P operations, including hydraulic fracturing operations. The following provides 
highlights from this guidance document:

1) Operators must comply with all federal, state and local requirements. Approvals may be necessary for many 
activities including: 

— surface water use;

— wastewater management;

— injection activities;

— site construction;

— stormwater discharges;

— air emissions; and 

— protection of sensitive areas.

2) Two principal reasons for recent concerns regarding hydraulic fracturing, especially as applied in the 
development of shale gas, are: the increase in well permitting in a number of regions in the U.S. and the new 
development activity in areas that have not experienced concentrated oil and gas development in the past. 
Consequently, operators should be cognizant of the increase in public scrutiny of fracturing operations, be 
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proactive in communicating to, and working with, communities and local regulatory authorities, and minimize, 
whenever possible, the impacts of their operations. For example, the use of multi-well pads when feasible, 
which can consolidate water storage, minimize overall footprint, reduce truck traffic and allow for centralized 
management of fluids.

3) Like all oil and gas E&P operations, before hydraulic fracturing operations are initiated, approvals from one or 
more government agencies are required. Operators must obtain all necessary permits before commencing 
operations, and ensure that operations comply with the requirements of local, state and federal regulatory 
authorities. Proactive engagement with surface owners and/or surface users to inform the owners about the 
operations prior to project initiation is also recommended. Upon initial development, planning and resource 
extraction of a new basin, operators should review the available information and, if necessary, assess the 
baseline characteristics. 

4) To alleviate concerns associated with fracture fluid management, hydraulic fracturing operations should be 
planned and designed in a manner that manages materials and protects the environment. All components of 
fracture fluids, including water, additives and proppants, should be managed properly on site before, during 
and after the fracturing process. Both the operator and on-site contractors should require that all responsible 
personnel involved in the fracturing job and in pre- and post-fracture activities be trained in the transportation 
and handling of fluids, chemicals and other materials associated with the process. Personnel should be 
trained on the equipment to be used and the procedures to be implemented to prevent leaks and spills during 
fracturing operations.

5) State authorities must retain the ability to assess potential incident response needs and plan accordingly, with 
appropriate confidentiality protections. To balance the protection of trade secrets with the public's need to 
know, proprietary formulations should be disclosed upon request by designated state agency representatives 
and health professionals in the event of an emergency, or when designated state agency representatives and 
health professionals demonstrate a need to know such information.

6) Using hydraulic fracturing fluids in an environmentally safe way means that the base fluid and any additives 
are sourced, transported, prepared, pumped into the formation, returned from the formation, reused/recycled, 
and/or finally disposed of in a way that is fully compliant with all federal, state, and local regulations. 

7) Surface impoundments, including those used for storing fracture fluids, must be constructed in accordance with 
existing regulations. Depending on the fluids being placed in the impoundment, the duration of the storage 
and the soil conditions, impoundment design and construction should be impervious to prevent infiltration of 
fluids into the subsurface. All surface impoundments must be properly closed in accordance with all local, 
state and/or federal regulations. Materials removed from impoundments should be reclaimed, recycled or 
disposed. 

8) Fracture fluids should be managed according to federal and state regulations. Fracturing operations should be 
conducted in a manner that minimizes the potential for any unplanned release and movement beyond the site 
boundaries. Spill prevention, response and cleanup procedures should be in place prior to initiating activities 
that have a potential for a spill. The best way to avoid adverse effects of spills is to prevent their occurrence.

9) Hydraulic fracturing is a highly technical process performed by trained personnel. Equipment should be 
maintained, inspected and tested to assure proper operating integrity and reliability. Facilities and equipment 
should be kept clean, maintained and operated in a safe and environmentally sound manner. All leaks should 
be immediately contained and repairs initiated upon discovery—as safety permits. Any spill or leak should be 
addressed promptly and reported to the site manager for proper identification, management, cleanup and 
appropriate regulatory actions. It may be necessary to fence operations to prevent access to the facility by the 
general public, livestock or wildlife. 

10) Public concerns relating to fracturing operations may be heightened by the location chosen for the well and 
the techniques used in constructing the access road and the overall site. To the extent practicable, 
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consideration for siting a well location might include visual impact of the operational layout; preservation of 
salient natural features such as natural terrain, trees, groves, waterways and other similar resources; and 
minimizing cut and fill operations.

11) Truck traffic creates additional concern in populated areas of development. Opportunities to reduce truck 
traffic might include use of flowlines to transport fluids. Where feasible, producers are increasingly turning to 
temporary surface flowlines to transport fresh water to impoundments and to wellsites. However, in many 
situations, the transport of fluids associated with hydraulic fracturing by surface pipeline may not be practical, 
cost effective or even feasible. Multi-well pads allow centralized water storage and management of flowback 
water, reducing truck transport. In some cases, it can also enhance the option of pipeline transport of water. 
Often, operators are able to construct storage ponds and drill source wells in cooperation with private property 
owners to provide close access to a water source and add improvements to the property that benefit the 
landowner.

ix
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1

Practices for Mitigating Surface Impacts Associated with Hydraulic Fracturing

1 Scope

The purpose of this guidance document is to identify and describe practices currently used in the oil and natural gas 
industry to minimize surface environmental impacts—potential impacts on surface water, soils, wildlife, other surface 
ecosystems and nearby communities—associated with hydraulic fracturing operations. While this document focuses 
primarily on issues associated with operations in deep shale gas developments, it also describes the important 
distinctions related to hydraulic fracturing in other applications.

2 Terms and Definitions

For the purposes of this document, the following definitions apply.

2.1
aquifer
A subsurface formation that is sufficiently permeable to conduct groundwater and to yield economically significant 
quantities of water to wells and springs.

2.2
basin
A closed geologic structure in which the beds dip toward a central location; the youngest rocks are at the center of a 
basin and are partly or completely ringed by progressively older rocks.

2.3
casing
Steel piping positioned in a wellbore and cemented in place to prevent the soil or rock from caving in. It also serves to 
isolate formations and water zones from production fluids, such as water, gas and oil, from the surrounding geologic 
formations.

2.4
completion
Following drilling, the activities and methods to prepare a well for production, including the installation of equipment to 
produce a well.

2.5
downhole
Located in a wellbore.

2.6
flowback
The fracture and produced fluids that return to surface after a hydraulic fracture is completed.

2.7
formation (geologic)
A rock body distinguishable from other rock bodies and useful for mapping or description. Formations may be 
combined into groups or subdivided into members.

2.8
fracturing fluids
A mixture of water, proppant (often sand) and additives used to hydraulically induce cracks in the target formation.
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2.9
gelling agent
Chemical compounds used to enhance the viscosity and increase the amount of proppant a fracturing fluid can carry.

2.10
groundwater
Subsurface water (fresh or saline) that is in the zone of saturation; source of water for wells, seepage and springs. 
The top surface of the groundwater is the water table.

2.11
horizontal drilling
A drilling procedure in which the wellbore is drilled vertically to a kickoff depth above the target formation and then 
angled through a wide 90° arc such that the producing portion of the well extends horizontally through the target 
formation.

2.12
hydraulic fracturing
Injecting fracturing fluids into the target formation at a force exceeding the parting pressure of the rock, thus inducing 
fractures through which oil or natural gas can flow to the wellbore.

2.13
hydrocarbons
Any of numerous organic compounds, such as methane (the primarily component of natural gas), that contain only 
carbon and hydrogen.

2.14
original gas in place
The entire volume of gas contained in the reservoir, regardless of the ability to produce it.

2.15
perforations
The holes created from the wellbore into the reservoir (subsurface hydrocarbon-bearing formation). These holes 
create the mechanism by which fluid can flow from the reservoir to the inside of the casing, through which oil or gas is 
produced. 

2.16
permeability
A rock’s capacity to transmit a fluid; dependent upon the size and shape of pores and interconnecting pore throats. A 
rock may have significant porosity (many microscopic pores) but have low permeability if the pores are not 
interconnected. Permeability may also exist or be enhanced through fractures that connect the pores.

2.17
porosity
The voids or openings in a rock, generally defined as the ratio of the volume of all the pores in a geologic formation to 
the volume of the entire formation.

2.18
produced water
Any of the many types of water produced from oil and gas wells.

2.19
propping agents/proppant
Specifically sized silica sand or other manmade or naturally occurring particles pumped into a formation during a 
hydraulic fracturing operation to keep fractures open and maintain permeability.
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2.20
reclamation
Restoration of a disturbed area to make it acceptable for designated uses. This normally involves regrading, 
replacement of topsoil and vegetation, and other work necessary to restore it.

2.21
reservoir
Subsurface hydrocarbon-bearing formation.

2.22
shale gas
Natural gas produced from low-permeability shale formations.

2.23
slickwater
A water-based fluid mixed with friction reducing agents, to reduce friction pressure during hydraulic fracturing 
operations.

2.24
solid waste
Any solid, semi solid, liquid or contained gaseous material that is intended for disposal.

2.25
stimulation
Any of several processes used to enhance near-wellbore permeability and reservoir permeability, including hydraulic 
fracturing.

2.26
tight gas
Natural gas trapped in a hard rock, sandstone or limestone formation that is relatively impermeable.

2.27
total dissolved solids 
TDS
The dry weight of dissolved elements, organic and inorganic, contained in water and usually expressed in parts per 
million.

2.28
underground source of drinking water 
USDW
Defined in 40 CFR Section 144.3, as follows: 

“An aquifer or its portion:

(a) (1) Which supplies any public water system; or

(2) Which contains a sufficient quantity of groundwater to supply a public water system;

and

(i) Currently supplies drinking water for human consumption; or

(ii) Contains fewer than 10,000 mg/l total dissolved solids; and

(iii) Which is not an exempted aquifer.”
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2.29
water quality
The chemical, physical and biological characteristics of water with respect to its suitability for a particular use.

2.30
watershed
All lands which are enclosed by a continuous hydrologic drainage divide and lay upslope from a specified point on a 
stream.

2.31
well completion
See completion.

3 Introduction and Overview

Hydraulic fracturing is the injection of fluids into a subsurface geologic formation containing oil and/or gas at a 
pressure sufficient to induce fractures through which oil or natural gas can flow to a producing wellbore. 

Hydraulic fracturing has played an important role in the development of America’s oil and gas resources for nearly 60 
years. In the U.S., an estimated 35,000 wells are hydraulically fractured annually and it is estimated that more than 
one million wells have been hydraulically fractured since the first well in the late 1940s [4]. As production from 
conventional oil and gas fields continues to mature and the shift to non-conventional resources increases, the 
importance of hydraulic fracturing will continue to escalate as new oil and gas supplies are developed from these 
precious resources. The escalating importance of these resources is a testament to America’s increased reliance on 
natural gas supplies from unconventional resources such as gas shale, tight gas sands and coal beds—all resources 
that generally require hydraulic fracturing to facilitate economically viable natural gas production [5]. In addition, 
advances in hydraulic fracturing have played a key role in the development of domestic oil reserves, such as those 
found in the Bakken formation in Montana and North Dakota [6].

In fact, very few unconventional gas formations in the U.S. and throughout the world would be economically viable 
without the application of horizontal drilling and hydraulic fracturing. These extremely low permeability formations tend 
to have fine grains with few interconnected pores. Permeability is the measurement of a rock or formation’s ability to 
transmit fluids. In order for natural gas to be produced from low permeability reservoirs, individual gas molecules must 
find their way through a tortuous path to the well. Hydraulic fracture stimulation can increase the pathways for gas 
flow in a formation by several orders of magnitude [7].

Recently, natural gas production from gas-bearing shales in the U.S. has increased significantly, with hydraulic 
fracturing playing a key role. Some of this expansion has occurred in geographic regions with little to no history of oil 
and gas development. While the use of hydraulic fracturing itself has not introduced any new or unique environmental 
concerns associated with oil and gas development, as shale gas development has occurred in new areas, new 
challenges have been encountered, and increased focus has been given to address community concerns. 

For example, communities may be especially sensitive to the surface footprint left by expanded oil and natural gas 
development. In response, operators should consider the advantages of multi-well pad development and horizontal 
well fracturing. Compared to drilling vertical wells with single hydraulic fractures, multi-well pad drilling and fracturing 
horizontal wells from one location can significantly reduce surface disturbance and the potential for surface-related 
impacts. Horizontal drilling has the advantages of requiring substantially fewer well pads and reducing surface 
disturbances, while providing for a comparable volume of production. 

Where shale gas development has intersected with urban settings, regulators and industry have developed special 
practices to alleviate nuisance impacts, impacts to sensitive environmental resources and interference with existing 
commercial activity. Examples of such practices in the Dallas/Fort Worth area include establishing set-backs of 
buildings and construction at specific distances from the natural gas wellbore; establishment of buffer zones around 
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drill sites next to protected use areas; limiting gas well drilling to only certain identified property; and requiring 
approval of both a local Specific Use Permit and a Gas Well Permit. 

Nonetheless, this increase in attention and focus on hydraulic fracturing requires operators to pursue such practices 
with renewed focus and diligence, as set forth in this guidance document.

4 Stakeholder Engagement 

One way to address many of the concerns associated with hydraulic fracturing operations is through proactive 
engagement by operators with regulators and surface owners. Collaboration between the industry, regulators, and the 
public have resulted in positive solutions for the environment. 

Similar to all oil and gas E&P operations, before hydraulic fracturing operations are initiated, approvals from one or 
more (primarily state) government agencies may be required for a series of activities, including surface water use, 
wastewater management, injection activities, site construction, stormwater discharges, air emissions and protection 
of sensitive areas. Operators must obtain all necessary permits before commencing operations, and verify that 
operations are conducted in accordance with the requirements of all local, state and federal regulatory authorities. 
Proactive consultation with the appropriate regulatory authorities can help greatly in ensuring local considerations are 
addressed and the appropriate permits are provided as expeditiously as possible.

Proactive engagement with surface owners and/or surface users before fracturing operations are initiated may foster 
understanding and alleviate concerns. It is recommended that the operator communicate with land owners or surface 
users concerning activities planned for the site and measures to be taken for safety, protection of the environment 
and minimizing impacts to surface uses. Additional recommendations may be found in API 51R [3], Annex A—Good 
Neighbor Guidelines. Operators of federal oil and gas leases under private surface ownership are encouraged to 
consult the BLM publication, Surface Operating Standards and Guidelines for Oil and Gas Exploration and 
Development (“Gold Book”), for BLM guidance with respect to communication and recommended practices to 
address concerns of surface owners [8].

The footprint of hydraulic fracturing operations can vary depending on the operator’s equipment and operational 
needs, and the mutual objectives established by the operator, appropriate regulatory agencies and the owner of the 
surface rights. 

Upon initial development, planning and resource extraction of a new basin, operators should review the available 
information describing water quality characteristics (surface and groundwater) in the area and, if necessary, 
proactively work with state and local regulators to assess the baseline characteristics of local groundwater and 
surface water bodies,  Depending on the level of industry involvement in an area, this type of activity may be best 
handled by a regional industry association, joint industry project, or compact.  On a site specific basis, pre-drilling 
surface and groundwater sampling/analysis should be considered as a means to provide a better understanding of 
on-site water quality before drilling and hydraulic fracturing operations are initiated.

5 Wide-scale Development

One of the principal reasons for the rise in concerns regarding hydraulic fracturing operations, especially as applied to 
gas shale development, is the increase in the number of wells being permitted throughout several regions in the U.S. 
In addition, many communities are experiencing new development activity where there has been no concentrated oil 
and natural gas development in the past. This has caused regulatory authorities in several states to re-evaluate their 
regulatory schemes to verify that their rules are appropriate for the heightened level and broader geographic extent of 
development activity. Furthermore, as the level and extent of drilling activity has increased, so has the public concern 
for the health, safety and welfare of neighboring communities. 

Consequently, operators should be cognizant of the increase in public scrutiny and be proactive in communicating to, 
and working with, communities and regulatory authorities to minimize impacts from hydraulic fracturing operations. 
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Several examples of the ways the oil and natural gas industry is currently working collaboratively to inform its 
members on best practices, working cooperatively with regulatory agencies and other stakeholders to promote best 
practices, and reaching out to local communities about these practices include: 

— Barnett Shale Energy Education Council (BSEEC). The BSEEC is a community resource that provides 
information to the public about natural gas drilling and production in the Barnett shale region. The goal of BSEEC 
is to provide information and answers to questions regarding the opportunities and issues related to urban drilling 
in the Barnett shale. The BSEEC also works on promoting best practices in operations, community relations and 
other issues important to the communities they serve [9].

— Barnett Shale Water Conservation and Management Committee. Similarly, a consortium of energy companies 
formed the Barnett Shale Water Conservation and Management Committee to study the industry’s water use in 
the Barnett shale and to discuss conservation and water management techniques to help conserve freshwater 
resources.

— Marcellus Shale Coalition (MSC). The MSC was founded in 2008 as an organization committed to the 
responsible development of natural gas from the Marcellus shale in Pennsylvania and the enhancement of the 
Commonwealth’s economy that can be realized by this clean-burning energy source. The members of the 
coalition work together to address concerns with regulators, government officials and the people of the 
Commonwealth about all aspects of drilling and extracting natural gas from the Marcellus shale formation. 

— State Review of Oil and Natural Gas Environmental Regulations (STRONGER). This organization was formed in 
1999 to reinvigorate and carry forward the state review process begun cooperatively in 1988 by the U.S. 
Environmental Protection Agency (EPA) and the Interstate Oil and Gas Compact Commission 
(IOGCC). STRONGER is a non-profit, multi-stakeholder organization whose purpose is to assist states in 
documenting the environmental regulations associated with the exploration, development and production of 
crude oil and natural gas. STONGER shares innovative techniques and environmental protection strategies and 
identifies opportunities for program improvement. The state review process is a non-regulatory program and 
relies on states to volunteer for reviews.

— Environmentally Friendly Drilling (EFD). Industry has made great strides in protecting the environment while 
increasing oil and natural gas production in the U.S. The objective of EFD is to identify, develop and test 
innovative technologies that reduce the environmental impact of oil and gas activities in environmentally sensitive 
areas, should these areas be opened up for development. The program continues to add participants from 
environmental organizations, academia, state and federal agencies, government laboratories and industry. 
Currently, more than 100 organizations support this effort in a variety of ways, including providing grants and 
other financial assistance. The partnership identifies new technologies and transfers them to areas that must 
incorporate new practices to address environmental concerns. Regional partners optimize technologies to fit the 
needs of their locale. Partners routinely come together to discuss progress with the sponsors/advisors.

— The National Petroleum Council (NPC). The sole purpose of the NPC is to represent the views of the oil and 
natural gas industry in advising, informing and making recommendations to the Secretary of Energy with respect 
to any matter relating to oil and natural gas. The NPC is chartered by the Secretary of Energy under the 
provisions of the Federal Advisory Committee Act of 1972. In selecting the membership, special attention is given 
by the Secretary to assure a well-balanced representation from all segments of the oil and gas industry, from all 
sections of the country, and from large and small companies. The Council also has members with interests 
outside of oil or gas operations, including representatives from academic, financial, research, Native American 
and public interest organizations and institutions.

Operators are encouraged to participate in regional and national organizations and partnerships to keep abreast of 
best practices, to learn about local environmental issues and concerns, and to communicate with stakeholders. In 
areas of the country where such organizations are not readily accessible, operators are encouraged to establish such 
groups.
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6 Selection of Hydraulic Fracturing Fluids

The design of a hydraulic fracture job and fracture fluid composition takes into consideration the type of geologic 
formation, anticipated well spacing and proppant requirements. Other considerations include the formation 
temperature and pressure, compatibility with the formation lithology and fluid (oil, gas, water, etc.), the productive 
interval to be fractured, reservoir depth, formation and underlying/overlying rock properties, fluids within the formation 
and other site-specific considerations. 

Water is the primary component of hydraulic fracture treatments, representing the vast majority of the total volume of 
fluid injected during fracturing operations. The proppant (normally sand) is the next largest constituent in the injected 
fracturing slurry. In addition to water and proppant, other additives may be essential to a successful fracture 
stimulation operation. 

The fracturing fluid is a carefully formulated product. Service providers vary the design of this fluid based on the 
characteristics of the reservoir formation, make-up water quality and operator objectives. The appropriate 
composition of the fluid for successful fracturing will vary by basin, contractor and well. Situation-specific challenges 
that must be addressed include scale formation, bacterial contamination, proppant transport, iron content, fluid 
stability and viscosity breakdown requirements. Addressing each of these criteria may require specific additives to 
achieve the desired performance; however, not all fracture jobs will require all categories of additives. 

When developing hydraulic fracturing plans, in addition to considerations associated with successfully fracturing the 
target formations, operators should carefully consider the fluid management and disposal implications of their choices 
for fracture fluid formulations. Operators should regularly evaluate new products that provide environmental 
protection opportunities while meeting operational goals. 

7 Management of Chemicals and Materials

Like other exploration and production activities, both service companies and operators have key roles in managing 
the chemicals and materials stored and utilized on site for fracturing operations. It is the responsibility of the service 
companies to educate operators about the various fluids and additives that may be used as a part of a fracture fluid. 
An essential first step is providing operators with the Material Safety and Data Sheets (MSDS) for products used in 
their wells. 

Operating companies have the responsibility to understand the base fluids and additives that may be used as a part 
of a fracture fluid and to utilize proper handling procedures of the fluid during fracture treatment and flowback. Service 
companies work with operators for optimal fracturing designs, which should include a full complement of suggested 
fluid alternatives, along with the potential environmental impacts and costs associated with each alternative. Training 
and procedures for operating and handling for each chemical utilized in the fracturing process improve 
responsiveness to potential surface incidents. As part of the overall operation plan, service companies should provide 
operating and handling procedures for each chemical utilized, including those for emergencies and disposal.

API recommends that operators be prepared to disclose information on chemical additives and their ingredients. Our 
own policy position on chemical disclosure follows below. 

POLICY POSITION OF API ON CHEMICAL DISCLOSURE FOR 

HYDRAULIC FRACTURING OPERATIONS

Hydraulic fracturing is, and has been, a routine industry practice since 1947. Hydraulic fracturing operations have 
safely enabled increased production of domestic oil and natural gas in more than 1 million wells over the last 60-plus 
years 1. While America has abundant natural gas resources, most cannot be produced without this technology. 
Experts estimate that 90 percent of gas wells drilled in the United States utilize hydraulic fracturing in operations 2 and 
studies have shown this to be an environmentally safe practice 3.
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States have played, and continue to play, the critical role in the oversight and management of hydraulic fracturing 
operations and are best positioned to tailor requirements to local conditions and to closely monitor environmental 
performance. API supports transparency regarding the disclosure of the chemical ingredients used in hydraulic 
fracturing operations to ensure that state regulators have the ability to assess potential incident response needs and 
plan accordingly, with appropriate confidentiality protections.

Additionally, we endorse state programs that balance the need to protect oilfield service company confidential 
business information with the public's need to know. Subject to an agreement of confidentiality, we support disclosure 
of proprietary formulations upon request by designated state agency representatives and health professionals in the 
event of an emergency, when the designated state agency representatives and health professionals have 
demonstrated a need to know such information in order to treat or diagnose patients. States must require the 
designated individuals to keep the supplied information confidential. 

Hydraulic fracturing should not be regulated under the Safe Drinking Water Act (SDWA) or any other federal statue. 
Since hydraulic fracturing has been successfully managed at the state level, it would be problematic, unnecessary 
and duplicative to have any additional requirements at the federal level.

1 “States Experience with Hydraulic Fracturing, A Survey of the Interstate Oil and Gas Commission,” July 2002.
2 Testimony Submitted To The House Committee On Energy and Commerce By Victor Carrillo, Chairman, Texas Railroad 

Commission, Representing The Interstate Oil and Gas Compact Commission. February 10, 2005. http://www.rrc.state.tx.us/
commissioners/carrillo/press/energytestimony.html 

3 Environmental Protection Agency, “Study of Potential Impacts of Hydraulic Fracturing of Coalbed Methane Wells on 
Underground Sources of Drinking Water,” Office of Ground Water and Drinking Water report, June 2004, accessed December 
6, 2006; Ground Water Protection Council, “State Oil and Gas Regulations Designed to Protect Water Resources,” May 2009; 
Ground Water Protection Council, “Inventory and Extent of Hydraulic Fracturing in Coalbed Methane Wells in the Producing 
States,” 1998. 

8 Transport of Chemicals and Other Materials 

Materials should be transported to and from the site of hydraulic fracturing operations in accordance with federal, 
state and local regulations, and in a manner designed to prevent spillage and minimize air and noise impacts. All 
transport vehicles should display proper markings as required. 

Trucks and temporary piping are the more common method for transporting the equipment, proppant, additives and 
fluids to the site. Trucking costs can be the biggest part of the water management expense. One option to consider as 
an alternative to trucking is the use of temporary or permanent surface pipelines. Producers are increasingly turning 
to temporary surface pipelines to transport fresh water to impoundments and to well sites. However, in many 
situations, the transport of fluids associated with hydraulic fracturing by surface pipeline may not be practical, cost 
effective, or even feasible. The use of multi-well pads make the use of central water storage easier, reduces truck 
traffic, and allows for easier and centralized management of flow back water. In some cases it can enhance the option 
of pipeline transport of water. In order to make truck transportation more efficient, cost effective and less impactful 
operators may want to consider constructing storage ponds and drilling source wells in cooperation with private 
property owners. The opportunity to help a private landowner by constructing or improving an existing pond, drilling a 
water well, and/or improving the roads on their property can be a win-win situation for the operator and the landowner. 
It provides close access for the operator to a water source, and adds improvements to the property that benefit the 
landowner. 

Operators should also consider utilizing agricultural techniques to transport the water used near the water sources. 
Large diameter, aluminum agricultural pipe is sometimes used to move the fresh water from the source to locations 
within a few miles where drilling and hydraulic fracturing activities are occurring. Water use by the shale gas industry 
has spurred agricultural and field service companies to supply the temporary pipe, pumps, installation, and removal 
as a business pursuit in some areas.
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Fracturing equipment transported over the highway and equipment used to transport fracturing fluids should be 
checked for leaks and any open-ended lines should be properly capped prior to leaving the storage yard or 
warehouse. Proppant containers should be checked to ensure materials cannot leak out or be impacted by the wind 
while on public or private thoroughfares. Chemical additive containers should be checked to make sure there are no 
leaks. Tankers carrying fracturing fluids should be checked to ensure all discharge valves are closed and leak free. 

9 Pre-job Planning

Prior to fracturing operations, operators and/or service companies should consider conducting a job site safety 
meeting with all site personnel to ensure that personnel performing and supporting the fracture job understand their 
responsibilities and recognize potential environmental and safety impacts associated with fracturing operations. 
Suggestions for this meeting include the following.

— Spill prevention measures for any equipment or material they bring on site or manage for the fracture treatment. 

— Awareness that spilled materials constitute a waste that should be cleaned up, managed, and disposed of or 
reused in an approved manner.

— Communication about and location of the Material Safety Data Sheet (MSDS) information for each hazardous 
chemical used. Awareness that the MSDS must be readily accessible for each chemical on site. Hazard 
communication to personnel should include emergency and first aid procedures.

— Procedures to report all leaks or spills caused by the service companies to the service companies’ on-site 
manager, appropriate operator manager and personnel, and regulatory agencies (the information should include 
the material spilled, the MSDS for the material, the location of the spill, the estimated amount of the material that 
was spilled, and the response action taken and planned).

— And, operator and/or contractor procedures and response plans to properly manage, reuse or dispose of all 
waste generated. 

10 Water Management

10.1 General

Using hydraulic fracturing fluids in an environmentally safe way means that the water and chemicals are sourced, 
transported, prepared, pumped into the formation, returned from the formation and disposed of in a way in that is in 
full compliance with all federal, state, and local regulations, and that minimizes impacts. Briefly:

— water must be obtained according to local regulations and use agreements; 

— water should be transported to the wellsite in enclosed tanks aboard tanker trucks in Department of 
Transportation (DOT) compliant vehicles, or via authorized flowline; 

— water is stored in tanks or impoundments on the wellsite while waiting to be pumped; 

— hydraulic fracturing equipment (blenders and pumpers) must be monitored for leaks and loss of integrity; 

— prior to pumping the fracture job, piping must be pressure tested and job monitored so as not to exceed the 
pressure rating of the piping or equipment; 

— after the fracture treatment is finished, fracture fluid must be flowed back into storage tanks, lined impoundments, 
production equipment or other suitable containers; and 
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— water must be transported to the approved disposal facility, treatment facility, approved discharge location, or to a 
subsequent hydraulic fracturing operation in enclosed tanks aboard DOT compliant tanker trucks or a dedicated 
pipeline system.

Water use and management is discussed in more detail in the companion API Guidance Document HF2, Water 
Management Associated with Hydraulic Fracturing, First Edition, April 2010 [2], focused on issues associated with the 
acquisition, use, management, treatment, and disposal of water and other fluids associated with hydraulic fracturing.

10.2 On-site Fluid Handling

All components of fracture fluids, including water, additives and proppants, should be managed properly on site 
before, during and after the fracturing process. Typically, fracture fluid components should be blended into the fluids 
used for fracturing only when needed. Any unused products should be removed from the location by the contractor or 
operator as appropriate. The job planning process should consider the possibility of unforeseen circumstances that 
may delay the fracture operations and provide a plan for proper material management. This includes management of 
fluids that remain in lines, tanks and other containment devices after the fracturing has been completed.

Operators should maintain information about their fluid management and storage at the site. Such information may 
include:

— site design and capacity of storage impoundments and/or storage tanks; 

— information about the number, as well as the individual and total capacity of, receiving impoundments and/or 
tanks on the well pad;

— description of planned public access restrictions, including physical barriers and distance to edge of the well pad; 
and 

— description of how liners are to be installed to prevent possible leakage from impoundments, in locations where 
liners are required by state or local regulations. 

Both the operator and any on-site contractors should verify that all personnel involved in the fracturing job and pre- 
and post-fracture activities are fully trained in the proper precautions for transporting and handling fluids, chemicals 
and materials, and have operational knowledge of the equipment to be used and of the procedures implemented to 
prevent leaks and spills during a fracturing operation. The training should include: 

— preventative measures for transporting and handling fluids, chemicals and materials; and operational knowledge 
of the equipment to be used and the procedures implemented to prevent leaks and spills during a fracturing 
operation; 

— proper management, cleanup and disposal practices that should be utilized if any products are accidentally 
spilled or leaked; 

— the management and disposal practices that should be followed for flowback operations including both the liquid 
and solid components, and managing well gas during the operation; 

— procedures for testing and inspecting equipment, hoses and connections prior to, and during, pressure 
operations; 

— procedures for collecting fluids remaining in lines including the use of collection buckets, catch basins or vacuum 
trucks; and 

— remedial actions in the event of an incident to avoid and minimize impacts to soil, groundwater and surface 
waters.
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The MSDS for each covered additive should be obtained from the supplier or manufacturer, be reviewed prior to 
using the chemical, and be readily available at the job site. The MSDS should contain information about physical 
hazards of the chemical, spill cleanup procedures and other information to minimize environmental and health 
impacts.

10.3 Surface Impoundments and Storage Tanks

Fluids used for hydraulic fracturing operations will generally be stored on-site in tanks or lined surface impoundments. 
Returned fluids, or flowback fluids, may also be directed to tanks or impoundments. 

All surface impoundments, including those used for temporarily storing fracture fluids, must be constructed in 
accordance with existing state and federal regulations. In some states, an impoundment requires prior authorization 
from one or more regulatory agencies; and in some, a separate permit is required specifically for the impoundment’s 
functional use [10]. In addition, documentation should be kept on all materials placed in surface impoundments.

Larger centralized impoundments must be designed and constructed to provide structural integrity for the life of their 
operation, taking into consideration their size and extended use. Proper design, installation and operation are 
imperative to preventing a failure or unintended discharge off the site. 

Depending on the fluids being placed in the completion impoundment, the duration of the storage and the soil 
conditions, liners may be necessary to prevent infiltration of fluids into the subsurface. In most states, impoundments 
must have a natural or artificial liner designed to prevent the downward movement of fluids into the subsurface. 
Typically, liners are constructed of compacted clay or synthetic materials like polyethylene or treated fabric that can be 
joined using special equipment. Impoundments used for long-term storage of fluids should be sited in accordance 
with state stream setback distances from surface water to prevent unauthorized discharge to surface waters.

Additional information may be required by regulatory authorities for centralized surface impoundments for fracture 
fluids. For such facilities, requirements may include an initial review of site topography, geology and hydrogeology, in 
addition to inspection and maintenance procedures—especially if such impoundments are within defined distances of 
a water reservoir, perennial or intermittent stream, wetland, storm drain, lake or pond, or a public or private water well 
or domestic supply spring.

In some cases, impoundments used to hold freshwater for supply purposes may be retained by the landowner for 
their future use. Otherwise, all surface impoundments should be properly closed in accordance with local, state and/
or federal regulations. Materials removed from surface impoundments should be reclaimed, recycled or properly 
disposed. Refer to API Environmental Guidance Document E5, Waste Management in Exploration and Production 
Operations, Second Edition, February 1997 [11] for additional guidance on fluid impoundments and practices on 
minimizing waste generation in the upstream sector. 

In addition to surface impoundments, some operators store fluids used in, and produced from, fracturing operations in 
tanks. These tanks must meet applicable state and federal standards.

10.4 Spill Prevention and Control

Fracture fluids should be managed according to state and federal regulations. Some fluids found at E&P sites are 
actively or passively managed to eliminate spills using various containment methods, including those found in the 
federal Spill Prevention Control and Countermeasures (SPCC) requirements. Flowback fluids are a federally E&P 
exempt waste (i.e. exempt from hazardous waste requirements under the Resource Conservation and Recovery Act 
or RCRA); however, they still need to be addressed under any applicable state regulations. Products used to fracture 
a well, which have the potential to be released or spilled, may not meet the E&P exemption. Any spill to the ground 
creates a waste and should be managed properly. 

Spills can create difficult operational, legal and public relations problems. Operations should be conducted to 
minimize the potential for any releases. Spill prevention, response and cleanup procedures, as part of the overall 
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standard operating procedures (SOP) manual for the operation, are a recommended best practice for storing oil, 
chemicals or other fluids. 

The best way to avoid adverse effects of spills is to prevent their occurrence. Key factors in spill incident prevention 
are planning and training. The facility design should be reviewed to determine where the potential for spills exists. 
Information on prior spill incidents should be included in the review to assess areas where changes in equipment or 
practices may be needed. Contingency elements might include the following.

— Modification of site layout or installation of new equipment or instrumentation, as needed, to reduce the 
possibility of spills, commensurate with the risk involved. Consideration should be given to the use of alarms, 
automatic shutdown equipment, or fail-safe equipment to prevent, control or minimize potential spills resulting 
from equipment failure or human error.

— Maintenance and/or corrosion abatement programs to provide for continued sound operation of all equipment.

— Tests and inspections of lines, vessels, dump valves, hoses and other pollution prevention equipment where 
failure(s) and/or malfunction(s) could result in a potential spill incident. These tests and inspections should be 
commensurate with the complexity, conditions and circumstances of the facility.

— Operating procedures that minimize potential spills. These operating procedures should be clearly written and 
available to all operating personnel.

— Examination of field drainage patterns and installation of containment, BMPs, barriers or response equipment as 
deemed appropriate. 

When bringing fracturing materials on site, they should be stored in such a way to prevent any accidental release to 
the environment. These fluids may include both solid and liquid components. Primary containment methods 
commonly used include tanks, hoppers, blenders, sand separators, lines and impoundments. It is recommended 
these primary containers be visually inspected before and during the fracturing operation to ensure integrity.

The use of techniques such as sloping the well location away from surface water locations, positioning absorbent 
pads between sites and surface waters, and perimeter trenching systems and catchments may be used to contain 
and collect any spilled fluids. 

Operators should evaluate the potential for spills and damages and use this information to determine the type and 
size of primary and secondary containment necessary. The contingency elements of the manual might include the 
location of emergency equipment, the type(s) of materials and products that can be used effectively for clean-up, and 
list sources and procedures for using these chemicals. Spill response drills/simulations should include participation of 
relevant contractor personnel.

In the event a spill occurs, the source of the spill should be controlled, or reduced to the extent possible, in a safe 
manner. The release should be confined or contained to minimize potentially adverse effects. Some methods to 
control and contain spilled substances, particularly oil, include:

— retaining walls or dikes around tanks;

— sluice gates;

— secondary catchment basins designed to prevent the spread of fluids that escape the primary wall or dike;

— absorbent pads; 

— booms in water basins adjoining the facility;
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— temporary booms deployed in the water after the spill occurs; and 

— use of special chemicals to jell or bio-degrade the spilled fluids. Note that special chemicals may require approval 
prior to use.

10.5 Storm Water Management and Control

Construction designs may include installation of erosion and sedimentation control systems to control stormwater 
runoff (escaping off location) as well as run-on (storm water coming onto the location). Minimizing the storm water or 
precipitation that flows across the site will minimize the potential to transport contaminants into jurisdictional water.

Natural drainage patterns of the area should be considered in the location of equipment, pads and impoundments so 
stormwater runoff does not erode base material, which could lead to equipment instability, or adversely impact 
impoundments, potentially causing a discharge of fluids into local surface waters.

Site construction should be inspected on a routine basis and following each significant storm event. Repairs to the 
control systems should be completed promptly. During the drilling and completion phases, the site should be 
stabilized and all raw materials should be stored in a manner to prevent the contamination of natural runoff. 
Temporary containment and liners should be used to minimize the impact of spills and to prevent impacted 
precipitation from affecting surface or groundwater.

Operators are encouraged to consult the Guidance Document, Reasonable and Prudent Practices for Stabilization 
(RAPPS) at Oil and Natural Gas Exploration and Production Sites [12], that describes various operating practices and 
control measures used by oil and natural gas operators to effectively control erosion and sedimentation in stormwater 
runoff from clearing, grading and excavation operations at exploration and production sites under various conditions 
of location, climate and slope.

A wide variety of documents describing best management practices for stormwater management exist, and operators 
are encouraged to consult such documents. [13]

11 Maintaining Equipment and Facilities

11.1 General

Hydraulic fracturing is a complex operation performed by trained personnel who understand the operation of the 
fracture treatment, as well as their role and the role of the equipment they operate or the material they manage. Key 
personnel operating all equipment involved in the hydraulic fracturing operation, and others on site during the fracture 
stimulation operation should work together following a procedure that can be modified quickly in response to 
changing conditions.

Communication and training are critical to a successful operation. A SOP for fracturing operations might contain 
information about the equipment used, safe-operating practices for the equipment, start-up and shutdown procedures 
and emergency procedures.

11.2 Equipment Maintenance

All equipment, including wellhead valves and assemblies, should be evaluated to determine if they are designed for 
well fluid conditions, as well as pressures and abrasion created by the fracturing fluids and proppants during the 
fracture stimulation (see API 6A, Specification for Wellhead and Christmas Tree Equipment [14]). Fracturing valves or 
other devices may be used during fracturing to protect the original wellhead. The presence of contaminants such as 
H2S or CO2 may require additional design and safety considerations. Specially designed valves and equipment may 
be required to protect the wellhead to prevent failures and accidental releases to the environment during the hydraulic 
fracturing operation. 
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Proppant handlers are used to move large quantities of solid proppant to the blenders and mixers. Augers or 
conveyer belts are used to transport the proppant from a large storage container. Care should be taken to minimize 
any spillage of solids off the auger or conveyor belt systems. 

Blenders and mixers are used to mix the fracturing fluids, proppant and chemicals. Equipment should be configured 
to minimize the potential for spillage of proppant or leaks of fracture fluids or chemicals. Pumping equipment may 
experience leaks from the drive train (engine and transmission), pumps, tanks or piping connections. The pumping 
unit should be tested for leaks after it is connected. All hoses and connections should be checked prior to pressuring 
up. 

Hammer unions, in addition to threaded and flanged connections, are used to connect the fracture lines to the 
wellhead. The piping system should be inspected and tested before the fracturing operation is initiated. Piping used to 
transport fracturing fluids from the pumping units to the wellhead, and associated unions and connections, should be 
pressure tested to verify integrity and confirm they have been properly inspected and free of defects prior to use. 
Blowdown lines should be tied down securely and inspected prior to use to prevent unintended movement. 

Upon discovery, a spill or leak should be promptly reported to the site manager for proper identification, management 
and clean-up, and, when required, reported to proper officials. 

11.3 Inspections 

Appropriate equipment should be used for all operations, and inspections/maintenance performed according to 
design and manufacturer’s requirements. Monitoring, corrosion abatement or resistant equipment should be 
considered if produced fluids are suspected of being corrosive. 

Operating procedures should provide for early identification of potential corrosion problems in failure-prone 
equipment. Consideration should be given to the analysis of failures or malfunctions so that corrective action can be 
taken to minimize future environmental incidents.

Equipment, including pump packing and hydraulic lines, should be inspected prior to, and during, operation for leaks 
that could result in pumped fluids being spilled on the ground. Engines should be checked for leaking lube oil, coolant 
and other fluids. 

11.4 Facility Maintenance

Facilities and equipment should be kept clean, maintained and operated in a safe and environmentally sound 
manner. Signs should be posted in conspicuous locations to notify employees and the public of any dangerous 
situations such as flammable conditions, high voltage, etc. State or local regulations may specify certain posting 
requirements.

If the site is located near a populated area, emergency phone numbers should be posted at the entrance to the 
facility. Weeds should be controlled to a degree compatible with the local environment by cutting, mowing or spraying 
to improve appearance and reduce fire hazards. When herbicides are used to control weeds, they should be properly 
applied by trained personnel being cognizant of nearby landowners.

All equipment should be painted and/or kept clean to present an acceptable appearance and to provide protection 
from external corrosion. Waste receptacles should be provided at appropriate locations for segregating and collecting 
discarded paper, rags, etc. and emptied on a regular basis.

11.5 Pipeline Maintenance

Pipelines may be used to transport water from wells, ponds or municipal water connections. Pipelines may also be 
used for the transmittal of flowback and produced water associated with hydraulic fracturing operations. Pipelines 
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should be tested for integrity after installation and inspected as appropriate to ensure they are not leaking. Any 
identified leaks in the pipelines should be repaired before continuing operation. Temporary lines should be flushed 
with fresh water before being dismantled, with the flush water disposed of according to appropriate state and federal 
requirements. Operators should not allow any unauthorized fluid to be discharged during the removal of the pipelines.

Additional steps that should be considered to reduce the potential of a release from a pipeline include the following.

— “Dead” piping and temporary connections should be removed when they are no longer required.

— Piping subject to vibration should be braced to reduce movement and avoid fatigue failures.

— Tanks should be checked for uneven settlement of the foundation, corrosion and leaks.

— Installation of pressure relief valves should be considered for liquid lines, which could potentially rupture from 
liquid expansion.

— Sleeve-type line couplings should not be used when there is a chance of line movement.

12 Minimizing Surface Disturbance 

12.1 General

The well location should accommodate all the equipment used to perform the fracturing job. Any off-location 
equipment staged during the job should be parked so it does not restrict or block local or emergency traffic. If it is 
necessary to block portions of the road, affected residents and emergency agencies should receive advance 
notification.

Wellsites should always be planned with safety—both worker safety and community safety—as a first priority. In 
addition, site determinations are also based on operational issues and regulatory requirements. Public nuisance 
issues associated with certain locations, including: vehicle traffic, emissions, noise, lighting, erosion control, material 
use and management of produced hydrocarbons and fracturing wastes, including flowback fluids, are also important 
factors in a final site determination. 

Larger drilling locations (pads) required for multiple wells and horizontal fracture stimulation, ultimately reduce the 
overall surface disturbance when compared to single well pads. Pads should be sized to accommodate the drilling 
and fracturing equipment, multiple well pads, and larger production facilities necessary for higher volumes of 
produced fluids. These larger locations may result in additional localized impacts during construction, drilling, 
fracturing, well completion and production operations that must be considered and mitigated as appropriate. As soon 
as practicable, temporary equipment can be removed and excess areas may be reclaimed, restored or returned to 
other uses, reducing the location size and overall footprint. See API 51R for further information on appropriate 
reclamation practices [3].

12.2 Mitigating Impacts Associated with Site Selection

Site selection for all E&P activities warrants careful evaluation and planning. To minimize surface impact, additional 
attention is prudent for hydraulic fracturing operations. For example, the layout of the site for hydraulic fracturing 
operations should consider the potential for soil and surface water impacts in the event of a spill. As possible, 
equipment and materials should be positioned and stored to minimize disturbance to the environment. An 
environmental site assessment can be valuable in site selection. This assessment might include evaluating 
topographic, population, environmental hazard, zoning and other maps to locate sensitive or high-exposure areas 
[such as churches, schools, hospitals, residential areas, surface waters, freshwater wells, flood zones, active fault 
areas, threatened and endangered plants and animals (including habitat), protected bird habitat, wetlands, 
archeological, recreational, biological or scenic areas]. Where feasible, the site should be located away from these 
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sensitive areas. Potential impact from upset conditions, such as oil or produced water spills and leaks, should also be 
considered.

Existing roads and rights-of-way should be utilized to the maximum extent possible. The land owner and/or surface 
tenant should be consulted to consider present and future uses of affected and adjacent land. A site should be 
selected that minimizes the amount of surface terrain alteration to reduce environmental and aesthetic damages. 
Locations requiring construction practices such as cut and fill, which pose possible landslide or slump problems, 
should be avoided when possible. Consideration should be given to stock piling topsoil, if feasible. Subsurface soil 
conditions should be considered for adequate foundation support of buildings, pumps, engines, tanks and equipment 
used during hydraulic fracturing operations. 

Detailed guidance for site selection considerations is provided in API 51R [3].

13 Protecting Air Quality
The sources of potential air emissions associated with hydraulic fracturing are temporary in nature. Hydraulic 
fracturing operations utilize large amounts of horsepower (hp), normally provided almost exclusively by diesel 
engines. There are federal, state, local and tribal requirements regarding air emissions that apply to oil and gas E&P 
operations. 

Federal regulations that have a direct impact on controlling emissions from fracturing operations include the 
Standards of Performance for Stationary Compression Ignition and Spark Ignition Internal Combustion Engines 
(NSPS) and Reciprocating Internal Combustion Engine (RICE) NESHAP rules, which regulate new, reconstructed 
and existing stationary engines. In general, these rules apply to most internal combustion engines regardless of 
horsepower rating, location or fuel. 

The EPA typically delegates implementation of air regulations to state and tribal agencies. This delegation of authority 
can include rule implementation, permitting, reporting and compliance. Any state with delegation of authority can pass 
more restrictive rules, but they are prohibited from passing a rule that is less stringent than the federal rule.

14 Preserving Visual Resources
The visual impacts from hydraulic fracturing operations at any particular site are generally minor and short-term, and 
vary with topography, vegetation and distance to the viewer. Site-specific impacts will be more pronounced with multi-
well pads, but the overall impact of a large-scale operation is reduced. Horizontal drilling can provide flexibility to 
locate well pads in optimal locations and use of multi-well pads will reduce the number of visual impacts in an area. 
Operators should work with municipalities to identify and/or map potential areas of high visual sensitivity. 

15 Mitigating Noise Impacts
Noise is best mitigated by distance—the further from receptors, the lower the impact. The second level of noise 
mitigation is direction. Directing noise-generating equipment away from receptors greatly reduces associated 
impacts. Timing also plays a key role in mitigating noise impacts. Scheduling the more significant noise-generating 
operations during daylight hours provides for tolerance that may not be achievable during the evening hours.

Hydraulic fracturing operations should be planned with these noise-related considerations in the forefront. When 
possible, attention to the location of the access road may mitigate noise impact associated with trucking and the 
hydraulic fracturing operations. When feasible, the wellsite and access road should be located as far as practical from 
occupied structures and places of assembly. The goal is to protect non-lease holders from noise impacts that conflict 
with their property use.
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Other examples of noise mitigation techniques that can be considered with regard to hydraulic fracturing operations 
include: 

— the placement of tanks, trailers, topsoil stockpiles or hay bales between the noise sources and receptors;

— the use of noise reduction equipment such as hospital mufflers, exhaust manifolds or other high-grade baffling; 
and

— the orientation of high-pressure discharge pipes away from noise receptors and the addition of noise wall or 
noise barriers.

16 Mitigating Road Use Impacts

One of the largest local concerns with large-scale deployment of hydraulic fracturing operations is often associated 
with lease roads. Lease roads are constructed and used to support various exploration and production activities, 
including fracturing operations. The environmental impact of the construction of a road can have longer lasting 
effects, beyond the limits of the right-of-way. Existing roads that meet transportation needs should be utilized, where 
feasible, to limit additional disturbance and new road construction. When it is necessary to build new roadways, they 
should be developed with potential impacts and purpose in mind. Mitigation options should be considered prior to 
construction and landowner recommendations should be part of the planning process. In addition, proper road 
maintenance is critical for the performance of roads, to manage erosion and to protect environmentally sensitive 
areas.

One of the potential impacts of the proposed activity on community character is the issue of trucking to support high-
volume hydraulic fracturing. Local authorities retain control over local roads and, where appropriate, operators should 
obtain road use agreements. 

Whether agreements are in place or not, in areas with traffic concerns, operators should develop a trucking plan that 
includes an estimated amount of trucking, hours of operations, appropriate off-road parking/staging areas and routes 
for informational purposes.

Examples of possible measures in a road use agreement or trucking plan include:

— route selection to maximize efficient driving and public safety;

— avoidance of peak traffic hours, school bus hours, community events and overnight quiet periods;

— coordination with local emergency management agencies and highway departments;

— upgrades and improvements to roads that will be traveled frequently;

— advance public notice of any necessary detours or road/lane closures; and 

— adequate off-road parking and delivery areas at the site to avoid lane/road blockage. 

Detailed guidance for lease road planning, design and construction, maintenance and reclamation, and abandonment 
are also provided in API 51R [3].
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Introduction

The Chicot equivalent aquifer system is an important source of freshwater in southeastern Louisiana. 
In 2005, about 47 million gallons per day (Mgal/d) were withdrawn from the Chicot equivalent aquifer 
system in East Baton Rouge, East Feliciana, Livingston, Tangipahoa, St. Helena, St. Tammany, 
Washington, and West Feliciana Parishes (figs.1 and 2; Sargent, 2007). Concentrated withdrawals exceeded 
5 Mgal/d in Bogalusa, the city of Baton Rouge, and in northwestern East Baton Rouge Parish (fig. 1). In 
the study area, about 30,000 wells screened in the Chicot equivalent aquifer system were registered with 
the Louisiana Department of Transportation and Development (LaDOTD). These wells were constructed 
for public-supply, industry, irrigation, and domestic uses (Z. Bolourchi, Louisiana Department of 
Transportation and Development, written commun., 2009). Most of the wells (about 27,500) were 
registered as domestic-use wells and are small-diameter (4-inch casing or smaller), low-yielding wells. 
Total withdrawal from the Chicot equivalent aquifer system for domestic use was estimated to be 12 
Mgal/d in 2005 (Sargent, 2007).

This report documents the 2009 water-level surface of the Chicot equivalent aquifer system in 
southeastern Louisiana. The report also shows differences in water-level measurements for the years 1991 
and 2009 at selected sites. Understanding changes and trends in water levels is important for continued use, 
planning, and management of groundwater resources. The U.S. Geological Survey (USGS), in cooperation 
with the LaDOTD, conducted this study of the water-level surface of the Chicot equivalent aquifer system 
in Louisiana as part of an ongoing effort to monitor groundwater levels in aquifers in Louisiana.

The study area (fig. 1) is bounded by the Mississippi-Louisiana State line to the north and east. The 
southern boundary is the approximate southern extent of East Baton Rouge, Livingston, Tangipahoa, and 
St. Tammany Parishes. The western boundary is the Mississippi River.

The cooperation of municipal, industrial, and private well owners during data collection is greatly 
appreciated. Special thanks go to Zahir “Bo” Bolourchi, Director, Water Resources Programs, Louisiana 
Department of Transportation and Development, for providing water-well registration data and assistance 
in the publication of this report.

Methods

Water-level data were collected by USGS personnel by using steel or electric tapes and pressure 
gages. Measurements were made by using equipment that is quality assured. Field procedures included 
making a second water-level measurement to verify the first and to ensure that the water level was static. A 
land-surface elevation was estimated for each site by using quadrangle maps with 5- or 10-foot (ft) 
contours. Although not shown on the map, water-level data reported by drillers and contained in LaDOTD 
well-registration files were used as ancillary data. Water-level data from LaDOTD were used to refine the 
conceptualization of the water-level surface with respect to land surface. Digital-elevation model data 
(Gesch and others, 2002; Gesch, 2007) were evaluated in the recharge area to configure water-level 
contours with land surface. Water-level data collected during this study are stored in the National Water 

Information System (accessible at http://nwis.waterdata.usgs.gov/la/nwis/gwlevels).
Hydrographs showing water-level data since 1990 were selected from 

long-term water-level network wells. The selected hydrographs had the most 
complete (no large time periods of missing measurements) datasets for the period 
1990–2010  and were spatially distributed across the study area. Water levels at 
these sites were measured by USGS personnel in cooperation with personnel from 
the LaDOTD and the Capital Area Ground Water Conservation Commission. An 
average rate of water-level decline for the period 1990–2009 was determined for 
each hydrograph by using a simple least-squares linear regression (Golden 
Software, Inc., 2007).

The difference between 1991 and 2009 water levels in the aquifer system 
was evaluated by using water-level data collected at 29 sites. These sites were 
measured in 1991 for mapping the water-level surface in the Chicot equivalent 
aquifer system in St. Helena, Livingston, Tangipahoa, St. Tammany, and 
Washington Parishes (Walters, 1995) or as part of a USGS observation network 
in East Baton Rouge Parish.

Hydrogeology

The Chicot equivalent aquifer system (figs. 3 and 4) consists of southerly 
dipping unconsolidated deposits of silt, sand, and gravel separated by 
discontinuous units of clay and sandy clay (Walters, 1995). The aquifer system is 
regionally extensive and extends north and east of the study area into Mississippi. 
West of the study area, the Chicot equivalent aquifer system is truncated by the 
Mississippi River alluvial aquifer system (Griffith, 2006). At the approximate 
southern boundary of the study area, locally named aquifers in the Chicot equivalent 
aquifer system transition into the New Orleans aquifer system. South of the study area, 
the aquifers contain large areas of saltwater, although limited quantities of freshwater 
are available (Tomaszewski, 2003).

In the northern half of the study area (the area north of a line drawn along the northern boundaries of East 
Baton Rouge, Livingston, and St Tammany Parishes), the system contains large amounts of sand and gravel. 
Previous reports have referred to aquifers in this area as the upland terrace aquifer or shallow aquifer (Nyman 
and Fayard, 1978; Tomaszewski, 1988). The northern half of the study area contains higher land-surface altitudes 
(hilltops) where precipitation infiltrates through permeable sands into the aquifer system—the recharge area. 
Groundwater in the recharge area has higher water-levels than in the south because of the higher elevation of 
land surface.

South of the recharge area (fig. 1), the Chicot equivalent aquifer system dips below younger deposits and 
is confined by clays (fig. 4). In the approximate southern half of the study area, aquifers in the system are 
generally referred to as the shallow, “400-foot,” or “600-foot” sands of the Baton Rouge area, and in Tangipahoa 
and St. Tammany Parishes, as the shallow and upper Ponchatoula aquifers (fig. 3).

The base of the Chicot equivalent aquifer system is about 100 ft above National Geodetic Vertical Datum 
of 1929 (NGVD 29) near the Mississippi-Louisiana State line. In northern parts of the study area, sands in the 
aquifer system are near land surface and coalesce with underlying sands. The aquifer system dips southward; the 
base of the aquifer system is about 0 ft NGVD 29 in central parts of the study area and 600 ft below NGVD 29 

in southern areas. The aquifer system generally contains 100–200 ft of combined sand 
thickness; however, sands can be locally missing. The aquifer system thickens 
southward, and thickness reaches 400 ft or more in southern areas (Griffith, 2003).

Previous investigations have shown that the Baton Rouge fault affects water 
levels in the Baton Rouge area (Whiteman, 1979; Tomaszewski, 1996). The effects of 
faulting on water levels were not evident during this investigation because water levels 
in wells south of the fault were not measured in the Baton Rouge area. In Livingston, 
Tangipahoa, and St. Tammany Parishes, thick beds of sand north and south of the 
Baton Rouge fault are present (Griffith, 2003, plates 4, 5, and 7) and may allow 
unrestricted groundwater flow across the fault in the aquifer system.

Wells in the recharge area are shallower than wells in the downdip confined 
zones. Wells constructed in the recharge area generally have total depths that range 
from 70 to 190 ft below land surface (10 and 90 percentiles) and have a median depth 
of 110 ft (Z. Bolourchi, Louisiana Department of Transportation and Development, 
written commun., 2009). Depths of wells in the southern half of the study area 
generally range from 100 to 480 ft below land surface (10th and 90th percentiles) and 
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Figure 3.   Correlation of hydrogeologic units in the Chicot equivalent aquifer system in southeastern Louisiana (modified from Stuart and 
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Figure 1.   Location of the study area and locations of wells constructed in the Chicot equivalent aquifer system in southeastern Louisiana. 

Figure 2.   Withdrawals from the Chicot equivalent aquifer system in selected parishes of southeastern 
Louisiana, 1990–2005 (from Sargent, 2007).
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Figure 4.   Generalized hydrogeology of the Chico equivalent aquifer system in southeastern Louisiana (modified from Griffith, 2003). 
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Daniel Henry

From: Phyllis Darensbourg on behalf of LDNR Public Information
Sent: Wednesday, December 10, 2014 9:31 AM
To: Daniel Henry
Cc: Patrick Courreges
Subject: ATTENTION
Attachments: EXHIBIT 8.pdf; EXHIBIT 9.pdf; EXHIBIT 10.pdf; EXHIBIT 11.pdf; EXHIBIT 12.pdf; EXHIBIT

13.pdf

From: Jordan, Lisa W [mailto:lwjordan@tulane.edu]
Sent: Wednesday, November 19, 2014 4:53 PM
To: LDNR Public Information
Cc: Wick, Caroline J; Marianne Cufone (mcufone@recirculatingfarms.org); Emily Posner (eposner@recirculatingfarms.org)
Subject: Exhibits 8 through 13 to Quarles affidavit

Office of Conservation:
  Please receive Exhibits 8 through 13 to the affidavit of Mark Quarles, which is Exhibit A to Abita Springs and CCST’s
comments.  Thank you.

Lisa Jordan
Deputy Director
Tulane Environmental Law Clinic
6329 Freret Street
New Orleans, LA  70118
Direct:  (504) 314-2481
Office:  (504) 865-5789
Fax:       (504) 862-8721
Email: lwjordan@tulane.edu

CONFIDENTIALITY NOTICE
This email communication may contain confidential information which also may be legally privileged and is
intended only for the use of the intended recipients identified above. If you are not the intended recipient of this
communication, you are hereby notified that any unauthorized review, use, dissemination, distribution,
downloading, or copying of this communication is strictly prohibited. If you are not the intended recipient and
have received this communication in error, please immediately notify us by reply email, delete the
communication and destroy all copies.
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Noble gases identify the mechanisms of fugitive gas
contamination in drinking-water wells overlying the
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Horizontal drilling and hydraulic fracturing have enhanced energy
production but raised concerns about drinking-water contamination
and other environmental impacts. Identifying the sources and
mechanisms of contamination can help improve the environmental
and economic sustainability of shale-gas extraction. We analyzed
113 and 20 samples from drinking-water wells overlying the
Marcellus and Barnett Shales, respectively, examining hydrocarbon
abundance and isotopic compositions (e.g., C2H6/CH4, δ13C-CH4) and
providing, to our knowledge, the first comprehensive analyses of
noble gases and their isotopes (e.g., 4He, 20Ne, 36Ar) in groundwater
near shale-gas wells. We addressed two questions. (i) Are elevated
levels of hydrocarbongases in drinking-water aquifers near gaswells
natural or anthropogenic? (ii) If fugitive gas contamination exists,
what mechanisms cause it? Against a backdrop of naturally occur-
ring salt- and gas-rich groundwater, we identified eight discrete
clusters of fugitive gas contamination, seven in Pennsylvania and
one in Texas that showed increased contamination through time.
Where fugitive gas contamination occurred, the relative propor-
tions of thermogenic hydrocarbon gas (e.g., CH4,

4He) were signif-
icantly higher (P < 0.01) and the proportions of atmospheric gases
(air-saturated water; e.g., N2,

36Ar) were significantly lower (P < 0.01)
relative to background groundwater. Noble gas isotope and hydro-
carbon data link four contamination clusters to gas leakage from
intermediate-depth strata through failures of annulus cement,
three to target production gases that seem to implicate faulty pro-
duction casings, and one to an underground gas well failure. Noble
gas data appear to rule out gas contamination by upward migra-
tion from depth through overlying geological strata triggered by
horizontal drilling or hydraulic fracturing.

noble gas geochemistry | groundwater contamination | methane |
water quality | isotopic tracers

Rising demands for domestic energy resources, mandates for
cleaner burning fuels, and efforts to reduce greenhouse gas

emissions are driving an energy transformation from coal toward
hydrocarbon gases produced from unconventional resources (1,
2). Horizontal drilling and hydraulic fracturing have substantially
increased hydrocarbon recovery from black shales and other
unconventional resources (1, 2) (Fig. S1) to the extent that shale
gas now accounts for more than one third of the total natural-
gas production in the United States (3).
Public and political support for unconventional energy ex-

traction is tempered by environmental concerns (4, 5), including
the potential for compromised drinking-water quality near shale-
gas development (6, 7). The presence of elevated methane and
aliphatic hydrocarbons (ethane, propane, etc.) in drinking water,
for instance, remains controversial and requires distinguishing
between natural and anthropogenic sources (6–12). Some studies
have suggested that shale-gas development results in fugitive gas
contamination in a subset of wells near drill sites (6, 7), whereas
others have suggested that the distribution of hydrocarbon gases

in aquifers overlying the Marcellus Shale is natural and unrelated
to shale-gas development (8, 9, 13). This study addresses two critical
questions: (i) are elevated levels of hydrocarbon gas in drinking-
water aquifers near gas wells derived from natural or anthropo-
genic sources and (ii) if fugitive gas contamination exists, what
mechanisms cause it?
Previous efforts to resolve these questions identify the genetic

fingerprint of hydrocarbon gases using the molecular (e.g., [C2H6
plus heavier aliphatic hydrocarbons]/[CH4]; abbreviated as
C2H6+/CH4) and stable isotopic [e.g., δ13C-CH4, δ2H-CH4, or
Δ13C=(δ13C-CH4 minus δ13C-C2H6)] compositions of hydrocarbon
gases (6–9, 13) (SI Text). These techniques resolve thermogenic and
biogenic hydrocarbon contributions and differentiate between hy-
drocarbon sources of differing thermal maturity [e.g., Middle-
Devonian (Marcellus)-produced gases vs. Upper Devonian (UD)
gas pockets at intermediate depths]. However, microbial activity
and oxidation can alter the original geochemical signature (14) and
obscure the sources or mechanisms of fluid migration (8, 9).
Noble gas elemental and isotopic tracers constitute an appropri-

ate complement to hydrocarbon geochemistry. Their nonreactive
nature (i.e., unaffected by chemical reactions or microbial ac-
tivity) (14) and well-characterized isotopic compositions in the
crust, hydrosphere, and atmosphere (SI Text) make noble gases
ideal tracers of crustal fluid processes (14–17). In most aquifers,

Significance

Hydrocarbon production from unconventional sources is grow-
ing rapidly, accompanied by concerns about drinking-water
contamination and other environmental risks. Using noble gas
and hydrocarbon tracers, we distinguish natural sources of
methane from anthropogenic contamination and evaluate the
mechanisms that cause elevated hydrocarbon concentrations
in drinking water near natural-gas wells. We document fugitive
gases in eight clusters of domestic water wells overlying the
Marcellus and Barnett Shales, including declining water quality
through time over the Barnett. Gas geochemistry data implicate
leaks through annulus cement (four cases), production casings
(three cases), and underground well failure (one case) rather
than gas migration induced by hydraulic fracturing deep un-
derground. Determining the mechanisms of contamination will
improve the safety and economics of shale-gas extraction.
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the noble gas isotopic composition reflects a binary mixture of
two sources: (i) air-saturated water (ASW), containing 20Ne, 36Ar,
and 84Kr (and N2) derived from solubility equilibrium with the at-
mosphere during groundwater recharge; and (ii) crustal rocks that
release radiogenic noble gases such as 4He* and 21Ne* (sourced
from 235; 238U + 232Th decay) and 40Ar* (sourced from 40K decay,
where * indicates a radiogenic component) (18). Once noble gases
incorporate into crustal fluids, they fractionate only by well-con-
strained physical mechanisms (e.g., diffusion, phase partitioning)
(16, 18). Therefore, when paired with hydrocarbon composition
and inorganic water chemistry, noble gases can help differentiate
between natural geological migration of hydrocarbon gases and
anthropogenic contamination. We also suggest that noble gas
geochemistry can be used to determine the mechanisms by which
anthropogenic gas contamination occur.
We envision seven scenarios that, alone or together, can ac-

count for the elevated hydrocarbon levels in shallow aquifers
(Fig. 1): (i) in situ microbial methane production; (ii) natural
in situ presence or tectonically driven migration over geological
time of gas-rich brine from an underlying source formation
[e.g., Marcellus or Barnett formation (Fm.)] or gas-bearing for-
mation of intermediate depth (e.g., Lock Haven/Catskill Fm. or
StrawnFm.); (iii) exsolution of hydrocarbon gas already present in
shallow aquifers following scenario 1 or 2, driven by vibrations or
water level fluctuations from drilling activities; (iv) leakage from
the target or intermediate-depth formations through a poorly
cemented well annulus; (v) leakage from the target formation
through faulty well casings (e.g., poorly joined or corroded casings);
(vi) migration of hydrocarbon gas from the target or overlying
formations along natural deformation features (e.g., faults, joints,
or fractures) or those initiated by drilling (e.g., faults or fractures
created, reopened, or intersected by drilling or hydraulic fractur-
ing activities); and (vii) migration of target or intermediate-depth
gases through abandoned or legacy wells. In our study areas, other
scenarios such as coal bed methane or leakage from pipelines or
compressors into aquifers are unlikely (Figs. S2 and S3).
Here, we examine the noble gas (e.g., 4He, 20Ne, and 36Ar),

hydrocarbon (e.g., δ13C-CH4, CH4, and C2H6), and chloride (Cl
−)

content of 113 domestic groundwater wells and one natural
methane seep overlying the Marcellus study area (MSA) ∼800–
2,200 m underground in northeastern Pennsylvania and south-
eastern NewYork and 20 groundwater wells overlying the Barnett
study area (BSA) ∼1,950–2,500 m underground in east-central
Texas (SI Text and Figs. S2 and S3). Sample collection and anal-
yses are reported briefly in Materials and Methods and in more
detail in SI Text (7, 19–21). The typical depth of drinking-water
wells in the MSA is 35–90 m, sourced from either fractured

sandstone of the Lock Haven and Catskill Formations or outwash
alluvium aquifers. The typical depth to drinking water in Texas
is 60–75 m, sourced from the Upper Trinity limestone. More
geological information is included in SI Text. To augment our
previous studies (6, 7) that examined the relationship between
methane and proximity to gas wells, in this study we intentionally
targeted a subset of water wells known to have elevated CH4
concentrations and surrounding water wells both near and far
from drill sites. The reason for this approach was to distinguish
among the mechanisms causing high gas concentrations natu-
rally from those potentially associated with shale-gas develop-
ment (Fig. 1).

Results and Discussion
The occurrence, distribution, and composition of hydrocarbons
in the Earth’s crust result from the interplay between tectonic
and hydrologic cycles (14, 17). The remnants of these processes
generate inorganic, hydrocarbon, and noble gas compositions
withdistinctive geochemical fingerprints (e.g.,C2H6+/CH4,δ13C-CH4,
4He/CH4,

20Ne/36Ar, and Cl−) that can help to distinguish hydro-
carbons that migrated naturally from those that migrated as anthro-
pogenic fugitive gases associated with shale-gas development. Our
data show that in the aquifers overlying the MSA, the CH4 levels
in groundwater samples observed >1 km from shale-gas wells
co-occurs with elevated concentrations of natural crustal brine
components (e.g., Cl− and 4He) (triangles in Fig. 2 A and B). The
composition of groundwater sampled <1 km from drill sites in the
MSA shows clear evidence of two populations: (i) wells with
compositions statistically indistinguishable from those collected
>1 km from drill sites (circles in Fig. 2 A andB) and (ii) wells with
low salt (Cl−) concentrations but that are supersaturated with re-
spect to methane and have distinct noble gas compositions (green-
rimmed circles in Fig. 2 A and B).
Similar to the results for methane, the noble gas compositions

from groundwater samples in the MSA >1 km from shale-gas
wells (triangles), including the gas-rich saline spring at Salt Springs
State Park north of Montrose, PA (square, Fig. 2A), and some
samples <1 km from drill sites (circles, Fig. 2A) all had similar
diagnostic noble gas compositions (Fig. 2 A and B). These samples
have CH4/

36Ar at or below CH4 saturation [p(CH4) ≤ 1 atm, i.e.,
below the “bubble point”; SI Text] and show a corresponding
increase in the ratio of thermogenic gas components to ASW
(i.e., CH4/

36Ar vs. [Cl−], r2 = 0.72, P < 0.01; and 4He/20Ne vs.
[Cl−], r2 = 0.59, P < 0.01; Fig. 2 A and B). In fact, the regression
of CH4/

36Ar vs. [Cl−] for all samples >1 km from gas wells (Fig.
2A) is indistinguishable from a regression of the subset of points
<1 km from drill sites, suggesting one continuous population
(P= 0.31, Chow test); wedefine these samples as the “normal trend”
for brevity. These data suggest that the natural salt- and gas-rich
waters in the MSA have a groundwater chemistry derived from
a deep gas-rich brine that migrated over geological time (typified by
the Salt Spring) and then mixed with meteoric water of ASW com-
position ([Cl−] = <10 mg/L; CH4/

36Ar = ∼0; 4He/20Ne = ∼0.3). The
coexistence of elevatedCH4, Cl

−, and 4He is consistent with previous
observations for brine migration that represents a natural hydro-
carbon gas source in scenario 2 (Fig. 1) (20).
A subset of samples collected <1 km from drill sites, however,

shows different relationships for CH4/
36Ar and 4He/20Ne vs. Cl−;

we define this subset as the “anomalous subset” for brevity.
These samples show significantly higher levels of thermogenic
gases (P < 0.01) relative to ASW gases (i.e., elevated CH4/

36Ar
and 4He/20Ne) independent of [Cl−] (green-rimmed circles in Fig.
2 A and B). Because CH4 and

36Ar and 4He and 20Ne pairs have
similar gas/liquid partition coefficient (1/solubility) ratios (SI
Text), a lack of correlation between Cl− concentrations and either
CH4/

36Ar or 4He/20Ne (P = 0.864 and 0.698, respectively) sug-
gests that the anomalous subset (Fig. 2) represents a thermogenic

Fig. 1. A diagram of seven scenarios that may account for the presence of
elevated hydrocarbon gas levels in shallow aquifers (see discussion in text).
The figure is a conceptualized stratigraphic section and is not drawn to scale.
Additional scenarios (e.g., coal bed methane and natural-gas pipelines leak-
ing into aquifers) are unlikely in our specific study areas (Figs. S2 and S3).
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hydrocarbon gas that has separated from the brine-meteoric
water mixture and migrated in the gas phase.
To test this geochemical framework in another shale-gas basin,

we compared the MSA data to those from the BSA, where the
source of elevated CH4 concentrations reported in domestic water
wells has been controversial (Fig. S3). Our initial sampling in
December 2012 revealed that 9 of 12 BSA groundwater samples
were similar to the normal trend samples from the MSA. For in-
stance, [CH4] and the ratios of thermogenic gas to meteoric water
[i.e., CH4/

36Ar (r2 = 0.59; P < 0.01) and 4He/20Ne (r2 = 0.48; P <
0.01)] increased with [Cl−] (triangles and circles in Fig. 2 C andD).
In contrast, three domestic wells showed identical trends to the
anomalous subset of samples near gas wells in the MSA, with
CH4/

36Ar substantially above saturation and elevated 4He/20Ne,
even at low [Cl−] (green-rimmed circles in Fig. 2 C and D).
To confirm these results, we resampled 12 domestic water

wells from the BSA during both August and November of 2013.
The two 2013 sampling campaigns each included four additional
domestic wells (8 new; 20 in total). None of the new samples
showed evidence of contamination. Ten of the initial 12 samples,
including the three anomalous water wells, showed similar results
to the 2012 analyses (green-rimmed circles in Fig. 2 C and D and
SI Text). However, by the time of our August 2013 sampling, two
of the initial samples that were originally consistent with the
normal trend showed increased hydrocarbon gas concentra-
tions that coincided with greater CH4/

36Ar and 4He/20Ne, con-
sistent with a transition to the anomalous subset over time (Fig. 2
C and D and SI Text). One water well showed order-of-magnitude

increases of both CH4/
36Ar (24,782–722,534) and 4He/20Ne

(267–26,324), whereas the other showed similar trends in CH4/
36Ar

(750–81,163) and 4He/20Ne (42–569) during the same period
(Fig. 2 C and D and SI Text). Because the [Cl−] did not change in
either well, we suggest that thermogenic hydrocarbon gas mi-
grated into these wells in the gas phase unaccompanied by brine
between December 2012 and August 2013.
The concentrations of dissolved ASW gases (i.e., 20Ne, 36Ar,

and N2) can further explain the interactions that occur between
hydrocarbon gas and water (16, 22–25). In the MSA, all normal
trend samples both >1 km and <1 km from drill sites had 36Ar
and N2 that varied within ∼15% of the temperature-dependent
ASW solubility line (cyan line in Fig. 3 A–C) (25–28). Although
some background groundwaters showed minor excess air en-
trainment common in pumped groundwater globally (SI Text)
(23, 29), these ranges reflect equilibration between the atmo-
sphere andmeteoric water during groundwater recharge (26, 27).
In contrast, the anomalous subset of wells in the MSA (green-
rimmed circles in Fig. 3 A and B) that have elevated methane and
that departed from the brine-meteoric water mixing line were
stripped of ASW gases compared with the expected solubility
equilibriums (P < 0.001; Fig. 3 A and B).
Consistent with the results from the MSA, our data suggest

that 5 water wells in the BSA display evidence of gas-phase mi-
gration associated with hydrocarbon gas extraction, whereas the
remaining 15 samples appear to have acquired methane naturally.
The initial December 2012 sampling identified three anomalous
samples in Texas with supersaturated CH4 that departed from the

Fig. 2. The ratios of CH4/
36Ar [ratios are in units (cm3 STP/L)/(cm3 STP/L);

A and C] and 4He/20Ne (B and D) vs. Cl− of domestic groundwater wells. The
samples were collected in the Marcellus (MSA) (Left) and Barnett (BSA)
(Right) study areas at distances >1 km (triangles) and <1 km (circles) from
unconventional drill sites (Tables S1 and S2). [CH4] is shown using grayscale
intensity [0–60+ cm3 ([CH4]) STP/L]. The dashed lines in the MSA are the
regressions of all points collected >1 km from drill sites. In the MSA, all
samples >1 km from drill sites had [CH4] at or below saturation and showed
significant correlations between Cl− and CH4/

36Ar (r2 = 0.72; P < 0.01) or
4He/20Ne (r2 = 0.59; P < 0.01) defined as the normal trend. For samples
<1 km from drill sites, one subset was consistent with the “normal trend” (P =
0.31; Chow test), whereas the other anomalous subset had supersaturated
[CH4] and high CH4/

36Ar and 4He/20Ne, even at low [Cl−] (green-rimmed circles
inA and B). The natural Salt Spring inMontrose, PA, is shown as a square in all
MSA figures, and samples targeted for microbial-sourced gases are distin-
guished by diamonds. In the BSA, 15 samples had [CH4] at or below saturation
and significant correlations between Cl− and CH4/

36Ar (r2 = 0.59; P < 0.01) or
4He/20Ne (r2 = 0.48; P < 0.01) (dashed lines in C andD). Five samples, including
two that changed between the first and second sampling periods (Fig. S4),
had substantially higher CH4/

36Ar and 4He/20Ne independent of [Cl−]. The
anomalous subset of samples from both locations with elevated CH4 that do
not fall along the normal trend (>1 km) regression lines are consistent with
a flux of gas-phase thermogenic hydrocarbon gas into shallow aquifers.

Fig. 3. 20Ne (Top), N2 (Middle), and CH4 (Bottom) vs. 36Ar in the MSA (Left)
and BSA (Right) at distances >1 km (triangles) and <1 km (circles) from drill
sites. All normal trend samples have 36Ar and N2 within 15% of the tem-
perature-dependent ASW solubility line (cyan lines). Conversely, a subset of
wells with elevated [CH4] <1 km from drill sites (green-rimmed circles) shows
significantly stripped ASW gases (20Ne, 36Ar, N2), which result from extensive
partitioning of dissolved ASW gases into a large volume of migrating gas-
phase hydrocarbons (i.e., a fugitive gas). Note that domestic wells labeled
previously elevated CH4 were vented to remove methane from the water
before our sampling. Consistent with the MSA, most BSA samples (15 of 20)
also have normal ASW composition, but five anomalous samples, including
the two that displayed pronounced changes between the initial and later
sampling events (Fig. S5), have significantly stripped ASW gas composition
(green-rimmed circles).
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brine-meteoric water mixing line (Fig. 2 C and D). Each of these
samples also showed significant depletions (i.e., stripping) of all
ASW components (36Ar and N2) (green-rimmed circles in Fig. 3
D–F). Data from our second and third sampling campaigns in
August and November of 2013 reinforced these trends. The three
original anomalous samples remained stripped of their ASW
components, but the two previously normal wells that displayed
increased CH4 through time also became depleted of ASW gases
(i.e., stripped) by August 2013 and remained stripped in the
November sampling (Fig. S5).
Stripped groundwater with 36Ar and N2 levels significantly

below atmospheric solubility, similar to those that we observed in
the anomalous subset of methane-rich samples from both the
MSA and BSA, requires exceptional hydrogeological conditions.
Gas-phase migration of CH4 (or CO2) can lead to the exsolution
of ASW into the gas phase (14, 16, 23). However, these processes
have been observed only in hydrogeological settings where tec-
tonic (e.g., geothermal springs) ormicrobial (e.g., methanogenesis
in rice paddies, landfills) processes drive large volumes of gas-
phase migration or displace the ASW gases in the vadose zone
before recharge (22, 30). Even the naturally discharging gas-rich
Salt Spring in Pennsylvania has p(CH4) = ∼1 atm and normal
ASW compositions, with minor bubble nucleation only occurring
near the surface as hydrostatic pressure decreases (SI Text).
Stripped ASW compositions in a subset of groundwater sam-

ples occurred exclusively <1 km from drill sites in the MSA and
BSA and indicate a rapid introduction of high pressure [i.e.,
p(CH4) » 1 atm] gas-phase hydrocarbons into shallow aquifers
at a rate that exceeds groundwater flow. There are no apparent
tectonic or hydrologic mechanisms to drive the migration of hy-
drocarbon gas at sufficient rates to strip ASWgases within shallow
aquifers (<100 m) in either study area. Moreover, in both study
areas, samples with stripped ASW composition contain elevated
levels of aliphatic hydrocarbons (C2H6, C3H8; P < 0.01) and heavy
stable isotopic compositions (i.e., δ13C-CH4 = >−55‰) (6-9, 13)
(P < 0.01; Fig. 4B and Fig. S7), which preclude microbial pro-
duction as the source for elevated methane in shallow aquifers
(scenario 1) (6, 7). Note that three wells targeted for elevated
microbial methane levels in the MSA (e.g., landfills; diamond
symbols in Figs. 2–4) were easily distinguished by diagnostic noble
gas (e.g., low 4He/20Ne and 4He/CH4) and hydrocarbon isotopic
tracers (light δ13C-CH4; Figs. 2B and 4B), but still retained normal
ASW gas levels (Fig. 3 A–C and Fig. S8). More importantly, in the
MSA, the hydrocarbon composition of the anomalous subset of
samples is consistent with either Marcellus-produced gases (black
box in Fig. 4A andB and SI Text) or overlying UD-produced gases
(pink box in Fig. 4 A and B and SI Text; scenario 2), whereas BSA
samples require further consideration as discussed below. The
combined evidence of noble gas and hydrocarbon molecular
(C2H6+/CH4) and stable isotopic (δ13C-CH4) compositions for
the majority of anomalous subset samples is consistent with con-
tamination by fugitive gas migration.
By constraining the mechanisms that cause elevated hydro-

carbon concentrations in drinking water near natural-gas wells,
we can further distinguish the presence of fugitive gas contami-
nation. Gas-rich groundwater (>1 cm3 standard temperature and
pressure/L methane) samples that fall along the normal trends
for hydrocarbon levels, salts, and ASW gases (36Ar and N2) in
the MSA have 20Ne/36Ar far above ASW equilibrium (∼0.156)
and 4He/CH4 well above any known thermogenic hydrocarbon
gas sources in the study area (Fig. 4A). We suggest that the
enriched 20Ne/36Ar and excess 4He and 20Ne in these samples are
remnants of relatively low Vgas/Vwater conditions during the
geological migration of gas-rich brine from Marcellus source
rocks to conventional UD hydrocarbon traps and eventually
shallow aquifers as described by scenario 2 (Fig. 1).
We hypothesize that the geological migration of hydro-

carbons by scenario 2 occurred in three successive steps. First,

hydrocarbon maturation in the Marcellus source rocks produced
sufficient methane to generate a free gas phase, which caused the
naturally present trace gases to partition from the formational
brine into the gas phase. As trace gases partition between the brine
and gas phases, the degree of fractionation between trace com-
ponents such as 20Ne and 36Ar (or other trace gases) is a function
of the respective partition coefficients between gas and water and
the relative volumes of gas and water (Vgas/Vwater; SI Text) (18).
Because Ne and He have higher partition coefficients (i.e., lower
solubilities in the fluid) than Ar or CH4, this initial stage of rela-
tively low Vgas/Vwater gas-phase separation causes the enrichment
of 20Ne and 4He in the migrating gas phase, whereas the residual
Marcellus fluid becomes relatively depleted in 20Ne/36Ar below
ASW (0.10–0.12, as reported in ref. 19). In the second stage, the
buoyant migration of relatively He- and Ne-enriched hydrocarbon
gas into overlying formations further increases the concentration
of less soluble trace gases (i.e., 4He and 20Ne) with respect to more
soluble gases (i.e., 36Ar and CH4) that will preferentially redis-
solve into the water-saturated crust. This redissolution process
would yield elevated 20Ne/36Ar and 4He/CH4 in the hydrocarbon
gases emplaced in the overlying UD reservoirs, which is sup-
ported by the observed 20Ne/36Ar composition of UD-produced
gases (up to 1.4) in the northern Appalachian Basin (Fig. 4A) as
reported in ref. 19. The final stage likely occurs at present, when

Fig. 4. 4He/CH4 vs. 20Ne/36Ar (Upper Left) and 4He/CH4 vs. δ13C-CH4 (Lower
Left) and C2H6+/CH4 vs. δ13C-CH4 (Upper Right) and 4He/40Ar* vs. 4He/20Ne
(Lower Right) of produced gases and groundwater in the MSA (Left) and
BSA (Right) at distances >1 km (triangles) and <1 km (circles) from drill sites.
Normal trend groundwater samples in the MSA display 4He/CH4 and

20Ne/36Ar
values that increase with [CH4] and that are significantly higher than
Marcellus-produced gases. These data suggest natural geological migration
of gas under relatively low Vgas/Vwater conditions (scenario 2). Samples <1 km
from drill sites with evidence for fugitive gas migration (green-rimmed circles)
plot along a trend between Marcellus (black box) and Upper Devonian-pro-
duced gases (pink hatched box) consistent with Scenarios 4 (annulus) or 5
(production casing) (B). A cluster of groundwaters near a gas well that expe-
rienced an underground blowout (circled in A and B) displays significant
stripping and enrichments in both 4He/CH4 and 20Ne/36Ar, consistent with
modeled solubility fractionation vectors (red dashed lines) for gas migration
through the water-saturated crust (e.g., along faults or fractures) (scenario 6),
but likely results from a well packer failure at depth (scenario 5). The Strawn-
and Barnett-produced gases include data reported in ref. 8 and collected as
part of the present study (Table S3). The molecular ratio of aliphatic hydro-
carbons (C2H6+/CH4) (C) and noble gases (4He/40Ar* and 4He/20Ne) (D) in sam-
ples with evidence of fugitive gas contamination (green-rimmed circles) are
significantly greater than other natural groundwaters in the area. The simi-
larity between the C2H6+/CH4,

4He/40Ar*, and 4He/20Ne composition of the five
impacted wells, including the two that changed between the first and second
samplings (Fig. S6), and Strawn-produced gases, suggests an intermediate
depth Strawn gas (scenario 4) as the most likely cause for the fugitive gas
contamination observed in Texas.
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hydrocarbon gases that previously migrated into UD traps (e.g., in
the Lock Haven/Catskill) diffuse into and equilibrate with
overlying shallow aquifers.
In contrast to the normal trend samples that show extensive

fractionation following a complex history of geological migra-
tion, all samples from the anomalous subset are located <1 km
from drill sites in Pennsylvania and have noble gas compositions
that are inconsistent with the geological migration of hydrocar-
bon gas through the water-saturated crust (scenario 2). Instead,
the anomalous subset of samples has significantly lower 20Ne/36Ar
(P < 0.01) and 4He/CH4 (P < 0.01) than background samples (Fig.
4A). These data likely suggest that hydrocarbon gases were
emplaced into the shallow aquifer without significant fractionation
of ASW 20Ne/36Ar during transport through the water-saturated
crust (green-rimmed circles in Figs. 3 A–C and 4A). Consequently,
for the anomalous subset of groundwater samples with stripped
ASW compositions, five possible mechanisms for gas migration
to shallow aquifers remain plausible (scenarios 3–7; Fig. 1), all
of which implicate an anthropogenic mechanism related to gas
drilling and extraction. Distinguishing among these mechanisms
will further clarify the environmental implications of fugitive gas
contamination and lead to engineering solutions.
Elevated CH4 levels may result from the exsolution of hydro-

carbon gas already present in shallow aquifers during drilling
(scenario 3). This mechanism would release hydrocarbon gases
that previously migrated into shallow aquifers by scenario 2 that
later phase separated from brine-rich groundwater during drilling.
However, this process would release hydrocarbon gases from
shallow aquifers without altering the CH4/

36Ar or 4He/20Ne in
either the migrated gas or the residual fluid because of the similar
partition coefficients between the respective gases (SI Text). Be-
cause none of the data (specifically highly elevated CH4/

36Ar,
4He/20Ne, and δ13C-CH4) from the anomalous subset of samples
are consistent with scenario 2 in theMSA or BSA, we suggest that
scenario 3 is unlikely.
Gas-phase leakage through scenarios 4 (well annulus), 5 (faulty

casing), and 7 (legacy/abandoned wells) would transmit thermo-
genic gases from depth to the shallow aquifers with minimal
interactions between the deep, pressurized gas-phase and static
water present in stratigraphic units in the crust. As a result, the
hydrocarbon gas released by these mechanisms would have high
ratios of thermogenic to ASW components (i.e., high CH4/

36Ar
and 4He/20Ne), stripped ASW compositions and would undergo
minimal fractionation of hydrocarbon gas during transport from
each of the respective production intervals (e.g.,Marcellus orUD
formations) to shallow aquifers. As a result, the gases released
through scenarios 4, 5, or 7 should also retain the composition
of the gas-rich reservoir formation (i.e., 4He/CH4,

20Ne/36Ar,
C2H6+/CH4, and δ13C-CH4).
The majority of anomalous subset samples (i.e., green-rimmed

samples) in the MSA display minimal fractionation of gas com-
positions (e.g., low 20Ne/36Ar and 4He/CH4). These data are
consistent with the anthropogenic release of a fugitive hydrocar-
bon gas by either scenario 4, 5, or 7 depending on location, al-
though scenario 7 is unlikely based on the lack of legacy wells in
the research area (Fig. S2). Importantly, all of these data are in-
consistent with scenario 6 (direct migration of gases upward
through the overlying strata following horizontal drilling or hy-
draulic fracturing) because in this scenario, gas/liquid partitioning
would significantly fractionate the diagnostic gas isotope ratios
during migration through the water-saturated crust.
In the MSA and many other basins, the molecular and isotopic

fingerprints of the hydrocarbon gases can distinguish between
scenarios 4 (annulus leakage) and 5 (faulty casing leakage) (31, 32).
For example, UD-produced gases typically have lower δ13C-CH4
(−38‰ to−44‰), normalΔ13C1–2=<0, and low ethane (C2H6+/
CH4=<0.01) (6, 7, 9) (pink box in Fig. 4B and SI Text). In contrast,
Marcellus-produced gases have heavier δ13C-CH4 values (−29‰

to−35‰), reversed stable isotopic composition (i.e.,Δ13C1–2=>0),
and a higher proportion of aliphatic hydrocarbons (C2H6+/CH4 >
0.015; black box in Fig. 4B and SI Text) (7, 9, 13). By comparing
4He/CH4 vs. δ13C-CH4 (Fig. 4B), C2H6+/CH4 vs. δ13C-CH4, or
δ13C-CH4 vs. Δ13C1–2 (Fig. S7), we find evidence for both sce-
narios 4 and 5 in different locations in theMSA. Three clusters of
groundwater wells with noble gas evidence for fugitive gas con-
tamination have molecular and isotopic fingerprints that are con-
sistent with these UD sources, whereas four clusters are consistent
with a Marcellus composition (black box in Fig. 4 A and B).
Similarly, in the BSA, the compositions of the five anomalous

samples and the distance to legacy wells (Fig. S3) also preclude
scenarios 1, 2, 3, 6, and 7. However, because the isotopic com-
position (δ13C-CH4) of both the Barnett Fm. and overlying Strawn
Fm. are similar, routine analyses of hydrocarbon stable isotope
compositions do not easily distinguish between scenarios 4 and 5
in this setting (8). Here, additional fingerprinting techniques,
such as noble gases (19) or the molecular composition of
hydrocarbons, provide a complementary approach.
Noble gases are useful tracers because the ASW compositions

(36Ar, 20Ne) are consistent globally and the crustal components
(e.g., 4He and 40Ar) are resolvable and unaffected by oxidation
or microbial activity. The radiogenic gases (i.e., 4He and 40Ar)
form by the time-integrated decay of U + Th and K in the crust and
are released from different lithologies as a function of tempera-
ture (SI Text) (19). As a result, the 4He/40Ar* ratio is a marker
for the thermal maturity of thermogenic hydrocarbon gases (19).
The similarity between C2H6+/CH4 vs. δ13C-CH4 and

4He/40Ar* vs.
4He/20Ne in the Strawn-produced gases and the anomalous subset of
five groundwater samples in the BSA suggests that contamination
likely results from the release of annulus-conducted gas sourced
from the Strawn Fm. (scenario 4) rather than from the Barnett
Shale (scenarios 5 or 6; Fig. 4 C and D).
Unlike the seven discrete clusters of groundwater contami-

nation discussed thus far, an eighth cluster of four groundwater
samples (three water wells and one ephemeral spring) in the
MSA displayed evidence of stripping and significantly elevated
4He/CH4 and

20Ne/36Ar (green-rimmed circles in the oval in Fig.
4A). This cluster includes the only samples consistent with signif-
icant fractionation during the migration of hydrocarbon gas from
depth, through water-saturated strata in the crust, and finally into
the shallow aquifer (scenario 6). We propose that the composition
of these samples reflects a mixture between (i) residual water
previously depleted in ASW components by a large flux of mi-
grating gas similar to the mechanism observed for other stripped
samples (green-filled circles) and (ii) a hydrocarbon gas that
redissolved into groundwater within shallow aquifers following
extensive fractionation during transport through water-saturated
strata in the crust. A natural-gas production well near this sampling
location experienced an “underground mechanical well failure”
before our sampling (12, 33). Although our noble gas and hydro-
carbon data cannot eliminate scenario 6 alone, the PADepartment
of Environmental Protection reports suggest that our data likely
record a casing well packer failure at depth (33), consistent with
scenario 5, which permitted extensive fractionation of gas compo-
nents during transport through the water-saturated crust. Thus, we
find no unequivocal evidence for large-scale vertical migration of
hydrocarbon gas from depth attributable to horizontal drilling or
hydraulic fracturing (scenario 6).
In summary, our data demonstrate eight discrete clusters of

groundwater wells (seven overlying the Marcellus and one over-
lying the Barnett) near shale-gas drill sites that exhibit evidence
for fugitive gas contamination. Three clusters of groundwater
wells in the MSA are consistent with hydrocarbon gas contami-
nation from intermediate-depth UD sources and one cluster in
the BSA is likely derived from an intermediate-depth Strawn
source. The most likely cause for these four cases of fugitive gas
contamination is the release of intermediate-depth hydrocarbon
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gas along the well annulus, probably as a result of poor cemen-
tation (i.e., scenario 4). Three of the remaining four groundwater
well clusters in the MSA are consistent with the release of Mar-
cellus-like hydrocarbon gas, presumably through poorly con-
structed wells (e.g., improper, faulty, or failing production casings),
whereas the fourth cluster, withmodifiedMarcellus-like production
gases, surrounds the natural-gas well that experienced a docu-
mented underground well failure.
In general, our data suggest that where fugitive gas contami-

nation occurs, well integrity problems are most likely associated
with casing or cementing issues. In contrast, our data do not sug-
gest that horizontal drilling or hydraulic fracturing has provided
a conduit to connect deep Marcellus or Barnett Formations di-
rectly to surface aquifers. Well integrity has been recognized for
decades as an important factor in environmental stewardship for
conventional oil and gas production (34, 35). Future work should
evaluate whether the large volumes of water and high pressures
required for horizontal drilling and hydraulic fracturing influence
well integrity. In our opinion, optimizing well integrity is a critical,
feasible, and cost-effective way to reduce problems with drinking-
water contamination and to alleviate public concerns accompa-
nying shale-gas extraction.

Methods
All water samples in the MSA (n = 114) and the BSA (n = 20) were analyzed
for their major gas abundance (e.g., CH4, C2H6, C3H8, N2), stable isotopic

composition (e.g., δ13C-CH4, δ13C-C2H6), chloride content, and noble gas ele-
mental and isotopic compositions of He, Ne, and Ar, following standard
methods reported previously (7, 19–21) (SI Text). The analytical errors in all data
plots reported here are smaller than the symbols.

Before sampling, water wells were pumped to remove stagnant water
until stable values for pH, electrical conductance, and temperature were
obtained. Water samples were collected before any treatment systems fol-
lowing standard methods (20).

A more complete review of noble gas background material and numerical
modeling is included in SI Text. Briefly, the anticipated fractionation-driven
changes in gas composition are calculated bymodifying previously developed
GGS-R fractionation models (16). All Bunsen solubility constants (β) are cal-
culated as a function of salinity and temperatures ranging between 15 °C
and 200 °C to represent present ambient groundwater temperatures and
hypothetical temperatures for the migration of a geological brine. Partition
coefficients (α = βX/βY) were calculated as a function of temperature and sa-
linity according to refs. 26, 27, and 36.
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Geological Background. Northeastern Pennsylvania (Marcellus). The
Appalachian Basin is an archetypal energy-producing foreland
basin (Fig. S1) located in the northeastern United States. In the
eastern part (northeastern Pennsylvania and southern New York)
of the northern Appalachian Basin (NAB), oil and gas production
occurs within various lithologies throughout the northern
Appalachian Plateau region, but is largely confined to two genetic
groups: (i) migrated gases sourced from Ordovician (∼485–443
Ma) shales and hosted in Ordovician/Silurian (∼443–419 Ma)
tight sands and carbonates of the Trenton/Black River and (ii)
Middle Devonian (∼384–377 Ma) source/reservoir tight gas
black shales of the Marcellus Group (1). More complete de-
scriptions of relevant Appalachian geology and hydrocarbon po-
tential in this area are available elsewhere (1–4).
The structural architecture of the NAB evolved throughout the

Taconic, Acadian, and Alleghanian orogenies, all of which de-
posited and deformed the sedimentary rocks throughout the basin
(5–8). Today, the complex depositional and tectonic history of
this area is visible within the northern section of the Appalachian
Plateau physiographic province whose gently dipping strata con-
tain salt-cored detachment folds and are further deformed by
layer parallel shortening, reverse faults, and fracturing (7–9).
Select lithologies of interest in the study area include the

following: the Middle Ordovician Trenton/Black River Group,
the Upper Silurian Salina Group, the Middle Devonian-aged
Hamilton Group (∼393–388Ma), and the Upper Devonian Brallier
(∼385–375 Ma), Lock Haven (∼375–369 Ma), and Catskill For-
mations (∼369–359 Ma) (Fig. S2). The interbedded limestones and
shales of the Trenton/Black River Group and the overlying organic-
rich Utica shale represent Taconic orogenic sediments (10). The
Salina Group consists of interbedded shales, dolomites, and salt
deposits that act as the regional decollement for Alleghanian struc-
tures (8, 11). As a result, structural folds and faults above the de-
collement (i.e., Devonian and younger stratigraphic units) bear little
resemblance in deformation style or hydraulic connectivity to those
present beneath the Salina Group (8, 11).
The Hamilton Group is a wedge of marine sediments that is

thicker to the east and south and includes the organic- and silici-
clastic-rich, hydrocarbon-producingMarcellus subgroupat its base
(12, 13). Rb-Sr age dating suggests that the deposition of the
Marcellus Formation occurred from∼384± 9 to 377± 11Ma (14,
15). The Upper Devonian consists of thick synorogenic deposits
including the Brallier, Lock Haven, and Catskill Formations
(Fig. S2). The latter two formations constitute the two primary
lithologies that serve as groundwater aquifers in the Marcellus
Study Area (MSA) in northeastern Pennsylvania and southern New
York, along with the overlying glacial and sedimentary alluvium (16).
The Hamilton Group and other formations above the Salina

slid along the weak Salina salt as part of the Appalachian Plateau
detachment sheet (8, 9). Deformation within the Appalachian
plateau detachment sheet is significantly less intense than the
Valley and Ridge province and shows a combination of layer
parallel shortening, folding that leads to the broad anticline/syn-
cline sequences, duplex/thrust faulting structures, and jointing
(e.g., J1 and J2) (4, 8, 14). Each of these deformation features
exists within our study area. A combination of thrust load-induced
subsidence, clastic loading, and Alleghanian deformation induced
thermal maturation and eventually catagenesis and metagenesis
within the Marcellus Formation (4, 17). In the NAB, Alleghanian
deformation also led to large-scale migration of hot, deep for-

mational brines away from the hinterland and into the foreland
(i.e., Appalachian Plateau) (18, 19).
Rifting of the Atlantic Ocean that began in the Mesozoic (e.g.,

Triassic basalts of Connecticut and New Jersey), accompanied by
recent cycles of glacial advance and retreat, led to rapid exhu-
mation/unloading, erosion, and neotectonic jointing (i.e., often
termed J3) in at least the top 0.5 km of the crust (20). The major
Triassic rift basins in the Appalachian Basin occur in the Gettys-
burg–Newark lowland and offshore. Because these rift basins are
on the opposite side of the Appalachian Structural Front, it is
highly unlikely that these Triassic rifts made significant mantle
contributions to the gas chemistry of the plateau region, specifi-
cally in our study area (i.e., >150 km away from rift basins). Note
that all of our samples have purely crustal helium isotope ra-
tios (3He/4He) and atmospheric neon isotope ratios (20Ne/22Ne
and 21Ne/22Ne) that confirm a dearth of mantle contributions,
which otherwise would be easily identifiable using our methods.
Pleistocene glacial cycles may also influence the permeability of

aquifers within our study area. Ice loading and retreat led to an
additional cycle of shallow crustal compaction, glacial isostatic
rebound, and likely neotectonic fracturing within the MSA. As
a result of both tectonic and glacial processes, previously deeply
buried lithologies such as the Catskill and Lock Haven For-
mations are much closer to the surface today and often serve as
highly naturally fractured, dual permeability aquifers for drinking-
water supplies. The major stratigraphic sequences above the Upper
Devonian Catskill Formation in our study area have eroded away
and therefore are not discussed. More complete reviews of Car-
boniferous Age (Mississippian and Pennsylvanian) deposition in
the NAB are available elsewhere (6).
East-Central Texas (Barnett). The Fort Worth Basin is an elongated
north-south trending trough that covers ∼38,000 km2 throughout
northeastern-central Texas in the southern United States (Fig.
S1). The basin consists of Paleozoic sedimentary rocks within an
asymmetric, wedge-shaped sedimentary package that is ∼3,700 m
deep along the western portion of the Muenster Arch (21–23).
The Fort Worth Basin was a foreland basin that formed in re-
sponse to the thrusting of the Ouachita structural belt (21) onto
the North American continental margin during the Ouachita-
Marathon orogeny in the lateMississippian (∼359–323Ma) through
the early Pennsylvanian (∼323–299 Ma) (21–24).

The structural geology of the Fort Worth Basin, which formed
in response to the Ouachita orogeny, is complex and includes
major andminor normal and thrust faults, folding, intense natural
fractures, and karst-related terrains (21). The basin is bounded by
the Ouachita structural front to the east and southeast, the Llano
uplift to the south, the Muenster and Red River arches to the
north and northeast, and the Bend Arch to the west (which
represents a flexural and structural high) (24). One prominent
fault within the basin is the poorly understood Mineral Wells
basement fault that runs through Parker County, TX (northwest
of our study area) (21, 24).
The Paleozoic sedimentary package contained within the Fort

Worth Basin is underlain by a Precambrian granite and diorite
basement (Fig. S3). The Paleozoic stratigraphic column (domi-
nated by carbonates) was deposited along the stable continental
cratonic shelf from the Cambrian to the Mississippian with inter-
ruptions caused by marked drops in sea level during the Silurian
andDevonian. One example is the Ellenberger unconformity, which
started during the Ordovician and prevented the deposition of Si-
lurian rocks (25). Similarly, Permian sequences are less abundant,
whereas no Triassic or Jurassic rocks have been found in the basin,
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presumably as a result of erosion preceding the Cretaceous (21, 24,
25). The basin includes∼1,200–1,500mofOrdovician-Mississippian
carbonates and occasional interbedded shales, 1,800–2,100 m
of Pennsylvanian clastics and carbonates, and a thin covering of
Comanche series Cretaceous rocks (21).
Commercial oil and gas activities in the Fort Worth Basin

over the last decade have focused on the Barnett Shale (26–28).
The organic-rich Barnett Shale was deposited over the Ellen-
burger unconformity during the lateMississippian (∼354–323Ma)
(21, 24, 25). The Barnett, which has a thickness of∼15m along the
western margin that increases to more than 305 m near the
Muenster Arch, is the primary petroleum source rock in the Fort
Worth Basin (21, 24, 26, 27, 29). In general, the Barnett Forma-
tion is oil prone in the northern and western portions of the basin,
whereas thermal maturities are sufficient for wet gas generation to
the south and east (24, 26, 29, 30). The geographic area included
within the current study area in Parker County, TX [Barnett Study
Area (BSA); Fig. S3] resides entirely within the gas window (i.e.,
wet gas window) (30). Because there is a minimal correlation
between hydrocarbon maturity and in situ reservoir vitrinite re-
flectance values, many workers suggest that there was significant
geological migration of hydrocarbons from the source rocks (i.e.,
the Barnett Formation in the Upper Mississippian) into the
overlying Middle-Pennsylvanian Bend and Strawn Formations
(∼323–299 Ma) within the BSA (21, 24, 27, 31).
The principal aquifers of our study area in east-central Texas

consist of a series of shallow marine Cretaceous formations, in-
cluding the Trinity Group (or Trinity aquifer) (25, 32). The Trinity
Group, which consists of limestone, calcareous sandstones, silts,
and conglomerates, includes the Lower Trinity (e.g., Sycamore
sandstone, Sligo Formation), the Hammett Shale, the Middle
Trinity (CowCreek limestone, Hensell sandstone), and theUpper
Trinity (GlenRose limestone) (25, 32). Based on sampling depths,
our groundwater samples from east-central Texas are all collected
from either the Middle or Upper Trinity aquifer (31, 32) (Fig. S3).

Materials and Methods. Sample selections in the Marcellus and Barnett
regions. We examine the noble gas isotopic compositions of 113
domestic groundwater wells and one natural methane seep within
an eight-county area of Pennsylvania (Bradford, Lycoming, Sul-
livan, Susquehanna, and Wayne counties) and New York (Broome,
Delaware, and Sullivan counties) (Table S1). The MSA is within
the NAB Plateau region underlain by the Marcellus Shale (∼800–
2,200 m depth; Figs. S1 and S2). Drinking-water wells in our study
had typical depths of 35–90m andwere sourced in either fractured
sandstone of the Lock Haven or Catskill Formation or the out-
wash alluvium contained in river valleys. We integrate noble gas,
hydrocarbon (i.e., the molecular and isotopic composition of hy-
drocarbon gas), and dissolved inorganic constituent (i.e., Cl−)
data with previous work on the principal aquifers of the region
(Alluvium, Catskill, and Lock Haven) (33, 34).
We hypothesized that diagnostic isotopic ratios (e.g., 4He/CH4,

20Ne/36Ar, and δ13CH4) and molecular abundances (e.g., [CH4],
[20Ne], [36Ar], and [N2]) would allow us to differentiate between
samples with elevated methane concentrations resulting from the
natural geological migration of hydrocarbon gas and those that
result from fugitive gas contamination in the MSA. Therefore,
we adjusted our previous sampling methodologies, which did not
target houses with high methane concentrations in their water, to
include by design a subset of water wells known to have elevated
methane both near (<1 km) and away (>1 km) from drilling.
These water wells allowed us to examine the cause for the high
methane concentrations observed, distinguishing among natural
and anthropogenic mechanisms.
We present data from this study according to their distance

from shale-gas well sites at the time of sampling. Samples from
MSA collected >1 km from drilling are displayed as triangles,
whereas samples <1 km from drilling sites are displayed as cir-

cles. The saline spring at Salt Spring State Park, Montrose, PA, is
shown as a square, and samples targeted for their microbial in-
puts are shown as diamonds in Figs. 2–4 and Figs. S7 and S8.
Within all figures, the abundance of methane is preserved using
grayscale intensity where methane concentrations of 0 cm3 standard
temperature and pressure (STP)/L are white and range up to black
for >60 cm3 STP/L. In the MSA, we compare groundwater data to
published data from production wells across the plateau region of
the NAB (35–39).
Data from producing conventional (i.e., vertical) well in the

MSA were collected and reported in ref. 37. These data are
presented in Table S3.
To test the geochemical framework we developed for the

Marcellus in a different shale formation, we studied groundwater
and produced gas samples in the Barnett Formation of Texas as
well (Table S2). Elevated levels of methane in a subset of domestic
groundwater wells at this site have been the source of substantial
controversy (31). We analyzed groundwater samples from 20 do-
mestic drinking-water wells near the city of Weatherford in Parker
County, TX (Figs. S1 and S3).
The BSA is within the Fort Worth Basin underlain by the

Barnett Shale (∼1,800–2,500 m depth; Fig. S3). The typical depth
of drinking-water wells in the study area was 60–75 m. In Parker
County, TX, groundwater samples collected <1 km from active
drill sites are plotted as circles, whereas those samples collected
>1 km from active drill sites are plotted as inverted triangles in
Figs. 2–4 and Figs. S4–S6. In all plots from BSA, the abundance
of methane is preserved using a grayscale intensity where white
corresponds to methane concentrations of 0 cm3 STP/L and
ranges up to black for >60 cm3 STP/L.
Data from Parker County hydrocarbon gas production wells

were collected from producing conventional (i.e., vertical) wells
as part of the current study according to methods described
previously (37). Sample intervals include the Barnett and Strawn
Formations. These data are presented in Table S3.
Sample analyses. All groundwater samples in the MSA and BSA
(n = 134) were analyzed for their major gas abundance (e.g.,
CH4, C2H6, C3H8, N2, and O2) and noble gas elemental ([He],
[Ne], and [Ar]) and isotopic (3He/4He, 20Ne/22Ne, 21Ne/22Ne,
38Ar/36Ar, 40Ar/36Ar, and 20Ne/36Ar) composition according to
standard methods reported previously (37, 40). All groundwater
samples for noble gas analyses were collected and simultaneously
measured for hydrocarbon molecular and stable isotopic com-
position and dissolved inorganic constituents (i.e., Cl−) (33, 34).
The stable carbon isotopic compositions of methane (δ13C-CH4)
were determined for all samples with [CH4] exceeding 0.5cm3

STP/L, whereas the stable carbon isotopic composition of ethane
(δ13C-C2H6) is available for a subset of samples with [C2H6] ex-
ceeding ∼0.1 cm3 STP/L.
Before sampling, wells were flowed to remove stagnant water

and simultaneously monitored for pH, electrical conductance,
and temperature until stable values were obtained.Water samples
were collected before any treatment systems and were filtered and
preserved using US Geological Survey (USGS) protocols (41).
The methods for the analyses of inorganic constituents (e.g., Cl−)
were identical to those reported previously (33, 34). Dissolved
gas samples were collected in the field using procedures detailed
by Isotech Laboratories (42), stored on ice until delivery to their
facilities, and analyzed for the concentrations of methane, eth-
ane, and propane and the carbon isotopic compositions of methane
and ethane. Procedures for stable isotope analyses of gas are sum-
marized in Osborn et al. (34). Isotech Laboratories uses chro-
matographic separation followed by combustion and dual-inlet
isotope ratio MS to measure dissolved gas concentrations and
stable isotopic composition [detection limits for methane (CH4),
ethane (C2H6), and propane (C3H8) were 0.001, 0.0005, and
0.0001 mol %, respectively].
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Noble gas samples were collected in refrigeration-grade
copper tubes that were flushed in-line with at least 50 volumes of
sample water before sealing with stainless steel clamps (43). In
the laboratory, the fluid (∼25 cm3) was extracted from the copper
tube on a vacuum line and sonicated for ∼30 min to ensure
complete transfer of dissolved gases from the extraction vessel to
the sample inlet line (43, 44). Major gas components (i.e., N2, O2,
Ar, and CH4) were measured using a Dycor quadrupole MS and
a SRI GC (37, 40). The isotopic analyses of noble gases were
performed using a VG 5400 MS at the University of Rochester
Rare Gas Facility. Standard analytical errors were ±3% for noble
gas concentrations ([4He], [22Ne], and [40Ar]). Isotopic errors
were approximately ±0.01 times the ratio of air (or 1.4 × 10−8) for
3He/4He ratio, <±0.5% and <±1% for 20Ne/22Ne and 21Ne/22Ne,
respectively, and <±1% for 38Ar/36Ar and 40Ar/36Ar (higher than
typical because of interferences from C3H8 on mass = 36 and 38).
Genetic classification of hydrocarbon gases.Within the context of pe-
troleum geochemistry, hydrocarbon gases are typically classified as
thermogenic, biogenic, or mixed, with the distinction typically
based on their molecular and isotopic composition (e.g., δ13C-CH4)
(45). Biogenic gas is generated at low temperatures («100 °C) in
anoxic or hypoxic conditions from the microbial decomposition
of organic matter and/or the reduction of CO2 (46). Microbes
produce methane gas almost exclusively [i.e., methane/ethane plus
higher order hydrocarbons (CH4/C2H6+/) » 1,000], with a typically
light δ13C-CH4 (<−60‰ to −70‰) isotopic composition (45).
Analyses of the molecular and stable isotopic composition of

hydrocarbon gases can often differentiate hydrocarbon gases of
different thermal histories and genetic sources. Thermogenic hy-
drocarbon gases typically have higher concentrations of aliphatic
hydrocarbons [e.g., ethane; (C2H6+/CH4) > 1%, where C2H6+
denotes the contributions from ethane, propane, and higher order
hydrocarbons] and heavier stable isotopic compositions than
biogenic gas (CH4 with a δ13C-CH4 > −55‰, typically −50‰
to −28‰) (45). However, the composition of thermogenic gases
evolves as the organic source (i.e., kerogen or liquid hydro-
carbons) degrades (45). As organic matter cracks to form oil
and then hydrocarbon gas, the gases are initially enriched in
higher aliphatic hydrocarbons [e.g., propane (C3H8) > ethane
(C2H6) >methane (CH4); termed wet gas] and 12C (i.e., lighter
δ13C-CH4). As thermal maturity increases, the heavier hydro-
carbons are progressively broken down, increasing the CH4/C2H6+
and δ13Cof various components (47). Inmost hydrocarbon gases, the
isotopic composition (δ13C-CX) is δ13C-C3H8 > δ13C-C2H6 > δ13
C-CH4 (47). However, in many thermally mature black shales, such
as those observed in the MSA, this maturity trend reverses, creating
diagnostic isotopic reversals in which the δ13C-CH4 becomes heavier
than δ13C-C2H6 [i.e., (δ13C-CH4 minus δ13C-C2H6) = ΔC1-2 = >1)
(3, 47). As a result, the analysis of compound specific isotopes can
help to further constrain the potential sources of various thermally
mature hydrocarbon gases (47–51).

Noble Gas Systematics. Background. Helium and the other noble
gases are conservative tracers that are not altered by chemical or
biological processes (e.g., bacterial reduction and oxidation). As
a result, their original composition is preserved in shallow ground-
waters independent of microbial activity or changes in oxygen
fugacity. The well-characterized isotopic composition of major
terrestrial reservoirs (i.e., mantle, crust, hydrosphere, and at-
mosphere) and coherent physico-chemical response to changing
fluid conditions make noble gases uniquely valuable for con-
straining the source, mixing, mechanism of transport, and resi-
dence time of crustal fluids (52–56).
One of the unique advantages of applying noble gas geo-

chemistry to groundwater studies is that the meteoric source for
air-saturated water (ASW) is constant globally for both concen-
tration and isotopic composition. As a result, the concentrations
of ASW components in groundwater are a well-constrained func-

tion of temperature, salinity, and atmospheric pressure (elevation)
(57, 58). Atmospheric noble gases (AIR) dissolve in groundwater
when meteoric water equilibrates with the atmosphere before
recharge into the subsurface. This equilibration follows Henry’s
law, with solubility increasing with higher atomic mass: He<Ne<
Ar < Kr < Xe (57, 58).
Shallow groundwaters in unconfined aquifers typically have

ASW noble gas composition characterized by near solubility levels
of [4He] (∼40–45 × 10−6 cm3 STP/L), [Ne] (175-220 × 10−6 cm3

STP/L), and [Ar] (0.28–0.49 cm3 STP/L) (57, 58). Isotopically,
each gas component is similar to atmospheric compositions [i.e.,
helium: 3He/4He = 1.36 × 10−6 or∼0.985Ra (where Ra is the ratio
of a sample relative toAIR= 1.39× 10−6); neon: 20Ne/22Ne (∼9.8)
and 21Ne/22Ne (∼0.0289); and argon: 38Ar/36Ar (∼0.188) and
40Ar/36Ar (∼295.5)]. With the exception of helium (0.985Ra), the
isotopic effect related to Henry’s law solubility dissolution into
meteoric water is less than the measurement error for Ne and Ar.
The second major source of noble gases in crustal fluids in-

cludes the isotopes produced in situ by radioactive decay. As
hydrocarbon or meteoritic fluids interact with crustal fluids, the
noble gas composition changes through the radiogenic nature
and geologic history of the rocks through which fluids migrate
within the Earth’s crust (i.e., termed crustal gases) (37, 52, 53).
Crustal gases are produced from the decay of 235;238U, 232Th
[4He* (α-decay), and 21Ne* (α-n reactions)], and K [40Ar*
(electron capture)] at known decay rates (59, 60). Marine sedi-
ments, such as black shales, are typically enriched in uranium
content (specifically in comparison with thorium) as a result of
uranium adsorption onto organic-rich particles during sediment
deposition. In black shales, the typical range of concentrations
are as follows: uranium (∼1–30 ppm), thorium (∼1–30 ppm), and
40K (total K ∼ 26,000 ppm, with a [40K]/K ratio of 1.170 × 10−4 =
∼3 ppm of 40K of which 11% decays to 40Ar*) (61). This ra-
dioactive decay leads to characteristic ratios of these radiogenic
gases in crustal rocks such as thermally mature black shales (37).
Typical isotopic ratios of crustal noble gases are 3He/4He =
∼0.01Ra, 20Ne/22Ne (∼9.7–10.0), 21Ne/22Ne (∼0.029–0.060), and
40Ar/36Ar (∼295.5–1,100), respectively (53).
Once radiogenic gases are formed in the crust, they are released

from different lithologies at predictable and quantifiable rates as a
function of formation temperature (i.e., release correlates to thermal
maturity) (37, 62). Because of its small atomic radius, helium can
diffuse through quartz on geologic time scales as short as decades,
particularly at the elevated temperatures of hydrocarbon formations,
and thus equilibrate with crustal fluids. Compared with heavier
noble gases, helium is preferentially released from mineral grains
in the crust. In general, helium (4He*) content is higher in older
formations and uranium-rich formations (e.g., black shales).
Following catagenesis and metagenesis (conversion of organic
kerogen to oil and then gas), helium is further enriched in hydro-
carbon gases or other crustal fluids (water or oil) that experience
significant migration (37, 54, 55, 63). The processes that enrich
helium in migrating fluids result from the relatively lower solubility
(higher partition coefficients) and high diffusivity of helium
compared with methane or heavier noble gases in crustal fluids.
In comparison with 4He, radiogenic 40Ar (40Ar*) is only re-

leased from crustal mineral grains into migrating fluids at higher
temperatures (∼220 °C) if K-rich feldspars present in crustal
detritus break down or if K resides within exchangeable sites
(i.e., clays) (37, 62). As a result, the relative 4He/40Ar* ratio is
a sensitive marker for temperature-dependent release history of
thermogenic hydrocarbon gas (37, 62).
Previous studies of the production and groundwater gas

chemistry (in particular the helium and neon isotopic signatures)
in the Appalachian Plateau and Fort Worth Basin have not
revealed any detectable mantle contributions (37). As a result, the
full suite of noble gas isotopic compositions in both basins (and
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most groundwaters globally) reflects a well-constrained binary
mixture of inert gases from two distinct sources: ASW and crus-
tally produced isotopes. The resolution of these two components
can be used to evaluate the different processes that control hy-
drocarbon gas and groundwater migration.
Groundwater–gas interactions. Groundwater transport plays a fun-
damental role in hydrocarbon gas migration [i.e., the methane
saturation concentration or bubble point in fresh water at 10 °C is
∼32–40 cm3 STP/L at p(CH4) = 1 atm] and physically controls
the migration of gases from and within hydrocarbon reservoirs
(64–66). In fact, even if free gas-phase migration occurs, the meth-
ane will often redissolve back into crustal waters (e.g., formational
brines or groundwater) when the free gas-phase enters groundwater
that is undersaturated with respect to methane (55, 66).
The nucleation of a separate gas phase in groundwater occurs

when the sum of the partial pressures of all dissolved gases (but
generally dominated by a few major components such as CO2 or
CH4) exceeds the hydrostatic pressure (the saturation point or
sometimes called the bubble point). In cases where the partial
pressure of dissolved methane is dominant, it controls the par-
titioning of trace gases (He, Ne, and Ar) because these trace
components alone cannot attain (or sustain) sufficient partial
pressures to nucleate or remain in the bubble phase even at the
relatively low hydrostatic pressures present near the vadose zone.
However, if any groundwater interacts with a free gas phase
(e.g., CH4), the trace gas components (e.g., 4He, 20Ne, 36Ar, 40

Ar, and N2) partition into the gas phase according to (i) their re-
spective Bunsen solubility coefficients [βx, the ratio at equilibrium of
the volume of dissolved gas x (at STP conditions) per unit volume of
solution, when the partial pressure of x is 1 atmosphere] and (ii) the
in situ volume ratio of gas to water (i.e., Vgas/Vwater) (53, 67–69).
In low gas to water conditions (i.e., as Vgas/Vwater approaches 0),

trace gases with different solubilities will strongly fractionate as
they partition from groundwater (dissolved) into the gas phase
(54). In this scenario, the degree of molecular fractionation in-
creases and can approach a maximum fractionation value of the
ratio of their respective Bunsen coefficients (βX/βY), termed α
(assuming single stage fractionation; multistage fractionation can
greatly exceed α). For example, the Bunsen coefficient ratio (α)
for 20Ne vs. 36Ar (βNe/βAr) is ∼3.7 at 10 °C, and for 4He vs. CH4
(βHe/βCH4), it is ∼4.7 at the same temperature. Conversely, for
components with similar solubilities such as CH4 vs. 36Ar
(βCH4/βAr), α is about 1 at 10 °C (55, 66), and for 4He vs. 20Ne
(βHe/βNe), α is about 1.2 at the same temperature (57, 58). These
pairs of gases will partition into the gas phase according to
Vgas/Vwater, but will not experience significantmolecular or isotopic
fractionation relative to each other. As Vgas/Vwater increases, the
amount of dissolved gas that partitions into the gas phase will
increase, whereas the degree of molecular (or isotopic) frac-
tionation between gases with different solubilities decreases.
Thus, in high Vgas/Vwater conditions, nearly all of the trace gases
will partition into the gas phase. In this case, even components
with relatively large differences in solubility will not experience
changes in molecular or isotopic ratios in either the gas or the
residual water phases.
The saline spring at Salt Spring State Park, Montrose, PA,

provides an appropriate analog for these processes. We sampled
discharging water at this saline spring ∼10 m below the water
surface (within the steel pipe conduit in place since ∼1900). The
hydrocarbon gas, which is dominated by methane, remains dis-
solved in water as it is transported vertically to the surface. It is
only when samples are collected at the surface that methane
bubbles start to exsolve from the discharging brine.
A sample of the intact (undegassed) natural saline spring (col-

lected ∼10 m below water surface) has near saturation-level
methane concentrations of 40.8 cm3 STP/L and ASW solubility
levels of [20Ne]= 312 × 10−6 cm3 STP/L and [36Ar]= 1,017× 10−6

cm3 STP/L, with [4He]= 0.079 cm3 STP/L. The relevant gas ratios

for the intact sample were CH4/
36Ar of ∼4.0 × 104 [or p(CH4) =

∼1.1 atm], 20Ne/36Ar = 0.307, and 4He/CH4 = 1,945 × 10−6.
For comparison, we collected the exsolved gas phase and residual
water phase after gas exsolution at the surface. Both phases show
a nearly identical CH4/

36Ar of ∼4.2 × 104. Although the CH4/
36Ar

ratios in the two phases are the same, the CH4 and
36Ar concen-

trations in the residual liquid phase are only ∼50% of the levels
([CH4] = 25.54 cm3 STP/L and [36Ar] = 608 × 10−6 cm3 STP/L)
measured in the intact sample. Similarly, the residual water phase
had [4He] = 0.0045 cm3 STP/L and [20Ne] = 79 × 10−6 cm3

STP/L, with 20Ne/36Ar of 0.13 and 4He/CH4 = 176 × 10−6. These
variations occur because CH4 and some of the noble gases have
been transferred from water-phase to gas-phase methane bub-
bles. The captured gas phase contained [CH4]= 0.682 cm3 STP/cm3,
[4He]= 0.00254 cm3 STP/cm3, [20Ne] = 657 × 10−6 cm3 STP/cm3,
and [36Ar] = 1,926 × 10−6 cm3 STP/cm3, with 20Ne/36Ar = 0.341
and 4He/CH4 = 3,728 (×10−6). The addition of 27 cm3 STP of the
exsolved gas to 1 L of the residual water predicts the concen-
trations observed in the single phase fluid to within 6%.
Numerical modeling. When combined, noble gases and the molecular
and stable isotopic compositions of gas-phase hydrocarbons provide
powerful tracers of crustal fluid processes (37, 54). Previous work
demonstrates that solubility partitioning controls the postgenetic
modification of natural CO2 gas compositions in the crust (54, 63,
70). To evaluate the subsurface conditions present during isotopic
and molecular fractionation of hydrocarbon gases, we adapt solu-
bility fractionation models (54, 70, 71) for hydrocarbon gases.
We use numerical modeling to constrain the mechanisms

and conditions under which hydrocarbon gas was transported to
shallow aquifers (dashed lines in Fig. 4A). By applying solubility
fractionation models to determine the subsurface conditions of
the gas–water interactions, we are able to differentiate among the
potential mechanisms of fugitive gas migration within aquifers
overlying unconventional energy fields. In both the MSA and
BSA, mantle contributions are minimal [i.e., crustal 3He/4He =
0.01–0.02RA, where RA is the helium isotope ratios of air and the
neon isotopic signature is distinctly atmospheric (20Ne/22Ne =
9.72–9.89 and 21Ne/22Ne = 0.028–0.030)]. Similarly, there is no
evidence for oil-phase hydrocarbons within the localized geo-
graphic areas of either study area. As a result, solubility-controlled
fractionation processes likely account for the ranges of 4He/CH4
and 20Ne/36Ar data in both shale-gas fields.
The initial ASW is consistent with recently recharged meteoric

water. Groundwater recharged under these conditions is assumed
to have a salinity of zero and to have equilibrated at ∼10 °C at an
elevation of 600 m for Pennsylvania and at 20 °C with an ele-
vation of 325 m for Texas (i.e., present day equilibration con-
ditions for shallow groundwater in both locations). Under these
conditions, the 20Ne and 36Ar in ASW are 171 × 10−6 cm3 STP/L
and 1,223 × 10−6 cm3 STP/L (PA) and 177 × 10−6 cm3 STP/L and
1,267 × 10−6 cm3 STP/L (TX), respectively. Because all ground-
water wells were sampled at depths <90 m, Bunsen solubility
constants (β values: e.g., βNe/βAr) were not corrected for geo-
thermal gradients. The Bunsen solubility constants for the noble
gases are determined using refs. 57, 58, and 72, whereas the par-
tition coefficients (α) are calculated following refs. 53 and 72.
The two-stage groundwater gas stripping and redissolution

(GGS-R) model, as outlined in refs. 54, 70, and 71, postulates that
trace gas components are extracted from the water phase in equi-
libriumwith a gas phase through gas stripping. In ourmodel, the gas
stripping would occur by the continuous percolation of a methane
gas phase. The gas phase would then contain crustal and ASW
noble gases with the relative partitioning between the phases de-
pendent on the relative βX/βY and Vgas/Vwater (53). As the gas mi-
grates into groundwater containing gas levels below methane
saturation, there is a partial redissolution of methane and the
previously exsolved components back into groundwater (54, 71).
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This latter transfer process is hypothesized for a subset of four
impacted groundwater samples from Pennsylvania (Fig. 4A, Upper
Right). The ASW noble gas composition of these samples plots
as a mixture of stripped ASWwater with 20Ne and 36Ar both equal
to 0 (i.e., completely stripped) that mixes with small but variable

amounts of a migrated gas phase with 20Ne/36Ar of ∼1.5. The
CH4/

36Ar ratio for these samples approaches Marcellus-produced
gases. The addedmigrated 20Ne and 36Ar are likely incorporated
as migrated hydrocarbon gas dissolves into the groundwater until
reaching methane saturation.
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Fig. S1. A geographic map of current (brown) and potential (orange) shale gas plays across the lower 48 United States. Groundwater samples overlying the
Barnett and Marcellus study areas are included in this study (black) (1).

1. US Energy Information Administration (2013) Annual Energy Outlook 2014 (USEIA, Washington, DC).
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Fig. S2. Sampling locations within the MSA are collected from northeastern Pennsylvania and southern New York. The background topographic map and
geological features were downloaded from http://www.pasda.psu.edu/, the Carnegie Museum of Natural History, and refs. 1 and 2. The locations of con-
ventional and unconventional wells were sourced from the Pennsylvania Department of Environmental Protection’s Oil and Gas reporting website (www.
paoilandgasreporting.state.pa.us) and the Division of Mineral Resources of New York State’s Department of Environmental Conservation (www.dec.ny.gov/
cfmx/extapps/GasOil/).

1. Faill RT (2011) Folds of Pennsylvania: GIS Data and Map (Survey PG).
2. East JA (2013) Coal Fields of the Conterminous United States: National Coal Resource Assessment (US Geological Survey, Reston, VA).
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Fig. S3. Groundwater sampling locations from Upper Trinity aquifer within the Barnett Study area of east-central Texas. The background topographic map,
geological features, and the locations of conventional and unconventional wells were sourced from the Texas Railroad Commission (www.gisp.rrc.state.tx.us/
GISViewer2/ and www.rrc.state.tx.us/about-us/resource-center/research/data-sets-available-for-purchase/digital-map-data/).

Darrah et al. www.pnas.org/cgi/content/short/1322107111 8 of 13

WRITTEN STATEMENTS (not from Hearing)



Fig. S4. The CH4/
36Ar (Upper) and 4He/20Ne (Lower) ratios vs. chloride (Cl−) of domestic drinking-water wells overlying BSA at distances >1 km (triangles) and

<1 km (circles) from unconventional shale-gas wells (Table S2). [CH4] is shown using grayscale intensity [0–60+ cm3 ([CH4]) STP/L] as scaled on white-black color
bars. Fifteen samples from the BSA had [CH4] at or below saturation and significant correlations between CH4/

36Ar (r2 = 0.59; P < 0.01) and 4He/20Ne (r2 = 0.48;
P < 0.01) with Cl− (Fig. 2 C and D). Five samples, including two samples [BSA-5 (tracked as squares) and BSA-8 (tracked as diamonds)] displayed pronounced
changes between the first and second two sampling events and have substantially higher CH4/

36Ar and 4He/20Ne independent of [Cl−] (green-rimmed circles).
The subset of samples from both locations that have elevated CH4 and do not fall along the normal trend regression lines are consistent with a flux of gas-
phase thermogenic hydrocarbon gas into shallow aquifers. The changes between the initial and subsequent collection periods for samples BSA-5 (hexagon)
and BSA-8 (diamond) are tracked by following the arrows. Notice in both cases how the ratio of thermogenic to ASW gases increased following the initial
sampling periods.
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Fig. S5. 20Ne (Top), N2 (Middle), and CH4 (Bottom) vs. 36Ar in the BSA at distances >1 km (triangles) and <1 km (circles) from drill sites. In natural ground-
waters, the concentration of ASW gases (e.g., 20Ne, 36Ar, and N2) is determined by their solubility during groundwater recharge (1, 2) with minor additions of
excess air (with atmospheric composition) that is trapped during the recharge process (3). Most samples (15 of 20) in the BSA have normal ASW composition
(Fig. 3 D–F), but 5 anomalous samples, including 2 samples [BSA-5 (tracked as squares) and BSA-8 (tracked as diamonds)] that displayed pronounced changes
between the initial and later sampling events, have significantly stripped ASW gas composition (green-rimmed circles). The changes between the initial and
subsequent collection periods for samples BSA-5 (hexagon) and BSA-8 (diamond) are tracked by following the arrows. In both cases, notice how the samples
progressed from normal to stripped ASW composition with increasing [CH4].

1. Weiss R (1971) Effect of salinity on the solubility of argon in water and seawater. Deep-Sea Res 18(2):225–230.
2. Weiss R (1971) Solubility of helium and neon in water and seawater. J Chem Eng Data 16(2):235–241.
3. Heaton THE, Vogel JC (1981) Excess air in groundwater. J Hydrol (Amst) 50(1-3):201–216.
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Fig. S6. C2H6+/CH4 vs. δ13C-CH4 (Upper) and
4He/40Ar* vs. 4He/20Ne (Lower) in groundwater and produced gases from the BSA. Samples collected >1 and <1 km

from drill sites are shown as triangles and circles, respectively. The Strawn and Barnett ranges include data reported in ref. 1 or collected as part of the present
study (Table S3). Although the δ13C-CH4 does not unambiguously distinguish the source of hydrocarbons in this setting, the molecular ratio of aliphatic hy-
drocarbons (C2H6+/CH4) is consistent with local Strawn production gases, specifically in the most gas-rich groundwaters with evidence of gas-phase migration
and stripping. Similarly, this subset of groundwaters has elevated 4He/40Ar* and 4He/20Ne significantly above the natural groundwaters in the area. The
similarity between these proxies for the five impacted wells, including the two that displayed pronounced changes between the first and second two sam-
plings, suggests an intermediate depth Strawn gas (scenario 4: annulus leakage) as the most likely cause for the fugitive gas contamination observed in Texas.
The changes between the initial and subsequent collection periods for samples BSA-5 (hexagon) and BSA-8 (diamond) are tracked by following the arrows. In
both cases, notice how the data progress toward Strawn produced gases.

1. Kornacki AS, McCaffrey MA (2011) Applying Geochemical Fingerprinting Technology to Determine the Source of Natural Gas Samples Obtained fromWater Wells in Parker County and
Hood County (Weatherford Laboratories, Houston).
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Fig. S7. The ratio of ethane plus higher order hydrocarbons to methane (C2H6+/CH4) plotted against δ13C-CH4 (Upper) and isotope signatures of methane
(δ13C-CH4) vs. [methane (δ13C-CH4) minus ethane (δ13C-C2H6) (Δ13C = δ13C-CH4-δ13C-C2H6)] (Lower) in drinking-water wells from MSA collected at distances
>1 km (triangles) and <1 km (circles) from drill sites. The natural Salt Spring, Montrose, PA, is shown as a square and samples targeted for microbial-
sourced gases are distinguished by diamonds. Notice that in the MSA, the samples with elevated [CH4] and stripped ASW composition (green-rimmed
circles) tend to have elevated C2H6+/CH4 and “heavier” δ13C-CH4 compared with the majority of samples >1 km from drilling. Once a fugitive gas is
identified, a comparison of fingerprints such as C2H6+/CH4 vs. δ13C-CH4 can differentiate the source of leakage. For example, Marcellus-produced gases
have higher C2H6+/CH4 (typically >0.015) and heavier δ13C-CH4 (−29‰ to −35‰) (black box) than UD production gases [i.e., lower C2H6+/CH4 (typically
C2H6+/CH4 <0.015) and lighter δ13C-CH4 (<∼−38‰)] (pink box) (1–3). Compound specific isotopes such as δ13C-CH4 vs. Δ13C can also help to differentiate
the source of leakage. Four of the 12 drinking-water samples analyzed for compound specific isotopic analysis are consistent with Marcellus production
gases [δ13C-CH4 > ∼−35‰ (−29‰ to −35‰) and Δ13C > 0] (2). Conversely, 5 of 12 and the saline spring at Salt Spring State Park had δ13C-CH4 consistent
with Upper Devonian production gases [δ13C-CH4 < ∼−38‰ (∼38‰ to −44‰) and Δ13C < 0], whereas 73 samples exhibited intermediate composition that
includes a partial isotopic reversal (2).

1. Molofsky LJ, Connor JA, Wylie AS, Wagner T, Farhat SK (2013) Evaluation of methane sources in groundwater in northeastern Pennsyvlania. Ground Water 51(3):333–349.
2. Jackson RB, et al. (2013) Increased stray gas abundance in a subset of drinking water wells near Marcellus shale gas extraction. Proc Natl Acad Sci USA 110(28):11250–11255.
3. Baldassare FJ, McCaffrey MA, Harper JA (2014) A geochemical context for stray gas investigations in the northern Appalachian Basin: Implications of analyses of natural gases from

Neogene-through Devonian-age strata. AAPG Bull 98(2):341–372.
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Fig. S8. A comparison of the 20Ne/36Ar and CH4/
36Ar ratios in the MSA at distances >1 km (triangles) and <1 km (circles) from drill sites. The natural Salt Spring,

Montrose, PA, is shown as a square and samples targeted for microbial-sourced gases are distinguished by diamonds. Note that in the cohort of natural samples
(<1 km from drill sites), the 20Ne/36Ar and total [20Ne] (Table S1) increase with increasing [CH4]. The simultaneous increase in 20Ne/36Ar and total [20Ne] reflects
the increasing contributions of additional exogenous 20Ne with increasing quantities of migrated thermogenic hydrocarbon gas in the MSA.

Other Supporting Information Files

Table S1 (DOCX)
Table S2 (DOCX)
Table S3 (DOCX)
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List of Acronyms and Abbreviations 

g/g Micrograms per gram 

g/L Micrograms per liter 

ADEM Alabama Department of Environmental Management 

Bbl/min Barrel per minute 

Bcf Billion cubic feet 

Bgs Below ground surface 

BHP Bottom hole pressure 

BLM Bureau of Land Management 

BTEX Benzene, toluene, ethylbenzene, xylenes 

Btu British thermal unit 

CBM Coalbed methane 

CDH Colorado Department of Health 

Contaminant Candidate List 

CDWR Colorado Division of Water Resources 

CFR Code of Federal Regulations 

CMHPG Carboxymethylhydroxypropylguar 

COGCC Colorado Oil and Gas Conservation Commission 

DASC Data Access and Support Center 

DNR Department of Natural Resources 

DOE Department of Energy 

EPA Environmental Protection Agency 

g Gram 

g/mL Grams per milliliter 

GRI Gas Research Institute 

GTI Gas Technology Institute 

GSA Geological Survey of Alabama 

HCl Hydrochloric acid 
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HEC Hydroxyethylcellulose 

HPG Hydroxypropylguar 

KCl Potassium chloride 

L Liter

LEAF Legal Environmental Assistance Foundation 

Mcf Million cubic feet 

MCL Maximum contaminant level 

md Millidarcy 

mg/L Milligrams per liter 

mL Milliliter 

MOA Memorandum of Agreement 

MSDS Material Safety Data Sheet 

MTBE Methyl tert butyl ether 

NMOCD New Mexico Oil Conservation Division 

NPDEA National Pollution Discharge Elimination System 

OGB Oil and Gas Board 

OGWDW Office of Ground Water and Drinking Water 

P3D Pseudo 3 Dimensional 
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POM Polycyclic organic matter 

ppm Parts per million 

PRBRC Powder River Basin Resource Council 

PRCMIC Powder River Coalbed Methane Information Council 

psi Pounds per square inch 
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SEO State Engineer’s Office 

SJRA San Juan Regional Authority 
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Tcf Trillion cubic feet 

TDS Total dissolved solids 

TGD Tennessee Geology Division 

UIC Underground Injection Control 

USBM United States Bureau of Mines 

USDW Underground Source of Drinking Water 

USGS United States Geological Survey 

VDMME Virginia Division of Oil and Gas, within the Department of Mines, Minerals and Energy 

wt. Weight
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Glossary 

Adsorption Adhesion of gas molecules, ions or molecules in solution to the surface of solid bodies 
with which they are in contact. 

Alluvial aquifer A water-bearing deposit of unconsolidated material (e.g., sand and gravel) left behind by 
a river or other flowing water. 

Amphoteric Having both basic and acidic properties. 

Anaerobic Bacteria Bacteria that thrive in oxygen-poor environments. 

Anisotropic Having some physical property that varies with direction from a given location. 

Annulus The space between the casing (the material that is used to keep the well stable; typically 
this material is steel) in a well and the wall of the hole, or between two concentric strings 
of casing, or between casing and tubing. 

Anticline A fold of layered, sedimentary rocks whose core contains stratigraphically older rocks, 
the shape of the fold is generally convex upward. 

Aureole A ring surrounding a volcanic intrusion where the surrounding rock has been altered. 

Azimuth The direction of a horizontal line as measured on an imaginary horizontal circle. 

Bedrock aquifer An aquifer located in the solid rock underlying unconsolidated surface materials (i.e., 
sediment).  Solid rock can bear water when it is fractured. 

Billion cubic feet A unit typically used to define gas production volumes in the coalbed methane industry; 1 
Bcf is roughly equivalent to the volume of gas required to heat approximately 12,000 
households for one year (based on the Department of Energy's average household energy 
consumption statistic, 2001). 

Biogenic A direct product of the physiological activities of organisms. 

Bituminous From the base word bitumen, referring to a general term for various solid and semi-solid 
hydrocarbons that are able to join together and are soluble in carbon bisulfide (e.g., 
asphalts). 

Breaker A fracturing fluid additive that is added to break down the viscosity of the fluid. 

Breccia A coarse-grained clastic rock composed of angular broken rock fragments held together 
by a mineral cement or a fine-grained matrix. 

Brecciated Consisting of angular fragments cemented together. 

Btu British thermal unit; a unit of measure used to define energy. 

Butt Cleat The coal cleat set that abuts into face cleats. 

Capture Zone The portion of an aquifer that contributes water to a particular pumping well. 
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Cavitation Cycling Also known as cavity completion, an alternative completion technique to hydraulic 
fracturing, in which a cavity is generated by alternately pumping in nitrogen and blowing 
down pressure. 

Cleats Natural fractures in coal that often occur in systematic sets, through which gas and water 
can flow. 

CMHPG Carboxymethyl hydroxypropylguar; a form of guar gel. 

Craton A part of the earth’s crust that has attained stability and has been relatively undeformed 
for a long time; the term is restricted to continents, and includes both shield and 
platform. 

Crosslinker An additive that when added to a linear gel, will create a complex, high viscosity, 
pseduoplastic fracturing fluid. 

Crosslinked Gel A gel to which a crosslinker has been added (see crosslinker). 

Darcy A measure of the permeability of rock or sediment. 

Desorption Liberation of tightly held methane gas molecules previously bound to the solid surface of 
the coal. 

Epiclastic Formed from the fragments or particles broken away (by weathering and erosion) from 
pre-existing rocks to form an altogether new rock in a new place. 

Evapotranspiration The portion of precipitation returned to the air through evaporation and transpiration. 

Face Cleat A coal cleat set that is through-going and continuous. 

Flowback The process of causing fluid to flow back to the well out of a fracture after a hydraulic 
fracturing event is completed. 

Fracture Conductivity The capability of the fracture to conduct fluids under a given hydraulic head difference. 

Geophone A seismic detector, placed on or in the ground, that responds to ground motion at its 
point of location. 

Graben An elongate, down-dropped block that is bounded by nearly parallel faults on both sides. 

Guar Organic powder thickener, typically used to make viscous fracturing fluids, completely 
soluble in hot and cold water, insoluble in oils, grease and hydrocarbons. 

HCl Molecular formula for hydrochloric acid; can be used in diluted form in the hydraulic 
fracturing process to fracture limestone formations and to clean up perforations in 
coalbed methane fracturing treatments. 

HEC Hydroxyethylcellulose; a form of guar gel. 

Hydraulic Conductivity (see permeability) 

Injectate In relation to the coalbed methane industry, this is the fracturing fluid injected into a 
coalbed methane well. 

Isopach A line drawn on a map through points of equal true thickness of a designated 
stratigraphic unit or group of stratigraphic units. 
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Isotopic Rocks formed in the same environment, i.e. in the same sedimentary basin or geologic 
province.

Isotropic A medium, such as unconsolidated sediments or a rock formation, whose properties are 
the same in all directions. 

KCl Molecular formula for potassium chloride. 

Lacustrine Pertaining to, produced by, or formed in a lake or lakes. 

Laminar Flow Water flow in which the stream lines remain distinct and the flow direction at every point 
remains unchanged with time; non-turbulent flow. 

Leakoff The magnitude of pressure exerted on a formation that causes fluid to be forced into the 
formation. In common usage, leakoff is often considered the movement of fluid out of 
primary fractures and into a geologic formation, either through small existing permeable 
paths (connected pores and natural fracture networks) or through small 
pathways created or enlarged in the rock through the fracturing process. 

Lenticular Pertaining to a discontinuous, lens-shaped (saucer-shaped) stratigraphic body. 

Linear Gel A simple guar-based fracturing fluid usually formulated using guar and water with 
additives or guar with diesel fuel. 

Lithology The description of rocks based on mineralogic composition and texture. 

Millidarcy The customary unit of measurement of fluid permeability; equivalent to 0.001 Darcy. 

Mcf Million cubic feet; a unit typically used to define gas production volumes in the coalbed 
methane industry; 1 Mcf is roughly equivalent to the volume of gas required to heat 
approximately 12 households for one year (based on the Department of Energy's 
average household energy consumption statistic, 2001); Mcf can sometimes represent 
1,000 cubic feet. 

mg/L Milligrams per liter; typically used to define concentrations of a dissolved compound in a 
fluid. 

Mined-through studies Mined-through studies are projects in which coalbeds have been actually mined through 
(i.e., the coal has been removed) so that remaining coal and surrounding rock can be 
inspected, after the coalbeds have been hydraulically fractured. These studies provide 
unique subsurface access to investigate coalbeds and surrounding rock after hydraulic 
fracturing. 

Moduli Plural of modulus (often referred to as bulk modulus), the ratio of stress to strain, 
abbreviated as “k”. The bulk modulus is an elastic constant equal to the applied stress 
divided by the ratio of the change in volume to the original volume of a body. 

Overthrust A low-angle thrust fault of large scale, with total displacement (lateral or vertical) 
generally measured in kilometers. 

Pad An initial volume of fluid that is used to initiate and propagate a fracture before a 
proppant is placed. 

Paleochannels Old or ancient river channels preserved in the subsurface as lenticular sandstones. 
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Permeability The capacity of a porous rock, sediment, or soil to transmit a fluid; it is a measure of the 
relative ease of fluid flow under equal pressure and from equal elevations. 

Physiographic A region of which all parts are similar in geologic structure and climate and which has 
had a unified geomorphic history; its relief features differ significantly from those of 
adjacent regions. 

Play A productive coalbed methane formation, or a productive oil or gas deposit. 

Potentiometric The total head of ground water, defined by the level to which water will rise in a well. 

ppm Parts per million; typically used to define concentrations of a dissolved compound in a 
fluid; equivalent to 1 mg/L. 

Primacy The right to self-establish, self-enforce and self-regulate environmental standards; this 
enforcement responsibility is granted by EPA to States and Indian Tribes. 

Primary porosity The porosity preserved from some time between sediment deposition and the final rock-
forming process; (e.g., the spaces between grains of sediment). 

Proppant Granules of sand, ceramic or other minerals that are wedged within the fracture and act 
to “prop” it open after the fluid pressure from fracture injection has dissipated. 

psi Pounds per square inch; a unit of pressure. 

Rank The degree of metamorphism in coal; the basis of coal classification into a natural series 
from lignite to anthracite. 

Screen-out Term used to describe a fracturing job where proppant placement has failed. 

Secondary porosity The porosity created through alteration of rock, commonly by processes such as, 
dissolution and fracturing. 

Semianthracite Term used to identify coal rank; specifically representing coal that possesses a fixed-
carbon content of 86% to 92%. 

Stratigraphy The study of rock strata; concerning all characteristics and attributes of rocks and their 
interpretation in terms of mode of origin and geologic history. 

Subbituminous A black coal, intermediate in rank between lignite and bituminous. 

Subgraywacke A sedimentary rock (sandstone) that contains less feldspar, and more and better-rounded 
quartz grains than graywacke; intermediate in composition between graywacke and 
orthoquartzite; it is lighter-colored and better-sorted, and has less matrix than 
greywacke. 

Surficial Pertaining to or lying in or on a surface; specific to the surface of the earth. 

Syncline A fold of layered, sedimentary rocks whose core contains stratigraphically younger 
rocks; shape of fold is generally concave upward. 

Tcf Trillion cubic feet; a unit typically used to define gas production volumes in the coalbed 
methane industry; 1 Tcf is roughly equivalent to the volume of gas required to heat 
approximately 12 million households for one year (based on the Department of Energy's 
average household energy consumption statistic, 2001). 
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Thermogenic A direct product of high temperatures, (e.g. Thermogenic methane). 

Toughness The point at which enough stress intensity has been applied to a rock formation, so that a 
fracture initiates and propagates. 

Transmissivity A measure of the amount of water that can be transmitted horizontally through a unit 
width by the full saturated thickness of the aquifer under a hydraulic gradient of one. 

Up-warp The uplift of a region; usually a result of the release of isostatic pressure, e.g. the melting 
of an ice sheet. 

Viscosity The property of a substance to offer internal resistance to flow; internal friction. 

Volcaniclastic Composed of fragments or particles, and related to volcanic processes either by forming 
as the result of explosive processes or due to the weathering and erosion of volcanic 
rocks.
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Chapter 4 
Hydraulic Fracturing Fluids 

This chapter summarizes the information EPA collected on the types and volumes of 
fracturing fluids and additives that may be used for hydraulic fracturing of coalbed 
methane wells. This chapter also provides EPA’s evaluation of the fate and transport of 
fracturing fluids that are injected into targeted coal layers during the hydraulic fracturing 
process. This evaluation was conducted to provide the Agency with information on 
whether a Phase II study is warranted. Captioned photographs in this chapter show the 
use of fracturing fluids at a coalbed methane well (Figures 4-1 through 4-11 at the end of 
this chapter). 

4.1 Introduction 

The types and use of fracturing fluids have evolved greatly over the past 60 years and 
continue to evolve. The U.S. oil and gas industry has used fluids for fracturing geologic 
formations since the early 1940s (Ely, 1985). The Handbook of Stimulation Engineering 
(Ely, 1985), a comprehensive history of the evolution of hydraulic fracturing fluids in the 
oil and gas industry, was used as a source of information for this chapter. In addition, 
EPA identified fluids and fluid additives commonly used in hydraulic fracturing through 
literature searches, reviews of relevant MSDSs provided by service companies, and 
discussions with field engineers, service company chemists, and state and federal 
employees. 

Available scientific literature indicates that hydraulic fracturing fluid performance 
became a prevalent research topic in the late 1980s and the 1990s. Most of the literature 
pertaining to fracturing fluids relates to the fluids’ operational efficiency rather than their 
potential environmental or human health impacts.  There is very little documented 
research on the environmental impacts that result from the injection and migration of 
these fluids into subsurface formations, soils, and USDWs. Some of the existing 
literature does offer information regarding the basic chemical components present in 
most of these fluids. The composition of fracturing fluids and additives is discussed in 
detail in the next section. 

The main goal of coalbed hydraulic fracturing is to create a highly conductive fracture 
system that will allow flow through the methane-bearing coal zone to the production well 
used to extract methane (and groundwater). Hydraulic fracturing fluids are used to 
initiate and/or expand fractures, as well as to transport proppant into fractures in coalbed 
formations. Proppants are sand or other granular substances injected into the formation 
to hold or “prop” open coal formation fractures created by hydraulic fracturing. The 
viscosity of fracturing fluids is considered when they are formulated, to provide for 
efficient transport and placement of proppant into a fracture.  Most of the fracturing 
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fluids injected into the formation are pumped back out of the well along with 
groundwater and methane gas (see section 3.3 in Chapter 3 for a more detailed discussion 
of fracturing fluid recovery). 

4.2 Types of Fracturing Fluids and Additives 

Service companies have developed a number of different oil- and water-based fluids and 
treatments to more efficiently induce and maintain permeable and productive fractures. 
The composition of these fluids varies significantly, from simple water and sand to 
complex polymeric substances with a multitude of additives. Each type of fracturing 
fluid has unique characteristics, and each possesses its own positive and negative 
performance traits. For ideal performance, fracturing fluids should possess the following 
four qualities (adapted from Powell et al., 1999): 

 Be viscous enough to create a fracture of adequate width. 

 Maximize fluid travel distance to extend fracture length. 

 Be able to transport large amounts of proppant into the fracture. 

 Require minimal gelling agent to allow for easier degradation or “breaking” 
and reduced cost. 

Water-based fracturing fluids have become the predominant type of coalbed methane 
fracturing fluid (Appendix A: DOE, Hydraulic Fracturing). However, fracturing fluids 
can also be based on oil, methanol, or a combination of water and methanol. Methanol is 
used in lieu of, or in conjunction with, water to minimize fracturing fluid leakoff and 
enhance fluid recovery (Thompson et al., 1991).  Polymer-based fracturing fluids made 
with methanol usually improve fracturing results, but require 50 to 100 times the amount 
of breaker (e.g., acids used to degrade the fracturing fluid viscosity, which helps to 
enhance post-fracturing fluid recovery) (Ely, 1985). In some cases, nitrogen or carbon 
dioxide gas is combined with the fracturing fluids to form foam as the base fluid. Foams 
require substantially lower volumes to transport an equivalent amount of proppant. 
Diesel fuel is another component of some fracturing fluids although it is not used as an 
additive in all hydraulic fracturing operations. A variety of other fluid additives (in 
addition to the proppants) may be included in the fracturing fluid mixture to perform 
essential tasks such as formation clean up, foam stabilization, leakoff inhibition, or 
surface tension reduction. These additives include biocides, fluid-loss agents, enzyme 
breakers, acid breakers, oxidizing breakers, friction reducers, and surfactants such as 
emulsifiers and non-emulsifiers. Several products may exist in each of these categories. 
On any one fracturing job, different fluids may be used in combination or alone at 
different stages in the fracturing process. Experienced service company engineers will 
devise the most effective fracturing scheme, based on formation characteristics, using the 
fracturing fluid combination they deem most effective. 
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The main fluid categories are: 

 Gelled fluids, including linear or cross-linked gels. 

 Foamed gels. 

 Plain water and potassium chloride (KCl) water. 

 Acids. 

 Combination treatments (any combination of 2 or more of the aforementioned 
fluids). 

Some of the fluids and fluid additives may contain constituents of potential concern. 
Table 4-1, at the end of section 4.2.6, lists examples of chemicals found in hydraulic 
fracturing fluids according to the MSDSs provided by service companies, and potential 
human health effects associated with the product.  It is important to note that information 
presented in MSDSs is for pure product. Each of the products listed in Table 4-1 is 
significantly diluted prior to injection. 

EPA also obtained two environmental impact statements that were prepared by the 
Bureau of Land Management (BLM). In these impact statements, BLM identified 
additional chemical compounds that may be in fracturing fluids including methyl tert 
butyl ether (MTBE) (U.S. Department of the Interior, CO State BLM, 1998). 
However, EPA was unable to find any indications in the literature, on MSDSs, or in 
interviews with service companies that MTBE is used in fracturing fluids to stimulate 
coalbed methane wells. 

4.2.1 Gelled Fluids 

Water alone is not always adequate for fracturing certain formations because its low 
viscosity limits its ability to transport proppant.  In response to this problem, the industry 
developed linear and cross-linked fluids, which are higher viscosity fracturing fluids. 
Water gellants or thickeners are used to create these gelled fluids. Gellant selection is 
based on formation characteristics such as pressure, temperature, permeability, porosity, 
and zone thickness. These gelled fluids are described in more detail below. 

Linear Gels 

A substantial number of fracturing treatments are completed using thickened, water-
based linear gels. The gelling agents used in these fracturing fluids are typically guar 
gum, guar derivatives such as hydroxypropylguar (HPG) and 
carboxymethylhydroxypropylguar (CMHPG), or cellulose derivatives such as 
carboxymethylguar or hydroxyethylcellulose (HEC). In general, these products are 
biodegradable. Guar is a polymeric substance derived from the seed of the guar plant 
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(Ely, 1985). Guar gum, on its own, is non-toxic and, in fact, is a food-grade product 
commonly used to increase the viscosity and elasticity of foods such as ice cream. 

To formulate a viscous fracturing gel, guar powder or concentrate is dissolved in a carrier 
fluid such as water or diesel fuel. Increased viscosity improves the ability of the 
fracturing fluid to transport proppant and decreases the need for more turbulent flow. 
Concentrations of guar gelling agents within fracturing fluids have decreased over the 
past several years. It was determined that reduced concentrations provide better and 
more complete fractures (Powell et al., 1999). 

Diesel fuel has been frequently used in lieu of water to dissolve the guar powder because 
its carrying capacity per unit volume is much higher (Halliburton, Inc., 2002).  “Diesel is 
a common solvent additive, especially in liquid gel concentrates, used by many service 
companies for continuous delivery of gelling agents in fracturing treatments” (GRI, 
1996). Diesel does not enhance the efficiency of the fracturing fluid; it is merely a 
component of the delivery system (Halliburton, Inc., 2002).  Using diesel instead of water 
minimizes the number of transport vehicles needed to carry the liquid gel to the site 
(Halliburton, Inc., 2002). 

The percentage of diesel fuel in the slurried thickener can range between 30 percent and 
almost 100 percent, based on the MSDSs summarized in Table 4-1. Diesel fuel is a 
petroleum distillate and may contain known carcinogens.  One such component of diesel 
fuel is benzene, which, according to literature sources, can make up anywhere between 
0.003 percent and 0.1 percent by weight of diesel fuel (Clark and Brown, 1977; R. 
Morrison & Associates, Inc., 2001). Slurried diesel and gel are diluted with water prior 
to injection into the subsurface. The dilution is approximately 4 to 10 gallons of 
concentrated liquid gel (guar slurried in diesel) per 1,000 gallons of make-up water to 
produce an adequate polymer slurry (Halliburton, Inc., Virginia Site Visit, 2001; 
Schlumberger, Ltd., 2001; Consolidated Industrial Services, Inc., Virginia Site Visit, 
2001; BJ Services, 2001). 

Cross-linked Gels 

One major advance in fracturing fluid technology was the development of cross-linked 
gels. The first cross-linked gels were developed in 1968 (Ely, 1985). When cross-
linking agents are added to linear gels, the result is a complex, high-viscosity fracturing 
fluid that provides higher proppant transport performance than do linear gels (Messina, 
Inc. Web site, 2001; Ely, 1985; Halliburton Inc., Virginia Site Visit, 2001). Cross-linking 
reduces the need for fluid thickener and extends the viscous life of the fluid indefinitely. 
The fracturing fluid remains viscous until a breaking agent is introduced to break the 
cross-linker and, eventually, the polymer. Although cross-linkers make the fluid more 
expensive, they can considerably improve hydraulic fracturing performance, hence 
increasing coalbed methane well production rates. 
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Cross-linked gels are typically metal ion-cross-linked guar (Ely, 1985).  Service 
companies have used metal ions such as chromium, aluminum, titanium, and other metal 
ions to achieve cross-linking (Ely, 1985). In 1973, low-residue (cleaner) forms of cross-
linked gels, such as cross-linked hydroxypropylguar, were developed (Ely, 1985). 

According to MSDSs summarized in Table 4-1, cross-linked gels may contain boric acid, 
sodium tetraborate decahydrate, ethylene glycol, and monoethylamine. These 
constituents are hazardous in their undiluted form and can cause kidney, liver, heart, 
blood, and brain damage through prolonged or repeated exposure.  According to a BLM 
environmental impact statement, cross-linkers may contain hazardous constituents such 
as ammonium chloride, potassium hydroxide, zirconium nitrate, and zirconium sulfate 
(U.S. Department of the Interior, CO State BLM, 1998). Concentrations of these 
compounds in the fracturing fluids were not reported in the impact statement. The final 
concentration of cross-linkers is typically 1 to 2 gallons of cross-linker per 1,000 gallons 
of gel (Halliburton, Inc., Virginia Site Visit, 2001; Schlumberger, Ltd., 2001). 

4.2.2 Foamed Gels 

Foam fracturing technology uses foam bubbles to transport and place proppant into 
fractures. The most widely used foam fracturing fluids employ nitrogen or carbon 
dioxide as their base gas. Incorporating inert gases with foaming agents and water 
reduces the amount of fracturing liquid required. Foamed gels use fracturing fluids with 
higher proppant concentrations to achieve highly effective fracturing.  The gas bubbles in 
the foam fill voids that would otherwise be filled by fracturing fluid. The high 
concentrations of proppant allow for an approximately 75-percent reduction in the overall 
amount of fluid that would be necessary using a conventional linear or cross-linked gel 
(Ely, 1985; Halliburton, Inc., Virginia Site Visit, 2001). Foaming agents can be used in 
conjunction with gelled fluids to achieve an extremely effective fracturing fluid 
(Halliburton, Inc., Virginia Site Visit, 2001). 

Foam emulsions experience high leakoff; therefore, typical protocol involves the addition 
of fluid-loss agents, such as fine sands (Ely, 1985; Halliburton, Virginia Site Visit, 2001). 
Foaming agents suspend air, nitrogen, or carbon dioxide within the aqueous phase of a 
fracturing treatment. The gas/liquid ratio determines if a fluid will be true foam or 
simply a gas-energized liquid (Ely, 1985). Carbon dioxide can be injected as a liquid, 
whereas nitrogen must be injected as a gas to prevent freezing (Halliburton, Inc., Virginia 
Site Visit, 2001). 

According to the MSDSs summarized in Table 4-1, foaming agents can contain 
diethanolamine and alcohols such as isopropanol, ethanol, and 2-butoxyethanol.  They 
can also contain hazardous substances including glycol ethers (U.S. Department of the 
Interior, CO State BLM, 1998). One of the foaming agent products listed in Table 4-1 
can cause negative liver and kidney effects, although the actual component causing these 
effects is not specified on the MSDS. The final concentration is typically 3 gallons of 
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foamer per 1,000 gallons of gel (Halliburton, Inc., Virginia Site Visit, 2001; 
Schlumberger, Ltd., 2001). 

4.2.3 Water & Potassium Chloride Water Treatments 

Many service companies use groundwater pumped directly from the formation or treated 
water for their fracturing jobs. In some coalbed methane well stimulations, proppants are 
not needed to prop fractures open, so simple water or slightly thickened water can be a 
cost-effective substitute for an expensive polymer or foam-based fracturing fluid with 
proppant (Ely, 1985). Hydraulic fracturing performance is not exceptional with plain 
water, but, in some cases, the production rates achieved are adequate. Plain water has a 
lower viscosity than gelled water, which reduces proppant transport capacity. 

Similar to plain water, another fracturing fluid uses water with potassium chloride (KCl) 
in addition to small quantities of gelling agents, polymers, and/or surfactants (Ely, 1985). 
Potassium chloride is harmless if ingested at low concentrations. 

4.2.4 Acids 

Acids are used in limestone formations that overlay or are interbedded within coals to 
dissolve the rock and create a conduit through which formation water and coalbed 
methane can travel (Ely, 1985). Typically, the acidic stimulation fluid is hydrochloric 
acid or a combination of hydrochloric and acetic or formic acid. For acid fracturing to be 
successful, thousands of gallons of acid must be pumped far into the formation to etch the 
face of the fracture (Ely, 1985). Some of the cellulose derivatives used as gelling agents 
in water and water/methanol fluids can be used in acidic fluids to increase treatment 
distance (Ely, 1985). As discussed in section 4.2.5, acids may also be used as a 
component of breaker fluids. 

In addition, acid can be used to clean up perforations of the cement surrounding the well 
casing prior to fracturing fluid injection (Halliburton, Inc., Virginia Site Visit, 2001; 
Halliburton, Inc., 2002). The cement is perforated at the desired zone of injection to ease 
fracturing fluid flow into the formation (Halliburton, Inc., Virginia Site Visit, 2001; 
Halliburton, Inc., 2002). 

Table 4-1 provides information on formic and hydrochloric acids. Acids are corrosive, 
and can be extremely hazardous in concentrated form. Acids are substantially diluted 
with water-based or water-and-gas-based fluids prior to injection into the subsurface. 
The injected concentration is typically 1,000 times weaker than the concentrated versions 
presented in the product MSDSs (Halliburton, Inc., Virginia Site Visit, 2001; 
Schlumberger, Ltd., 2001). 
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4.2.5 Fluid Additives 

Several fluid additives have been developed to enhance the efficiency and increase the 
success of fracturing fluid treatments. The major categories of these additives are defined 
and briefly described in the following sections. 

Breakers 

Breaker fluids are used to degrade the fracturing fluid viscosity, which helps to enhance 
post-fracturing fluid recovery, or flowback. Breakers can be mixed with the fracturing 
fluid during pumping, or they can be introduced later as an independent fluid. There are 
a variety of breaker types including time-release and temperature-dependent types. Most 
breakers are typically acids, oxidizers, or enzymes (Messina, Inc. Web site, 2001). 
According to a BLM environmental impact statement, breakers may contain hazardous 
constituents, including ammonium persulfate, ammonium sulphate, copper compounds, 
ethylene glycol, and glycol ethers (U.S. Department of the Interior, CO State BLM, 
1998). Concentrations of these compounds in the fracturing fluids were not presented in 
the environmental impact statement. 

Biocides 

One hydraulic fracturing design problem that arises when using organic polymers in 
fracturing fluids is the incidence of bacterial growth within the fluids. Due to the 
presence of organic constituents, the fracturing fluids provide a medium for bacterial 
growth. As the bacteria grow, they secrete enzymes that break down the gelling agent, 
which reduces the viscosity of the fracturing fluid.  Reduced viscosity translates into poor 
proppant placement and poor fracturing performance. To alleviate this degradation in 
performance, biocides, bactericides, or microbicides are added to the mixing tanks with 
the polymeric gelling agents to kill any existing microorganisms (e.g., sulfate-reducing 
bacteria, slime-forming bacteria, algae), and to inhibit bacterial growth and deleterious 
enzyme production. Bactericides are typically hazardous by nature (Messina, Inc. Web 
site, 2001). They may contain hazardous constituents, including polycyclic organic 
matter (POM) and polynuclear aromatic hydrocarbons (PAHs) (U.S. Department of the 
Interior, CO State BLM, 1998). 

Information from MSDSs for a biocide and a microbicide is summarized in Table 4-1. 
These concentrated products are substantially diluted prior to injection into the 
subsurface. Typical dilution in the make-up water is 0.1 to 0.2 gallons of microbicide in 
1,000 gallons of water (Halliburton, Inc., Virginia Site Visit, 2001; Schlumberger, Ltd., 
2001). 
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Fluid-Loss Additives 

Fluid-loss additives restrict leakoff of the fracturing fluid into the exposed rock at the 
fracture face. Because the additives prevent excessive leakoff, fracturing fluid 
effectiveness and integrity are maintained. Fluid-loss additives of the past and present 
include bridging materials such as 100 mesh sand, 100 mesh soluble resin, and silica 
flour, or plastering materials such as starch blends, talc silica flour, and clay (Ely, 1985). 

Friction Reducers 

To optimize the fracturing process, water-based fluids must be pumped at maximum rates 
and fluids must be injected at maximum pressures. Increasing flow velocities and 
pressures in this manner can lead to undesirable levels of friction within the injection well 
and the fracture itself. In order to minimize friction, friction reducers are added to water-
based fracturing fluids. The friction reducers are typically latex polymers or copolymers 
of acrylamides. They are added to slick water treatments (water with solvent) at 
concentrations of 0.25 to 2.0 pounds per 1,000 gallons (Ely, 1985). Some examples of 
friction reducers are oil-soluble anionic liquid, cationic polyacrilate liquid, and cationic 
friction reducer (Messina, Inc. Web site, 2001). 

Acid Corrosion Inhibitors 

Corrosion inhibitors are required in acid fluid mixtures because acids will corrode steel 
tubing, well casings, tools, and tanks. The solvent acetone is a common additive in 
corrosion inhibitors (GRI, 1996). Information from MSDSs for acid inhibitors is 
summarized in Table 4-1. These products can affect the liver, kidney, heart, central 
nervous system, and lungs. They are quite hazardous in their undiluted form. These 
products are diluted to a concentration of 1 gallon per 1,000 gallons of make-up water 
and acid mixture (Halliburton, Inc., Virginia Site Visit, 2001; Schlumberger, Ltd., 2001). 
Acids and acid corrosion inhibitors are used in very small quantities in coalbed methane 
fracturing operations (500 to 2,000 gallons per treatment). 

4.2.6 Proppants 

The purpose of a proppant is to prop open a hydraulic fracture. An ideal proppant should 
produce maximum permeability in a fracture. Fracture permeability is a function of 
proppant grain roundness, proppant purity, and crush strength. Larger proppant volumes 
allow for wider fractures, which facilitate more rapid flowback to the production well. 
Over a period of 30 minutes, 4,500 to 15,000 gallons of fracturing fluid will typically 
transport and place approximately 11,000 to 25,000 pounds of proppant into the fracture 
(Powell et al., 1999). 
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4.3 The Fate and Transport of Stimulation Fluids Injected into Coal and 
Surrounding Rock During Hydraulic Fracturing of Coalbed Methane 
Reservoirs (with a Special Focus on Diesel Fuel) 

Diesel fuel is sometimes a component of gelled fluids.  Diesel fuel contains constituents of 
potential concern regulated under SDWA – benzene, toluene, ethylbenzene, and xylenes 
(i.e., BTEX compounds). The use of diesel fuel in fracturing fluids poses the greatest 
threat to USDWs because BTEX compounds in diesel fuel exceed the MCL at the point-of-
injection (i.e. the subsurface location where fracturing fluids are initially injected). 

The remainder of this section presents EPA’s qualitative evaluation of the fate and 
transport of fracturing fluids injected into targeted coal layers in the subsurface during 
hydraulic fracturing. Although EPA’s MOA with the three major service companies has 
largely eliminated diesel fuel from fracturing fluids injected directly into any USDWs, 
there may still be rare instances in which diesel fuel is used by other service companies or 
operators (USEPA, 2003). Therefore an evaluation of the use of diesel fuel in fracturing 
fluid, which also provides follow-up on the draft of this report published in August, 2002, 
is included in this chapter. 

EPA revised its procedure for assessing the potential effects of fracturing fluid constituents 
on USDWs from the procedure presented in the August 2002 draft of this report as follows: 

 EPA has revised the fraction of BTEX compounds in diesel used to estimate the 
point-of-injection concentrations from a single value to a documented broader 
range of values for the fraction of BTEX in diesel fuel. For example, the 
fraction of benzene in diesel was revised from 0.00006gbenzene/gdiesel to a range 
with a minimum value of 0.000026 gbenzene/gdiesel and a maximum value of 0.001 
gbenzene/gdiesel. If the maximum value for benzene in diesel is used to estimate 
the concentration of benzene at the point-of-injection, the resulting estimate is 
17 times higher than that presented in the Draft Report. 

 In this report, EPA used more current values for two of the parameters used to 
estimate the point-of-injection concentrations of BTEX compounds. 
Specifically, the estimates in this report use a density of the diesel fuel-gel 
mixture of 0.87 g/mL compared to 0.84 g/mL in the Draft Report, and a fraction 
of diesel fuel in gel of 0.60 gdiesel/ggel compared to 0.52 gdiesel/ggel in the Draft 
Report. The use of these more current values does not affect the order of 
magnitude of the revised point-of-injection calculations. 

 The August 2002 Draft Report included estimates of the concentration of 
benzene at an idealized, hypothetical edge of the fracture zone located 100 feet 
from the point-of-injection. Based on new information and stakeholder input, 
EPA concluded that the edge of fracture zone calculation is not an appropriate 
model for reasons including: 
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- Mined-through studies reviewed by EPA indicated that hydraulic 
fracturing injection fluids had traveled several hundred feet beyond the 
point-of-injection. 

- The assumption of well-mixed concentrations within the idealized 
fracture zone is insufficient. One mined-through study indicated an 
observed concentration of gel in a fracture that was 15 times the injected 
concentration, with gel found to be hanging in stringy clumps in many 
fractures. The variability in gel distribution in hydraulic fractures 
indicates that the gel constituents are unlikely to be well mixed in 
groundwater. 

- Based on more extensive review of the literature, the width of a typical 
fracture was estimated to be much thinner than that used in the Draft 
Report (0.1 inch versus 2 inches). The impact of the reduced width of a 
typical fracture is that the calculated volume of fluid that can fit within a 
fracture is less. After an initial volume calculation using the new width, 
EPA found that the volume of the space within the fracture area may not 
hold the volume of fluid pumped into the ground during a typical 
fracturing event. Therefore, EPA assumes that a greater volume of 
fracturing fluid must “leakoff” to intersecting smaller fractures than 
what was assumed in the Draft Report, or that fluid may move beyond 
the idealized, hypothetical “edge of fracture zone.” This assumption is 
supported by field observations in mined-through studies, which indicate 
that fracturing fluids often take a stair-step transport path through the 
natural fracture system. 

 In the Draft Report, EPA approximated the edge of fracture zone concentrations 
considering only dilution. Based on new information and stakeholder input on 
the Draft Report, EPA does not provide estimates of concentrations beyond the 
point-of-injection in the final report. Developing such concentration values 
with the precision required to compare them to MCLs would require the 
collection of significant amounts of site-specific data. This data in turn would 
be used to perform a formal risk assessment, considering numerous fate and 
transport scenarios. These activities are beyond the scope of this Phase I study. 

The remainder of this section includes a discussion of the following components of EPA’s 
analysis: 

 The concentrations of BTEX at the point-of-injection. 

 The percentage of fracturing fluids recovered during the recovery process. 

 The influence of the capture zone. 
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 Factors that would increase or decrease the concentrations of BTEX remaining 
in the subsurface. 

The first step in EPA’s analysis of the potential threat to USDWs from the injection of 
fracturing fluids was calculating the point-of-injection concentrations of BTEX introduced 
from diesel fuel in the gelling agent. In Step 2, EPA considered factors that affect the 
degree to which hydraulic fracturing fluids are recovered.  Steps 3, 4, and 5 provide 
analyses of physical/chemical, hydrogeological, and biological processes that could affect 
the fate and transport of hazardous chemicals introduced into coal seams. These steps are 
summarized in Table 4-2. 

4.3.1 Point-of-Injection Calculation 

The formulations or “recipes” for fracturing fluids differ among service companies and 
among sites; the amount of fracturing fluid used will also vary. Thus, a range of point-of-
injection concentrations likely exists. According to field paperwork obtained during EPA’s 
site visits (Consolidated Industrial Services, Inc., 2001; Halliburton, 2001) and information 
provided by three service company scientists (BJ Services, 2001; Halliburton, 2001; 
Schlumberger, Ltd., 2001), between 4 and 10 gallons of diesel-containing gelling agent are 
added to each 1,000 gallons of water used in hydraulic fracturing, when diesel is used. In 
addition, the fraction of BTEX in diesel may range by up to two orders of magnitude 
(Potter and Simmons, 1998). The lower and upper ranges of the values presented in Potter 
and Simmons (1998), as well as the three different values cited for gelling agent, were used 
to estimate point-of-injection concentrations for each of three fracturing fluid recipes (i.e., 
the ratio of fracturing gel to water). The resulting 24 point-of-injection calculations are 
provided in Table 4-2. These estimates provide the basis for a qualitative assessment 
regarding whether a Phase II study is warranted. 

The following example illustrates how EPA estimated the concentrations of BTEX at the 
point-of-injection. Due to the variations in the recipe used by service companies, EPA’s 
analysis begins with three different possible scenarios, as follows: 

 Low ratio: 4 gallons of gel per 1,000 gallons of water 

 Medium ratio: 6 gallons of gel per 1,000 gallons of water 

 High ratio: 10 gallons of gel per 1,000 gallons of water 
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The concentration of benzene in fracturing fluid at the point-of-injection ([benzene]inj) can 
be calculated using the following equation: 

[benzene]inj = (rgw) x ( dg) x (fdg) x (fbd) x (3,785 mLgel/galgel) x (1 galwater/3.785 Lwater) x (106 g/g) 

Where: 

rgw = the ratio of diesel fuel-gel mixture to injection water (galgel/1,000 galwater) 
(4 galgel/1,000galwater, 6galgel/1,000 galwater, and 10 galgel/1,000 galwater represent the low, medium, 

f

and high ratios, respectively) 

dg = the density of the diesel fuel-gel mixture (ggel/mLgel) = 0.84 ggel/mLgel (Halliburton, 2002) 

fdg = the fraction of diesel fuel in the gel (gdiesel/ggel) = 0.52 gdiesel/ggel (Halliburton, 2002) 

bd = the fraction of benzene in diesel fuel (gbenzene/gdiesel) = 0.000026 to 0.001 gbenzene/gdiesel (Potter and 
Simmons, 1998) 

3,785 mLgel/galgel = volume conversion factor 

1 galwater/3.785 Lwater = volume conversion factor 

106 g/g = mass conversion factor 

The concentration of benzene at the point-of-injection is calculated for the three gel/water 
ratios and the minimum and maximum concentrations of benzene in diesel fuel. 

Using rgw = 4 galgel/1,000galwater and fbd = 0.000026 gbenzene/gdiesel as an example, 
[benzene]inj is calculated as follows: 

[benzene]inj = (4 galgel/1,000galwater) x (0.84 ggel/mLgel) x (0.52 gdiesel/ggel) x 
(0.000026 gbenzene/gdiesel) x (3,785 mLgel/galgel) x (1 galwater/3.785 Lwater) x (1,000 mL/L) x (106 g/g) = 45 g/L 

Table 4-2 summarizes the estimated injection concentrations of each BTEX constituent for 
the three assumed gel/water ratios and the minimum and maximum concentrations of 
BTEX in diesel fuel. It also presents the MCL for each compound.  Many of the estimated 
concentrations of BTEX exceed the MCL at the point-of-injection. 

Table 4-2 and the remainder of this section provide a qualitative assessment of the fate and 
transport processes that could attenuate the concentrations of BTEX in groundwater. 
Factors that would influence the availability of constituents of potential concern in 
fracturing fluids and decrease their concentrations include: 

 Fluid Recovery - much of the fluid is eventually pumped back to the surface. 

 Adsorption and entrapment - some of these constituents will undergo adsorption 
to the coal or become entrapped in the formation. 
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 Biodegradation - some fracturing fluid constituents, such as benzene, may 
undergo partial biodegradation. 

4.3.2 Fracturing Fluid Recovery 

Following the injection of fracturing fluids into the subsurface through coalbed methane 
wells (i.e., production wells), considerable amounts of the fracturing fluids are removed. 
During the recovery process, the injected fluids and ambient groundwater are pumped out 
of the formation through the production well to reduce formation pressure, enabling 
methane desorption and extraction. Palmer et al. (1991a) found that 61 percent of 
fracturing fluids were recovered based on samples collected from coalbed methane wells 
over a 19-day period. Their study predicted total recovery to be between 68 and 82 
percent. 

Palmer et al. (1991a) also discussed the possibility that a “check-valve effect” could trap 
some of the fracturing fluid on one side (i.e., upgradient, during production) of a collapsed 
or narrowed fracture, preventing the fluid from flowing back to the production well. This 
check-valve effect can occur in both natural and induced fractures when the fractures 
narrow again after the injection of fracturing fluid ceases, formation pressure decreases, 
and extraction of methane and groundwater begins. 

Another factor preventing full recovery of injected fluids is the high injection pressure used 
during hydraulic fracturing operations. Fracturing fluids are forced into the subsurface 
under high pressure to enlarge and propagate existing fractures. The hydraulic gradients 
that cause fluids to flow away from the well during injection are much greater than the 
hydraulic gradients that occur during fluid recovery. As a result, some of the fracturing 
fluids will travel beyond the capture zone of the production well. The capture zone of a 
production well is the portion of the aquifer that contributes water to the well. The size of 
this zone will be affected by regional groundwater gradients, and by the drawdown caused 
by the well (USEPA, 1987). Fluids that flow beyond the capture zone of the production 
well generally are not recovered during the flowback process. 

Gel contained in fracturing fluids may be unrecovered because its properties differ from 
that of water and highly soluble constituents of fracturing fluids. One mined-through study 
reviewed by EPA described evidence of gel clumps within many fractures (Steidl, 1993). 
One observed concentration of gel in a fracture was 15 times the injected concentration. 
When the fluids exist as undissolved gel, they may remain attached to the sides of the 
fractures or be trapped within smaller fractures or pores present in formations that surround 
the coalbed. The mined-through studies suggest that such fluids are unlikely to flow with 
groundwater during production, but they may present a source of gel constituents to 
flowing groundwater subsequent to fluid recovery.  Fate and transport processes discussed 
later in this section can serve to reduce gel constituent concentrations that may result from 
trapped fluids. Mechanisms that may affect the recovery of fracturing fluids are discussed 
in section 3.3.2 of Chapter 3. 

Evaluation of Impacts to Underground Sources            June 2004 
of Drinking Water by Hydraulic Fracturing of 
Coalbed Methane Reservoirs  4-15 

WRITTEN STATEMENTS (not from Hearing)



EPA 816-R-04-003 Chapter 4
 Hydraulic Fracturing Fluids 

4.3.3 The Influence of the Capture Zone 

The recovery process typically lasts approximately 10-20 years. During that time, 
groundwater within the production well’s capture zone flows toward the production well. 
Assuming complete mixing, the predicted recovery of injected BTEX is between 68 and 82 
percent (Palmer et al., 1991a). Thus, between 20 and 30 percent of the BTEX injected is 
expected to remain in the formation. It is reasonable to expect that most of the unrecovered 
fluid lies outside the capture zone and that the residual concentrations of BTEX within the 
capture zone are substantially less than the injection concentrations.  Chemicals such as 
BTEX that are not recovered from within the capture zone during groundwater production 
may be diluted by groundwater that flows into the formation to replace production water. 
Additional attenuation from sorption and biodegradation may occur.  Subsequent to 
production, dispersion and diffusion may serve to reduce residual BTEX concentrations. 
The fracturing fluids that flow beyond the capture zone are affected by regional 
groundwater flow and may be diluted by groundwater. 

4.3.4 Fate and Transport Considerations 

BTEX that has moved beyond the production well’s capture zone is of the greatest concern. 
The fate and transport mechanisms that may affect BTEX concentrations beyond the 
capture zone are evaluated in this section. Factors that would likely decrease exposure 
concentrations and/or availability of BTEX include attenuation through groundwater flow 
dynamics, biological processes, and adsorption. 

BTEX outside of the capture zone will likely be transported by groundwater flowing 
according to regional hydraulic gradients. This flow and transport are not influenced by 
production pumping. Nevertheless, mechanical dispersion will cause BTEX to spread 
horizontally and vertically in the aquifer, thereby reducing the concentrations.  The degree 
of mechanical dispersion depends in part on the velocity of flow and increases with 
increased travel distance. Dilution can have a significant effect on the BTEX 
concentrations that could migrate to drinking water wells, especially if these wells are 
hundreds to thousands of feet from a hydraulically induced fracture. The process of 
molecular diffusion (i.e., the movement of BTEX from areas of higher to lower 
concentration due to the concentration differences) will further reduce BTEX 
concentrations. Collectively, mechanical dispersion and molecular diffusion are referred to 
as hydrodynamic dispersion (Fetter, 1994). 

The biodegradation of diesel fuel constituents, including BTEX, has been studied in other 
geologic settings and laboratory studies and may lead to reductions in concentrations in 
coalbeds given the appropriate site conditions. No information was found about the 
occurrence of biodegradation or biodegradation rates of BTEX in coalbeds or surrounding 
rock. In order for biodegradation to occur, organisms capable of using BTEX as a food 
source must be present and conditions such as favorable pH, salinity, and sometimes the 
availability of oxygen, nitrogen, and phosphorous must be met to ensure bacterial survival. 
Generally, substantial benzene degradation occurs in aerobic environments.  The levels of 
oxygen in a particular formation vary widely depending primarily on the depth of coalbeds 
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from the surface. Data regarding biodegradation of benzene in an anaerobic environment 
indicates a range from no degradation to relatively slow degradation (USEPA, 1999). 

As groundwater flows through a formation, chemicals such as BTEX may be retarded by 
adsorption. Although adsorption in coalbeds is likely, quantification of adsorption is 
difficult in the absence of laboratory or site-specific studies (due to competition for 
adsorption between BTEX and more lipophilic and less soluble constituents of diesel fuel 
and coal, and fracture thickness). Other processes, such as desorption of BTEX from the 
coal surface, and dissolution of BTEX from the gel phase may play a role in BTEX 
transport. Entrapment of gel in pore spaces and fractures may also influence the degree to 
which BTEX is available to groundwater. In some cases, the gel may be entrapped in such 
a way that it is neither available to flow back towards the production well nor flow towards 
a USDW in response to regional groundwater gradients. 

According to the information listed on MSDSs provided to EPA, several of the constituents 
of potential concern listed in Table 4-1 can have toxic effects when people are exposed to 
sufficiently high concentrations through the susceptible route(s) of exposure (i.e., 
inhalation, ingestion, skin contact). However, only the BTEX compounds originating from 
diesel fuel are regulated under SDWA. None of the other constituents in Table 4-1 appear 
on the Agency's draft Contaminant Candidate List (CCL). The drinking water CCL is the 
primary source of priority contaminants for evaluation by EPA’s drinking water program. 
Contaminants on the CCL are known or anticipated to occur in public water systems and 
may require regulations under SDWA. Information on the GSA study is available at 
http://www.epa.gov/fedrgstr/EPA-WATER/2004/April/Day-02/w7416.htm. 

Further, EPA does not believe that the other Table 4-1 constituents potentially contained in 
fracturing fluids are introduced through coalbed methane fracturing in concentrations high 
enough to pose a significant threat to USDWs. First, it is EPA’s understanding, based on 
conversations with field engineers and on witnessing three separate fracturing events, that 
fracturing fluids used for coalbed methane fracturing do not contain most of the 
constituents listed in Table 4-1. Second, if the Table 4-1 constituents were used, EPA 
believes some of the same hydrodynamic phenomena listed in steps 2 and 4 (flowback, 
dilution and dispersion), step 3 (adsorption and entrapment), and potentially step 5 
(biodegradation) would minimize the possibility that chemicals included in the fracturing 
fluids would adversely affect USDWs. 
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4.4 Summary 

Fracture engineers select fracturing fluids based on site-specific characteristics including 
formation geology, field production characteristics, and economics.  Hydraulic fracturing 
operations vary widely in the types of fracturing fluids used, the volumes of fluid 
required, and the pump rates at which they are injected. Based on the information EPA 
collected, water or nitrogen foam frequently constitutes the solute in fracturing fluids 
used for coalbed methane stimulation. Other components of fracturing fluids used to 
stimulate coalbed methane wells may contain only benign ingredients, but in some cases, 
they contain constituents such as diesel fuel that can be hazardous in their undiluted 
forms. Fracturing fluids are significantly diluted prior to injection. 

Water with a simple sand proppant can be adequate to achieve a desired fracture at some 
sites. In some cases, water must be thickened to achieve higher proppant transport 
capabilities. Thickening can be achieved by using linear or cross-linked gelling agents. 
Cross-linkers are costly additives compared to simple linear gels, but a fluid’s fracturing 
efficiency can be greatly improved using cross-linkers. Foam fracturing fluids can be 
used to considerably reduce the amount of injected fluid required. The reduced water 
volume requirement translates into a space and cost savings at the treatment site because 
fewer water tanks are needed. Foam fracturing fluids also promote rapid flowback and 
reduced volumes of flowback water requiring disposal. 

The use of diesel fuel in fracturing fluids poses the greatest potential threat to USDWs 
because the BTEX constituents in diesel fuel exceed the MCL at the point-of-injection. 
Given the concerns with the use of diesel fuel, EPA recently entered into agreements with 
three major service companies to eliminate diesel fuel from hydraulic fracturing fluids 
injected directly into USDWs to stimulate coalbed methane production.  Industry 
representatives estimate that these three companies perform approximately 95 percent of 
the hydraulic fracturing projects in the United States. 

In situations when diesel fuel is used in fracturing fluids, a number of factors would 
decrease the concentration and/or availability of BTEX.  These factors include fluid 
recovery during flowback, adsorption, dilution and dispersion, and potentially 
biodegradation of constituents. For example, Palmer et al. (1991a) documented that only 
about one-third of fracturing fluid that is injected is expected to remain in the formation. 
EPA expects fate and transport considerations would minimize the possibility that 
chemicals included in fracturing fluids would adversely affect USDWs. 
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Figures 4-1 and 4-2. 
Liquid nitrogen tanker 
trucks transport gas to the 
site for nitrogen foam 
fracturing. Nitrogen will 
travel through pipes to be 
mixed with water and a 
foaming agent at the 
wellhead prior to 
injection. The foam is 
used to create and 
propagate the fracture 
deep within the targeted 
coal seam. 
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Figures 4-3 and 4-4. 
Chemicals are stored on site in a support truck. Fracturing fluid additives such 
as the foaming agent can be pumped directly from storage containers to mix 
tanks. 
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Figure 4-5. 
The fracturing fluid (water with additives) is stored on site in large, upright storage tanks. 
Each tank contains mix water imported from off-site, or formation water extracted directly 
from the gas well. 

Figure 4-6. 
Gelled water is pre-mixed in a truck-mounted mixing tank. Photograph shows a batch of 
linear, guar-based gel. This gel is used to transport the sand proppant into the fracture 
propagated by the nitrogen foam treatment. 
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Figure 4-7. 
The fracturing fluids, additives, and proppant are pumped to the wellhead and mixed 
just prior to injection. The flow rate of each injected component is monitored 
carefully from an on-site control center. 
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Figures 4-8 and 4-9. 
Electronic monitoring systems provide constant feedback to the service company’s operators. 
Fluid flow rates and pressure buildup within the formation are monitored to ensure that fracture 
growth is safe and controlled. 
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Figures 4-10 and 4-11. 
Fluid that is extracted 
from the well is 
sprayed through a 
diffuser and stored in a 
lined trench until it is 
disposed of off-site or 
discharged. 
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Tcf Trillion cubic feet 

TDS Total dissolved solids 
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USGS United States Geological Survey 
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Glossary 

Adsorption Adhesion of gas molecules, ions or molecules in solution to the surface of solid bodies 
with which they are in contact. 

Alluvial aquifer A water-bearing deposit of unconsolidated material (e.g., sand and gravel) left behind by 
a river or other flowing water. 

Amphoteric Having both basic and acidic properties. 

Anaerobic Bacteria Bacteria that thrive in oxygen-poor environments. 

Anisotropic Having some physical property that varies with direction from a given location. 

Annulus The space between the casing (the material that is used to keep the well stable; typically 
this material is steel) in a well and the wall of the hole, or between two concentric strings 
of casing, or between casing and tubing. 

Anticline A fold of layered, sedimentary rocks whose core contains stratigraphically older rocks, 
the shape of the fold is generally convex upward. 

Aureole A ring surrounding a volcanic intrusion where the surrounding rock has been altered. 

Azimuth The direction of a horizontal line as measured on an imaginary horizontal circle. 

Bedrock aquifer An aquifer located in the solid rock underlying unconsolidated surface materials (i.e., 
sediment).  Solid rock can bear water when it is fractured. 

Billion cubic feet A unit typically used to define gas production volumes in the coalbed methane industry; 1 
Bcf is roughly equivalent to the volume of gas required to heat approximately 12,000 
households for one year (based on the Department of Energy's average household energy 
consumption statistic, 2001). 

Biogenic A direct product of the physiological activities of organisms. 

Bituminous From the base word bitumen, referring to a general term for various solid and semi-solid 
hydrocarbons that are able to join together and are soluble in carbon bisulfide (e.g., 
asphalts). 

Breaker A fracturing fluid additive that is added to break down the viscosity of the fluid. 

Breccia A coarse-grained clastic rock composed of angular broken rock fragments held together 
by a mineral cement or a fine-grained matrix. 

Brecciated Consisting of angular fragments cemented together. 

Btu British thermal unit; a unit of measure used to define energy. 

Butt Cleat The coal cleat set that abuts into face cleats. 

Capture Zone The portion of an aquifer that contributes water to a particular pumping well. 
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Cavitation Cycling Also known as cavity completion, an alternative completion technique to hydraulic 
fracturing, in which a cavity is generated by alternately pumping in nitrogen and blowing 
down pressure. 

Cleats Natural fractures in coal that often occur in systematic sets, through which gas and water 
can flow. 

CMHPG Carboxymethyl hydroxypropylguar; a form of guar gel. 

Craton A part of the earth’s crust that has attained stability and has been relatively undeformed 
for a long time; the term is restricted to continents, and includes both shield and 
platform. 

Crosslinker An additive that when added to a linear gel, will create a complex, high viscosity, 
pseduoplastic fracturing fluid. 

Crosslinked Gel A gel to which a crosslinker has been added (see crosslinker). 

Darcy A measure of the permeability of rock or sediment. 

Desorption Liberation of tightly held methane gas molecules previously bound to the solid surface of 
the coal. 

Epiclastic Formed from the fragments or particles broken away (by weathering and erosion) from 
pre-existing rocks to form an altogether new rock in a new place. 

Evapotranspiration The portion of precipitation returned to the air through evaporation and transpiration. 

Face Cleat A coal cleat set that is through-going and continuous. 

Flowback The process of causing fluid to flow back to the well out of a fracture after a hydraulic 
fracturing event is completed. 

Fracture Conductivity The capability of the fracture to conduct fluids under a given hydraulic head difference. 

Geophone A seismic detector, placed on or in the ground, that responds to ground motion at its 
point of location. 

Graben An elongate, down-dropped block that is bounded by nearly parallel faults on both sides. 

Guar Organic powder thickener, typically used to make viscous fracturing fluids, completely 
soluble in hot and cold water, insoluble in oils, grease and hydrocarbons. 

HCl Molecular formula for hydrochloric acid; can be used in diluted form in the hydraulic 
fracturing process to fracture limestone formations and to clean up perforations in 
coalbed methane fracturing treatments. 

HEC Hydroxyethylcellulose; a form of guar gel. 

Hydraulic Conductivity (see permeability) 

Injectate In relation to the coalbed methane industry, this is the fracturing fluid injected into a 
coalbed methane well. 

Isopach A line drawn on a map through points of equal true thickness of a designated 
stratigraphic unit or group of stratigraphic units. 
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Isotopic Rocks formed in the same environment, i.e. in the same sedimentary basin or geologic 
province.

Isotropic A medium, such as unconsolidated sediments or a rock formation, whose properties are 
the same in all directions. 

KCl Molecular formula for potassium chloride. 

Lacustrine Pertaining to, produced by, or formed in a lake or lakes. 

Laminar Flow Water flow in which the stream lines remain distinct and the flow direction at every point 
remains unchanged with time; non-turbulent flow. 

Leakoff The magnitude of pressure exerted on a formation that causes fluid to be forced into the 
formation. In common usage, leakoff is often considered the movement of fluid out of 
primary fractures and into a geologic formation, either through small existing permeable 
paths (connected pores and natural fracture networks) or through small 
pathways created or enlarged in the rock through the fracturing process. 

Lenticular Pertaining to a discontinuous, lens-shaped (saucer-shaped) stratigraphic body. 

Linear Gel A simple guar-based fracturing fluid usually formulated using guar and water with 
additives or guar with diesel fuel. 

Lithology The description of rocks based on mineralogic composition and texture. 

Millidarcy The customary unit of measurement of fluid permeability; equivalent to 0.001 Darcy. 

Mcf Million cubic feet; a unit typically used to define gas production volumes in the coalbed 
methane industry; 1 Mcf is roughly equivalent to the volume of gas required to heat 
approximately 12 households for one year (based on the Department of Energy's 
average household energy consumption statistic, 2001); Mcf can sometimes represent 
1,000 cubic feet. 

mg/L Milligrams per liter; typically used to define concentrations of a dissolved compound in a 
fluid. 

Mined-through studies Mined-through studies are projects in which coalbeds have been actually mined through 
(i.e., the coal has been removed) so that remaining coal and surrounding rock can be 
inspected, after the coalbeds have been hydraulically fractured. These studies provide 
unique subsurface access to investigate coalbeds and surrounding rock after hydraulic 
fracturing. 

Moduli Plural of modulus (often referred to as bulk modulus), the ratio of stress to strain, 
abbreviated as “k”. The bulk modulus is an elastic constant equal to the applied stress 
divided by the ratio of the change in volume to the original volume of a body. 

Overthrust A low-angle thrust fault of large scale, with total displacement (lateral or vertical) 
generally measured in kilometers. 

Pad An initial volume of fluid that is used to initiate and propagate a fracture before a 
proppant is placed. 

Paleochannels Old or ancient river channels preserved in the subsurface as lenticular sandstones. 
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Permeability The capacity of a porous rock, sediment, or soil to transmit a fluid; it is a measure of the 
relative ease of fluid flow under equal pressure and from equal elevations. 

Physiographic A region of which all parts are similar in geologic structure and climate and which has 
had a unified geomorphic history; its relief features differ significantly from those of 
adjacent regions. 

Play A productive coalbed methane formation, or a productive oil or gas deposit. 

Potentiometric The total head of ground water, defined by the level to which water will rise in a well. 

ppm Parts per million; typically used to define concentrations of a dissolved compound in a 
fluid; equivalent to 1 mg/L. 

Primacy The right to self-establish, self-enforce and self-regulate environmental standards; this 
enforcement responsibility is granted by EPA to States and Indian Tribes. 

Primary porosity The porosity preserved from some time between sediment deposition and the final rock-
forming process; (e.g., the spaces between grains of sediment). 

Proppant Granules of sand, ceramic or other minerals that are wedged within the fracture and act 
to “prop” it open after the fluid pressure from fracture injection has dissipated. 

psi Pounds per square inch; a unit of pressure. 

Rank The degree of metamorphism in coal; the basis of coal classification into a natural series 
from lignite to anthracite. 

Screen-out Term used to describe a fracturing job where proppant placement has failed. 

Secondary porosity The porosity created through alteration of rock, commonly by processes such as, 
dissolution and fracturing. 

Semianthracite Term used to identify coal rank; specifically representing coal that possesses a fixed-
carbon content of 86% to 92%. 

Stratigraphy The study of rock strata; concerning all characteristics and attributes of rocks and their 
interpretation in terms of mode of origin and geologic history. 

Subbituminous A black coal, intermediate in rank between lignite and bituminous. 

Subgraywacke A sedimentary rock (sandstone) that contains less feldspar, and more and better-rounded 
quartz grains than graywacke; intermediate in composition between graywacke and 
orthoquartzite; it is lighter-colored and better-sorted, and has less matrix than 
greywacke. 

Surficial Pertaining to or lying in or on a surface; specific to the surface of the earth. 

Syncline A fold of layered, sedimentary rocks whose core contains stratigraphically younger 
rocks; shape of fold is generally concave upward. 

Tcf Trillion cubic feet; a unit typically used to define gas production volumes in the coalbed 
methane industry; 1 Tcf is roughly equivalent to the volume of gas required to heat 
approximately 12 million households for one year (based on the Department of Energy's 
average household energy consumption statistic, 2001). 
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Thermogenic A direct product of high temperatures, (e.g. Thermogenic methane). 

Toughness The point at which enough stress intensity has been applied to a rock formation, so that a 
fracture initiates and propagates. 

Transmissivity A measure of the amount of water that can be transmitted horizontally through a unit 
width by the full saturated thickness of the aquifer under a hydraulic gradient of one. 

Up-warp The uplift of a region; usually a result of the release of isostatic pressure, e.g. the melting 
of an ice sheet. 

Viscosity The property of a substance to offer internal resistance to flow; internal friction. 

Volcaniclastic Composed of fragments or particles, and related to volcanic processes either by forming 
as the result of explosive processes or due to the weathering and erosion of volcanic 
rocks.
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Executive Summary 
Natural gas plays a key role in our nation’s clean energy future. The United States has vast reserves
of natural gas that are commercially viable as a result of advances in horizontal drilling and 
hydraulic fracturing technologies, which enable greater access to gas in rock formations deep
underground. These advances have spurred a significant increase in the production of both natural 
gas and oil across the country. 

Responsible development of America’s oil and gas resources offers important economic, energy
security, and environmental benefits. However, as the use of hydraulic fracturing has increased, so 
have concerns about its potential human health and environmental impacts, especially for drinking 
water. In response to public concern, the US House of Representatives requested that the US
Environmental Protection Agency (EPA) conduct scientific research to examine the relationship 
between hydraulic fracturing and drinking water resources (USHR, 2009). 

In 2011, the EPA began research under its Plan to Study the Potential Impacts of Hydraulic 
Fracturing on Drinking Water Resources. The purpose of the study is to assess the potential impacts 
of hydraulic fracturing on drinking water resources, if any, and to identify the driving factors that 
may affect the severity and frequency of such impacts. Scientists are focusing primarily on
hydraulic fracturing of shale formations to extract natural gas, with some study of other oil- and 
gas-producing formations, including tight sands, and coalbeds. The EPA has designed the scope of 
the research around five stages of the hydraulic fracturing water cycle. Each stage of the cycle is 
associated with a primary research question: 

 Water acquisition: What are the possible impacts of large volume water withdrawals from
ground and surface waters on drinking water resources? 

 Chemical mixing: What are the possible impacts of hydraulic fracturing fluid surface spills 
on or near well pads on drinking water resources? 

 Well injection: What are the possible impacts of the injection and fracturing process on 
drinking water resources? 

 Flowback and produced water: What are the possible impacts of flowback and produced 
water (collectively referred to as “hydraulic fracturing wastewater”) surface spills on or
near well pads on drinking water resources? 

 Wastewater treatment and waste disposal: What are the possible impacts of inadequate 
treatment of hydraulic fracturing wastewater on drinking water resources? 

This report describes 18 research projects underway to answer these research questions and
presents the progress made as of September 2012 for each of the projects. Information presented 
as part of this report cannot be used to draw conclusions about potential impacts to drinking water 
resources from hydraulic fracturing. The research projects are organized according to five different
types of research activities: analysis of existing data, scenario evaluations, laboratory studies, 
toxicity assessments, and case studies. 
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Analysis of Existing Data 
Data from multiple sources have been obtained for review and analysis. Many of the data come 
directly from the oil and gas industry and states with high levels of oil and gas activity. Information
on the chemicals and practices used in hydraulic fracturing has been collected from nine companies 
that hydraulically fractured a total of 24,925 wells between September 2009 and October 2010. 
Additional data on chemicals and water use for hydraulic fracturing are being pulled from over 
12,000 well-specific chemical disclosures in FracFocus, a national hydraulic fracturing chemical 
registry operated by the Ground Water Protection Council and the Interstate Oil and Gas Compact
Commission. Well construction and hydraulic fracturing records provided by well operators are 
being reviewed for 333 oil and gas wells across the United States; data within these records are 
being scrutinized to assess the effectiveness of current well construction practices at containing 
gases and liquids before, during, and after hydraulic fracturing. 

Data on causes and volumes of spills of hydraulic fracturing fluids and wastewater are being
collected and reviewed from state spill databases in Colorado, New Mexico, and Pennsylvania. 
Similar information is being collected from the National Response Center national database of oil 
and chemical spills. 

In addition, the EPA is reviewing scientific literature relevant to the research questions posed in 
this study. A Federal Register notice was published on November 9, 2012, requesting relevant, peer-
reviewed data and published reports, including information on advances in industry practices and
technologies. This body of literature will be synthesized with results from the other research 
projects to create a report of results. 

Scenario Evaluations 
Computer models are being used to identify conditions that may lead to impacts on drinking water
resources from hydraulic fracturing. The EPA has identified hypothetical, but realistic, scenarios 
pertaining to the water acquisition, well injection, and wastewater treatment and waste disposal 
stages of the water cycle. Potential impacts to drinking water sources from withdrawing large 
volumes of water in semi-arid and humid river basins—the Upper Colorado River Basin in the west 
and the Susquehanna River Basin in the east—are being compared and assessed. 

Additionally, complex computer models are being used to explore the possibility of subsurface gas
and fluid migration from deep shale formations to overlying aquifers in six different scenarios. 
These scenarios include poor well construction and hydraulic communication via fractures (natural
and created) and nearby existing wells. As a first step, the subsurface migration simulations will 
examine realistic scenarios to assess the conditions necessary for hydraulic communication rather
than the probability of migration occurring. 

In a separate research project, concentrations of bromide and radium at public water supply 
intakes located downstream from wastewater treatment facilities discharging treated hydraulic 
fracturing wastewater are being estimated using surface water transport models. 
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Laboratory Studies 
Laboratory studies are largely focused on identifying potential impacts of inadequately treating 
hydraulic fracturing wastewater and discharging it to rivers. Experiments are being designed to test
how well common wastewater treatment processes remove selected contaminants from hydraulic 
fracturing wastewater, including radium and other metals. Other experiments are assessing
whether or not hydraulic fracturing wastewater may contribute to the formation of disinfection 
byproducts during common drinking water treatment processes, with particular focus on the 
formation of brominated disinfection byproducts, which have significant health concerns at high
exposure levels. 

Samples of raw hydraulic fracturing wastewater, treated wastewater, and water from rivers 
receiving treated hydraulic fracturing wastewater have been collected for source apportionment
studies. Results from laboratory analyses of these samples are being used to develop a method for 
determining if treated hydraulic fracturing wastewater is contributing to high chloride and bromide
levels at downstream public water supplies. 

Finally, existing analytical methods for selected chemicals are being tested, modified, and verified 
for use in this study and by others, as needed. Methods are being modified in cases where standard
methods do not exist for the low-level detection of chemicals of interest or for use in the complex 
matrices associated with hydraulic fracturing wastewater. Analytical methods are currently being 
tested and modified for several classes of chemicals, including glycols, acrylamides, ethoxylated
alcohols, disinfection byproducts, radionuclides, and inorganic chemicals. 

Toxicity Assessments 
The EPA has identified chemicals reportedly used in hydraulic fracturing fluids from 2005 to 2011 
and chemicals found in flowback and produced water. Appendix A contains tables with over 1,000
of these chemicals identified. Chemical, physical, and toxicological properties are being compiled 
for chemicals with known chemical structures. Existing models are being used to estimate 
properties in cases where information is lacking. At this time, the EPA has not made any judgment 
about the extent of exposure to these chemicals when used in hydraulic fracturing fluids or found in 
hydraulic fracturing wastewater, or their potential impacts on drinking water resources. 

Case Studies 
Two rounds of sampling at five case study locations in Colorado, North Dakota, Pennsylvania, and
Texas have been completed. In total, water samples have been collected from over 70 domestic 
water wells, 15 monitoring wells, and 13 surface water sources, among others. This research will
help to identify the source of any contamination that may have occurred. 

The EPA continues to work with industry partners to begin research activities at potential 
prospective case study locations, which involve sites where the research will begin before well
construction. This will allow the EPA to collect baseline water quality data in the area. Water quality 
will be monitored for any changes throughout drilling, injection of fracturing fluids, flowback, and 
production. Samples of flowback and produced water will be used for other parts of the study, such
as assessing the efficacy of wastewater treatment processes at removing contaminants in hydraulic 
fracturing wastewater. 

3 
WRITTEN STATEMENTS (not from Hearing)



Progress 
Report 

Science 
Advisory 

Board 

Individual 
Reports 

and Papers 

Draft 
Report of 
Results 

Science 
Advisory 

Board Peer 
Review 

Final 
Report of 
Results 

Looking Forward: From This Report to the Next 

Technical Roundtables and Workshops, 
Public Webinars 

Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Invigorating the Research Study Through Consultation and Peer Review 
The EPA is committed to conducting a study that uses the best available science, independent 
sources of information, and a transparent, peer-reviewed process that will ensure the validity and
accuracy of the results. The agency is working in consultation with other federal agencies, state and 
interstate regulatory agencies, industry, non-governmental organizations, and others in the private 
and public sector. In addition to workshops held in 2011, stakeholders and technical experts are 
being engaged through technical roundtables and workshops, with the first set of roundtables held 
November 14–16, 2012. These activities will provide the EPA with ongoing access to a broad range 
of expertise and data, timely and constructive technical feedback, and updates on changes in 
industry practices and technologies relevant to the study. Technical roundtables and workshops
will be followed by webinars for the general public and posting of summaries on the study’s 
website. Increased stakeholder engagement will also allow the EPA to educate and inform the
public of the study’s goals, design, and progress. 

To ensure scientifically defensible results, each research project is subjected to quality assurance 
and peer review activities. Specific quality assurance activities performed by the EPA make sure 
that the agency’s environmental data are of sufficient quantity and quality to support the data’s
intended use. Research products, such as papers or reports, will be subjected to both internal and 
external peer review before publication, which make certain that the data are used appropriately. 
Published results from the research projects will be synthesized in a report of results that will 
inform the research questions associated with each stage of the hydraulic fracturing water cycle.
The EPA has designated the report of results as a “Highly Influential Scientific Assessment,” which 
will undergo peer review by the EPA’s Science Advisory Board, an independent and external federal 
advisory committee that conducts peer reviews of significant EPA research products and activities.
The EPA will seek input from individual members of an ad hoc expert panel convened under the 
auspices of the EPA Science Advisory Board. The EPA will consider feedback from the individual
experts in the development of the report of results. 

Ultimately, the results of this study are expected to inform the public and provide decision-makers 
at all levels with high-quality scientific knowledge that can be used in decision-making processes. 
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1. Introduction 
Oil and natural gas provided more energy in the United States for residential and industrial use 
than any other energy source in 2010—37% and 25%, respectively (US EIA, 2011a). Advances in 
technology and new applications of existing techniques, as well as supportive domestic energy
policy and economic developments, have recently spurred an increase in oil and gas production 
across a wide range of geographic regions and geologic formations in the United States. Hydraulic 
fracturing is a technique used to produce economically viable quantities of oil and natural gas, 
especially from unconventional reservoirs, such as shale, tight sands, coalbeds, and other 
formations. Hydraulic fracturing involves the injection of fluids under pressures great enough to 
fracture the oil- and gas-producing formations. The resulting fractures are held open using 
“proppants,” such as fine grains of sand or ceramic beads, to allow oil and gas to flow from small 
pores within the rock to the production well. 

As the use of hydraulic fracturing has increased, so have concerns about its potential impact on 
human health and the environment, especially with regard to possible impacts on drinking water 
resources.1 These concerns have increased as oil and gas exploration and development has spread 
from areas with a long history of conventional production to new areas with unconventional 
reservoirs, such as the Marcellus Shale, which extends from New York through parts of 
Pennsylvania, West Virginia, eastern Ohio, and western Maryland. 

In response to public concerns and anticipated growth in the oil and gas industries, the US Congress 
urged the US Environmental Protection Agency (EPA) to examine the relationship between
hydraulic fracturing and drinking water resources (USHR, 2009): 

The conferees urge the agency to carry out a study on the relationship between hydraulic 
fracturing and drinking water, using a credible approach that relies on the best available 
science, as well as independent sources of information. The conferees expect the study to be 
conducted through a transparent, peer-reviewed process that will ensure the validity and 
accuracy of the data. The Agency shall consult with other federal agencies as well as 
appropriate state and interstate regulatory agencies in carrying out the study, which should 
be prepared in accordance with the agency’s quality assurance principles. 

In 2010, the EPA launched the planning of the current study and included multiple opportunities
for the public and the Science Advisory Board2 to provide input during the study planning process.3

The EPA’s Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources 

1 Common concerns raised by stakeholders include potential impacts to air quality and ecosystems as well as sociologic
effects (e.g., community changes). A more comprehensive list of concerns reported to the EPA during initial stakeholder
meetings can be found in Appendix C of the EPA’s Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking 
Water Resources (EPA/600/R-11/121). 
2 The Science Advisory Board is an independent and external federal advisory committee that conducts peer reviews of
scientific matters for the EPA. 
3 During summer 2010, the EPA engaged stakeholders in a dialogue about the study through facilitated meetings. 
Summaries of these meetings are available at http://www.epa.gov/hfstudy/publicoutreach.html. 
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(subsequently referred to as the “Study Plan”) was finalized in November 2011 (US EPA, 2011e). 
The purpose of the EPA’s current study is to assess the potential impacts of hydraulic fracturing on
drinking water resources,4 if any, and to identify the driving factors that may affect the severity and 
frequency of such impacts. This study includes research on hydraulic fracturing to extract oil and
gas from shale, tight sand, and coalbeds, focusing primarily on hydraulic fracturing of shale for gas 
extraction. It is intended to assess the potential impacts to drinking water resources from hydraulic 
fracturing as it is currently practiced and has been practiced in the past, and it is not intended to
evaluate best management practices or new technologies. Emphasis is placed on identifying 
possible exposure pathways and hazards, providing results that can then be used to assess the 
potential risks to drinking water resources from hydraulic fracturing. Ultimately, results from the 
study are intended to inform the public and provide policymakers at all levels with high-quality
scientific knowledge that can be used in decision-making. 

The body of this progress report presents the research progress made by the EPA, as of September 
2012, regarding the potential impacts of hydraulic fracturing on drinking water resources; 
information presented as part of this report cannot be used to draw conclusions about the 
proposed research questions. Chapters 3 through 7 provide project-specific updates that include 
background information on the research project, a description of the research methods, an update 
on the current status and next steps of the work, as well as a summary of the quality assurance (QA) 
activities to date;5 these chapters are written for scientific and engineering professionals. All
projects described in this progress report are currently underway, and nearly all are expected to be 
completed in the next few years. Results from individual projects will undergo peer review prior to 
publication. The EPA intends to synthesize the published results from these research projects in a 
report of results, described in more detail in Section 9.3. 

1.1. Stakeholder Engagement 
The EPA is committed to conducting this study in an open and transparent manner. During the 
development of the study, the EPA met with stakeholders from the general public; federal, state, 
regional and local agencies; tribes; industry; academia; and non-governmental organizations. 
Webinars and meetings with these separate groups were held to discuss the study scope, data gaps, 
opportunities for sharing data and conducting joint studies, current policies and practices for 
protecting drinking water resources, and the public engagement process. 

In addition to webinars and meetings, the EPA held a series of technical workshops in early 2011 on 
four subjects integral to hydraulic fracturing and the study: chemical and analytical methods, well 
construction and operation, chemical fate and transport, and water resource management.6 

Technical experts from the oil and natural gas industry, academia, consulting firms, commercial
laboratories, state and federal agencies, and environmental organizations were chosen to 

4 For this study, “drinking water resources” are considered to be any body of water, ground or surface, that could (now or
in the future) serve as a source of drinking water for public or private water supplies. 
5 QA activities include implementation of quality assurance project plans (QAPPs), technical systems audits (TSAs), and
audits of data quality (ADQs). These activities are described further in Section 8.1. 
6 Proceedings from the four technical workshops are available at http://www.epa.gov/hfstudy/technicalworkshops.html. 
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participate in each of the workshops. The workshops gave EPA scientists the opportunity to 
interact with technical experts regarding current hydraulic fracturing technology and practices and
to identify and design research related to the potential impacts of hydraulic fracturing on drinking 
water resources. Information presented during the workshops is being used to inform ongoing
research. 

The EPA has recently announced additional opportunities for stakeholder engagement. The goals of 
this enhanced engagement process are to improve public understanding of the study, ensure that
the EPA is current on changes in industry practices and technologies so that the report of results 
reflects an up-to-date picture of hydraulic fracturing operations, and obtain timely and constructive 
feedback on ongoing research projects. 

Stakeholders and technical experts are being engaged through the following activities: 

 Technical roundtables with invited experts from diverse stakeholder groups to discuss the 
work underway to answer key research questions and identify possible topics for 
technical workshops. The roundtables also give the EPA access to a broad and balanced
range of expertise as well as data from outside the agency. 

 Technical workshops with experts invited to participate in more in-depth discussions and 
share expertise on discrete technical topics relevant to the study. 

 Information requests through a Federal Register notice, requesting that the public submit 
relevant studies and data—particularly peer-reviewed studies—for the EPA’s
consideration, including information on advances in industry practices and technologies. 

 Study updates to a wide range of stakeholders, including the general public, states, tribes, 
academia, non-governmental organizations, industry, professional organizations, and 
others. 

 Periodic briefings with the EPA’s Science Advisory Board to provide updates on the 
progress of the study. 

These efforts will help: 

 Inform the EPA’s interpretation of the research being conducted as part of this study. 

 Identify additional data and studies that may inform the report or results. 

 Identify future research needs. 

Additional information on the ongoing stakeholder engagement process can be found in Appendix B 
and online at http://www.epa.gov/hfstudy/. The website includes the presentations made by the 
EPA during the technical roundtables held in November 2012 as well as a list of roundtable
participants. Readers are encouraged to check this website for up-to-date information on upcoming 
webinars for the general public and proceedings from technical workshops, which are currently
scheduled for spring 2013. 
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2. Overview of the Research Program 
The EPA’s Study of the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources is 
organized into five topics according to the potential for interaction between hydraulic fracturing
and drinking water resources. These five topics—stages of the hydraulic fracturing water cycle— 
are illustrated in Figure 1 and include (1) water acquisition, (2) chemical mixing, (3) well injection, 
(4) flowback and produced water, and (5) wastewater treatment and waste disposal. 

Figure 1. Illustration of the five stages of the hydraulic fracturing water cycle. The cycle includes the acquisition of 
water needed for the hydraulic fracturing fluid, onsite mixing of chemicals with the water to create the hydraulic 
fracturing fluid, injection of the fluid under high pressures to fracture the oil- or gas-containing formation, recovery of 
flowback and produced water (hydraulic fracturing wastewater) after the injection is complete, and treatment and/or 
disposal of the wastewater. 

Figure 2 lists potential drinking water issues identified for each stage of the hydraulic fracturing 
water cycle. 
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Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

As described in the Study Plan, the potential issues led to the development of primary research 
questions that are supported by secondary research questions. The secondary research questions
are addressed by the research projects listed in Table 1. Table 1 also provides short titles and 
descriptions of the research projects; these titles are used throughout the rest of the report. 

Table 1. Titles and descriptions of the research projects conducted as part of the EPA’s Study of the Potential 
Impacts of Hydraulic Fracturing on Drinking Water Resources. These titles are used throughout the rest of the report. 
Detailed descriptions of each project can be found in Chapters 3 through 7. 

Research Project Description 
Analysis of Existing Data 

Literature Review Review and assessment of existing papers and reports, focusing on 
peer-reviewed literature 

Spills Database Analysis Analysis of selected federal and state databases for information on 
spills of hydraulic fracturing fluids and wastewaters 

Service Company Analysis 
Analysis of information provided by nine hydraulic fracturing service 
companies in response to a September 2010 information request on 
hydraulic fracturing operations 

Well File Review Analysis of information provided by nine oil and gas operators in 
response to an August 2011 information request for 350 well files 

FracFocus Analysis 
Analysis of data compiled from FracFocus, the national hydraulic 
fracturing chemical registry operated by the Ground Water Protection 
Council and the Interstate Oil and Gas Compact Commission 

Scenario Evaluations 

Subsurface Migration Modeling 
Numerical modeling of subsurface fluid migration scenarios that 
explore the potential for gases and fluids to move from the fractured 
zone to drinking water aquifers 

Surface Water Modeling 
Modeling of concentrations of selected chemicals at public water 
supplies downstream from wastewater treatment facilities that 
discharge treated hydraulic fracturing wastewater to surface waters 

Water Availability Modeling 

Assessment and modeling of current and future scenarios exploring 
the impact of water usage for hydraulic fracturing on drinking water 
availability in the Upper Colorado River Basin and the Susquehanna 
River Basin 

Laboratory Studies 

Source Apportionment Studies 

Identification and quantification of the source(s) of high bromide and 
chloride concentrations at public water supply intakes downstream 
from wastewater treatment plants discharging treated hydraulic 
fracturing wastewater to surface waters 

Wastewater Treatability 
Studies 

Assessment of the efficacy of common wastewater treatment 
processes on removing selected chemicals found in hydraulic 
fracturing wastewater 

Br-DBP Precursor Studies 

Assessment of the ability of bromide and brominated compounds 
present in hydraulic fracturing wastewater to form brominated 
disinfection byproducts (Br-DBPs) during drinking water treatment 
processes 

Analytical Method 
Development 

Development of analytical methods for selected chemicals found in 
hydraulic fracturing fluids or wastewater 

Table continued on next page 
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Table continued from previous page 

Research Project Description 
Toxicity Assessment 

Toxicity Assessment Toxicity assessment of chemicals reportedly used in hydraulic 
fracturing fluids or found in hydraulic fracturing wastewater 

Case Studies 

Retrospective Studies Investigations of whether reported drinking water impacts may be 
associated with or caused by hydraulic fracturing activities 

Las Animas and Huerfano 
Counties, Colorado 

Investigation of potential drinking water impacts from coalbed 
methane extraction in the Raton Basin 

Dunn County, North 
Dakota 

Investigation of potential drinking water impacts from a well blowout 
during hydraulic fracturing for oil in the Bakken Shale 

Bradford County, 
Pennsylvania 

Investigation of potential drinking water impacts from shale gas 
development in the Marcellus Shale 

Washington County, 
Pennsylvania 

Investigation of potential drinking water impacts from shale gas 
development in the Marcellus Shale 

Wise County, Texas Investigation of potential drinking water impacts from shale gas 
development in the Barnett Shale 

Prospective Studies 
Investigation of potential impacts of hydraulic fracturing through 
collection of samples from a site before, during, and after well pad 
construction and hydraulic fracturing 

Each project has been designed to inform answers to one or more of the secondary research 
questions with multiple projects informing answers to each secondary research question. The 
answers to the secondary research questions will then inform answers to the primary research
questions. Figure 3 illustrates the relationship between water cycle stage, primary and secondary 
research questions, and research projects. 
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Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Figure 3. Illustration of the structure of the EPA’s Study of the Potential Impacts of Hydraulic Fracturing on Drinking 
Water Resources. Results from multiple research projects may be used to inform answers to one secondary research 
question. Additionally, one research project may provide information to help answer multiple secondary research 
questions. Each research project falls under one type of research activity. 

2.1. Research Questions 
This section describes the activities that occur during each stage of the water cycle, potential
drinking water issues, and primary research questions, which are listed in Figure 4.7 It also 
introduces the secondary research questions and lists the associated research projects. This section 
is intended to offer a broad overview of the EPA’s study and direct the reader to further
information in subsequent chapters of this progress report. Later chapters (Chapters 3 through 7) 
contain detailed information about the progress of individual research projects listed in Tables 2
through 6 below. 

7 Additional information on the hydraulic fracturing water cycle stages and research questions can be found in the Study
Plan. 
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Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

2.1.1. Water Acquisition: What are the possible impacts of large volume water
withdrawals from ground and surface waters on drinking water resources?

Hydraulic fracturing fluids are usually water-based, with approximately 90% of the injected fluid
composed of water (GWPC and ALL Consulting, 2009). Estimates of water needs per well have been 
reported to range from 65,000 gallons for coalbed methane (CBM) production up to 13 million 
gallons for shale gas production, depending on the characteristics of the formation being fractured
and the design of the production well and fracturing operation (GWPC and ALL Consulting, 2009; 
Nicot et al., 2011). Five million gallons of water are equivalent to the water used by approximately 
50,000 people for one day.8 The source of the water may vary, but is typically ground water, surface 
water, or treated wastewater, as illustrated in Figure 5. Industry trends suggest a recent shift to 
using treated and recycled produced water (or other treated wastewaters) as base fluids in
hydraulic fracturing operations. 

Figure 5. Water acquisition. Water for hydraulic fracturing can be drawn from a variety of sources including surface 
water, ground water, treated wastewater generated during previous hydraulic fracturing operations, and other types of 
wastewater. 

The EPA is working to better characterize the amounts and sources of water currently being used 
for hydraulic fracturing operations, including recycled water, and how these withdrawals may
impact local drinking water quality and availability. To that end, secondary research questions have 
been developed, as well as the research projects listed in Table 2. 

8 This assumes that the average American uses approximately 100 gallons of water per day. See http://www.epa.gov/
watersense/pubs/indoor.html. 
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Table 2. Secondary research questions and applicable research projects identified for the water acquisition stage of 
the hydraulic fracturing water cycle. The table also identifies the sections of this report that contain detailed 
information about the listed research projects. 

Secondary Research Questions Applicable Research Projects Section 
Literature Review 3.1 

How much water is used in hydraulic fracturing 
operations, and what are the sources of this water? 

Service Company Analysis 3.3 
Well File Review 3.4 
FracFocus Analysis 3.5 
Water Availability Modeling 4.3 

How might water withdrawals affect short- and long-
term water availability in an area with hydraulic 
fracturing activity? 

Literature Review 3.1 

Water Availability Modeling 4.3 

What are the possible impacts of water withdrawals 
for hydraulic fracturing operations on local water 
quality? 

Literature Review 3.1 

2.1.2. Chemical Mixing: What are the possible impacts of surface spills on or near well
pads of hydraulic fracturing fluids on drinking water resources?

Once onsite, water is mixed with chemicals to create the hydraulic fracturing fluid that is pumped
down the well, as illustrated in Figure 6. The fluid serves two purposes: to create pressure to 
propagate fractures and to carry the proppant into the fracture. Chemicals are added to the fluid to 
change its properties (e.g., viscosity, pH) in order to optimize the performance of the fluid. Roughly
1% of water-based hydraulic fracturing fluids are composed of various chemicals, which is 
equivalent to 50,000 gallons for a shale gas well that uses 5 million gallons of fluid. 

Figure 6. Chemical mixing. Water is mixed with chemicals and proppant onsite to create the hydraulic fracturing fluid 
immediately before injection. 
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Hydraulic fracturing operations require large quantities of supplies, equipment, water, and vehicles. 
Onsite storage, mixing, and pumping of hydraulic fracturing fluids may result in accidental releases,
such as spills or leaks.9 Released fluids could then flow into nearby surface water bodies or 
infiltrate into the soil and near-surface ground water, potentially reaching drinking water
resources. In order to explore the potential impacts of surface releases of hydraulic fracturing fluids 
on drinking water resources, the EPA is: (1) compiling information on reported spills; (2) 
identifying chemical additives used in hydraulic fracturing fluids and their chemical, physical, and
toxicological properties; and (3) gathering data on the environmental fate and transport of selected 
hydraulic fracturing chemical additives. These activities correspond to the secondary research
questions and research projects described in Table 3. 

Table 3. Secondary research questions and applicable research projects identified for the chemical mixing stage of 
the hydraulic fracturing water cycle. The table also identifies the sections of this report that contain detailed 
information about the listed research projects. 

Secondary Research Questions Applicable Research Projects Section 

What is currently known about the frequency, severity, 
and causes of spills of hydraulic fracturing fluids and 
additives? 

Literature Review 3.1 
Spills Database Analysis 3.2 
Service Company Analysis 3.3 
Well File Review 3.4 

What are the identities and volumes of chemicals 
used in hydraulic fracturing fluids, and how might this 
composition vary at a given site and across the 
country? 

Literature Review 3.1 
Service Company Analysis 3.3 
FracFocus Analysis 3.5 
Analytical Method Development 5.4 

What are the chemical, physical, and toxicological 
properties of hydraulic fracturing chemical additives? Toxicity Assessment 6

If spills occur, how might hydraulic fracturing chemical 
additives contaminate drinking water resources? 

Literature Review 3.1 
Retrospective Case Studies 7

2.1.3. Well Injection: What are the possible impacts of the injection and fracturing 
process on drinking water resources?

The hydraulic fracturing fluid is pumped down the well at pressures great enough to fracture the 
oil- or gas-containing rock formation, as shown in Figure 7 for both horizontal and vertical well
completions. Production wells are drilled and completed in order to best and most efficiently drain 
the geological reservoir of its hydrocarbon resources. This means that wells may be drilled and
completed vertically (panel b in Figure 7), vertically at the top and then horizontally at the bottom 
(panel a), or in other configurations deviating from vertical, known as “deviated wells.” 

9 As noted in the Study Plan, transportation-related spills of hydraulic fracturing chemical additives and wastewater are
outside of the scope of the current study. 
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Figure 7. Well injection. During injection, hydraulic fracturing fluids are pumped into the well at high pressures, which 
are sustained until the fractures are formed. Hydraulic fracturing can be used with both (a) deep, horizontal well 
completions and (b) shallower, vertical well completions. Horizontal wells are typically used in formations such as 
tight sandstones, carbonate rock, and shales. Vertical wells are typically used in formations for conventional 
production and coalbed methane. 

Within this stage of the hydraulic fracturing water cycle, the EPA is studying a number of scenarios 
that may lead to changes in local drinking water resources, including well construction failure and
induced fractures intersecting existing natural (e.g., faults or fractures) or man-made (e.g., 
abandoned wells) features that may act as conduits for contaminant transport. Table 4 lists the 
secondary research questions and research projects that address these concerns. 

Table 4. Secondary research questions and applicable research projects identified for the well injection stage of the 
hydraulic fracturing water cycle. The table also identifies the sections of this report that contain detailed information 
about the listed research projects. 

Secondary Research Questions Applicable Research Projects Section 
Literature Review 3.1 

How effective are current well construction practices 
at containing gases and fluids before, during, and 
after fracturing? 

Service Company Analysis 3.3 
Well File Review 3.4 
Subsurface Migration Modeling 4.1 
Retrospective Case Studies 7
Literature Review 3.1 

Can subsurface migration of fluids or gases to 
drinking water resources occur, and what local 
geologic or man-made features might allow this? 

Service Company Analysis 3.3 
Well File Review 3.4 
Subsurface Migration Modeling 4.1 
Retrospective Case Studies 7
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2.1.4. Flowback and Produced Water: What are the possible impacts of surface spills on
or near well pads of flowback and produced water on drinking water resources?

When the injection pressure is reduced, the direction of fluid flow reverses, leading to the recovery
of flowback and produced water. For this study, “flowback” is the fluid returned to the surface after 
hydraulic fracturing has occurred, but before the well is placed into production, while “produced 
water” is the fluid returned to the surface after the well has been placed into production.10 They are 
collectively referred to as “hydraulic fracturing wastewater” and may contain chemicals injected as 
part of the hydraulic fracturing fluid, substances naturally occurring in the oil- or gas-producing
formation,11 hydrocarbons, and potential reaction and degradation products. 

Figure 8. Flowback and produced water. During this stage, the pressure on the hydraulic fracturing fluid is reduced 
and the flow is reversed. The flowback and produced water contain hydraulic fracturing fluids, native formation water, 
and a variety of naturally occurring substances picked up by the wastewater during the fracturing process. The fluids 
are separated from any gas or oil produced with the water and stored in either tanks or an open pit. 

As depicted in Figure 8, the wastewater is typically stored onsite in impoundment pits or tanks.
Onsite transfer and storage of hydraulic fracturing wastewater may result in accidental releases, 
such as spills or leaks, which may reach nearby drinking water resources. The potential impacts to
drinking water resources from flowback and produced water are similar to the potential impacts 
identified in the chemical mixing stage of the hydraulic fracturing water cycle, with the exception of
different fluid compositions for injected fluids and wastewater. Therefore, the secondary research 

10 Produced water is a product of all oil and gas wells, including wells that have not been hydraulically fractured. 
11 Substances naturally found in hydraulically fractured formations may include brines, trace elements (e.g., mercury, 
lead, arsenic), naturally occurring radioactive material (e.g., radium, thorium, uranium), gases (e.g., natural gas, hydrogen
sulfide), and organic material (e.g., organic acids, polycyclic aromatic hydrocarbons, volatile organic compounds). 
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questions and associated research projects are similar. The secondary research questions and 
applicable research projects are listed in Table 5. 

Table 5. Secondary research questions and applicable research projects identified for the flowback and produced 
water stage of the hydraulic fracturing water cycle. The table also identifies the sections of this report that contain 
detailed information about the listed research projects. 

Secondary Research Questions Applicable Research Projects Section 
Literature Review 3.1 

What is currently known about the frequency, severity, 
and causes of spills of flowback and produced water? 

Spills Database Analysis 3.2 
Service Company Analysis 3.3 
Well File Review 3.4 

What is the composition of hydraulic fracturing 
wastewaters, and what factors might influence this 
composition? 

Literature Review 3.1 
Service Company Analysis 3.3 
Well File Review 3.4 
Analytical Method Development 5.4 

What are the chemical, physical, and toxicological 
properties of hydraulic fracturing wastewater 
constituents? 

Toxicity Assessment 6

If spills occur, how might hydraulic fracturing 
wastewater contaminate drinking water resources? 

Literature Review 3.1 
Retrospective Case Studies 7

2.1.5. Wastewater Treatment and Waste Disposal: What are the possible impacts of 
inadequate treatment of hydraulic fracturing wastewaters on drinking water
resources? 

Estimates of the fraction of hydraulic fracturing wastewater recovered vary by geologic formation 
and range from 10% to 70% of the injected hydraulic fracturing fluid (GWPC and ALL Consulting, 
2009; US EPA, 2011f). For a hydraulic fracturing job that uses 5 million gallons of hydraulic
fracturing fluid, this means that between 500,000 and 3.5 million gallons of fluid will be returned to 
the surface. As illustrated in Figure 9, the wastewater is generally managed through disposal into
deep underground injection control (UIC) wells,12 treatment followed by discharge to surface water 
bodies,13 or treatment followed by reuse. 

12 Underground injection of fluids related to oil and gas production (including flowback and produced water) is
authorized by the Safe Drinking Water Act. 
13 Treatment processes involving discharge to surface waters are authorized by the Clean Water Act and the National
Pollutant Discharge Elimination System program. 
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Figure 9. Wastewater treatment and waste disposal. Flowback and produced water is frequently disposed of in deep 
injection wells, but may also be trucked, or in some cases piped, to a disposal or recycling facility. Once treated, the 
wastewater may be reused in subsequent hydraulic fracturing operations or discharged to surface water. 

Understanding the treatment, disposal, and reuse of flowback and produced water from hydraulic
fracturing activities is important. For example, contaminants present in these waters may be 
inadequately treated at publicly owned treatment works (POTWs), discharges from which may 
threaten downstream drinking water intakes, as depicted in Figure 9.14 Table 6 summarizes the 
secondary research questions and the applicable research projects for each question. 

14 As noted in the Study Plan, this study does not propose to evaluate the potential impacts of underground injection or
the associated potential impacts due to transport and storage leading up to ultimate disposal in a UIC well. 

20 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Table 6. Secondary research questions and applicable research projects identified for the wastewater treatment and 
waste disposal stage of the hydraulic fracturing water cycle. The table also identifies the sections of this report that 
contain detailed information about the listed research projects. 

Secondary Research Questions Applicable Research Projects Section 

What are the common treatment and disposal Literature Review 3.1 
methods for hydraulic fracturing wastewater, and 
where are these methods practiced? 

Well File Review 3.4 
FracFocus Analysis 3.5 

How effective are conventional POTWs and 
commercial treatment systems in removing organic 
and inorganic contaminants of concern in hydraulic 
fracturing wastewater? 

Literature Review 3.1 

Wastewater Treatability Studies 5.2 

What are the potential impacts from surface water 
disposal of treated hydraulic fracturing wastewater on 
drinking water treatment facilities? 

Literature Review 3.1 
Surface Water Modeling 4.2 
Source Apportionment Studies 5.1 
Br-DBP Precursor Studies 5.3 

2.2. Environmental Justice 
Environmental justice is the fair treatment and meaningful involvement of all people regardless of 
race, color, national origin, or income, with respect to the development, implementation, and 
enforcement of environmental laws, regulations, and policies.15 

During the planning process, some stakeholders raised concerns about environmental justice and
hydraulic fracturing, while others stated that hydraulic fracturing–related activities provide 
benefits to local communities. In its review of the draft Study Plan, the EPA’s Science Advisory
Board supported the inclusion in the study of an environmental justice analysis as it pertains to the 
potential impacts on drinking water resources. The EPA, therefore, attempted to conduct a 
screening to provide insight into the research questions in Table 7. 

Table 7. Research questions addressed by assessing the demographics of locations where hydraulic fracturing 
activities are underway.

Fundamental Research Question Secondary Research Questions 

Does hydraulic fracturing 
disproportionately occur in or near 
communities with environmental 
justice concerns? 

Are large volumes of water being disproportionately 
withdrawn from drinking water resources that serve
communities with environmental justice concerns? 
Are hydraulically fractured oil and gas wells 
disproportionately located near communities with 
environmental justice concerns? 
Is wastewater from hydraulic fracturing operations being 
disproportionately treated or disposed of (via POTWs or 
commercial treatment systems) in or near communities with 
environmental justice concerns? 

15 The EPA’s definition of environmental justice can be found at
http://www.epa.gov/environmentaljustice/basics/index.html and was informed by E.O. 12898. 
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Environmental justice screening uses easily obtained environmental and demographic information 
to highlight locations where additional review (i.e., information collection or analysis) may be 
warranted (US EPA, 2012c). Screenings do not examine whether co-location of specific activities 
and communities with certain demographics (e.g., low-income, non-white minority, young children,
and elderly subpopulations) may lead to any positive or negative impacts on a given community. 

Nationwide data on the locations of water withdrawals and wastewater treatment associated with 
hydraulic fracturing activities are difficult to obtain. The EPA was not able to identify
comprehensive data sources that identify the locations of water withdrawals associated with 
hydraulic fracturing or facilities receiving hydraulic fracturing wastewaters. Geographic data on 
hydraulic fracturing-only water use (rather than general oil and gas water use) are limited, and the
available data are aggregated by regions too large for an environmental justice analysis. Data on 
commercial and publicly owned treatment works accepting hydraulic fracturing wastewater were
found to be inconsistent between states or difficult to obtain. 

Data on the locations of hydraulically fractured oil and gas production wells considered for the 
environmental justice screen are available from two sources: data provided to the EPA from nine 
hydraulic fracturing service companies (see Section 3.3) and data obtained from FracFocus (Section 
3.5). The service company data set includes county-level locations of approximately 25,000 oil and 
gas wells hydraulically fractured between September 2009 and October 2010. In total, 590 of the
3,221 counties in the United States contained wells hydraulically fractured by the nine service 
companies during the period under analysis. In comparison, the FracFocus data set includes 
latitude/longitude and county-level information on the location of roughly 11,000 wells 
hydraulically fractured between January 2009 and February 2012. In total, only 251 of the 3,221 
counties in the United States contained wells reported to FracFocus during this time period. 

The county-level resolution provided by the service company data set is insufficient for 
determining whether hydraulic fracturing activities are occurring in communities that possess 
characteristics associated with environmental justice populations. Finer resolution is needed since
counties can contain a multitude of communities, townships, and even cities, with diverse 
populations. Data obtained from FracFocus provide well locations at finer resolution (i.e., specific 
latitude/longitude coordinates), which may provide further opportunity for either state- or 
nationwide environmental justice screens. 

2.3. Changes to the Research Program 
The EPA has significantly modified some of the research projects since the publication of the Study
Plan. These modifications are discussed below. 

FracFocus Analysis. In early 2011, the Ground Water Protection Council and the Interstate Oil and 
Gas Compact Commission jointly launched a new national registry for chemicals used in hydraulic 
fracturing, called FracFocus. This registry is an online repository where oil and gas well operators
can upload information regarding the chemical composition of hydraulic fracturing fluids used in 
specific oil and gas production wells. Extracting data from FracFocus allows the EPA to gather
publicly available, nationwide data on the water volumes and chemicals used in hydraulic 
fracturing operations, as reported by oil and gas operating companies. These data are being 
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analyzed to identify chemicals used in hydraulic fracturing fluids as well as the geographic 
distribution of water and chemical use. 

Prospective Case Studies. The EPA identified the location of one of the prospective case studies as De 
Soto Parish, Louisiana, in the Haynesville Shale. Due to scheduling conflicts, the location in De Soto 
Parish is no longer being considered for a prospective case study. 

The EPA continues to work with industry partners to identify locations and develop research
activities for prospective case studies. As part of these case studies, the EPA intends to monitor 
local water quality for up to a year or more after hydraulic fracturing occurs. It is likely, therefore,
that the prospective case studies will be completed after the report of results. In that event, results 
from any prospective case studies will be published in a follow-up report. 

Chemical Prioritization. As part of the toxicity assessment research project, the EPA is compiling
chemical, physical, and toxicological properties for chemicals reportedly used in hydraulic 
fracturing fluids and/or detected in flowback and produced water. One aspect of the planned 
second phase of this work was to include prioritizing a subset of these chemicals for future toxicity
screening using high throughput screening assays. However, consistent with recommendations of 
the Science Advisory Board, the agency will not conduct high throughput screening assays at this 
time on a subset of these chemicals, but will continue efforts to identify, evaluate, and prioritize 
existing toxicity data. 

Reactions Between Hydraulic Fracturing Fluids and Shale. Based on research already being
conducted by the US Department of Energy and academic institutions on the interactions between 
hydraulic fracturing fluids and various rock formations,16 the EPA has decided to discontinue its 
work in this area. The EPA continues to believe in the importance of research to address research
questions associated with this project, but has decided to rely upon work being conducted by 
another federal agency. 

Therefore, the EPA has removed two research questions associated with this project: 

 How might hydraulic fracturing fluids change the fate and transport of substances in the
subsurface through geochemical interactions? 

 What are the chemical, physical, and toxicological properties of substances in the 
subsurface that may be released by hydraulic fracturing operations? 

2.4. Research Approach 
The research projects listed in Table 1 and discussed in detail in Chapters 3 through 7 of this 
progress report require a broad range of scientific expertise in environmental and petroleum
engineering, ground water hydrology, fate and transport modeling, and toxicology, as well as many 
other disciplines. Consequently, the EPA is using a transdisciplinary research approach that 

16 See, for example, research underway by the US Department of Energy’s National Energy Technology Laboratory
(http://www.netl.doe.gov/publications/factsheets/rd/R%26D166.pdf) and Penn State 3S Laboratory
(http://3s.ems.psu.edu/research.html). 
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integrates various types of expertise from inside and outside the agency. The research projects fall 
into five categories: analysis of existing data, case studies, scenario modeling and evaluation, 
laboratory studies, and toxicology assessments. Table 8 summarizes the five main types of research 
activities occurring as part of this study and their objectives. Figure 3 illustrates the relationship
between the research activities and the research projects and questions. 

Table 8. Research activities and objectives. Each research project falls under one type of research activity. 

Activity Objective 

Analysis of existing data 

Gather and summarize existing data from various sources to provide 
current information on hydraulic fracturing activities; includes information 
requested of hydraulic fracturing service companies and oil and gas 
operators* 

Scenario evaluations Use computer modeling to assess the potential for hydraulic fracturing to 
impact drinking water resources 

Laboratory studies 
Conduct targeted experiments to test and develop analytical detection 
methods and to study the fate and transport of selected chemicals during 
wastewater treatment and discharge to surface water 

Toxicity assessment 
Identify chemicals used in hydraulic fracturing fluids or reported to be in 
hydraulic fracturing wastewater and compile available chemical, physical, 
and toxicological properties 

Case studies 
Retrospective 

Prospective 

Study sites with reported contamination to understand the underlying 
causes and potential impacts to drinking water resources 
Develop understanding of hydraulic fracturing processes and their 
potential impacts on drinking water resources 

* For more information on the information requests, see http://www.epa.gov/hfstudy/analysis-of-existing-data.html.
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3. Analysis of Existing Data 
The objective of this approach is to gather and summarize data from many sources to provide 
current information on hydraulic fracturing activities. The EPA is collecting and analyzing data on
chemical spills, surface water discharges, and chemicals found in hydraulic fracturing fluids and 
wastewater, among others. These data have been collected from a variety of sources, including state
and federal agencies, industry, and public sources. Included among these sources is information 
received after the September 2010 letter requesting data from nine hydraulic fracturing service 
companies and the August 2011 letter requesting well files from nine oil and gas well operators.17 

This chapter includes progress reports for the following projects: 

3.1. Literature Review.................................................................................................................................................. 25 
Review and assessment of existing papers and reports, focusing on peer-reviewed literature 

3.2. Spills Database Analysis...................................................................................................................................... 31 
Analysis of selected federal and state databases for information on spills of hydraulic 
fracturing fluids and wastewaters 

3.3. Service Company Analysis ................................................................................................................................. 39 
Analysis of information provided by nine hydraulic fracturing service companies in response to 
a September 2010 information request on hydraulic fracturing operations 

3.4. Well File Review..................................................................................................................................................... 46 
Analysis of information provided by nine oil and gas operators in response to an August 2011 
information request for 350 well files 

3.5. FracFocus Analysis................................................................................................................................................ 54 
Analysis of data compiled from FracFocus, the national hydraulic fracturing chemical registry 
operated by the Ground Water Protection Council and the Interstate Oil and Gas Compact 
Commission 

3.1. Literature Review 

3.1.1. Relationship to the Study 
The EPA is gathering and assessing literature relevant to all secondary research questions. 

3.1.2. Project Introduction 
An extensive review of existing literature is an important component of the EPA’s study of the
relationship between hydraulic fracturing and drinking water resources. The objective of this 
literature review is to identify and analyze data and literature relevant to all secondary research
questions. This objective will be met by reviewing a wide range of information sources on the five 
stages of the hydraulic fracturing water cycle. Sources identified through the literature review are 
subject to a quality review to support decisions regarding their inclusion in the EPA’s report of 

17 Copies of these information requests are available at http://www.epa.gov/hfstudy/analysis-of-existing-data.html. 
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results. Information gathered during the literature review will be synthesized with results from the 
other research projects described in this progress report to answer the research questions posed in
the Study Plan and summarized in Chapter 2. 

3.1.3. Research Approach 
Existing literature and data is being identified through a variety of methods, including conducting a 
search of published documents, searching online databases such as OnePetro18 and Web of 
KnowledgeSM 19 and reviewing materials provided to the EPA through technical workshops,
comment submissions, and the Science Advisory Board’s review of the draft study plan.20 Once 
identified, sources are classified as shown in Table 9. 

Table 9. Classifications of information sources with examples. Once identified, existing literature and data sources 
are classified according to the following categories. 

Source Classification Examples 

Peer-reviewed literature Journal publications, reports, and white papers developed by federal and 
state agencies 

Non-peer-reviewed 
literature 

Non-peer-reviewed government documents; congressional documents 
and hearing proceedings; workshop proceedings; Ph.D. theses; non-
peer-reviewed reports and white papers from industry, associations, and 
non-governmental organizations 

Unpublished data Online databases, personal communications, unpublished manuscripts, 
unpublished government data 

Once sources are grouped into the categories shown in Table 9 above, assessment factors are used 
to further evaluate their merit. Five assessment factors are being used to evaluate the quality of 
existing data and information: soundness, applicability and utility, clarity and completeness, 
uncertainty and variability, and evaluation and review (US EPA, 2003a). These factors are described
in more detail in Table 10. 

18 OnePetro is an online library of technical literature for the oil and gas exploration and production industry. It can be
accessed at http://www.onepetro.org/. 
19 Thomson Reuters Web of KnowledgeSM is a research platform that provides access to objective content and powerful
tools to search, track, measure, and collaborate in the sciences, social sciences, arts, and humanities. It can be accessed at
http://wokinfo.com/. 
20 A list of literature recommended by the Science Advisory Board can be found on pages 29–34 of the Science Advisory 
Board’s review of the draft Study Plan, available at http://yosemite.epa.gov/sab/sabproduct.nsf/0/
2BC3CD632FCC0E99852578E2006DF890/$File/EPA-SAB-11-012-unsigned.pdf. 
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Table 10. Description of factors used to assess the quality of existing data and information compiled during the 
literature review. The assessment factors are identified in (US EPA, 2003a).

Factors Description 

Soundness 
The extent to which the scientific and technical procedures, measures, 
methods, or models employed to generate the information are reasonable 
for, and consistent with, the intended application 

Applicability and utility The extent to which the information is relevant for the agency’s intended use 

Clarity and 
completeness 

The degree of clarity and completeness with which the data, assumptions, 
methods, quality assurance, sponsoring organizations, and analyses 
employed to generate the information are documented 

Uncertainty and 
variability 

The extent to which the variability and uncertainty (quantitative and 
qualitative) in the information or in the procedures, measures, methods or 
models are evaluated and characterized 

Evaluation and review The extent of independent verification, validation, and peer review of the 
information or of the procedures, measures, methods, or models 

Information included in the report of results will be drawn primarily from peer-reviewed 
publications. Peer-reviewed publications contain the most reliable information, although some 
portions of the report may contain compilations of data from a variety of sources and source
classifications. Non-peer-reviewed and unpublished sources will not form the sole basis of any 
conclusions presented in the report of results. Generally, these sources will be used to support
results presented from peer-reviewed work, enhance understanding based on peer-reviewed 
sources, identify promising ideas of investigation, and discuss further in-depth work needed. 

The criteria in Table 10 are applied to all sources to ensure that the EPA is using high-quality data. 
In some cases, these data may not strictly meet the quality guidelines outlined in Table 10, though 
they still provide valuable information. Principal investigators on this project are responsible for 
deciding whether to include these data and providing all available background information in order
to place these results in the appropriate context. 

3.1.4. Status and Preliminary Data 
The literature review is currently underway. Water acquisition, chemical mixing, and flowback and 
produced water are the only stages of the hydraulic fracturing water cycle for which specific 
updates are available at this time. 

Water Acquisition. The water acquisition literature review is intended to complement the analysis
of existing data on hydraulic fracturing fluid source water resources from nine service companies  
(see Section 3.3) and nine oil and gas operators (Section 3.4), as well as the analysis of existing data 
from FracFocus (Section 3.5). Work at this stage is directed at answering three secondary research 
questions: 

 How much water is used in hydraulic fracturing operations, and what are the sources of 
this water? 

 How might water withdrawals affect short- and long-term water availability in an area with
hydraulic fracturing activity? 
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 What are the possible impacts of water withdrawals for hydraulic fracturing operations on 
local water quality? 

To date, work has focused on the first question regarding the volumes and sources of water
acquired for use in hydraulic fracturing. The literature review focuses on the major basins where 
hydraulic fracturing is prevalent in order to present a national perspective on water use. 
Hydrocarbon plays that will be highlighted include the Barnett, Eagle Ford, and Haynesville Shales 
in the South, the Bakken Shale in the Midwest, and the Marcellus and Utica Shales in the East. 

The Barnett, Eagle Ford, and Haynesville Shales have undergone the most thorough analysis as
reflected by the availability of peer-reviewed literature pertaining to the Texas oil and gas basins 
and to the water resources in the southern United States. The Bakken Shale has also been 
investigated extensively, although very little peer-reviewed literature was available for analysis as 
of July 2012. Instead, information on volumes and sources of water in the Bakken Shale comes 
largely from news articles. Water acquisition in the Marcellus and Utica Shales has not yet been 
analyzed, but water withdrawal data is expected to be available. 

Chemical Mixing and Flowback and Produced Water. Existing scientific literature is being reviewed 
to identify how chemicals used in hydraulic fracturing fluids or present in hydraulic fracturing
wastewaters may contaminate drinking water resources as a result of surface spills of these fluids. 
Relevant information from the literature review will help address the research questions listed 
below: 

 If spills occur, how might hydraulic fracturing chemical additives contaminate drinking
water resources? 

 If spills occur, how might hydraulic fracturing wastewaters contaminate drinking water 
resources? 

The EPA has identified chemicals for further review based on publicly available information on 
hazard and frequency of use. Tables 11 and 12 identify a subset of chemicals used in hydraulic 
fracturing fluids as reported to the US House of Representatives’ Committee on Energy and 
Commerce by 14 hydraulic fracturing service companies as being used in hydraulic fracturing fluids
between 2005 and 2009 (USHR, 2011). Table 11 lists chemicals that are known or suspected 
carcinogens, regulated by the Safe Drinking Water Act (SDWA), or listed as Clean Air Act hazardous
air pollutants. The Committee included the hazardous air pollutant designation for listed chemicals 
because some may impact drinking water (e.g., methanol and ethylene glycol). Table 12 lists the 
chemical components appearing most often in over 2,500 hydraulic fracturing products used
between 2005 and 2009, according to the information reported to the Committee. 
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Table 11. Chemicals identified by the US House of Representatives Committee on Energy and Commerce as known 
or suspected carcinogens, regulated under the Safe Drinking Water Act (SDWA) or classified as hazardous air 
pollutants (HAP) under the Clean Air Act. The number of products containing each chemical is also listed. These 
chemicals were reported by 14 hydraulic fracturing service companies to be in a total of 652 different products used 
between 2005 and 2009. Reproduced from USHR (2011).

Chemicals Category No. of Products 
Methanol HAP 342
Ethylene glycol HAP 119
Naphthalene Carcinogen, HAP 44
Xylene SDWA, HAP 44
Hydrochloric acid HAP 42
Toluene SDWA, HAP 29
Ethylbenzene SDWA, HAP 28
Diethanolamine HAP 14
Formaldehyde Carcinogen, HAP 12
Thiourea Carcinogen 9
Benzyl chloride Carcinogen, HAP 8
Cumene HAP 6
Nitrilotriacetic acid Carcinogen 6
Dimethyl formamide HAP 5
Phenol HAP 5
Benzene Carcinogen, SDWA, HAP 3
Di (2-ethylhexyl) phthalate Carcinogen, SDWA, HAP 3
Acrylamide Carcinogen, SDWA, HAP 2
Hydrofluoric acid HAP 2
Phthalic anhydride HAP 2
Acetaldehyde Carcinogen, HAP 1
Acetophenone HAP 1
Copper SDWA 1
Ethylene oxide Carcinogen, HAP 1
Lead Carcinogen, SDWA, HAP 1
Propylene oxide Carcinogen, HAP 1
p-Xylene HAP 1

Table 12. Chemical appearing most often in hydraulic fracturing in over 2,500 products reported by 14 hydraulic 
fracturing service companies as being used between 2005 and 2009. Reproduced from USHR (2011).

Chemical No. of Products 
Methanol 342
Isopropanol 274
Crystalline silica 207
2-Butoxyethanol 126
Ethylene glycol 119
Hydrotreated light petroleum distillates 89
Sodium hydroxide 80
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Existing scientific literature is also being reviewed for the chemicals identified as part of the 
analytical method development research project (see Table 45 in Section 5.4). This table includes 
chemicals associated with injected hydraulic fracturing fluids and wastewater. 

Literature searches have found papers describing impacts from spills of produced water (Healy et 
al., 2011; Healy et al., 2008), although the emphasis is often on ecosystem impacts rather than
drinking water impacts. Produced water has the greatest number of literature publications for 
reported spills compared to hydraulic fracturing fluids and flowback, because produced water must
be managed in both conventional and unconventional oil and gas production. Papers describing 
impacts from spills of produced water from conventional oil and gas production wells are being 
considered as part of the literature review because the chemical composition of flowback and
produced water from hydraulically fractured formations is similar to that of conventional 
reservoirs (Hayes, 2009). Publications about impoundment leaks or other types of surface
impoundment failures are also included within the scope of the flowback and produced water 
literature review. 

Because some of the chemicals commonly used in hydraulic fracturing fluid are ubiquitous, a very 
large numbers of papers have been found. To narrow the scope, recent review papers on 
environmental impacts and other published summaries on transport of chemicals or classes of 
chemicals are being sought. Information on the chemicals listed in Tables 11, 12, and 45 has been 
collected primarily by searching peer-reviewed literature using keyword searches of major 
databases, including Web of KnowledgeSM, Proquest,21 and OnePetro. Review papers describing
impacts from spills of hydraulic fracturing fluids containing benzene, toluene, ethylbenzene, and 
xylenes (Farhadian et al., 2008; Seagren and Becker, 2002; Seo et al., 2009); ethylene glycol 
(Staples et al., 2001); phenol (Van Schie and Young L.Y., 2000); surfactants (Scott and Jones, 2000; 
Sharma et al., 2009; Soares A. et al., 2008; Van Ginkel, 1996); and napthalenes (Haritash and 
Kaushik, 2009; Rogers et al., 2002) have been identified. Other sources of information include the
Government Accountability Office report on federal research on produced water (US GAO, 2012); 
toxicological profiles from the Agency for Toxic Substances and Disease Registry, which often
contain brief summaries of information on transport and transformation;22 EPA software systems 
(US EPA, 2012b); and chemical reference handbooks (Howard, 1989; Howard et al., 1991; 
Montgomery, 2000). Specific discussion of abiotic transformations is included in some of these
references, including the Agency for Toxic Substances and Disease Registry Toxicological Profiles, 
environmental organic chemistry references (Schwarzenbach et al., 2002), and review papers
(Stangroom et al., 2010). 

Chemical and physical properties of most of the organic chemicals listed in Tables 11 and 12 have 
been summarized, and the analysis is nearly complete. As more chemicals of interest are identified 
throughout the study, the number of chemicals may expand. Fewer publications exist for less 

21 ProQuest can be accessed at http://www.proquest.com. 
22 See, for example, pages 258–259 of ATSDR (2007). 
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common chemicals, however, and obtaining enough data to characterize these chemicals’ potential 
to affect drinking water resources may not be feasible. 

3.1.5. Next Steps 
Next steps include completing the literature review for questions pertaining to sources, volumes,
and impacts of large volume water withdrawals on local water quality and water availability. 
Further review of the water acquisition and quantity literature will specifically address the volumes 
and sources of water used in the Marcellus and Utica Shales. The literature review on chemical 
mixing and flowback and produced water for information that may answer the secondary research 
questions for those water stages will be completed. The EPA will also review relevant literature on
all the remaining secondary research questions. 

3.1.6. Quality Assurance Summary 
The quality assurance project plan (QAPP) for the literature review, “Data and Literature 
Evaluation for the EPA’s Study of the Potential Impacts of Hydraulic Fracturing (HF) on Drinking 
Water Resources (Version 0),” was approved on September 4, 2012 (US EPA, 2012f). Links to the all 
of the QAPPs are provided in Appendix C. 

3.2. Spills Database Analysis 

3.2.1. Relationship to the Study 
The primary research questions for the chemical mixing and flowback and produced water stages 
of the hydraulic fracturing water cycle focus on the potential for hydraulic fracturing fluids and
wastewaters to be spilled on the surface, possibly impacting nearby drinking water resources. This 
project searches various data sources in order to answer the research questions listed in Table 13. 

Table 13. Secondary research questions addressed by reviewing existing databases that contain data relating to 
surface spills of hydraulic fracturing fluids and wastewater.

Water Cycle Stage Applicable Research Questions 

Chemical mixing What is currently known about the frequency, severity, and causes of 
spills of hydraulic fracturing fluids and additives? 

Flowback and produced water What is currently known about the frequency, severity, and causes of 
spills of flowback and produced water? 

3.2.2. Project Introduction 
Hydraulic fracturing operations require large quantities of chemical additives, equipment, water, 
and vehicles, which may create risks of accidental releases, such as spills or leaks. Surface spills or
releases can occur as a result of events such as tank ruptures, equipment or surface impoundment 
failures, overfills, vandalism, accidents, ground fires, or improper operations. Released fluids might
flow into nearby surface water bodies or infiltrate into the soil and near-surface ground water, 
potentially reaching drinking water aquifers (NYSDEC, 2011). 

Over the past few years, there have been numerous media reports of spills of hydraulic fracturing
fluids and wastewater (US EPA, 2011e). While the media reports have highlighted specific surface 
spills of hydraulic fracturing fluids and wastewaters, the frequency and typical causes of these spills 
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remain unclear. Additionally, these reports may tend to highlight severe spills and may not 
accurately reflect the distribution, number, and severity of spills across the country. The EPA is 
compiling information on surface spills of hydraulic fracturing fluids and wastewaters as reported 
in federal and state databases to assess the frequency, severity, and causes of spills associated with
hydraulic fracturing. Hydraulic fracturing fluid and wastewater spill information was also collected 
from nine hydraulic fracturing service companies and nine oil and gas operators, as discussed in 
Sections 3.3 and 3.4, respectively. Together, these data are being used to describe spills of hydraulic
fracturing fluids and wastewater and to identify factors that may lead to potential impacts on 
drinking water resources. 

3.2.3. Research Approach 
There is currently no national repository or database that contains spill data focusing primarily on 
hydraulic fracturing operations. In the United States, spills relating to oil and gas operations are 
reported to the National Response Center (NRC) and various state regulatory entities. For example, 
in Colorado, spills are reported to the Oil and Gas Conservation Commission, within the Department
of Natural Resources, while in Texas, oil and gas related spills are reported to the Texas Railroad 
Commission and the Texas Commission on Environmental Quality, depending on which agency has 
jurisdiction. The EPA has identified one federal database and databases in five states for review, as
listed in Table 14. The NRC database was selected because it is the only nationwide source of 
information on releases of hazardous substances and oil. Spill databases from Colorado, New
Mexico, Pennsylvania, Texas, and Wyoming were chosen for further consideration due to the large 
number of hydraulically fractured oil and gas wells found in those states.23 

Table 14. Oil and gas-related spill databases used to compile information on hydraulic fracturing-related incidents.

Source Website 
National Response Center Freedom of 
Information Act data http://www.nrc.uscg.mil/foia.html 

Colorado Oil and Gas Information System http://www.cogcc.state.co.us 

New Mexico Energy, Minerals and Natural 
Resources Department 

https://wwwapps.emnrd.state.nm.us/ocd/ocdpermitting/ 
Data/Incidents/Spills.aspx 
http://www.emnrd.state.nm.us/ocd/Statistics.html

Pennsylvania Department of 
Environmental Protection Compliance 
Reporting Database 

http://www.depreportingservices.state.pa.us/ 
ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/ 
OG_Compliance 

Texas Railroad Commission and Texas 
Commission on Environmental Quality 

Consolidated Compliance and Enforcement Data System 
(not publicly available online) 

Wyoming Department of Environmental 
Quality Water Quality Enforcement Actions http://deq.state.wy.us/out/WQenforcementactions.htm 

Each of the publicly available databases identified in Table 14 has been searched for spill incidents 
related to hydraulic fracturing operations. The search timeframe is limited to incidents between 
January 1, 2006, and April 30, 2012, in order to encompass the increase in hydraulic fracturing 

23 Based on data provided by nine hydraulic fracturing service companies of oil and gas wells fractured between 2009 and
2010. See Figure 10 in Section 3.3. 
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activity seen during that period. To the extent that data are publicly available, electronically 
accessible, and readily searchable for spill-related data, the following information is being compiled
about specific hydraulic fracturing-related spill incidents: 

 Data source 

 Location 

 Chemicals/products spilled 

 Estimated/reported volume of spill 

 Cause of spill 

 Reported impact to nearby water resources 

 Proximity of the spill to the well or well pad 

The information obtained from the NRC and state databases is being reviewed with information 
received in response to the EPA’s September 2010 information request to nine hydraulic fracturing
service companies (see Section 3.3) and the EPA’s August 2011 information request to nine oil and 
gas operators (Section 3.4). The resulting list of unique spill incidents is being queried to identify 
common causes of hydraulic fracturing-related spills, chemicals spilled, the ranges of volumes 
spilled, and the potential impacts of these spills to drinking water sources. Because the main focus 
of this study is to identify hydraulic fracturing-related spills on the well pad that may impact 
drinking water resources, the following topics are not included in the scope of this project: 

 Transportation-related spills (except when tanker trucks act as mobile portable storage 
containers for chemicals, products, and hydraulic fracturing wastewater used on drilling
sites) 

 Drilling mud spills 

 Air releases 

 Spills associated with disposal through underground injection control wells 

 Erosion and sediment control issues 

 Spill drills and exercise events (per NRC data) 

 Well construction and permitting violations 

 Leaks from pipes transporting flowback and produced water from one site to another for 
reuse 

3.2.4. Status and Preliminary Data 
The EPA has initiated work on all publicly available databases listed in Table 14. This section 
summarizes the type of information available in each database and lists the criteria being used to 
search each database. 

National Response Center Freedom of Information Act Data. This database contains nationwide data 
on releases of hazardous substances and oil that trigger the federal notification requirements under 
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several laws. The NRC is the sole federal point of contact for reporting of all hazardous substances 
releases and oil spills. Its information comes from people who arrive on the scene or discover a
spell, then call the NRC hotline or submit a Web-based report form. The information collected by 
the NRC during the initial notification call may include the suspected responsible party; the incident
location by county, state, and nearest city; the released material and volume or quantity released; 
and a description of the incident, incident causes, affected media, initial known damages, and 
remedial actions taken. This information is often based on the estimates made by persons 
responding to a spill and may be incomplete. More accurate information may be available once a 
response is complete, but this database is not updated with such information. 

The data fields that can be used to query the NRC database are listed in Table 15. Many of these
fields only allow searches from a fixed (i.e., drop-down) list, although several of the data fields are 
open to any input. None of the search terms in the fixed lists are specific to hydraulic fracturing or
oil and gas exploration and production. 

Table 15. Data fields available in the NRC Freedom of Information Act database. ”Fixed list data fields” contain a 
fixed list of search terms form which the user can choose. “Open data fields” can receive any input from the user.

Fixed List Data Fields Open Data Fields 
Type of call NRC report number 
Incident date range Nearest city 
State Suspected responsible company 
County Material name 
Incident type 
Incident cause 
Medium affected 

Given the query restrictions, broad searches are being conducted using the listed responsible
company, material name, and incident date range fields (i.e., leaving other fields blank). 

The resulting spills are being examined to determine their relevance to this study. Since the 
database includes only initial incident reports, information is frequently missing or estimated, such 
as total volume spilled. Also, misspellings in the reports or the use of different vocabulary can cause
the search engine to miss relevant incidents. 

Colorado. The Colorado Oil and Gas Conservation Commission gathers data regarding pits, 
spills/releases, and complaints relating to oil and gas exploration and production. Oil and gas 
operators are required to report spills and releases that occur as a result of oil and gas operations, 
in accordance with Colorado Oil and Gas Conservation Commission Rule 906 (COGCC, 2011). 
Reported information is entered into the Colorado Oil and Gas Information System 
Inspection/Incident Database. Each report documents the type of facility, volume spilled and/or 
recovered, ground water impacts, depth to shallowest ground water, surface water impacts,
distance to nearest surface water, cause of spill, and a detailed description of the incident. The 
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database is searchable by API number,24 complainant, operator, facility/lease, location, remediation 
project number, and document number. Since there is no searchable data field in the database to
indicate whether the spill is related to hydraulic fracturing, the database was queried for all 
spill/release reports. Only reports dated from January 1, 2006, to April 30, 2012, were selected for
further review. This search returned over 2,500 reports that are currently being evaluated to 
identify incidents related to hydraulic fracturing activities. 

New Mexico. The Oil Conservation Division of the State of New Mexico Energy, Minerals and Natural 
Resources Department tracks information, in two separate databases, on both spill incidents and 
incidents where liquids in pits have contaminated ground water. Release Notification and 
Corrective Action forms are submitted to the Oil Conservation Divisions District offices. Spills can
be reported by industry representatives or state agency personnel. 

The spills database is searchable by facility and well names, incident type, operator, location, lease 
type, spilled material, spill cause, spill source, and the spill referrer (person who reported the
incident). The database was initially searched using the spill material, spill cause, and spill source 
data fields. Each of these fields can only be searched using the preset search terms listed in Table 
16. The initial search was conducted using the search terms in bold in Table 16. The EPA is 
currently examining the resulting list of spills to determine their relevancy to this study and is 
considering running additional queries to collect more information. 

24 The API (American Petroleum Institute) number is a unique, permanent, numeric identifier assigned to each well
drilled for oil and gas in the United States. 
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Table 16. Preset search terms available for the spill material, spill cause, and spill source data fields in the New 
Mexico Oil Conservation Division Spills Database. Terms in bold have been searched. 

Spill Material Spill Cause Spill Source 
All All All 
Acid Blowout Coupling 
Brine water Corrosion Gas compression station 
B.S. & W (basic sediment & water) Equipment failure Dump line 
Chemical (specify) Fire Motor 
Condensate Freeze Flowline—injection 
Diesel Human error Flowline—production 
Drilling mud/fluid Lightning Frac tank 
Glycol Other Fitting 
Gasoline Normal operations Injection header 
Gelled brine (frac fluid) Vandalism Other (specify) 
Hydrogen sulfate Vehicular accident Pit (specify) 
Crude oil Pipeline (any) 
Motor oil Production tank
Natural gas (methane) Pump 
Natural gas liquids Separator 
Lube oil Transport 
Other (specify) Unknown 
Produced water Valve 
Unknown Well 

Water tank

The database containing information regarding contamination of ground water due to pits tracks 
only the current company, facility name, tracking number, county, location, and status of the 
contamination incidents. Details regarding the contamination incident and the relation of the event
to hydraulic fracturing are not included. Additional research is needed to determine if the pit 
information is related to hydraulic fracturing. 

Pennsylvania. The Pennsylvania Department of Environmental Protection’s Compliance Reporting
Database provides information on oil and gas inspections, violations, enforcement actions, and 
penalties assessed and collected. Users can search the database according to the following fixed-
variable data fields: county, municipality, date inspected, operator, Marcellus only,25 inspections 
with violations only, and resolved violations only. 

Table 17 displays the total number of incidents retrieved for four different queries, all using a date 
range of January 1, 2006, to April 30, 2012. 

25 This data field was recently changed to “unconventional only” (last accessed July 6, 2012). 

36 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Table 17. Total number of incidents retrieved from the Pennsylvania Department of Environmental Protection's 
Compliance Reporting Database by varying inputs in the “Marcellus only” and inspections with “violations only data 
fields.” In all cases, “no” was entered in the “resolved violations only” field. 

Marcellus Only 

Yes 
Yes 
No
No

Inspections with 
Violations Only 

No
Yes 
Yes 
No

Total Number of 
Incidents Retrieved 

25,687 
4,319 
18,700 

Unknown* 
* Error message received when formatting results of this query. 

The queries shown in Table 17 returned information collected during inspections that found 
violations and/or when spills are reported. An incident or inspection may have multiple violations, 
leading to a large total number of violations retrieved from the database. The EPA’s initial effort 
focused on the query that returned the fewest violations, which totaled 4,319 inspections with 
violations specific to the Marcellus Shale region. Inspection and violation comment fields for each
incident are being reviewed to identify incidents related to hydraulic fracturing activities. 

Texas. Representatives of the Railroad Commission of Texas, the Texas Commission on 
Environmental Quality, and the Texas General Land Office have confirmed that there is no central 
database in Texas on hydraulic fracturing-related spills. In Texas, a memorandum of understanding 
between the Railroad Commission and Commission on Environmental Quality identifies the 
jurisdiction of these agencies over waste materials resulting from exploring, developing, producing,
and refining oil and gas. Pursuant to this understanding, oil and gas operators are required to 
report spills to the Railroad Commission, which maintains a publicly available database of spills of 
petroleum, oil, and condensate. The EPA has reviewed this database and determined that it does 
not include chemical spills; most of the spills reported in the database are crude oil spills. 
Therefore, there will be no further analysis of this database. 

The Commission on Environmental Quality is Texas’ lead agency in responding to spills of all 
hazardous substances that may cause pollution or lower air quality pursuant to the Texas 
Hazardous Substances Spill Prevention and Control Act (Texas Water Code §26.261). The
Commission on Environmental Quality may generate an investigation, inspection, or complaint 
report in response to emergency spill notifications. These reports are submitted to the state’s
Consolidated Compliance and Enforcement Data System. However, the investigation and inspection 
reports in this database are not available electronically on the Texas Commission on Environmental 
Quality’s website or at their Central Files Room. 

Other attempts were made to obtain information on potential ground water contamination 
incidents related to hydraulic fracturing by examining the Joint Groundwater Monitoring and 
Contamination Reports prepared by the Texas Groundwater Protection Committee; this effort was
unsuccessful in getting the relevant incident details. The abovementioned searches for hydraulic 
fracturing spill-related data may not be an exhaustive investigation of all available information
from Texas’ state agencies or organizations, but other publicly available sources of information 
have not been located at this time. 
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Wyoming. The Wyoming Department of Environmental Quality maintains a publicly available 
database of water quality enforcement actions. This database includes reports of water quality
violations categorized by the year they occurred, from 2006 to 2012. None of the reports 
differentiate between hydraulic fracturing-related incidents and those due to other stages of oil and
gas development. Many of the oil and gas-related violations were for CBM produced water 
discharges, such as to surface water. Due to the lack of information to differentiate between 
hydraulic fracturing-related incidents and other oil and gas-related incidents, there will be no
further analysis of this dataset. 

The spills database analysis has several important limitations: 

 Potential underreporting. This affects the EPA’s ability to assess the number or frequency 
of hydraulic fracturing-related spill incidents, since it is likely that some spills are not
reported to the NRC or state agencies. 

 Variation in reporting requirements for different sources. This makes it difficult to 
categorize reported spills as hydraulic fracturing-related and to comprehensively identify
the causes, chemical identity, and volumes of hydraulic fracturing-related spills. 

 The lack of electronic accessibility of some state-reported data on oil and gas-related spills 
and emergency responses. This also significantly impacts the comprehensiveness of the 
available information. 

3.2.5. Next Steps 
As noted, the EPA is reviewing the list of spill incidents generated by searching the NRC, Colorado, 
New Mexico, and Pennsylvania databases to identify incidents related to hydraulic fracturing
activities. Spill incidents identified through this review will be combined with data received from 
nine hydraulic fracturing service companies (see Section 3.3) and nine oil and gas operators
(Section 3.4) to create a master database of hydraulic fracturing-related spills from these sources. 
The compiled information will be examined to identify, where possible, common causes of 
hydraulic fracturing-related spills, chemicals spilled, and ranges of volumes spilled. Specific steps
will then include: 

 Creating a reference table of information gathered from all incidences determined to be 
related to hydraulic fracturing. 

 Reviewing this reference table for trends in the causes and volumes of hydraulic 
fracturing-related spills. 

3.2.6. Quality Assurance Summary 
The QAPP for the analysis of publicly available information on surface spills related to hydraulic
fracturing, “Hydraulic Fracturing (HF) Surface Spills Data Analysis (Version 1),” was approved on 
August 6, 2012 (US EPA, 2012l). The project underwent a technical systems audit (TSA) by the 
designated EPA QA Manager on August 27, 2012. The methods and products being developed under
the project adhered to the approved QAPP, and no corrective actions were identified. 
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3.3. Service Company Analysis 

3.3.1. Relationship to the Study 
The EPA asked nine hydraulic fracturing service companies for information about hydraulic
fracturing operations conducted from 2005 to 2010. The data are being analyzed for information 
that can be used to inform answers to the research questions in Table 18. 

Table 18. Secondary research questions addressed by analyzing data received from nine hydraulic fracturing service 
companies.

Water Cycle Stage Applicable Research Questions 

Water acquisition How much water is used in hydraulic fracturing operations, and what are 
the sources of this water? 

Chemical mixing 

What is currently known about the frequency, severity, and causes of 
spills of hydraulic fracturing fluids and additives? 
What are the identities and volumes of chemicals used in hydraulic 
fracturing fluids, and how might this composition vary at a given site and 
across the country? 

Well injection 

How effective are current well construction practices at containing gases 
and fluids before, during, and after fracturing? 
Can subsurface migration of fluids or gases to drinking water resources 
occur and what local geologic or man-made features may allow this? 
How might hydraulic fracturing fluids change the fate and transport of 
substances in the subsurface through geochemical interactions? 

Flowback and 
produced water 

What is currently known about the frequency, severity, and causes of 
spills of flowback and produced water? 
What is the composition of hydraulic fracturing wastewaters, and what 
factors might influence this composition? 

3.3.2. Project Introduction 
Hydraulic fracturing is typically performed by a service company under a contract with the oil or 
gas production well operator. The service companies possess detailed information regarding the
implementation of hydraulic fracturing, from design through fracturing. In September 2010, the 
EPA requested information from nine companies on the chemical composition of hydraulic 
fracturing fluids used from 2005 to 2010, standard operating procedures (SOPs), impacts of 
chemicals on human health and the environment, and the locations of oil and gas wells 
hydraulically fractured in 2009 and 2010. The EPA is analyzing the information received from the 
service companies to better understand current hydraulic fracturing operating practices and to 
answer the research questions listed above. 

Service Companies Selected. Nine service companies received the information request: BJ Services
Company, Complete Production Services, Halliburton, Key Energy Services, Patterson-UTI Energy, 
RPC, Schlumberger, Superior Well Services, and Weatherford International. These companies 
reflect a range of industry market share and variation in company size. The EPA estimated that BJ
Services Company, Halliburton, and Schlumberger performed approximately 95% of hydraulic 
fracturing services in the United States in 2003 (US EPA, 2004b), and the three companies reported 
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Company Annual Revenue for
2009 (Millions)

Number of
Employees

(Approximate)
BJ Services Company* $4,122 14,400
Complete Production Services $1,056 5,200
Halliburton $14,675 51,000
Key Energy Services $1,079 8,100
Patterson-UTI Energy $782 4,200
RPC $588 2,000
Schlumberger $22,702 77,000
Superior Well Services $399 1,400
Weatherford International $8,827 52,000

* BJ Services reports on a fiscal year calendar ending on September 30.
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the highest annual revenues for 2009 of the nine companies selected for the information request.26 

The remaining six companies represent mid-sized and small companies performing hydraulic 
fracturing services between 2005 and 2009.27 Table 19 shows the annual revenue, number of 
employees, and company services reported by the companies to the US Securities and Exchange 
Commission in the 2009 Form 10-K. 

Table 19. Annual revenue and approximate number of employees for the nine service companies selected to receive 
the EPA’s September 2010 information request. The companies reflect a range of industry market share and 
company sizes. Information was obtained from Form 10-K, filed with the US Securities and Exchange Commission in 
2009.

Three of the nine service companies that reported information to the EPA were acquired by other 
companies since 2010. Baker Hughes completed the purchase of BJ Services Company in April 2010,
Patterson-UTI Energy purchased Key Energy Services in October 2010, and Superior Well Services 
acquired Complete Production Services in February 2012. 

3.3.3. Research Approach 
The EPA received responses to the September 2010 information request from each of the nine 
service companies. Data and information relevant to the research questions posed above were 
collected and organized in Microsoft Excel spreadsheets and Microsoft Access databases. Each
company reported information in various organizational formats and using different descriptive 
terms; therefore, the EPA has put all nine datasets into a consistent format for analysis and
resolving any issues associated with terminology, data gaps, or inconsistencies. This selection of 
information serves as the basis for targeted queries and data summaries described below. The
queries and data summaries have been designed to answer the secondary research questions listed 
in Table 18. 

Much of the data and information received by the EPA was claimed to be confidential business 
information (CBI) under the Toxic Substances Control Act (TSCA). Five of the nine companies, 

26 Information was obtained from the 2009 Form 10-K, filed with the US Securities and Exchange Commission. 
27 Annual revenue and number of employees were used as indicators of company size. 
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however, also provided non-confidential information.28 Because the majority of the information has 
been claimed as CBI, the analyses described below are being conducted in accordance with the 
procedures outlined in the EPA’s TSCA CBI Protection Manual (US EPA, 2003b). All results are 
treated as CBI until determinations are made or until masking has been done to prevent disclosure
of CBI information. 

Summary of Service Company Operations. The EPA is using information provided by the companies 
to write a narrative description of the range of their operations, which includes information on the
role of the service companies in each stage of the hydraulic fracturing water cycle. 

Information has been compiled on the number and location of wells hydraulically fractured by the 
nine service companies between September 2009 and October 2010, resulting in a map that 
displays the number of wells fractured per county as reported by the companies. This information
is intended to illustrate the intensity and geographic distribution of hydraulic fracturing activities 
by these companies. 

Water Acquisition. The following information from the service company data on volumes, quality,
and sources of water used in hydraulic fracturing fluids is being summarized and will include: 

 Water use by shale play. The range of water volumes used based on the shale play in which 
the well is located. (The companies did not provide information on geologic formations
other than shale.) 

 Procedures and considerations relating to water acquisition. Summary of any SOPs, water 
quality requirements, water source preferences, and decision processes described in the 
submissions from the nine service companies. 

Chemical Mixing. The following information collected from the service companies is being
assembled to identify the composition of different hydraulic fracturing fluid formulations and the 
factors that influence formulation composition: 

 Chemical name 

 Chemical formula 

 Chemical Abstracts Service Registration Number (CASRN) 

 Material Safety Data Sheets (MSDSs) for each fluid product 

 Concentration of each chemical in each fluid product 

 Manufacturer of each product and chemical 

 Purpose and use of each chemical in each fluid product 

28 The non-confidential information is available on the federal under docket number EPA-HQ-ORD-2010-0674 or via
http://www.regulations.gov/#!searchResults;rpp=10;po=0;s=epa-hq-ord-2010-0674. 
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For the purposes of the analysis, the EPA defines a “product” as an additive composed of a single 
chemical or several chemicals. A “chemical” is an individual chemical included in a product. A “fluid
formulation” is the entire suite of products and carrier fluid injected into a well during hydraulic 
fracturing. The following information from the service company data on chemicals, products, and
fluid formulations is being summarized: 

 Formulations, products, and product function. The formulations reported by the nine 
service companies and the number and types of products used in those formulations. 

 Products, chemicals in those products and concentrations, and manufacturer of each 
product. The chemicals used in each product may be used in conjunction with the
formulations data (described in the previous bullet) to discern the chemicals used in each 
formulation. The manufacturer of each product will also be included. 

 Number of products reported for a given product function and the frequency with which a 
product function is reported in the formulations data. The product function with the
greatest number of products and the product function that is most often used in 
formulations. 

 Number of products and chemicals for each type of formulation. The chemicals and products 
for various types of formulations and a description of the average number of products and 
chemicals for each formulation type, as well as the sample size for each population and 
common product functions for each formulation type. 

 Typical loadings for each group of products of a given product function and for each fluid 
formulation type. The typical proportion of a product in a formulation. Typical loading 
values (e.g., gallons per thousand gallons) indicate an amount or volume of a product 
added to a volume of fracturing fluids rather than an accurate representation of the 
concentration of a particular product or the chemical constituents of a product in a fluid 
formulation. 

Information provided by the companies relating to surface spills of hydraulic fracturing fluids and
chemicals has been compiled, resulting in a table of specific spill incidences. The table includes 
information on the location, composition, volume, cause, and any reported impacts of each spill.
This information will be used in the larger analysis of surface spills reported in federal and state 
databases (Section 3.2). 

Well Injection. The EPA requested information regarding the hydraulic fracturing service 
companies’ procedures for establishing well integrity, procedures used during well injections, and 
response plans to address unexpected circumstances (e.g., unexpected pressure changes during 
injection). Information provided by the companies will be used to write a narrative description of 
the range of operations conducted by this sample of service companies. 

Flowback and Produced Water. Although this information was not requested, the EPA received 
some documents and information that referenced flowback and produced water, including policies,
practices, and procedures employed by companies to determine estimated volumes and 
management options. The EPA has reviewed this information as well as information relevant to the 

42 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

frequency, severity, and causes of flowback and produced water spills and the composition of 
hydraulic fracturing wastewaters. The outputs of the analysis will include the following: 

 Reported spills of flowback and produced water. Information on the composition of the fluid
spilled, the volume spilled, the reported cause of the spill, and any reported impacts to 
nearby water resources. This information will be integrated into the larger analysis of 
surface spills reported in federal and state databases (see Section 3.2). 

 Reported compositions of hydraulic fracturing wastewater. Information on the chemical and 
physical properties of hydraulic fracturing wastewater, such as the identities of analytes of 
interest and reported concentration ranges. To the extent possible, this information will be
organized according to geologic and geographic location as well as time after fluid 
injection. 

 Flowback and produced water management. Where possible, information about the role of 
hydraulic fracturing service companies in handling flowback and produced water will be
described. 

3.3.4. Status and Preliminary Data 
Preliminary data analyses of service company operations, water acquisition, chemical mixing, and 
flowback and produced water has been completed and the analysis of well injection information 
has begun. The EPA has met with representatives from each of the nine hydraulic fracturing service 
companies to discuss their responses to the September 2010 information request. Information 
gathered during these meetings has been used to inform the data analysis and to ensure that 
confidential information is protected. As of September 2012, the EPA continues to clarify the 
information reported and to work with the nine hydraulic fracturing service companies to release 
information originally designated as CBI without compromising trade secrets. 

Service Company Operations. As a group, the nine service companies reported that they 
hydraulically fractured 24,925 wells in the United States in 2009 and 2010. The companies 
reported the number of wells per county, which is displayed for all companies in Figure 10. 
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Figure 10. Locations of oil and gas production wells hydraulically fractured between September 2009 and October 
2010. The information request to service companies (September 2010) resulted in county-scale locations for 24,925 
wells. The service company wells represented in this map include only 24,879 wells because the EPA did not receive 
locational information for 46 of the 24,925 reported wells. (ESRI, 2010a, b; US EPA, 2011a)

Chemical Mixing. The service companies reported a total of 114 example formulations and 1,858 
unique producets, which consist of 677 unique chemicals, used by the service companies between
September 2005 and 2010.29 Table 20 shows the number of formulations, products, and chemicals 
reported by each of the nine service companies; the totals for products and chemical constituents in
Table 20 reflect use by multiple companies and are therefore greater than the sum of unique 
products and chemical constituents. The formulations reported to the EPA are not comprehensive, 
as each service company chose them as examples of the fluids they use. 

29 Products and chemical constituents noted here are unique and may have been reported multiple times by the service
companies. 
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Table 20. Formulations, products, and chemicals reported as used or distributed by the nine service companies 
between September 2005 and September 2010.

Company Formulations Products* Chemical Constituents†

BJ Services 37 401 118
Key Energy Services 16 180 119
Halliburton 15 450 304
RPC 13 182 128
Schlumberger 11 110 61
Patterson-UTI Energy 10 67 67
Weatherford International 6 214 180
Complete Production Services 3 122 92
Superior Well Services 3 312 117

* Companies reported examples of formulations, which did not contain all of the products reported to the EPA.
† Not all products have reported chemicals. 

Non-confidential hydraulic fracturing chemicals reported by the companies appear in Appendix A, 
along with chemicals reported from publicly available sources. 

Well Injection. Seven service companies reported 231 protocols to the EPA. The protocols describe
the procedures used by the companies for many aspects of field and laboratory work, including site 
and infrastructure planning, chemical mixing and design of fracturing fluid formulations, health and 
safety practices, well construction, and hydraulic fracturing. The EPA is analyzing the information
to assess how hydraulic fracturing service companies use SOPs, to better understand how well 
integrity is established prior to fracturing, and to evaluate procedures used during well injection. 

Flowback and Produced Water. Data provided by the companies indicate that the company
conducting the fracturing is often not the same company that manages the flowback process. Five of 
the companies responded that they do not provide flowback services, although one of these 
companies provides analytical support to operators for the testing of flowback water for potential
reuse. Two of the nine stated that they provide flowback services independent of their hydraulic 
fracturing services. For another two companies, the EPA received no information clearly describing
role regarding flowback services. Only one company provided detailed information on flowback 
management. 

3.3.5. Next Steps 
All analyses will undergo a QA review before being compiled in a final report. The EPA will continue 
to work with each of the nine companies to determine how best to summarize the results so that
CBI is protected while providing information in a transparent manner. 

3.3.6. Quality Assurance Summary 
The QAPP for the analysis of data received from nine service companies, “Analysis of Data Received
from Nine Hydraulic Fracturing (HF) Service Companies (Version 1),” was approved on August 1, 
2012 (US EPA, 2012h). A TSA on the work was conducted by designated EPA QA Manager on 
August 28, 2012, to review the methods being used and work products being developed with the 
data. The work accurately reflected what is described in the QAPP, and no corrective actions were 
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identified. In addition, the EPA’s contractor, Eastern Research Group, has been involved with 
collecting and compiling data submitted from the nine hydraulic fracturing service companies.
Eastern Research Group’s QAPP was approved on January 19, 2011 (Eastern Research Group Inc., 
2011). 

3.4. Well File Review 

3.4.1. Relationship to the Study 
The well file review provides an opportunity to assess well construction and hydraulic fracturing 
operations, as reported by the companies that own and operate oil and gas production wells. 
Results from the review will inform answers to the secondary research questions listed in Table 21. 

Table 21. Secondary research questions addressed by the well file review research project.

Water Cycle Stage Applicable Research Questions 

Water acquisition How much water is used in hydraulic fracturing operations, and 
what are the sources of this water? 

Chemical mixing 

What is currently known about the frequency, severity, and 
causes of spills of hydraulic fracturing fluids and additives? 
What are the identities and volumes of chemicals used in 
hydraulic fracturing fluids, and how might this composition vary 
at a given site and across the country? 
If spills occur, how might hydraulic fracturing chemical additives 
contaminate drinking water resources? 

Well injection 

How effective are current well construction practices at 
containing gases and fluids before, during, and after fracturing? 
Can subsurface migration of fluids and gases to drinking water 
resources occur and what local geologic or man-made features 
may allow this? 

Flowback and produced water 

What is currently known about the frequency, severity, and 
causes of spills of flowback and produced water? 
What is the composition of hydraulic fracturing wastewaters, 
and what factors might influence this composition? 
If spills occur, how might hydraulic fracturing wastewater 
contaminate drinking water resources? 

Wastewater treatment and 
waste disposal 

What are the common treatment and disposal methods for 
hydraulic fracturing wastewaters, and where are these methods 
practiced? 

3.4.2. Project Introduction 
The process of planning, designing, permitting, drilling, completing, and operating oil and gas wells 
involves many steps, all of which are ultimately controlled by the company that owns or operates 
the well, referred to as the “operator.” Assisting the operator are service companies that provide 
specialty services, such as seismic surveys, lease acquisition, road and pad building, well drilling, 
logging, cementing, hydraulic fracturing, water and waste hauling, and disposal. Some operators
can perform some of these services on their own and some rely exclusively on service companies. 

During the development and production of oil and gas wells, operators receive documentation from 
service companies about site preparation and characteristics, well design and construction, 
hydraulic fracturing, oil and gas production, and waste management. Operators typically maintain 
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much of this information in an organized file, which cumulatively represents the history of the well. 
The EPA refers to this file as a “well file.” Some of the information in a well file may be required by
law to be reported to state oil and gas agencies, and some of the information may be considered CBI 
by the operator. 

For this project, the EPA is scrutinizing actual well files from hydraulic fracturing operations in
different geographic areas that are operated by companies of various sizes. These wells include 
vertical, horizontal, and deviated wells that produce oil, gas, or both from differing geological
environments. This review is providing information that can be used to identify practices that may 
impact drinking water resources. 

3.4.3. Research Approach 
While a portion of the data needed for this project is reported to state oil and gas agencies, the 
complete dataset is available only in the well files compiled by oil and gas operators.30 Further, 
different states have different reporting requirements. As a result, the EPA selected 350 well
identifiers believed to represent oil and gas production wells hydraulically fractured by the nine 
hydraulic fracturing service companies and requested the corresponding well files from operators
associated with those wells.31 This section describes the process used by the EPA to select well files 
for review, the information requested, and the planned analyses. 

Well File Selection. The EPA used a list of hydraulically fractured oil and gas wells provided to the
agency by the nine hydraulic fracturing service companies (referred to hereafter as the “service 
company well list”) to select 350 specific well identifiers associated with nine oil and gas 
operators.32 The service company well list obtained by the EPA contains 24,925 well identifiers
associated with wells that were reported to have been hydraulically fractured between September 
2009 and October 2010 (Figure 10) and identifies 1,146 oil and gas operators. This compiled list
includes, for each well, a well identifier, the operator’s name, and the well’s state and county 
location. 

Counties containing the 24,925 well identifiers were grouped into four geographic regions
according to a May 9, 2011, map of current and prospective shale gas plays within the lower 48 
states (US EIA, 2011c).33 If any portion of a county was within one of the shale gas plays defined on 
the map, the entire county was assigned to that shale play and the corresponding geographic
region. The four regions—East, South, West, and Other—are shown in Figure 11 with the 
corresponding number of wells in each region. Counties outside the shale gas plays were grouped 

30 The EPA analyzed several state oil and gas agency websites and estimated that it would find less than 15% of the
necessary data from websites to answer the research questions. 
31 Oil and gas production wells are generally assigned API numbers by state oil and gas agencies, a unique 10-digit
number. Wells may also be commonly identified by a well name that is designated by the operator. The EPA considers
both of these to be well identifiers. 
32 The EPA used the service company well list because it is unaware of the existence of a single list showing all oil and gas
production wells in the United States, their operators, and whether each well has been hydraulically fractured. 
33 Wells within a designated shale play on the map are not guaranteed to be producing from that shale; they could be
producing from rock formations within the same stratigraphic column. 
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into the Other region, which includes areas where oil and gas is produced from a variety of rock 
formations.34 This grouping process allowed the EPA to select wells that reflect the geographic
distribution of hydraulically fractured oil and gas wells. 

A list of operators and their corresponding total well count was sorted by well count from highest 
to lowest. Operators with fewer than 10 well identifiers were removed, resulting in a final list of
266 operators and 22,573 wells. The resulting operators were categorized as “large,” “medium,” or 
“small.” Large operators were defined as those that accounted for the top 50% of the well
identifiers on the list, medium operators for the next 25% and small operators for the last 25%. As 
a result, there were 17 large operators, 86 medium operators, and 163 small operators. To ensure 
that the final selected well identifiers would have geographic diversity among large operators, each
large operator was assigned to one geographic region that contained a large number of its well 
identifiers. 

One large operator was randomly chosen from each of the regions (i.e., one large operator from
each of the East, South, West, and Other regions), for a total of four large operators. Two medium 
operators and three small operators were also chosen, with no preference for geographic region. 
This resulted in the selection of nine operators: Clayton Williams Energy, ConocoPhillips, EQT 
Production, Hogback Exploration, Laramie Energy, MDS Energy, Noble Energy, SandRidge Energy, 
and Williams Production. 

34 Forty-six well identifiers had unknown counties and have been included in the Other region for the purposes of this
analysis. 
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Figure 11. Locations of oil and gas production wells hydraulically fractured from September 2009 through October 
2010. The information request to service companies (September 2010) resulted in county-scale locations for 24,925 
wells. The service company wells are represented above as regional well summaries and summarize only 24,879 
wells because the EPA did not have locational information for 46 of the 24,925 reported wells. (ESRI, 2010a, b; US
EPA, 2011a)

The nine operators were associated with 2,455 well identifiers. The EPA initially chose 400 of those 
2,455 well identifiers to request the associated well files for its analysis. The selection of 400 well 
identifiers required balancing goals of maximizing the geographic diversity of wells and maximizing
the precision of any forthcoming statistical estimates. The well identifiers were chosen using an 
optimization algorithm that evaluated the statistical precision given different allocations across 
operating company/shale play combinations. The algorithm identified a solution given four 
constraints: 
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Table 22. The potential relationship between the topic areas in the information request and the stages of the 
hydraulic fracturing water cycle.

Water Cycle 
Stage 

Information Request Topic Areas 
Geologic Maps 

and Cross 
Sections 

Drilling and 
Completion 
Information 

Water Quality,
Volume, and 
Disposition 

Hydraulic 
Fracturing 

Environmental 
Releases 

Water acquisition 
Chemical mixing 
Well injection 
Flowback and 
produced water 
Wastewater 
treatment and 
waste disposal 

Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

 Select all well identifiers for the three small operators whose total number of well 
identifiers was fewer than 35. For all other operators, keep the number of selected well
identifiers between 35 and 77. 

 Have at least two well identifiers (or one if there is only one) from each combination of a 
large operator and geographic region. 

 Keep the regional distribution of sampled well identifiers close to the regional distribution 
of all 24,925 well identifiers on the initial service company well list. 

Keep the expected sampling variance due to unequal weights relatively small. 

Due to resource and time constraints, the EPA subsequently decided to review 350 well files, so 50 
of the 400 selected well identifiers were randomly removed. This sample size is large enough to be 
considered reasonably representative of the total number of wells hydraulically fractured by the 
nine service companies in the United States during the specified time period. 

Data Requested. An information request letter was sent in August 2011 to the nine operators
identified above, asking for 24 distinct items organized into five topic areas: (1) geologic maps and 
cross sections; (2) drilling and completion information; (3) water quality, volume, and disposition;
(4) hydraulic fracturing; and (5) environmental releases.35 Table 22 shows the potential 
relationship between the five topic areas and the stages of the hydraulic fracturing water cycle. 

Well File Review and Analysis. The EPA received responses to the August 2011 information request
from each of the nine operators. Data and information contained in the well files is being extracted 
from individual well files and compiled in a single Microsoft Access database. All data in the
database are linked by the well’s API number; this process is described in more detail in the QAPP 
for this research project (US EPA, 2012j). 

35 See the text of the information request for the specific items requested under each topic area. The information request 
can be found at http://www.epa.gov/hfstudy/August_2011_request_letter.pdf. 
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Information in the database is being used to design queries that will inform answers to the research 
questions listed in Table 21. Examples of queries being designed include: 

 What sources and volumes of water are used for hydraulic fracturing fluids? 

 How many well files contain reports of chemicals spilled during hydraulic fracturing, and
do the reports show whether the spills led to any impacts to drinking water resources? 

 How many wells have poor cement bonds immediately above the uppermost depth being 
hydraulically fractured? This may indicate that the cement sheath designed to isolate the 
target zone being stimulated may fail, potentially leading to gas and fluid migration up the
wellbore. 

 How many well files contain reports of flowback or produced water spilled, and do the 
reports show whether the spills lead to any impacts to drinking water resources? 

 What are the reported treatment and/or disposal methods for the wastewater generated 
from hydraulic fracturing? 

3.4.4. Status and Preliminary Data 
Of the 350 well identifiers selected for analysis, the EPA received information on 334 wells. One of 
these was never drilled, ultimately providing the EPA with well files for 333 drilled wells.36 Table 
23 lists the number of wells for which valid data were provided by each operator and their 
designated company size. 

Table 23. Number of wells for which data were provided by each operator. Company size, as determined for this 
analysis, is also listed. The nine operators provided data on a total of 333 oil and gas production wells.

Operator Company Size Number of Wells 
Noble Energy Large 67
ConocoPhillips Large 57
Williams Production Large 50
Clayton Williams Energy Medium 36
SandRidge Energy Medium 35
EQT Production Large 29
MDS Energy Small 24
Laramie Energy Small 21
Hogback Exploration Small 14
Total 333

Figure 12 shows a map of the 333 well locations. The well locations are distributed within 13 
states: Arkansas, Colorado, Kentucky, Louisiana, New Mexico, North Dakota, Oklahoma, 
Pennsylvania, Texas, Utah, Virginia, West Virginia, and Wyoming. 

36 Sixteen of the 350 well identification numbers were not valid for this project: 13 were duplicate entries, one was in
Canada, one was not a well, and one was not actually owned by the selected operator. In total, roughly 5% of the 350 well
identifiers chosen for review by the EPA do not correspond to oil and gas wells that have been hydraulically fractured. 
This provides a rough assessment of the accuracy of the original data received from the nine hydraulic fracturing service
companies (the service company well list). 
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Figure 12. Locations of 333 wells (black points) selected for the well file review. Also shown are the locations of oil 
and gas production wells hydraulically fractured from September 2009 through October 2010. The information 
request to service companies (September 2010) resulted in county-scale locations for 24,925 wells. The service 
company wells are represented above as regional well summaries and summarize only 24,879 wells because the 
EPA did not have locational information for 46 of the 24,925 reported wells. (ESRI, 2010a, b; US EPA, 2011a, d) 
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The EPA received approximately 9,670 electronic files in response to the August 2011 information 
request. The amount of information received varied from one well file to another. Some well files
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The EPA is extracting available data from the well files that can be used to answer research
questions related to all stages of the hydraulic fracturing water cycle. As of September 2012, the 
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EPA had extracted, and continues to extract, the following available information from all of the well 
files: 

 Open-hole log analysis of lithology, hydrocarbon shows, and water salinity 

 Chemical analyses of various water samples 

 Well construction data 

 Cement reports 

 Cased-hole logs, including identifying cement tops and bond quality 

Other data to be extracted includes the following: 

 Source of water used for hydraulic fracturing 

 Well integrity pressure testing 

 Fluid volumes injected during well stimulation and type and amount of additives and 
proppant used 

 Pressures used during hydraulic fracturing 

 Fracture growth data including that predicted and that observed 

 Flowback and produced water data following hydraulic fracturing including volume, 
disposition, and duration 

The EPA is creating queries on the extracted data that are expected to determine whether drinking
water resources were protected from hydraulic fracturing operations. The results of these queries 
may indicate the frequency and variety of construction and fracturing techniques that could lead to 
impacts on drinking water resources. The results may provide, but may not be limited to, 
information on the following: 

 Sources of water used for hydraulic fracturing 

 Vertical distance between hydraulically fractured zones and the top of cement sheaths 

 Quality of cementing near hydraulic fracturing zones, as determined by a cement bond 
index 

 Number of well casing intervals left uncemented and whether there are aquifers in those 
intervals 

 Distribution of depths of hydraulically fractured zones from the surface 

 Frequency with which various tests are conducted, including casing shoe pressure tests 
and casing pressure tests 

 Types of rock formations hydraulically fractured 

 Types of well completions (e.g., vertical, horizontal) 

 Types and amounts of proppants and chemicals used during hydraulic fracturing 

 Amounts of fracture growth 
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 Distances between wells hydraulically fractured and geologic faults 

 Proportions of fluid flowed back to the surface following hydraulic fracturing and the 
disposition of the flowback 

3.4.5. Next Steps 
Additional Database Analysis. The EPA plans to conduct further reviews of the well files to extract 
information relating to water acquisition for hydraulic fracturing, hydraulic fracturing fluid
injection, and wastewater management. 

Statistical Analysis. Once the data analysis has been completed, where possible, extrapolation of the 
results will be performed to the sampled universe of 24,925 wells, using methods consistent with
published statistical practices (Kish, 1965). 

Confidential Business Information. The EPA is working with the oil and gas operators to determine 
how best to summarize the results so that CBI is protected while upholding the agency’s 
commitment to transparency. 

3.4.6. Quality Assurance Summary 
The EPA and its contractor, The Cadmus Group, Inc., are evaluating the well file contents. The QAPP
associated with this project, “National Hydraulic Fracturing Study Evaluation of Existing Production 
Well File Contents (Version 1),” was approved on January 4, 2012 (US EPA, 2012j). A supplemental 
QAPP developed by Cadmus was approved on March 6, 2012 (Cadmus Group Inc., 2012b). Each
team involved in the well file review underwent a separate TSA by the designated EPA QA Manager 
to ensure compliance with the approved QAPP. The audits occurred between April and August of 
2012. No corrective actions were identified. 

Westat, under contract with the EPA, is providing statistical support for the well file analysis. A 
QAPP, “Quality Assurance Project Plan v1.1 for Hydraulic Fracturing,” was developed by Westat and
approved on July 15, 2011 (Westat, 2011). 

3.5. FracFocus Analysis

3.5.1. Relationship to the Study 
Extracting data from FracFocus allows the EPA to gather publicly available, nationwide information 
on the water volumes and chemicals used in hydraulic fracturing operations, as reported by oil and
gas operating companies. Data compiled from FracFocus are being used to help inform answers to 
the research questions listed in Table 24. 

Table 24. Secondary research questions addressed by extracting data from FracFocus, a nationwide hydraulic 
fracturing chemical registry.

Water Cycle Stage Applicable Research Questions 

Water acquisition How much water is used in hydraulic fracturing operations, and what 
are the sources of this water? 

Chemical mixing 
What are the identities and quantities of chemicals used in hydraulic 
fracturing fluids, and how might this composition vary at a given site 
and across the country? 
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3.5.2. Project Introduction 
At the time the draft study plan was written in early 2011, the Ground Water Protection Council 
and the Interstate Oil and Gas Compact Commission jointly launched a new national registry for 
chemicals used in hydraulic fracturing, called FracFocus (http://www.fracfocus.org; (GWPC,
2012b)). This registry, which has become widely accepted as the national hydraulic fracturing 
chemical registry, is an online repository where oil and gas well operators can upload information
regarding the chemical compositions of hydraulic fracturing fluids used in specific oil and gas 
production wells. It has become one of the largest sources of data and information on chemicals 
used in hydraulic fracturing and may be the largest single source of publicly disclosed data for these 
chemicals. The registry also contains information on well locations, well depth, and water use. 
Confidential business information is not disclosed in FracFocus to protect proprietary or sensitive
information. 

FracFocus began as a voluntary program on January 1, 2011. Since its introduction, the amount of 
data in FracFocus has been steadily increasing. As of May 2012, the registry contained information
on nearly 19,000 wells for which hydraulic fracturing fluid disclosures were entered (GWPC, 
2012b). Seven states require operators to use FracFocus to report the chemicals used in hydraulic 
fracturing operations. In addition, many states are expected to pass or are working on legislation to
require reporting with FracFocus.37 

Although it represents neither a random sample nor a complete representation of the wells 
fractured during this time period, the number of well disclosures in FracFocus may constitute a
large portion of the number of wells hydraulically fractured in the United States for this time 
period. For comparison, nine hydraulic fracturing service companies reported that nearly 25,000
wells were fractured between September 2009 and October 2010, as described in Section 3.3. 

This analysis is gathering information on water and chemical use in hydraulic fracturing operations 
and attempts to answer the following questions: 

 What are the patterns of water usage in hydraulic fracturing operations reported in
FracFocus? 

 What are the different sources of water reported in FracFocus, and is it possible to
determine the relative proportions by volume or mass of these different sources of water? 

 What are the identities of chemicals used in hydraulic fracturing fluids reported in 
FracFocus? 

 Which chemicals are reported most often in FracFocus? 

 What is the geographic distribution of the most frequently reported chemicals in 
FracFocus? 

37 The seven states requiring disclosure to FracFocus are Colorado, Louisiana, Montana, North Dakota, Oklahoma, 
Pennsylvania, and Texas. As of September 2012, the EPA is aware of eight more states considering the use of FracFocus:
Alaska, California, Illinois, Kansas, Kentucky, New Mexico, Ohio, and West Virginia. 
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3.5.3. FracFocus Data 
All data in FracFocus are entered by oil and gas companies that have agreed to “disclose the 
information in the public interest” (GWPC, 2012b). The Ground Water Protection Council, the 
organization that administers the registry, makes no specific claim about data quality in FracFocus.
There is considerable variability in the posted data because they are uploaded by many different 
companies, including operator and service companies. Although FracFocus uses some built-in QA
checks during the data upload process, several data quality issues are not addressed by these 
protocols. As a result, the EPA conducted a QA review of the data, as described in the next section. 

Data in FracFocus are presented in individual PDF formats for individual wells; an example PDF is
provided in Figure 13. Individual wells can be searched using a Google Maps application 
programming interface. In addition, well disclosure records can be searched by state, county, and 
operator. Results are returned by listing links to individual PDF files. Because only single well
disclosure records are downloadable, systematic analysis of larger datasets is more challenging. 
Data must be extracted and transformed into more appropriate formats (e.g., a Microsoft Access
database) for this type of analysis. 

Data in FracFocus can be classified into two general types: well or “header” data and chemical- or 
ingredient-specific data. Header data describe information about each well, including the fracture
date, API number, operator, well location, and total fluid volume, as shown in Figure 13. Chemical-
specific data provide the trade names of ingredients, the chemicals found in these ingredients, and 
the concentrations used in the hydraulic fracturing fluid. Some well disclosures include information
on the type or source of water in the chemical-specific data table. 

The EPA has downloaded data in FracFocus on wells hydraulically fractured during 2011 and the 
beginning of 2012. It is beyond the scope of this project to evaluate the quality or
representativeness on a national scale of the data submitted to FracFocus by oil and gas operators. 
The data cannot be assumed to be a complete or statistically representative of all hydraulically 
fractured wells. However, because FracFocus contains several thousands of well disclosures 
distributed throughout the United States, the EPA believes that the data in FracFocus are generally 
indicative of hydraulic fracturing activities during the time period covered. Therefore, it may be 
possible to find geographic patterns of occurrence or usage, including volume of water, frequency 
of chemical usage, and amounts of chemicals used, assuming that data in FracFocus meet quality
requirements. 
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3.5.4. Research Approach 
Data were first extracted from the FracFocus website, put into more appropriate formats for QA 
review, and then organized into a final database for analysis of fracturing fluid chemicals and water 
usage and source. The geographic coordinates provided for wells will be linked to both the chemical
and water data (Figure 13) to determine if regional patterns exist. A QA review was performed 
following the data extraction and initial processing. The last stage of this project involves the
quantitative analyses of the QA-reviewed data. These three stages are described in more detail 
below. 

3.5.4.1. Data Extraction and Organization 
Records for 12,306 wells hydraulically fractured from January 1, 2011, through February 27, 2012,
were extracted from FracFocus PDF files and converted to XML using Adobe Acrobat Pro X 
software. Header- and chemical-specific data were mined from the XML files using text recognition
software (Cadmus Group Inc., 2012b).38 Using this technique, data representing 12,173 (>98% of 
the downloaded records) well records were compiled. Once fully processed, the data records were 
organized into two working files: one file containing header data that included well-specific 
geography, fracturing fluid volume, and well depth and one file containing chemical-specific data. 
The working files are linked by unique well identification numbers assigned by the contractor that
developed the database for EPA. 

3.5.4.2. Data Quality Assurance Review 
Manual and automated methods were used to assess the data quality and make necessary 
adjustments. Records in the header data working file were flagged according to the following
criteria: duplicate records, as identified by identical API numbers; fracture dates outside the 
January 1, 2011, to February 27, 2012, time period; anomalously large or small volumes of water;
and anomalously deep or shallow true vertical depths. These records were kept in the working files, 
but flagged in order to exclude them from future analyses. Half of the duplicate records were 
excluded from all queries and analyses. 

Spatial data from the well records include three sources, which can be used to perform quality
checks: state and county names, latitude and longitude coordinates, and the state and county 
information encoded in the first five digits of the API Well Number (Figure 13). To validate the 
location of the wells, the state and county information from each of the locational fields was 
compared. State and county information (ESRI, 2010a, b) was assigned to the latitude and
longitude coordinates by spatially joining the data in ArcGIS (ESRI, version 10). Validated spatial 
location was available for 12,163 wells (>99% of records extracted) (Cadmus Group Inc., 2012b). 

Chemical names in the “Ingredients” field of chemical-specific data table were standardized 
according to the CASRN provided in the associated “Chemical Abstract Service Number” field 

38 The text recognition software is highly sensitive to inconsistencies in reporting. If an operator departs from the general
template when creating the well record, the record will be passed over or data will be extracted incorrectly. The
contractor was able to convert data from 12,173 of the 12,302 well records into a more useable format (Cadmus Group
Inc., 2012b). 
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(Figure 13). As described in Chapter 6, the EPA has compiled and curated a list of chemicals 
reported to be used in hydraulic fracturing fluids from many data sources. This list was used to
standardize the chemical names provided in FracFocus by matching CASRNs.39 

Water sources were also identified from the “Ingredients” field. Data were first organized to 
identify wells where water has been listed as a trade name or ingredient and has been used as a 
“carrier” or “base” fluid, excluding records that indicated the water has been used as a solvent for 
hydraulic fracturing chemicals. Additionally, records listing the CASRN for water (7732-18-5) and
an additive concentration of 70% to 100% were identified. 

3.5.4.3. Data Analysis 
Following the QA review, all data were organized into four data tables: locational data for each well 
disclosure, the original chemical-specific data for each well disclosure, the QA-reviewed chemical-
specific data for each well disclosure, and records with water as ingredient. These four tables have 
been imported into a database and linked together using key fields, where they can be used for the 
analyses described below. The raw, pre-QA data values for well disclosures and chemical
ingredients as they were exported from FracFocus have also been imported into the database for 
baseline reference data to prevent any loss of original operator data. 

Water Acquisition. Total water volume data that meet the QA requirements are being used to 
analyze general water usage patterns on national, state, and county scales of interest. Additional 
queries may be run that analyze water usage by operator and by production type (oil or gas). 

Data will be summarized by water source or type for records where this information is provided.
Concentrations of water by source type are generally found in the “Maximum Ingredient 
Concentration in HF (hydraulic fracturing) Fluid” field (Figure 13), which is reported as a 
percentage by mass, not percentage by total water volume. In some situations, there will be enough 
information in FracFocus to calculate water volumes by type ( ), whether fresh water (e.g., 
surface water) or non-fresh water (e.g. recycled/produced, saline, seawater or brine). Given the 
FracFocus-reported total water volume ( ) (US gallons) and assuming that volumes are 
effectively additive, and where n is the number of water types, 

(1) 

using the FracFocus-reported maximum water concentration in the hydraulic fracturing fluid 
(percent by mass for each water type, ), and assuming an average density for each water type 
( ) (lb/US gallons), the volume of each water type is expressed as: = (i = 1, n) (2) 

With n equations and n unknowns represented by equations (1) and (2), the unknown total mass of 
the hydraulic fracturing fluid (mtotal) (lb) can be calculated: 

39 CASRNs not already found on the EPA’s list of chemicals reported to be used in hydraulic fracturing fluids were added
to the list following the process outlined in Chapter 6. 

59 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

= (3) 

and the volume of each water type ( ) back-calculated using equation (2).40 

This calculation can only be made in the situation where the density of the fluid is known or
reported. For example, in the situation where a FracFocus ingredient is clearly labeled fresh 
(surface) water and carrier or base fluid, a water density may be assumed between 8.34 lb/US 
gallon at 32 °F and 8.24 lb/US gallon at 100 °F (Lide, 2008). In other situations, the density for the 
carrier or base fluid may be reported in the FracFocus comment field. 

Chemical Usage. Queries of the FracFocus data will include the total number of unique chemical
records nationally, by state, per production type (oil or gas), fracture date, and operator 
represented. Additionally, the data may be queried to identify the frequency or number of well 
disclosures in which each chemical is used nationally, by state, per production type, within a 
fracture date range, and by operator represented. Lists of the top 20 to 30 most frequently used 
chemicals in hydraulic fracturing are likely to be generated at the nation, region, or state level. 
Some of the most frequently occurring chemicals will be mapped to show distribution of 
occurrence. Since chemicals claimed as CBI or proprietary do not have to be reported in FracFocus, 
the number of chemicals disclosed is likely to be lower than the total number of chemicals used. 

3.5.5. Status and Preliminary Data 
The data have been extracted from FracFocus, reviewed for quality issues, and organized in a 
database for analysis. Draft queries have been developed for water usage and chemical frequency 
occurrence nationwide using the database. Preliminary analyses have been conducted as of 
November 2012. Table 25 summarizes, by state, the well data that were downloaded from
FracFocus in early 2012. 

Table 25. Number of wells, by state, with data in FracFocus as of February 2012. These data represent wells 
fractured and entered into FracFocus between January 1, 2011, and February 27, 2012. 

State Number of Wells 
Alabama 54
Alaska 24
Arkansas 807
California 79
Colorado 2,307 
Kansas 22
Louisiana 621
Mississippi 1
Montana 28
New Mexico 421

State Number of Wells 
North Dakota 359
Ohio 11
Oklahoma 414
Pennsylvania 1,050 
Texas 4,859 
Utah 409
Virginia 23
West Virginia 93
Wyoming 591
Total 12,173 

40 The EPA recognizes that volume is not a conserved quantity and estimates that the error introduced by assuming that 
volumes are additive is, in this case, negligible when compared to expected volume and density reporting errors. 
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During the QA review of the data, the EPA identified 422 pairs of potential duplicate well disclosure 
records (844 total records). A total of 277,029 chemicals were reported in all of the well disclosure 
records. This number includes chemicals listed multiple times (either for the same well or in many 
wells) and 12,464 instances where “water” was listed as an ingredient in the chemical-specific data
table. The QA review of the chemicals identified 347 unique ingredients that match the EPA CASRN 
list of chemicals and approximately 60 CASRNs that were not previously known to be used in 
hydraulic fracturing fluids. One hundred eighty-four well records had ingredient lists that fully
matched the EPA CASRN list. Chemical entries in FracFocus that contained “CBI,” “proprietary,” or 
“trade secret” as an ingredient were only 1.3% (3,534 of 277,029) of all chemical ingredients
reported in FracFocus. Operators reported at least one chemical ingredient as “CBI,” “proprietary,” 
or “trade secret” in 1,924 well records. 

Water was identified as a carrier or base fluid in 10,700 well records (88% of the 12,173 well 
records successfully extracted from FracFocus). Seven categories of source water were identified: 
fresh, surface, sea, produced, recycled, brine, and treated. Definitions for the categories are not 
provided by operators or FracFocus and some categories appear to overlap or may be synonymous. 
Only 1,484 well records identified a water source for those wells that used water as a carrier or 
base fluid. 

3.5.6. Next Steps 
The EPA will complete its analysis of the FracFocus data that have already been downloaded. In 
addition, the EPA plans to complete another data download in order to obtain a second year’s
worth of data. Once the second round of data has been extracted, the EPA will conduct a QA review 
and data analysis similar to the one described for the first round of downloaded data. 

3.5.7. Quality Assurance Summary 
The EPA and its contractor, The Cadmus Group, Inc., are extracting and analyzing data from 
FracFocus. The QAPP associated with this project, “Analysis of Data Extracted from FracFocus 
(Version 1),” was approved in early August 2012 (US EPA, 2012g). A TSA of the analysis was 
conducted by the designated EPA QA Manager shortly after on August 15, 2012; no corrective 
actions were identified. A supplemental QAPP developed by Cadmus was approved March 6, 2012 
(Cadmus Group Inc., 2012b). 
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4. Scenario Evaluations 
The objective of this approach is to use computer models to explore hypothetical scenarios across 
the hydraulic fracturing water cycle. The models include models of generic engineering and
geological scenarios and, where sufficient data are available, models of site-specific or region-
specific characteristics. This chapter includes progress reports for the following projects: 

4.1. Subsurface Migration Modeling....................................................................................................................... 62 
Numerical modeling of subsurface fluid migration scenarios that explore the potential for 
gases and fluids to move from the fractured zone to drinking water aquifers 

4.2. Surface Water Modeling...................................................................................................................................... 75 
Modeling of concentrations of selected chemicals at public water supplies downstream from 
wastewater treatment facilities that discharge treated hydraulic fracturing wastewater to 
surface waters 

4.3. Water Availability Modeling.............................................................................................................................. 80 
Assessment and modeling of current and future scenarios exploring the impact of water usage 
for hydraulic fracturing on drinking water availability in the Upper Colorado River Basin and 
the Susquehanna River Basin 

4.1. Subsurface Migration Modeling 
Lawrence Berkeley National Laboratory (LBNL), in consultation with the EPA, will simulate the 
hypothetical subsurface migration of fluids (including gases) resulting from six possible
mechanisms using computer models. The selected mechanisms address the research questions 
identified in Table 26. 

Table 26. Secondary research questions addressed by simulating the subsurface migration of gases and fluids 
resulting from six possible mechanisms.

Water Cycle Stage Applicable Research Questions 

Well injection 

How effective are current well construction practices at 
containing gases and fluids before, during, and after fracturing? 
Can subsurface migration of fluids or gases to drinking water 
resources occur and what local geologic or man-made features 
may allow this? 

4.1.1. Project Introduction 
Stakeholders have expressed concerns about hydraulic fracturing endangering subsurface drinking 
water resources by creating high permeability transport pathways that allow hydrocarbons and
other fluids to escape from hydrocarbon-bearing formations (US EPA, 2010b, d, e, f, g). Experts 
continue to debate the extent to which subsurface pathways could cause significant adverse 
consequences for ground water resources (Davies, 2011; Engelder, 2012; Harrison, 1983, 1985; 
Jackson et al., 2011; Myers, 2012a, b; Osborn et al., 2011; Warner et al., 2012). The segment of the 
population that receives drinking water from private wells may be especially vulnerable to health
impacts from impaired drinking water. Unlike water distributed by public water systems, water 
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from private drinking water wells is not subject to National Primary Drinking Water Regulations, 
and water quality testing is at the discretion of the well owner. 

Lawrence Berkeley National Laboratory, in coordination with the EPA, is using numerical
simulations to investigate six possible mechanisms that could lead to upward migration of fluids, 
including gases, from a shale gas reservoir and the conditions under which such hypothetical
scenarios may be possible. The possible mechanisms include: 

 Scenario A (Figure 14): Defective or insufficient well construction coupled with excessive 
pressure during hydraulic fracturing operations results in damage to well integrity during
the stimulation process. A migration pathway is then established through which fluids 
could travel through the cement or area near the wellbore into overlying aquifers. In this 
scenario, the overburden is not necessarily fractured. 

 Scenario B1 (Figure 15): Fracturing of the overburden because inadequate design of the 
hydraulic fracturing operation results in fractures allowing fluid communication, either 
directly or indirectly, between shale gas reservoirs and aquifers above them. Indirect
communication would occur if fractures intercept a permeable formation between the 
shale gas formation and the aquifer. Generally, the aquifer would be located at a more 
shallow depth than the permeable formation. 

 Scenario B2 (Figure 16): Similar to Scenario B1, fracturing of the overburden allows
indirect fluid communication between the shale gas reservoir and the aquifers after 
intercepting conventional hydrocarbon reservoirs, which may create a dual source of 
contamination for the aquifer. 

 Scenario C (Figure 17): Sealed/dormant fractures and faults are activated by the hydraulic
fracturing operation, creating pathways for upward migration of hydrocarbons and other 
contaminants. 

 Scenario D1 (Figure 18): Fracturing of the overburden creates pathways for movement of 
hydrocarbons and other contaminants into offset wells (or their vicinity) in conventional
reservoirs with deteriorating cement. The offset wells may intersect and communicate 
with aquifers, and inadequate or failing completions/cement can create pathways for
contaminants to reach the ground water aquifer. 

 Scenario D2 (Figure 19): Similar to Scenario D1, fracturing of the overburden results in 
movement of hydrocarbons and other contaminants into improperly closed offset wells 
(or their vicinity) with compromised casing in conventional reservoirs. The offset well
could provide a low-resistance pathway connecting the shale gas reservoir with the 
ground water aquifer. 

The research focuses on hypothetical causes of failure related to fluid pressure/flow and
geomechanics (as related to operational and geological conditions and properties), and does not 
extend to investigations of strength of casing and tubing materials (an area that falls within the 
confines of mechanical engineering). Damage to the well casing due to corrosive reservoir fluids 
was one other scenario originally considered. Corrosion modeling requires a detailed chemical 
engineering analysis that is beyond the scope of this project, which focuses on geophysical and 

63 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

mechanical scenarios, so it is not a scenario pursued for this project. Additionally, hypothetical 
scenarios that would cause failure of well structural integrity (e.g., joint splits) are an issue beyond
the scope of this study, as they involve material quality and integrity, issues not unique to hydraulic 
fracturing. 

Figure 14. Scenario A of the subsurface migration modeling project. This scenario simulates a hypothetical migration 
pathway that occurs when a defective or insufficiently constructed well is damaged during excessive pressure from 
hydraulic fracturing operations. A migration pathway is established through which fluids could travel through the 
cement or area near the wellbore into overlying ground water aquifers. 
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Figure 15. Scenario B1 of the subsurface migration modeling project. This hypothetical scenario simulates fluid 
communication, either directly or indirectly, between shale gas reservoirs and ground water aquifers as a result of the 
hydraulic fracturing design creating fractures in the overburden. 
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Figure 16. Scenario B2 of the subsurface migration modeling project. Similar to B1, this hypothetical scenario 
simulates fluid communication, either directly or indirectly, between shale gas reservoirs and ground water aquifers 
as a result of the hydraulic fracturing design creating fractures in the overburden. The fractures intercept a 
conventional oil/gas reservoir before communicating with the ground water aquifer, which may create a dual source of 
contamination in the aquifer. 
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Figure 17. Scenario C of the subsurface migration modeling project. This hypothetical scenario simulates upward 
migration of hydrocarbons and other contaminants through sealed/dormant fractures and faults activated by the 
hydraulic fracturing operation. 
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Figure 18. Scenario D1 of the subsurface migration modeling project. This hypothetical scenario simulates 
movement of hydrocarbons and other contaminants into offset wells in conventional oil/gas reservoirs with 
deteriorating cement due to fracturing of the overburden. The offset wells may intersect and communicate with 
aquifers, and inadequate or failing completions/cement can create pathways for contaminants to reach ground water 
aquifers. 
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Figure 19. Scenario D2 of the subsurface migration modeling project. Similar to Scenario D1, this hypothetical 
scenario simulates movement of hydrocarbons and other contaminants into offset wells in conventional oil/gas 
reservoirs due to fracturing of the overburden. The offset wells in Scenario D2 are improperly closed with
compromised casing, which provides a low-resistance pathway connecting the shale gas reservoir with the ground 
water aquifer. 

69 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

4.1.2. Research Approach 
Objectives of the subsurface migration scenario evaluation research project include: 

 Determining whether the hypothetical migration mechanisms shown in Figures 14 
through 19 are physically and geomechanically possible during field operations of 
hydraulic fracturing and, if so, identifying the range of conditions under which fluid
migration is possible. 

 Exploring how contaminant type, fluid pressure, and local geologic properties control 
hypothetical migration mechanisms and affect the possible emergence of contaminants in
an aquifer. 

 Conducting a thorough analysis of sensitivity to the various factors affecting contaminant 
transport. 

 Assessing the potential impacts on drinking water resources in cases of fluid migration. 

This research project does not assess the likelihood of a hypothetical scenario occurring during 
actual field operations. 

Computational Codes. The LBNL selected computational codes able to simulate the flow and
transport of gas, water, and dissolved contaminants concurrently in fractures and porous rock 
matrices. The numerical models used in this research project couple flow, transport, 
thermodynamics, and geomechanics to produce simulations to promote understanding of
conditions in which fluid migration occurs. 

Simulations of contaminant flow and migration began in December 2011 and identified a number of 
important issues that significantly affected the project approach. More specifically, the numerical
simulator needed to include the following processes in order to accurately describe the 
hypothetical scenario conditions: 

 Darcy and non-Darcy (Forchheimer or Barree and Conway) flow through the matrix and
fractures of fractured media 

 Inertial and turbulent effects (Klinkenberg effects) 

 Real gas behavior 

 Multi-phase flow (gas, aqueous, and potentially an organic phase of immiscible substances
involved in the hydraulic fracturing process) 

 Density-driven flow 

 Mechanical dispersion, in addition to advection and molecular diffusion 

 Sorption (primary and secondary) of ions introduced in hydraulic fracturing-related
processes and gases onto the grains of the porous media, involving one of three possible 
sorption models (linear, Langmuir, or Freundlich) under equilibrium or kinetic conditions 
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Thermal differentials between ground water and shale gas reservoirs are substantial and may 
significantly impact contaminant transport processes. Thus, the simulator needed to be able to
account for the following processes in order to fully describe the physics of the problem: 

 Coupled flow and thermal effects, which affect fluid viscosity, density, and buoyancy and, 
consequently, the rate of migration. 

 Effect of temperature on solubility. Lower temperatures can lead to supersaturation of
dissolved gases or dissolved solids. The latter can result in halite formation stemming 
from salt precipitation, caused by lower temperatures and pressures as naturally
occurring brines ascend toward the ground water. Halite precipitation can have a 
pronounced effect on both the specific fractures and the overall matrix permeability. 

There is currently no single numerical model that includes all of these processes. Thus, the LBNL 
chose the Transport of Unsaturated Groundwater and Heat (TOUGH) family of codes41 (Moridis et
al., 2008) in combination with the existing modules listed in Table 27 to create a model that better 
simulates the subsurface flow and geomechanical conditions encountered in the migration
scenarios. 

Table 27. Modules combined with the Transport of Unsaturated Groundwater and Heat (TOUGH) (Moridis et al., 
2008) family of codes to create simulations of subsurface flow and geomechanical conditions encountered in the 
migration scenarios designed by Lawrence Berkeley National Laboratory.

Module Purpose 

TOUGH+Rgas* Describes the coupled flow of a real gas mixture and heat in geologic 
media 

TOUGH+RgasH2O*
Describes the non-isothermal two-phase flow of a real gas mixture and 
water and the transport of heat in a gas reservoir, including tight/shale 
gas reservoirs 

TOUGH+RGasH2OCont† Describes physics and chemistry of flow and transport of heat, water, 
gases, and dissolved contaminants in porous/fractured media 

ROCMECH§
Simulates geomechanical behavior of multiple porosity/permeability 
continuum systems and can accurately simulate the evolution and 
propagation of fractures in a formation following hydraulic fracturing 

* (Moridis and Freeman, 2012)
† (Moridis and Webb, 2012)
§ (Kim and Moridis, 2012a, b, c, d, e) 

The TOUGH+ code includes equation-of-state modules that describe the non-isothermal flow of real 
gas mixtures, water, and solutes through fractured porous media and accounts for all processes
involved in flow through tight and shale gas reservoirs (i.e., gas-specific Knudsen diffusion, gas and 
solute sorption onto the media, non-Darcy flow, salt precipitation as temperature and pressure 
drop in the ascending reservoir, etc.) (Freeman, 2010; Freeman et al., 2011; Freeman et al., 2009a,
b; Freeman et al., 2012; Moridis et al., 2010; Olorode, 2011). The LBNL paired relevant modules 
with TOUGH+ code: one code, TOUGH+RGasH2OCont (Moridis and Freeman, 2012), addresses the 

41 The TOUGH codes include TOUGH2, T2VOC, TMVOC, TOUGH2-MP, TOUGHREACT, TOUGH+, AND iTOUGH2. More
information on the codes can be found at http://esd.lbl.gov/research/projects/tough. 
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physics and chemistry of flow and transport of heat, water, gases, and dissolved contaminants in 
porous/fractured media; a second code, TOUGH+RgasH2O (Moridis and Webb, 2012), describes the
coupled flow of a gas mixture and water and the transport of heat; a third code, TOUGH+Rgas 
(Moridis and Webb, 2012), is limited to the coupled flow of a real gas mixture and heat in geologic
media. 

A geomechanical model, ROCMECH, was also coupled with the TOUGH+ code and modules (Table 
27) and describes the interdependence of flow and geomechanics including fracture growth and
propagation (Kim and Moridis, 2012a, b, c, d, e). The ROCMECH42 code is designed for the rigorous 
analysis of either pure geomechanical problems or, when fully coupled with the TOUGH+ multi-
phase, multi-component, non-isothermal code, for the simulation of the coupled flow and
geomechanical system behavior in porous and fractured media, including activation of faults and 
fractures. The coupled TOUGH+ ROCMECH codes allow the investigation of fracture growth during
fluid injection of water (after their initial development during hydraulic fracturing) using fully 
dynamically coupled flow and geomechanics and were used in a series of fracture propagation 
studies (Kim and Moridis, 2012a, b, c, d, e). The ROCMECH code developed by the LBNL for this
study includes capabilities to describe both tensile and shear failure based on the Mohr-Coulomb 
model, multiple porosity concepts, non-isothermal behavior, and transverse leak-off (Kim and
Moridis, 2012a). 

Input Data. Input data supporting the simulations are being estimated using information from the 
technical literature, data supplied by the EPA, and expert judgment. Input data include: 

 Site stratigraphy 

 Rock properties (grain density, intrinsic matrix permeability, permeability of natural 
fracture network, matrix and fracture porosity, fracture spacing and aperture) 

 Initial formation conditions (fracture and matrix saturation, pressures) 

 Gas composition 

 Pore water composition 

 Gas adsorption isotherm 

 Thermal conductivity and specific heat of rocks 

 Parameters for relative permeability 

 Hydraulic fracturing pressure 

 Number of hydraulic fracturing stages 

 Injected volumes 

42 ROCMECH is based on an earlier simulator called ROCMAS (Noorishad and Tsang, 1997; Rutqvist et al., 2001). The
ROCMECH simulator employs the finite element method, includes several plastic models such as the Mohr-Coulomb and
Drucker-Prager models, and can simulate the geomechanical behavior of multiple porosity/permeability continuum 
systems. Furthermore, ROCMECH can accurately simulate the process of hydraulic fracturing, i.e., the evolution and
propagation of fractures in the formation following stimulation operations. 
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Pressure evolution during injection 

Volumes of fracturing fluid recovered 

Uncertainty in the data will be addressed by first analyzing base cases that involve reasonable 
estimates of the various parameters and conditions and then conducting sensitivity analyses that
cover (and extend beyond) the possible range of expected values of all relevant parameters. 

4.1.3. Status and Preliminary Data 
The subsurface migration modeling project is proceeding along two main tracks. The first
addresses the geomechanical reality of the mechanisms and seeks to determine whether it is 
physically possible (as determined and constrained by the laws of physics and the operational 
quantities and limitations involved in hydraulic fracturing operations) for the six migration 
mechanisms (Scenarios A to D2) to occur. The second axis focuses on contaminant transport, 
assuming that a subsurface migration has occurred as described in the six scenarios, and attempts 
to determine a timeframe for contaminants (liquid or gas phase) escaping from a shale gas 
reservoir to reach the ground water aquifer. 

Analysis of Consequences of Geomechanical Wellbore Failure (Scenario A). A large database of 
relevant publications has been assembled, and several important well design parameters and 
hydraulic fracturing operational conditions have been identified as a foundation for the simulation. 
Two pathways for migration have been considered using TOUGH+RGasH2OCont: cement 
separation from the outer casing or a fracture pattern affecting the entire cement, from the 
producing formation to the point where the well intercepts the ground water formation. 

A separate geomechanical study using TOUGH+RealGasH2O and ROCMECH will also assess the 
feasibility of either a fracture developing in weak cement around a wellbore or a cement-wellbore 
separation during the hydraulic fracturing process. The numerical simulation of the fracture 
propagation considered fracture development in the cement near the “heel” of a horizontal well 
during stimulation immediately after creation of the first fracture using varied geomechanical
properties of gas-bearing shales. The work also involves sensitivity analyses of factors that are 
known to be important, as well as those that appear to have secondary effects (for completeness). 
Recent activities have focused mainly on such sensitivity analyses. 

Analysis of the Consequences of Induced Fractures Reaching Ground Water Resources and after 
Intercepting Conventional Reservoirs (Scenarios B1 and B2). A high-definition geomechanical study, 
involving a complex fracture propagation model that incorporates realistic data and parameters (as
gleaned from the literature and discussions with industry practitioners) was completed. A 
sensitivity analysis of the fracture propagation to the most important geomechanical properties 
and conditions is partially completed and will be included in the final publication. 
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Simulations of gas and contaminant migration from the shale gas reservoir through fractures into 
ground water are also in progress. The simulation domain is subdivided up to 300,000 elements43 

and up to 1.2 million equations, which requires very long execution times that can range from 
several days to weeks. Work continues to streamline the processing of the simulation to 
significantly reduce the execution time requirements. 

Scoping calculations are in development to provide time estimates for the migration of gas and 
dissolved contaminants from the shale gas reservoir to the drinking water resource through a
connecting fracture. As illustrated in Figure 15, the simulated system is composed of a 100-meter-
thick aquifer (from 100 to 200 meters below the surface), a fracture extending from the bottom of 
the gas reservoir at 1,200 meters below surface to the base of the aquifer, which is 1,000 meters
above the gas reservoir. These scoping studies indicated that the most important parameters and 
conditions were the permeability of the gas reservoir (matrix), the fracture permeability, the 
distance between the aquifer and the shale reservoir, and the pressure regimes in the aquifer and 
the shale. Results from this work are being analyzed and will be published when complete. 

Analysis of Consequences of Activation of Native Faults and Fractures (Scenario C). The simulation 
conditions for the analysis of contaminant transport through native fractures and faults in response 
to the stimulation process have been determined, and the variations used to conduct a sensitivity 
analysis are being developed. 

A geomechanical study using the TOUGH-FLAC44 simulator began in March 2012 to investigate the 
possibility that hydraulic fracturing injections may create a pathway for transport through fault 
reactivation. The simulation input represents the conditions in the Marcellus Shale. Scoping
calculations were developed to study the potential for injection-induced fault reactivation 
associated with shale gas hydraulic fracturing operations. From these scoping calculations, the
LBNL simulation results suggest that the hydraulic fracturing stimulation, under conditions 
reported in published literature, does not appear to activate fault rupture lengths greater than 40 to 
50 meters and could only give rise to microseismicity (magnitude <1), which is consistent with
what has been observed in the field (NAS, 2012). Therefore, preliminary simulations suggest that 
the possibility of fault reactivation creating a pathway to shallow ground water resources is remote. 
A more detailed analysis to better resolve local conditions and mechanical response at the injection 
point is underway and a manuscript is in development (Rutqvist et al., 2012). 

Analysis of the Consequences of Induced Fractures Intercepting Offset Unplugged Wells (Scenarios D1 
and D2). A geomechanical study is in progress to assess the feasibility of a fracture extending 

43 Elements represent the spatial properties for the geology and the wells. Conceptually, the continuous real world is
represented with discrete (numerical) elements, where each element has constant properties represented. With a large 
number of elements, a complex geologic and engineering conceptualization may be represented. 
44 TOUGH-FLAC links the public TOUGH model with the commercial and proprietary FLAC model, which is used
extensively in geotechnical applications and covers a very wide spectrum of geomechanical processes (including fault 
representation, plasticity and/or elasticity, anisotropy, etc.) and can describe the interdependence of flow and
geomechanical properties as the pressure/stress regime changes (Cappa and Rutqvist, 2011a, b, 2012; Cappa et al., 2009; 
Mazzoldi et al., 2012; Rutqvist, 2012; Rutqvist et al., 2007; Rutqvist et al., 2012) . 
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through the shale gas reservoir into the weak/fractured cement around, or the unplugged wellbore 
of offset wells (Figures 18 and 19). The LBNL is investigating two mechanisms for fluid
communication. In the first case, the fractures extend across the shale stratum into a nearby 
depleted conventional reservoir with abandoned defective wells in the overburden or
underburden. The energy for the lift of contaminants in this case is most likely provided by the 
higher pressure of the fluids in the shale (as the abandoned reservoir pressure is expected to be 
low) and by buoyancy; the main contaminant reaching the ground water is expected to be gas. In
the second case, fractures extend from a deeper over-pressurized saline aquifer through the entire 
thickness of the shale to an overburden (a depleted conventional petroleum reservoir with
abandoned unsealed wells). The energy for the lift of contaminants in this case is most likely 
provided by the higher pressure of the fluids in the shale and in the saline aquifer in addition to
buoyancy, and the contaminants reaching the ground water are expected to include gas and solutes 
encountered in the saline aquifer. 

4.1.4. Quality Assurance Summary 
The QAPP, “Analysis of Environmental Hazards Related to Hydrofracturing (Revision: 0),” was 
accepted by the EPA on December 7, 2011 (LBNL, 2011). 

A TSA of the work being performed by the LBNL was conducted on February 29, 2012. The
designated EPA QA Manager found the methods in use satisfactory and further recommendations 
for improving the QA process were unnecessary. Work performed and scheduled to be performed 
was within the scope of the project. Work is proceeding on Scenarios A through D2 as described in 
Section 4.1.3. Reports, when presented, will be subjected to appropriate QA review. 

4.2. Surface Water Modeling 

4.2.1. Relationship to the Study 
The EPA is using established surface water transport theory and models to identify concentrations
of selected hydraulic fracturing-relevant chemicals at public water supply intakes located 
downstream from wastewater treatment facilities that discharge treated hydraulic fracturing 
wastewater to rivers. This work is expected to provide data that will be used to answer the 
research question identified in Table 28. 

Table 28. Secondary research question addressed by modeling surface water discharges from wastewater treatment 
facilities accepting hydraulic fracturing wastewater.

Water Cycle Stage Applicable Research Questions 

Wastewater treatment and 
waste disposal 

What are the potential impacts from surface water disposal of treated 
hydraulic fracturing wastewater on drinking water treatment 
facilities? 

4.2.2. Project Introduction 
When an operator reduces the injection pressure applied to a well, the direction of fluid flow 
reverses, leading to the recovery of flowback and produced water, collectively referred to as 
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“hydraulic fracturing wastewater.”45 The wastewater is generally stored onsite before being 
transported for treatment, recycling or disposal. Most hydraulic fracturing wastewater is disposed
in UIC wells. In Pennsylvania, however, wastewater has been treated in wastewater treatment 
facilities (WWTFs), which subsequently discharge treated wastewater to surface water bodies. 

The extent to which common treatment technologies used in WWTFs effectively remove chemicals 
found in hydraulic fracturing wastewater is currently unclear.46 Depending in part on the 
concentration of chemicals in the effluent, drinking water quality and the treatment processes at
public water systems (PWSs) downstream from WWTFs might be negatively affected. For example, 
bromide in source waters can cause elevated concentrations of brominated disinfection byproducts 
(DBPs) in treated drinking water (Brown et al., 2011; Plewa et al., 2008),47 which are regulated by 
the National Primary Drinking Water Regulations.48 To learn more about impacts to downstream 
PWSs, the Pennsylvania Department of the Environment asked 25 WWTFs that accept Marcellus
wastewater to monitor effluent for parameters such as radionuclides, total dissolved solids (TDS), 
alkalinity, chloride, sulfate, bromide, gross alpha, radium-226 and -228, and uranium in March 2011 
(PADEP, 2011). The department also asked 14 PWSs with surface water intakes downstream from
WWTFs that accept Marcellus wastewater to test for radionuclides, TDS, pH, alkalinity, chloride, 
sulfate, and bromide (PADEP, 2011). Bromide and radionuclides are of particular concern in
discharges because of their carcinogenicity and reproductive and developmental affects. 

The EPA will use computer models—mass balance, empirical, and numerical—to estimate generic 
impacts of bromide and radium in wastewater discharges, based on the presence of these chemicals
in discharge data from WWTFs in Pennsylvania, impacts to downstream PWSs’ ability to meet 
National Primary Drinking Water Regulations for DBPs and radionuclides, and the potential human 
health impacts from the chemicals.49 Uranium, also a radionuclide, was frequently not detected by
analytical methods for the discharges and therefore not considered for simulations. The generic 
model results are designed to illustrate the general conditions under which discharges might cause
impacts on downstream public water supplies. The analysis will include the effect of distance to the 
PWS, discharge concentration, and flow rate in the stream or river, among others. The uncertainties
in these quantities will be addressed through Monte Carlo analysis, as described below. 

A steady-state mass balance model provides an upper-bound impact assessment of the transport 
simulation and a partially transient approach simulates the temporal variation of effluent 
concentration and discharge. Key data collected to model the transport of potential contaminants
include actual effluent data from WWTF discharges and receiving water body flow rates. Effluent 
data can be obtained from National Pollutant Discharge Elimination System (NPDES) monitoring 

45 Produced water is produced from many oil and gas wells and not unique to hydraulic fracturing. 
46 See Section 5.2 for a more thorough discussion and for EPA-funded research into this question. 
47 See Section 5.3 for more information on DBPs and related research.  
48 Authorized by the Safe Drinking Water Act. 
49 Discharge data for four WWTFs in Pennsylvania that accepted oil and gas wastewater during 2011 are available on the 
EPA’s website at http://www.epa.gov/region3/marcellus_shale/. 

76 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

data reported to states by the dischargers.50 NPDES information also documents the design of the 
industrial treatment plants, which can give insights into the capabilities of these and similarly
designed treatment plants. The US Geological Survey (USGS) provides limited water quality and 
flow rate data from monitoring stations within the watersheds of the receiving water bodies. The 
surface water modeling results will directly address the applicable secondary research question 
(Table 28) by evaluating the possible impacts from a permitted release of treated effluent on both a 
downstream drinking water intake and in a watershed where there may be multiple sources and 
receptors.51 

4.2.3. Research Approach 
Multiple approaches generate results on impacts: steady-state mass balance; transient empirical 
modeling; and a transient, hybrid empirical-numerical model developed by the EPA. The results of 
the mass balance model simulate possible impacts during a large volume, high concentration 
discharge without natural attenuation of contaminants. The empirical model and a hybrid 
empirical-numerical model estimate impacts in a more realistic setting with variable chemical
concentrations, discharge volumes, and flow rates of the receiving surface water. The numerical 
model confirms the results of the empirical and hybrid models. The numerical modeling is based on 
an approach developed for this study from existing methods (Hairer et al., 1991; Leonard, 2002; 
Schiesser, 1991; Wallis, 2007). Application of these three types of models provides a panoramic 
view of possible impacts and enhances confidence in the study results. 

Mass Balance Approach Estimates Impacts from an Upper-Bound Discharge Scenario. A simple,
steady-state mass balance model simulates drinking water impacts from upper-bound discharge 
cases. This model assumes that the total mass of the chemical of interest is conserved during
surface water transport and that the chemical concentration does not decrease due to reaction, 
decay, or uptake. The model estimates potential impacts to downstream PWSs using the maximum 
effluent concentration, maximum WWTF discharge volume, minimum flow rate in the receiving
stream, and the distance to the downstream PWS intake. The EPA constructed generic discharge 
scenarios for rivers with varying flow regimes to determine the potential for adverse impacts at
drinking water intakes. Because the parameters describing transport are uncertain, Monte Carlo 
techniques will be used to generate probabilistic outputs of the model. 

Empirical Model Estimates Impacts with Varying Discharge Volumes over Time. The upper-bound
case simulated in the steady-state mass balance model may be too conservative (by providing 
larger concentration estimates) to accurately represent downstream concentrations of chemicals 
since effluent concentrations, treatment plant discharge volumes, and flow rates change over time. 
Therefore, the EPA will also use an empirical transport model originally developed by the USGS 
(Jobson, 1996) to simulate impacts from varying monthly discharge volumes over time. The 

50 Information on WWTF discharges in Pennsylvania can be found at https://www.paoilandgasreporting.state.pa.us/
publicreports/Modules/Welcome/Welcome.aspx. 
51 Impacted watersheds may also have other sources of compounds of interest, possibly acid mine drainage and coal-fired
utility boilers. This is discussed in more detail in Section 5.1, which also outlines work being done by the EPA to assess the
contribution of hydraulic fracturing wastewater to contamination in surface water bodies. 
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empirical approach is based on tracer studies performed around the United States since the early 
1970s (e.g., Nordin and Sabol (1974)). The empirical equations address two major difficulties in
applying models to chemical transport scenarios: the inability to estimate travel times from cross-
sectional data and the reduction of concentration due to turbulent diffusion. The empirical equation
approach gives an estimate of travel time and peak concentration so that the model does not need 
to be calibrated to tracer data. 

Hybrid Empirical-Numerical Model Estimates Impacts for River Networks. The original empirical
approach was suited for a single river segment, or reach, of spatially uniform properties. The hybrid 
empirical-numerical model being developed by the EPA to expand the capabilities of the just-
described Jobson technique will easily account for multiple reaches that can form branching river
networks. Similar to all statistical relationships, the empirical equations do not always match tracer 
data exactly; therefore, the EPA is including the ability to perform Monte Carlo techniques in the
software being developed. The EPA will confirm the accuracy of the hybrid model with tracer data 
that fall within the range of Jobson’s original set of inputs (taken from Nordin and Sabol (1974)) as 
well as later data from the Yellowstone River that provide a real-world test of this approach
(McCarthy, 2009). 

The numerical portion of the hybrid model provides a direct and automatic comparison with the 
empirical equations. The method is based on a finite difference solution to the transport equation
using recent developments in modeling to improve accuracy (Hairer et al., 1991; Leonard, 2002; 
Schiesser, 1991; Wallis, 2007). By including this numerical method, a hybrid empirical-numerical
approach can be achieved. The empirical travel times from Jobson (1996) can be used to 
parameterize velocity in the numerical method. Dispersion coefficients can be derived from 
empirical data or a method developed by Deng et al. (2002). Using these approaches provides
improved accuracy in the simulation results. The EPA will prepare a user’s guide to the model and 
make both the computer model and user’s guide widely available for duplicating the results
prepared for this project and for more general use. 

For the generic simulations described above, effluent concentrations and discharge volumes will be 
modeled directly as variable inputs based on the effluent data evaluation (as discussed next in 
Section 4.2.4), while flow conditions will be modeled as low, medium, and high flow. Because the 
parameters describing transport are uncertain, statistical measures and Monte Carlo techniques 
will be used to generate probabilistic outputs from the model. To provide further assurance of the 
accuracy of the EPA hybrid model results, the Water Quality Simulation Package has been used to 
simulate tracer data and confirm the results (Ambrose et al., 1983; Ambrose and Wool, 2009; 
DiToro et al., 1981). 

4.2.4. Status and Preliminary Data 
The models described above are being used to determine potential impacts of treated wastewater
discharges on downstream PWSs. Enough data have been identified to perform generic simulations 
for the steady-state mass balance simulations and hybrid empirical-numerical models with variable
effluent concentration and plant discharge. For two WWTFs in Pennsylvania, USGS flow data have 
been compiled for segments of the rivers that reach downstream to drinking water intakes (50 to 
100 miles downstream) for the two locations. These data will be used to generate realistic model 
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inputs to assess, in a generic sense, the potential impacts of discharges from realistic treatment 
plants. 

The EPA-developed hybrid empirical-numerical model has been favorably compared against a 
tracer experiment used by Jobson (1996) in developing the original empirical formulas. Calibration 
or other parameter adjustment was unnecessary for the hybrid model to produce accurate results. 
The EPA plans to compare the hybrid model to five more of the tracer experiments to cover the 
range of flow conditions used by Jobson (1996). Additionally, data from the more recent
Yellowstone River experiment (McCarthy, 2009) are being prepared for testing the hybrid model. 
Similar comparisons of empirical to tracer experiments were performed by Reed and Stuckey 
(2002) for streams in the Susquehanna River Basin. The EPA Water Quality Simulation Package
numerical model was set up to simulate the same tracer experiment performed for the hybrid 
model. Additional calibration is planned to refine the results from the Water Quality Simulation
Package. After completing the evaluation of the hybrid model, the WWTF simulations will be 
completed. 

4.2.5. Next Steps 
A description of the EPA-developed empirical-numerical model and application of the empirical-
numerical and mass balance models to tracer experiments is being developed by EPA scientists and
are expected to be submitted for publication in a peer-reviewed journal. The results from testing of 
the models and the analysis of the WWTF effluent data will be included in another peer-reviewed 
journal article. 

4.2.6. Quality Assurance Summary 
The initial QAPP for “Surface Water Transport of Hydraulic Fracturing-Derived Waste Water” was 
approved by the designated EPA QA Manager on September 8, 2011 (US EPA, 2012s). The QAPP 
was subsequently revised and approved on February 22, 2012. 

A TSA was conducted on March 1, 2012. The designated EPA QA Manager found the methods in use 
satisfactory and further recommendations for improving the QA process were unnecessary. An 
audit of data quality (ADQ) will be performed to verify that the quality requirements specified in 
the approved QAPP were met. 
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4.3. Water Availability Modeling 
The EPA selected humid and semi-arid river basins as study areas for identifying potential impacts 
to drinking water resources from large volume water withdrawals (1 to 9 million gallons per well
for the selected river basins) associated with hydraulic fracturing operations. This work is expected 
to address the research questions listed in Table 29. 

Table 29. Research questions addressed by modeling water withdrawals and availability in selected river basins.

Water Cycle Stage Applicable Research Questions 

Water acquisition 

How much water is used in hydraulic fracturing operations, and 
what are the sources of this water? 
How might water withdrawals affect short- and long-term water 
availability in an area with hydraulic fracturing? 
What are the possible impacts of water withdrawals for 
hydraulic fracturing operations on local water quality? 

4.3.1. Project Introduction 
The volume of water needed in the hydraulic fracturing process for stimulation of unconventional
oil and gas wells depends on the type of formation (e.g., coalbed, shale, or tight sands), the well 
construction (e.g., depth, length, vertical or directional drilling), and fracturing operations (e.g.,
fracturing fluid properties and fracture job design). Water requirements for hydraulic fracturing of 
CBM range from 50,000 to 250,000 gallons per well (Holditch, 1993; Jeu et al., 1988; Palmer et al., 
1991; Palmer et al., 1993), although much larger volumes of water are produced during the lifetime
of a well in order to lower the water table and expose the coal seam (ALL Consulting, 2003; S.S. 
Papadopulos & Associates Inc., 2007a, b). The water usage for hydraulic fracturing in shale gas
plays is significantly larger than CBM reservoirs—2 to 4 million gallons of water are typically 
needed per well (API, 2010; GWPC and ALL Consulting, 2009; Satterfield et al., 2008). The volume 
of water needed for well drilling is understood to be much less, from 60,000 gallons in the
Fayetteville Shale to 1 million gallons in the Haynesville Shale (GWPC and ALL Consulting, 2009). 
Water-based mud systems used for drilling vertical or horizontal wells generally require that fresh
water (non-potable, potable, or treated) be used as makeup fluid, although wells can also be drilled 
using compressed air and oil-based fluids. 

Water needed for hydraulic fracturing may come from multiple sources with varying quality.
Sources may include raw surface and ground water, treated water from public water supplies, and 
water recycled from other purposes such as flowback and produced water from previous oil and 
gas operations or even acid mine drainage. The quality of water needed is dependent on the other
chemicals in the fracturing fluid formulations, availability of water source, and the chemical and 
physical properties of the formation. The goal of this project is to investigate the water needs and
sources to support hydraulic fracturing operations at the river basin and county spatial scales and 
to place this demand in the watershed context in terms of annual, seasonal, and monthly water
availability. 

The EPA recognizes the unique circumstances of the geography and geology of every 
unconventional oil and gas resource and has chosen two study sites to initially explore and identify 
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the potential differences related to water acquisition. The study areas includes two river basins: the 
Susquehanna River Basin (SRB), located in the eastern United States (humid climate) and overlying
the Marcellus Shale gas reservoir (Figure 20), and the Upper Colorado River Basin (UCRB), located 
in the western United States (semi-arid climate) and overlying the Piceance structural basin and
tight gas reservoir (Figure 21). The EPA is calibrating and testing watershed models for the study; 
the SRB and UCRB watershed models were previously calibrated and tested in the EPA 
investigation of future climate change impacts on watershed hydrology (the “20 watersheds study”)
(Johnson et al., 2011). 

Figure 20. The Susquehanna River Basin, overlying a portion of the Marcellus Shale, is one of two study areas 
chosen for water availability modeling. Water acquisition for hydraulic fracturing will focus on Bradford and 
Susquehanna Counties in Pennsylvania. (GIS data obtained from ESRI, 2010a; US EIA, 2011e; US EPA, 2007.) 
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Figure 21. The Upper Colorado River Basin, overlying a portion of the Piceance Basin, is one of two river basins 
chosen for water availability modeling. Water acquisition for hydraulic fracturing will focus on Garfield and Mesa 
Counties in Colorado. (GIS data obtained from ESRI, 2010a; US EIA, 2011e; US EPA, 2007.) 

In both study areas, the river watershed and its subsurface basin include the river flows and
reservoir and aquifer storages based on the hydrologic cycle, geography, geology, and water uses. 
The EPA’s goal is to explore future hypothetical scenarios of hydraulic fracturing use in the eastern
and western study areas based on current understanding of hydraulic fracturing water acquisition 
and watershed hydrology. The EPA intends to characterize the significance, or insignificance, of 
hydraulic fracturing water use on future drinking water resources for the two study areas. The 
research will involve detailed representation of water acquisition supporting hydraulic fracturing 
in the Bradford County and Susquehanna County area in Pennsylvania and in the Garfield County 
and Mesa County areas of Colorado. These areas have concentrated hydraulic fracturing activity, as 
discussed below. 

4.3.1.1. Susquehanna River Basin 
Geography, Hydrology, and Climate. The SRB has over 32,000 miles of waterways, drains 27,510
square miles, and covers half of Pennsylvania and portions of New York and Maryland (Figure 20) 
(SRBC, 2006). On average, the SRB contributes 18 million gallons of water every minute (25,920
million gallons per day, or MGD) to the Chesapeake Bay (SRBC, 2006). The humid climate of the 
region experiences long-term average precipitation of 37 to 43 inches per year (McGonigal, 2005). 
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Oil and Gas Resources and Activity. Large portions of the SRB watershed are underlain by the 
Marcellus Shale formation, which is rich in natural gas. Estimates of recoverable and undiscovered
natural gas from this formation range from 42 to 144 trillion cubic feet (Coleman et al., 2011) and 
production well development estimates for the next two decades range as high as 60,000 total wells
drilled by 2030 (Johnson et al., 2010). The Pennsylvania Department of Environmental Protection 
reports that the number of drilled wells in the Marcellus Shale has been increasing rapidly. In 2007, 
only 27 Marcellus Shale wells were drilled in the state; in 2010 the number of wells drilled was
1,386. Data extracted from FracFocus52 indicate that the total vertical depth of wells in Bradford 
and Susquehanna Counties is between 5,000 and 8,500 feet (mean of 6,360 feet) below ground
surface, which implies that this depth range is the target production zone for the Marcellus Shale. 

Water Use. The SRB supports a population of over 4.2 million people. Table 30 lists the estimated 
water use for the SRB and Bradford and Susquehanna Counties. The Susquehanna River Basin
Commission estimates consumptive water use in five major categories, with PWSs consuming the 
greatest volume of water per day (325 MGD) followed by thermoelectric energy production (190 
MGD) (Richenderfer, 2011). The greatest water withdrawals per day in Bradford and Susquehanna 
Counties are for drinking water (8.25 MGD for combined public and domestic use) and self-supplied 
industrial uses (4.59 MGD). 

Table 30. Water withdrawals for use in the Susquehanna River Basin (Richenderfer, 2011) and Bradford and 
Susquehanna Counties, Pennsylvania (Kenny et al., 2009).

Irrigation (crop) 

Use 

Public supply 
Self-supplied domestic 

Irrigation (golf courses) 
Not reported 

Water Withdrawals (million gallons per day) 

Susquehanna River Basin Bradford and Susquehanna 
Counties, Pennsylvania 

325 4.59 
Not reported 3.66 

0.110 
0.060 
4.59 

Thermoelectric 

Self-supplied industrial 
Livestock 

190
(energy production, non-gas) 

Not reported 
22.0 

Not reported 

0.00 

3.41 

Other 

Mining 
50.0 

(recreation) 

10.0 

Not reported 

0.10 

Figure 22 displays the geographic distribution of PWSs in the SRB.53 

52 See Section 3.5 for additional information on the FracFocus data extraction and analysis research project. 
53 The location and type of drinking water supply is significant when represented in watershed hydrology models. The
extraction of surface water is removed from the watershed model subbasin from its main river reach. The extraction of 
ground water is removed from the model subbasin from its ground water storage. 
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Figure 22. Public water systems in the Susquehanna River Basin (US EPA, 2011j). The legend symbol size for public 
water systems is proportional to the number of people served by the systems. For example, the smallest circle 
represents water systems serving 25 to 100 people and the largest circle represents systems serving over 100,000 
people. 

The Susquehanna River Basin Commission reports that the oil and gas industry consumed over 1.6 
billion gallons of water for well drilling and hydraulic fracturing in the entire SRB from July 1, 2008, 
to February 14, 2011. If averaged over the entire time, this is roughly 1.7 MGD. This amount of 
water was used for approximately 1,800 gas production wells with about 550 wells hydraulically 
fractured by the end of 2010 (Richenderfer, 2011). The majority (65%) of the water came from
direct surface water withdrawals, with smaller fractions from PWSs (35%) and ground water (very 
small). The average total volume of fluid used per well was 4.2 million gallons, with about 10% of
the volume as treated flowback and 90% fresh water (Richenderfer, 2011). The average recovery of 
fluids was reported to be 8% to 12% of the injected volume within the first 30 days (Richenderfer, 
2011). 
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Water use reported in FracFocus for Bradford and Susquehanna Counties ranges between 2 and 9 
million gallons per well (median of 4.7 million gallons per well; (GWPC, 2012a)), consistent with
data reported by the Susquehanna River Basin Commission.54 In this part of the SRB, the wells are 
almost exclusively horizontal and producing from the Marcellus Shale. The operators are blending
treated produced water into hydraulic fracturing fluids (Rossenfoss, 2011). 

4.3.1.2. Upper Colorado River Basin 
Geography, Hydrology, and Climate. The UCRB drains an area of 17,800 square miles and is 
characterized by high mountains in the east and plateaus and valleys in the west. The average 
discharge of the Colorado River near the Colorado-Utah state line is about 2.8 million gallons per 
minute (about 4,000 MGD) (Coleman et al., 2011). Precipitation ranges from 40 inches per year or
more in the eastern part of the basin to less than 10 inches per year in the western part of the basin 
(Spahr et al., 2000). 

Oil and Gas Resources and Activity. The UCRB has a long history of oil, gas, and coal exploration. The 
Piceance Basin is a source of unconventional natural gas and oil shale. The basin was originally
exploited for its coal resources, and the associated CBM production peaked around 1992 (S.S. 
Papadopulos & Associates Inc., 2007a). The Upper Cretaceous Williams Fork Formation, a thick
section of shale, sandstone, and coal, has been recognized as a significant source of gas since 2004 
(Kuuskraa and Ammer, 2004). The wells producing gas from the Williams Fork are either vertically
or directionally (“S”-shaped wells) drilled rather than horizontal. While the deeper Mancos Shale is 
considered a major resource for shale gas (Brathwaite, 2009), it must be exploited with horizontal 
drilling methods, and the economics are such that only prospecting wells are being drilled at this
time (personal communication, Jonathan Shireman, Shaw Environmental & Infrastructure, May 1, 
2012). Estimated reserves in coalbeds and unconventional tight gas reservoirs are nearly 84 trillion
cubic feet (Tyler and McMurry, 1995). 

Gas production activities occur in the following counties within the UCRB: Delta, Eagle, Garfield, 
Grand, Gunnison, Hinsdale, Mesa, Montrose, Ouray, Pitkin, Routt, Saguache, and Summit (COGCC,
2012b). Table 31 indicates that the greatest drilling activity has been in Garfield and Mesa Counties 
(Figure 21), where well completions increased steadily from 2000 (212 wells) to 2008 (2,725 
wells), then dropped slightly to 1,160 wells in 2010 (COGCC, 2012b). The total vertical depth of 
wells in Garfield County and Mesa County as reported in FracFocus implies that the location of the 
target production zone(s) lies between 6,000 and 13,000 feet (mean of 8,000 feet) below ground
surface. 

54 More information on FracFocus is available in Section 3.5. 
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Use
Water Withdrawals (million gallons per day)

Upper Colorado River Basin Garfield and Mesa Counties, Colorado
Public supply 58.6 29.2
Self-supplied domestic 1.81 1.35
Irrigation (crop) 1702 1200
Irrigation (golf courses) 8.00 3.50
Self-supplied industrial 2.71 1.05
Livestock 0.870 0.840

Thermoelectric 43.9
(non-consumptive)

43.9
(non-consumptive)

Mining 0.390 0.280

Other Not reported 1.88
(aquaculture)

Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Table 31. Well completions for select counties in Colorado within the Upper Colorado River Basin watershed 
(COGCC, 2012b).

County 

Delta 
Garfield 
Gunnison 
Mesa 
Montrose 
Routt 

2000

207

5

10

2001

244

21
4
21

Annual Well Completions from 2000 to 2010 
2002 2003 2004 2005 2006 2007 2008

8 5 8 3 2
287 507 679 892 1269 1689 2255
2 3 2 1 11 8 2
26 18 53 203 336 501 470

2 2 3 4
8 5 2

2009

1050
4
43

4

2010
4

1139
2
21
1
1

Water Use. The UCRB supports a population of over 275,000 people. Table 32 lists the estimated 
water use for the UCRB and Garfield and Mesa Counties in Colorado. According to the USGS, the 
total water use in 2005 in the UCRB and Garfield and Mesa Counties was dominated by irrigation
(1702 and 1200 MGD, respectively), followed by public and domestic water supply (60.4 and 29.6 
MGD), and thermoelectric energy production (44 MGD) (Ivahnenko and Flynn, 2010; Kenny et al.,
2009). 

Table 32. Water withdrawals for use in the Upper Colorado River Basin (Ivahnenko and Flynn, 2010) and Garfield 
and Mesa Counties in Colorado (Kenny et al., 2009).

Figure 23 displays the distribution of public water systems in the basin. Interbasin water transfers, 
mining, urbanization, and agriculture are the principal human activities that potentially impact
water quantity in the UCRB. 
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Figure 23. Public water systems in the Upper Colorado River Basin (US EPA, 2011j). The legend symbol size for 
public water systems is proportional to the number of people served by the systems. For example, the smallest circle 
represents water systems serving 25 to 100 people and the largest circle represents systems serving over 70,000 
people. 

The State of Colorado estimates that total annual statewide water demand for hydraulic fracturing 
associated with oil and gas wells increased from 4.5 billion gallons in 2010 to almost 4.9 billion
gallons in 2011 (12.3 MGD in 2010 to almost 13.4 MGD in 2011), which parallels the increasing 
number of wells spudded, as shown in Table 33 (COGCC, 2012a). The amount of water demand was 
determined using the number of wells spudded (horizontal and vertical) multiplied by an average 
amount of water required for hydraulic fracturing per well type based on data reported in 2011. 
COGCC (2012a) estimates the average water use per well at about 1.6 million gallons in 2010 and
2011. 
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Table 33. Estimated total annual water demand for oil and gas wells in Colorado that were hydraulically fractured in
2010 and 2011 (COGCC, 2012a). Data for vertical and horizontal wells are not differentiated in the estimates and well
spud dates.

Category
Year

2010 2011
Wells spudded 2,753 2,975
Estimated annual water demand
(million gallons) 4,531 4,857

Estimated water use per well
(million gallons) 1.65 1.63
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Data extracted from FracFocus for Garfield and Mesa Counties shows water use per well between 1 
and 9 million gallons (median 1.3 million gallons), which is consistent with the Colorado Oil and Gas
Compact Commission data (COGCC, 2012a; GWPC, 2012a). In this part of the Piceance Basin (Figure 
21), the majority of wells are vertically drilled and producing gas from the Williams Fork tight
sandstones. Based on conversations with Berry Petroleum, Williams Production, Encana Oil and 
Gas, and the Colorado Field Office of the US Bureau of Land Management, the water used to fracture 
wells in this area is entirely recycled formation water that is recovered during production
operations. Fresh water is used only for drilling mud, cementing the well casing, hydrostatic testing, 
and dust abatement and is estimated to be about 251,000 gallons per well (US FWS, 2008). 

4.3.2. Research Approach 
Watershed Models. In order to assess the impact of hydraulic fracturing water withdrawals on 
drinking water availability at watershed and county spatial scales as well as annual, seasonal,
monthly, and daily time scales, the EPA is developing separate hydrologic watershed models for the 
SRB and UCRB. The models are based in part on the calibrated and verified watershed models 
(hereafter called the “foundation” models) of the EPA Global Change Research Program (Johnson et
al., 2011), namely the Hydrologic Simulation Program FORTRAN (HSPF)55 and the Soil and Water 
Assessment Tool (SWAT).56 Both HSPF and SWAT are physically based, semi-distributed watershed
models that compute changes in water storage and fluxes within drainage areas and water bodies 
over time. Each model can simulate the effect of water withdrawals or flow regulation on modeled
stream or river flows. Key inputs for the models include meteorological data, land use data, and 
time series data representing water withdrawals. The models give comparable performance at the 
scale of investigation (Johnson et al., 2011). 

Modeling of the SRB will be completed using the calibrated and tested HSPF. Since its initial
development nearly 20 years ago, HSPF has been applied around the world; it is jointly sponsored 
by the EPA and the USGS, and has extensive documentation and references (Donigian Jr., 2005; 
Donigian Jr. et al., 2011). The choice of HSPF in the SRB, a subwatershed within the larger 

55 More information on the HSPF model including self-executable file, is available at http://www.epa.gov/ceampubl/
swater/hspf/. 
56 More information on the SWAT model including self-executable file, is available at http://swat.tamu.edu/
software/swat-model/. 
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Chesapeake Bay watershed, allows benchmarking to the peer-reviewed and community-accepted 
Chesapeake Bay Program watershed model.57 

Modeling of the UCRB will be completed using the calibrated and tested SWAT. The SWAT is a
continuation of over 30 years of modeling efforts conducted by the US Department of Agriculture’s 
Agricultural Research Service and has extensive peer review (Gassman et al., 2007). SWAT is an
appropriate choice in the less data-rich UCRB, where hydrological response units can be 
parameterized based on publicly available GIS maps of land use, topography, and soils. 

The SRB and UCRB models will build on the “foundation” models and be updated to represent
baseline and current watershed conditions. The baseline model will add reservoirs and major 
consumptive water uses for watershed conditions of the year 2000 for the SRB and 2005 for the 
UCRB. The baseline year predates the significant expansion of hydraulic fracturing in the basin
(2007 for SRB, 2008 for UCRB) and corresponds with the USGS’ water use reports (every five years 
since 1950) and the National Land Cover Dataset (Homer et al., 2007). The baseline models will
represent the USGS’s major water use categories, including the consumptive component of both 
PWS and domestic water use, and the other major water use categories (irrigation, livestock,
industrial, mining, thermoelectric power). The snapshot of each watershed in the year 2010 will be 
the current model representation in both basins. The current models will include all water use 
categories from the baseline model plus hydraulic fracturing water withdrawals and refine the 
representation of PWS and hydraulic fracturing in county-scale focus areas—Garfield/Mesa 
Counties in Colorado and Bradford/Susquehanna Counties in Pennsylvania. 

The foundation, baseline, and current watershed models will be exposed to the historical 
meteorology (precipitation, temperature) from National Weather Service gauges located within 
each watershed. The calibration and validation of the foundation, baseline, and current models will 
be checked by comparing goodness-of-fit statistics and through expert judgment of comparisons of 
observed and modeled stream discharges. 

Key characteristics of model configuration include: 

 Land use will be based on the 2001 National Land Cover Dataset (Homer et al., 2007). 
Land use data are used for segmenting the basin land area into multiple hydrologic
response units, each with unique rainfall/runoff response properties. For the SWAT 
model, soil and slope data will also be used for defining unique hydrologic response units. 

 Each basin will be segmented into multiple subwatersheds at the 10-digit hydrologic unit
scale.58 

57 More information on the Chesapeake Bay Program watershed model is available at http://www.chesapeakebay.net/
about/programs/modeling/53/. 
58 Hydrologic units refer to the Watershed Boundary Dataset developed through a coordinated effort by the USGS, the US
Department of Agriculture, and the EPA. The intent of defining hydrologic units for the Watershed Boundary Dataset is to
establish a baseline drainage boundary framework, accounting for all land and surface areas. Several levels of watershed 
are defined based on size. A 10-digit hydrologic unit is a level 5 watershed of average size 227 square miles (USDA, 2012). 
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 Observed meteorological data for water years 1972 to 2004 for SRB and 1973 to 2003 for 
UCRB will be applied to assess water availability over a range of weather conditions. 

 The effect of reservoirs on downstream flows will be simulated using reservoir
dimensions/operation data from circa 2000 from the Chesapeake Bay Program watershed 
model (Phase 5.3; (US EPA, 2010a)). 

 Point source dischargers with NPDES-permitted flow rates of at least 1 MGD will be 
represented as sources of water on the appropriate stream reaches. 

 Surface water withdrawals will be simulated for three unique water use categories:
hydraulic fracturing water use, PWSs, and other. For the “other” category, the magnitude 
of withdrawals from modeled stream reaches will be based on water use estimates 
developed by the USGS (year 2000 for SRB; year 2005 for UCRB).59 

Modeling Future Scenarios. The modeling effort will also simulate a snapshot of heightened annual
hydraulic fracturing relative to the baseline and current condition models at levels that could 
feasibly occur over the next 30 years, based on recent drilling trends and future projections of
natural gas production (US EIA, 2012; US EPA, 2012w). Because projections of future conditions are 
inherently uncertain, three separate scenarios will be simulated: business-as-usual, energy plus,
and green technology. The scenarios assume distinct levels of natural gas drilling and hydraulic 
fracturing freshwater use and, therefore, apply distinct hydraulic fracturing water withdrawal time 
series to modeled stream reaches. Further, significant population growth is projected in
Garfield/Mesa Counties, Colorado, over the next 30 years (US EPA, 2010c), where natural gas 
extraction in the UCRB has recently been concentrated. Therefore, the UCRB future scenarios also
consider a potential increase in PWS surface withdrawals in the basin. The balance between surface 
water availability and demand depicted in each scenario’s annual snapshot of water use will be 
assessed across a range of weather conditions (i.e., drought, dry, wet, and very wet years based on
the historical record). A description of each scenario, and the methods used for scenario 
development, are provided below and in Tables 34 and 35. 

59 The USGS water use estimates can be found at http://water.usgs.gov/watuse/. 
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Table 34. Data and assumptions for future watershed availability and use scenarios modeled for the Susquehanna 
River Basin. Current practices for water acquisition and disposal are tracked by the Susquehanna River Basin 
Commission (SRBC). 

Hydraulic fracturing 
well deployment 

Model Assumptions 

Current well inventory 
and future deployment 
schedules and play-
level development 
projections*

Business as Usual 

Maximum projected 
development of gas 
reserves*

Future Scenarios 
Energy Plus 

Current well inventory 
and future deployment 
schedules and play-
level development 
projections* 

Green Technology 

Hydraulic fracturing 
water management 
practices 

Current practices for 
water acquisition, 
production and disposal 
tracked by SRBC†

Current practices for 
water acquisition, 
production and disposal 
tracked by SRBC†

Increased recycling of 
produced water for 
hydraulic fracturing†

* US EPA, 2012w; USGS, 2011c
† SRBC, 2012 

Table 35. Data and assumptions for future watershed availability and use scenarios modeled for the Upper Colorado 
River Basin.

Hydraulic fracturing 
well deployment 

Model Assumptions 

Current well inventory 
and future deployment 
schedules and play-
level development 
projections†

Business as Usual 

Maximum projected 
development of gas 
reserves†

Future Scenarios 
Energy Plus*

Maximum projected 
development of gas 
reserves†

Green Technology*

Hydraulic fracturing 
water management 
practices 

Current practices for 
water acquisition, 
production and disposal 
estimated for UCRB§

Current practices for 
water acquisition, 
production and disposal 
estimated for UCRB§

Increased recycling of 
produced water for 
drilling§

* Reflects 2040 population increase (US EPA, 2010c) and corresponding change in PWS demand.
† US EIA, 2011b, 2012; US EPA, 2012w; USGS, 2003 
§ US FWS, 2008 

Future drilling patterns in the SRB and UCRB are assessed from National Energy Modeling System 
(NEMS) regional projections of the number of wells drilled annually from 2011to 2040 in shale gas 
(SRB) and tight gas (UCRB) plays (US EIA, 2012; US EPA, 2012w). Based on analysis of NEMS well 
projections and undiscovered resources in the Marcellus Shale (Coleman et al., 2011), peak annual 
drilling in the SRB could exceed the recent high in 2011 by as much as 50%. In the UCRB, analysis of 
NEMS well projections and undiscovered tight gas resources in the Piceance Basin (USGS, 2003) 
suggest that the 2008 peak level of drilling in the basin could be repeated in the late 2030s, when a 
growing population would exert a higher demand for freshwater. The future scenarios will
incorporate these projections, with high-end estimates of the number of wells drilled/fractured 
applied in the energy plus scenario. 

The volume of surface water required for drilling and hydraulic fracturing varies according to local
geology, well characteristics, and the amount of recycled water available for injection. In the SRB, 
2008 to 2011 water use data (SRBC, 2012) show that, on average, 13% of total water injected for 
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hydraulic fracturing is composed of recycled produced water or wastewater. Per well surface water 
use in the SRB business as usual and energy plus scenarios will therefore be established as 87% of 
the 4 million gallons of water used for hydraulic fracturing, or 3.5 million gallons. The SRB green 
technology scenario reflects a condition of increased water recycling, where the 90th percentile of 
current recycled water amount (29%) becomes the average. Per well surface water use in the SRB 
green technology scenario will therefore be established as 71% of the 4 million gallons of water 
used for hydraulic fracturing, or 2.8 million gallons. 

In the UCRB, 100% recycled water use is typical for hydraulic fracturing of tight sandstones 
(personal communication, Jonathan Shireman, Shaw Environmental & Infrastructure, May 7, 2012). 
Surface water is acquired for well drilling and cementing (0.18 million gallons), dust abatement
(0.03 million gallons), and hydrostatic testing (0.04 million gallons) only (US FWS, 2008). Per well 
surface water use in the UCRB business as usual and energy plus scenarios will therefore be 0.25
million gallons. For the UCRB green technology scenario, surface water will be assumed to be 
acquired for well drilling and cementing only (0.18 million gallons per well). 

Following the development of water withdrawal datasets for each scenario, model output will be
reviewed to assess the impacts of water acquisition for hydraulic fracturing on drinking water 
supplies by evaluating annual and long-term streamflow and water demand, and identifying short-
term periods (daily to monthly) in which water demand exceeds streamflow. Since many public
water supplies originate from ground water sources, simulated ground water recharge will also be 
computed. Results will be compared among the three scenarios to identify noteworthy differences
and their implications for future management of hydraulic fracturing-related water withdrawals. 

4.3.3. Status and Preliminary Data 
Existing water use information for hydraulic fracturing has been collected from the Susquehanna 
River Basin Commission and the Colorado Oil and Gas Compact Commission by Shaw 
Environmental Technologies. The data underwent a QA review before submission to the modeling
teams of The Cadmus Group, Inc. The models are being calibrated and validated. The future 
scenarios are being designed, with model simulations to follow. Work is underway and will be 
published in peer-reviewed journals when completed. 

4.3.4. Quality Assurance Summary 
The QAPP, “Modeling the Impact of Hydraulic Fracturing on Water Resources Based on Water 
Acquisition Scenarios (Version 1.0),” contracted through The Cadmus Group, Inc., was accepted on
February 8, 2012 (Cadmus Group Inc., 2012a). A technical directive/contract modification dated 
April 25, 2012, modifies the scope of the project but not the procedures. Additionally, there is a 
pending QAPP revision that adapts the scope to the contract modification. 

A TSA of The Cadmus Group, Inc., contract was performed by the designated EPA QA Manager on 
June 14, 2012. The methods in use were found to be satisfactory and further recommendations for
improving the QA process were unnecessary. Work performed and scheduled to be performed was 
within the scope of the project. 
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The interim progress report “Development and Evaluation of Baseline and Current Conditions for 
the Susquehanna River Basin,” received on June 19, 2012, was found to be concise but detailed
enough to meet the QA requirements, as expressed in the QAPP, its revision, and the contract 
modification/technical directive. The same was true for the interim progress report “Impact of
Water Use and Hydro-Fracking on the Hydrology of the Upper Colorado River Basin,” submitted on 
July 2, 2012. 
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5. Laboratory Studies 
The laboratory studies are targeted research projects designed to improve understanding of the 
ultimate fate and transport of selected chemicals, which may be components of hydraulic fracturing
fluids or naturally occurring substances released from the subsurface during hydraulic fracturing. 
This chapter includes progress reports for the following projects: 

5.1. Source Apportionment Studies........................................................................................................................ 94 
Identification and quantification of the source(s) of high bromide and chloride concentrations 
at public water supply intakes downstream from wastewater treatment plants discharging 
treated hydraulic fracturing wastewater to surface waters 

5.2. Wastewater Treatability Studies.................................................................................................................. 101 
Assessment of the efficacy of common wastewater treatment processes on removing selected 
chemicals found in hydraulic fracturing wastewater 

5.3. Brominated Disinfection Byproduct Precursor Studies ..................................................................... 107 
Assessment of the ability of bromide and brominated compounds present in hydraulic 
fracturing wastewater to form brominated disinfection byproducts (Br-DBPs) during drinking 
water treatment processes 

5.4. Analytical Method Development .................................................................................................................. 112 
Development of analytical methods for selected chemicals found in hydraulic fracturing fluids 
or wastewater 

5.1. Source Apportionment Studies 

5.1.1. Relationship to the Study 
The EPA is combining data collected from samples of wastewater treatment facility discharges and 
receiving waters with existing modeling programs to identify the proportion of hydraulic fracturing
wastewater that may be contributing to contamination at downstream public water system intakes. 
This work has been designed to help inform the answer to the research question listed in Table 36. 

Table 36. Secondary research questions addressed by the source apportionment research project. 

Water Cycle Stage Applicable Research Questions 

Wastewater treatment and 
waste disposal 

What are the potential impacts from surface water disposal of treated 
hydraulic fracturing wastewater on drinking water treatment 
facilities? 

5.1.2. Project Introduction 
The large national increase in hydraulic fracturing activity has generated large volumes of hydraulic 
fracturing wastewater for treatment and disposal or recycling. In some cases, states have allowed
hydraulic fracturing wastewater to be treated by WWTFs with subsequent discharge to rivers. Most 
WWTFs are designed to filter and flocculate solids, as well as consume biodegradable organic 
species associated with human and some commercial waste. Very few facilities are designed to 
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manage the organic and inorganic chemical compounds contained in hydraulic fracturing 
wastewater. 

Public water supply intakes may be located in river systems downstream from WWTFs and a
variety of other industrial and urban discharges, and it is critical to evaluate sources of 
contamination at those drinking water intakes. Elevated bromide and chloride concentrations are 
of particular concern in drinking water sources due to the propensity of bromides to react with 
organic compounds to produce THMs and other DBPs during drinking water treatment processes
(Plewa and Wagner, 2009). High TDS levels—including bromide and chloride—have been detected 
in the Monongahela River in 2008 and the Youghiogheny River in 2010 (Lee, 2011; Ziemkiewicz, 
2011). The source and effects of these elevated concentrations remains unclear. 

This project’s overall goal is to establish an approach whereby surface water samples may be
evaluated to determine the extent to which hydraulic fracturing wastewaters (treated or untreated) 
may be present, and to distinguish whether any elevated bromide and chloride in those samples
may be due to hydraulic fracturing or other activities. To accomplish this goal, the EPA is: (1) 
quantifying the inorganic chemical composition of discharges in two Pennsylvania river systems 
from WWTFs that accept and treat flowback and produced water, coal-fired utility boilers, acid 
mine drainage, stormwater runoff of roadway deicing material, and other industrial sources; (2) 
investigating the impacts of the discharges by simultaneously collecting multiple upstream and
downstream samples to evaluate transport and dispersion of inorganic species; and (3) estimating 
the impact of these discharges on downstream bromide and chloride levels at PWS intakes using
mathematical models. 

5.1.3. Research Approach 
The “Quality Assurance Project Plan for Hydraulic Fracturing Wastewater Source Apportionment”
provides a detailed description of the research approach (US EPA, 2012q). Briefly, water samples 
are being collected at five locations on two river systems; each river has an existing WWTF that is
currently accepting hydraulic fracturing wastewater for treatment. Source profiles for significant 
sources such as hydraulic fracturing wastewater, WWTF effluent, coal-fired utility boiler 
discharge, acid mine drainage, and stormwater runoff from roadway deicing will be developed
from samples collected from these sources during the study. Computer models will then be used 
to compare data from these river systems to chemical and isotopic composition profiles obtained
from potential sources. 

Three two-week intensive sampling events were conducted to assess river conditions under 
different flow regimes: spring, summer, and fall 2012. As shown in Table 37, the amount of water in
the river has historically been highest in the spring, resulting in the dilution of pollutants, and the 
summer and fall seasons typically have decreased stream flow, which may result in elevated 
concentrations due to less dilution (USGS, 2011a, b). USGS gauging stations near the WWTFs will be
used to measure the flow rate during the three sampling periods. 
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Site 
Distance Between Sampling Sites (kilometers)

Allegheny River Blacklick Creek 
Site 1 (upstream) -1.6 -1.2 
Site 2 (wastewater treatment facility) 0 0
Site 3 (downstream) 12.2 2.7 
Site 4 (downstream) 44.1 43.1 
Site 5 (public water system intake) 52.3 88.6 

Table 38. Distance between sampling sites and wastewater treatment facilities on two rivers where the EPA collects 
samples for source apportionment research

Study of the Potential Impacts of Hydraulic Fracturing 
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Table 37. Historical average of monthly mean river flow and range of monthly means from 2006 through 2011 for two 
rivers in Pennsylvania where the EPA collects samples for source apportionment research (USGS, 2011a, b). 

Month 

Average of Monthly Mean River Flow Range of Monthly Means from 2006 
from 2006 Through 2011
(cubic feet per second)

Through 2011
(cubic feet per second)

Allegheny River Blacklick Creek Allegheny River Blacklick Creek 
May 12,100 357 7,330–28,010 220.2–479.7 
July 5,740 134 2,164–10,840 65.8–198.2 
September 4,940 174 2,873–13,560 48.8–520.0 

During each sampling event, automatic water samplers (Teledyne Isco, model 6712) at each site 
collect two samples daily—morning and afternoon—based on the PWS and WWTF operations
schedule. The samples are stored in the sampler for one to four days, depending on the site visit 
schedule. Each river is sampled in five locations, as shown in Table 38. The first sampling device 
downstream of the WWTF is far enough downstream to allow for adequate mixing of the WWTF
effluent and river water. The second downstream sampling device is between the first 
downstream sampling location and the closest PWS intake. The locations of the samplers 
downstream of the WWTF also take into account the presence of other significant sources, such 
as coal-fired utility boiler and acid mine drainage discharges, and allow for the evaluation of their 
impacts. 

. 

5.1.3.1. Sample Analyses 
The EPA will analyze the river samples and effluent samples according to existing EPA methods for
the suite of elements and ions listed in Table 39. Inorganic ions (anions and cations) are being 
determined by ion chromatography. Inorganic elements are being determined using a combination
of inductively coupled plasma optical emission spectroscopy for high-concentration elements and 
high-resolution magnetic sector field inductively coupled plasma mass spectrometry for low 
concentration elements. Additionally, the characteristic strontium (Sr) ratios (87Sr/86Sr; 0.7101– 
0.7121) in Marcellus Shale brines are extremely sensitive tracers, and elevated concentrations of 
readily water soluble strontium are present in the hydraulic fracturing wastewaters (Chapman et
al., 2012). Isotope analyses for 87Sr/86Sr are being conducted on a subset (~20%) of samples by 
thermal ionization mass spectrometry to corroborate source apportionment modeling results. 
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Table 39. Inorganic analyses and respective instrumentation planned for source apportionment research. The EPA 
will analyze samples from two rivers and effluent discharged from wastewater treatment facilities located on each 
river. Instruments used for analysis include high-resolution magnetic sector field inductively coupled plasma mass 
spectrometry (HR-ICP-MS), ion chromatography (IC), inductively coupled plasma optical emission spectroscopy 
(ICP-OES), and thermal ionization mass spectroscopy (TIMS). 

Element Instrument Used 
Ag* HR-ICP-MS
Al* ICP-OES 
As* HR-ICP-MS
B* ICP-OES 
Ba* ICP-OES 
Be* HR-ICP-MS
Bi HR-ICP-MS

Ca* ICP-OES 
Cd* HR-ICP-MS
Ce HR-ICP-MS
Co* HR-ICP-MS
Cr* HR-ICP-MS
Cs* HR-ICP-MS
Cu* ICP-OES, HR-ICP-MS
Fe* ICP-OES, HR-ICP-MS
Gd HR-ICP-MS
Ge HR-ICP-MS
K* ICP-OES 
La HR-ICP-MS
Li* ICP-OES 

Mg* ICP-OES 
Mn* ICP-OES, HR-ICP-MS
Mo* HR-ICP-MS
Na* ICP-OES 
Nd HR-ICP-MS
Ni* HR-ICP-MS
P* ICP-OES 
Pb* HR-ICP-MS
Pd HR-ICP-MS
Pt HR-ICP-MS
Rb HR-ICP-MS
S* ICP-OES 

Element Instrument Used 
Sb* HR-ICP-MS
Sc HR-ICP-MS
Se* HR-ICP-MS
Si ICP-OES 

Sm HR-ICP-MS
Sn HR-ICP-MS
Sr* HR-ICP-MS
Tb HR-ICP-MS
Th HR-ICP-MS
Ti* ICP-OES 
Tl* HR-ICP-MS
U HR-ICP-MS
V* HR-ICP-MS
W HR-ICP-MS
Y HR-ICP-MS

Zn* ICP-OES 
Isotope Ratio Instrument Used 

87Sr/86Sr* TIMS 
Ion Instrument Used 

Ca2+ * IC
K+ * IC
Li+ * IC

Mg2+ * IC
NH4

+ IC
Na+ * IC
Br- * IC
Cl- * IC
F- * IC

NO2
- IC

NO3
2- IC

PO4
3- IC

SO4
2- * IC

* Chemicals detected in flowback and produced water. See Table A-3 in Appendix A.

Although the majority of the species that are being quantified in this study have been identified in
flowback or produced water,60 the species relationships and relative quantities of the species in 

60 See Table A-3 in Appendix A. 
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other sources (i.e., coal-fired utility boiler and acid mine drainage discharges) will differ (Chapman 
et al., 2012). This will allow the models described below to distinguish among the contributions 
from each source type. 

5.1.3.2. Source Apportionment Modeling 
The EPA is using the data gathered through the analyses described above to support source 
apportionment modeling. This source apportionment effort will use peer-reviewed receptor models
to identify and quantify the relative contribution of different contaminant source types to 
environmental samples.61 In this case, river samples collected near PWS intakes are being evaluated
to discern the contributing sources (e.g., hydraulic fracturing wastewater or acid mine drainage) of 
bromide and chloride to those stream waters. Receptor models require a comprehensive analysis of 
environmental samples to provide a sufficient number of constituents to identify and separate the 
impacts of different source types. Analysis of major ions and inorganic trace elements (Table 39) 
will accomplish the needs for robust receptor modeling. Contaminant sources may be distinguished
by unique ranges of chemical species and their concentrations, and the models provide quantitative 
estimates of the source type contributions along with robust uncertainty estimates. 

EPA-implemented models and commercial off-the-shelf software are being used to analyze the data 
from this particular study (e.g., Unmix, Positive Matrix Factorization, chemical mass balance). These 
models have previously been used to evaluate a wide range of environmental data for air, soil, and
sediments (Cao et al., 2011; Pancras et al., 2011; Soonthornnonda and Christensen, 2008), and are 
now being used for emerging issues, such as potential impacts to drinking water from hydraulic 
fracturing. 

5.1.4. Status and Preliminary Data 
The EPA completed the two-week spring, summer, and fall intensive sampling periods beginning on 
May 16, July 20, and September 19, 2012, respectively. The EPA collected 206, 198, and 209
samples during the spring, summer, and fall intensives, consisting of WWTF-treated discharge, 
river samples, raw hydraulic fracturing wastewater, and acid mine drainage. The data quality
objectives (US EPA, 2012q) of 80% valid sample collection were met for both the spring (>85%) 
and summer (>96%) measurement intensives. Preparation work for the extraction and filtration
of spring intensive samples for inductively coupled plasma optical emission spectroscopy and 
high-resolution magnetic sector field inductively coupled plasma mass spectrometry is ongoing. 

Table 40 shows the median discharge concentrations of chloride, bromide, sulfate, sodium, and 
conductivity in effluent from the two monitored WWTFs (prior to discharge and dilution in the
rivers) during the spring sampling period; Table 40 also shows the conductivity of the effluent. 
Median chloride and sodium concentrations at Discharge A (Allegheny River) were almost 50% less 
than concentrations found at Discharge B (Blacklick Creek). High levels of sodium chloride 
(>20,000 milligrams per liter) are present in the discharge from both facilities (A and B). Bromide
concentrations are roughly 35% lower at Discharge A than Discharge B. 

61 The receptor model, Positive Matrix Factorization, was peer-reviewed in 2007 (version 1.1) and 2011 (version 4.2), and
Unmix (version 5.0) underwent peer review in 2007. 
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Median Concentration
Measurement (milligrams per liter)

Discharge A Discharge B 
Chloride 49,875 97,963
Bromide 506 779
Sulfate 679 976
Sodium 20,756 38,394
Conductivity (millisiemens per centimeter) 110 168

Study of the Potential Impacts of Hydraulic Fracturing 
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Table 40. Median concentrations of selected chemicals and conductivity of effluent treated and discharged from two 
wastewater treatment facilities that accept oil and gas wastewater. Discharge A is located on the Allegheny River and 
Discharge B is located on Blacklick Creek, both in Pennsylvania. The EPA collected samples beginning on May 16, 
2012.

The differences in the discharge concentrations are due to a combination of the treatment 
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received and used in the field on May 8, 2012. 
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During the audit, it was observed that the custody seals may not have offered a level of security 
necessary for the project. The field team had already identified this potential problem and had
ordered different tamper-resistant seals before the field trip. The new seals (NIK Public Safety 
Tamperguard brand evidence tape) have been in use since they were received on May 10, 2012.
The second observation during the audit was the need to document the reasoning of changes 
performed to standard operating procedures. The researchers have documented all the changes 
performed as well as the logic and reasoning of the changes in the field laboratory notebooks. Most
modifications to the procedures were related to procedural adjustments made as a result of the 
field site characteristics, which were slightly different from the field site characteristics used to
field-test the procedures in North Carolina. The documents also included updates to points of 
contact, references, and added text for clarification (e.g., river velocity measurements). Revisions 
reflecting these changes have been made to the QAPP and four SOPs based on the spring intensive 
field experience and the TSA. The revised version of the QAPP and four SOPs were approved on 
June 29, 2012. These updates do not impact the original data quality objectives. 

The researchers are following the QA procedures described in the QAPP and the standard operating
procedures. In accordance to the QAPP, a TSA was performed on July 16 and 17, 2012, to evaluate 
laboratory operations. The designated EPA QA Manager reviewed the ion chromatography and
high-resolution magnetic sector field inductively coupled plasma mass spectrometer analyses, data 
processing, storage, sample receiving and chain of custody procedures. The audit identified two
observations and one best practice. One of the observations highlighted the need for a process that 
would ensure proper transcription of the data from the ion chromatography instrument to the 
report file. To reduce uncertainty and potential transcription errors, the analyst developed a 
process to export the data produced by the instrument in a text file instead of copying and pasting 
the data to a separate file. Another observation was the need to include performance evaluation
samples in the analytical set. The performance evaluation samples will be analyzed in addition to 
the other quality controls already in place, which include blanks, duplicates, standard reference 
materials, and continuing calibration verification. The performance evaluation audit is being
scheduled as specified in the QAPP. The blind performance evaluation samples will be analyzed 
with the regular samples and the data reported back to the QA Manager of the organization
providing the blind performance evaluation samples. The best practice identified by the auditor 
was the tracking system, which uses a scanner and bar codes to track sampling bottles through the
whole process: preparation, deployment to/from the field, sample analysis, and data reporting. The 
quality control (QC) procedures described in the QAPP have been followed in all instances. Besides 
the two TSAs performed and the performance evaluation audit, an ADQ is being coordinated by the
designated EPA QA Manager. The source apportionment modeling will be described in a separate 
modeling QAPP. A TSA will be scheduled in 2013 for the modeling component of the study. 
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5.2. Wastewater Treatability Studies 

5.2.1. Relationship to the Study 
The EPA is conducting laboratory experiments to assess the efficacy of conventional wastewater
treatment processes on selected chemicals found in hydraulic fracturing wastewater to provide 
data to inform the research question posed in Table 41. The results of the water treatability
experiments also complement the surface water modeling research project (see Section 4.2). 

Table 41. Secondary research questions addressed by the wastewater treatability laboratory studies. 

Water Cycle Stage Applicable Research Questions 

Wastewater treatment and 
waste disposal 

How effective are conventional POTWs and commercial treatment 
systems in removing organic and inorganic contaminants of concern 
in hydraulic fracturing wastewater?

5.2.2. Introduction 
Hydraulic fracturing wastewater, including flowback and produced water, is generally disposed of 
through underground injection in Class II UIC wells or treatment by a WWTF followed by surface 
water discharge. A generalized diagram for the onsite flow of water is given in Figure 24. A US
Department of Energy report provides a state-by-state description of costs, regulations, and 
treatment/disposal practices for hydraulic fracturing wastes, including wastewater (Puder and Veil,
2006). 

Wastewater may be treated at a WWTF, such as a POTW or centralized waste treatment facility 
(CWT). This project focuses on the efficacy of treatment processes at POTWs and CWTs, since 
discharge of treated wastewater to surface waters provides an opportunity for chemicals found in
the effluent to be transported to downstream PWS intakes. This project will also explore treatment 
processes used for reuse of hydraulic fracturing wastewater. 
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Figure 24. Hydraulic fracturing wastewater flow in unconventional oil and gas extraction. Flowback and produced 
water (collectively referred to as “hydraulic fracturing wastewater”) is typically stored onsite prior to disposal or 
treatment. Hydraulic fracturing wastewater may be disposed of through Class II underground injection control (UIC) 
wells or through surface water discharge following treatment at wastewater treatment facilities, such as publicly 
owned treatment works or centralized waste treatment facilities. Wastewater may be treated on- or offsite prior to 
reuse in hydraulic fracturing fluids. 

5.2.2.1. Publicly Owned Treatment Works Treatment Processes 
Conventional POTW treatment processes are categorized into four groups: primary, secondary, 
tertiary, and advanced treatment. A generalized flow diagram is presented in Figure 25. 

Primary treatment processes remove larger solids and wastewater constituents that either settle or 
float. These processes include screens, weirs, grit removal, and/or sedimentation and flotation (e.g.,
primary clarification). Secondary treatment processes typically remove biodegradable organics by 
using microbial processes (e.g., “bioreactor” in Figure 25) in fixed media (e.g., trickling filters) or in
the water column (e.g., aeration basins). There is typically another settling stage in the secondary 
treatment process where suspended solids generated in the aeration basin are removed through 
settling (“secondary clarifier” in Figure 25). In some systems, tertiary or advanced treatment (“filter
and UV disinfection” in Figure 25) may be applied as a polishing step to achieve a particular end use 
water quality (e.g., for reuse in irrigation).The POTW then discharges the treated effluent to surface 
water, if recycling or reuse is not intended. Solid residuals formed as byproducts of the treatment 
processes may contain metals, organics, and radionuclides that were removed from the water. 
Residuals are typically de-watered and disposed of via landfill, land application, or incineration. 

102 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Figure 25. Generalized flow diagram for conventional publicly owned works treatment processes. See the text for 
descriptions of primary, secondary, tertiary, and advanced treatment processes. 

The exact number of POTWs currently accepting hydraulic fracturing wastewater is not known. In
Pennsylvania, where gas production from the Marcellus Shale is occurring, approximately 15 
POTWs were accepting hydraulic fracturing wastewater until approximately May 2011. In April 
2011, the Pennsylvania Department of Environmental Protection announced a request for
Marcellus Shale natural gas drillers to voluntarily cease delivering their wastewater to the 15 
POTWs. The state also promulgated regulations in November 2011 that established monthly
average limits (500 milligrams per liter TDS, 250 milligrams per liter chloride, 10 milligrams per 
liter total barium, and 10 milligrams per liter total strontium) for new and expanded TDS 
discharges (PADEP, 2011). These limits do not apply to the 15 facilities identified in the voluntary 
request or other grandfathered treatment plants. 

5.2.2.2. Commercial Waste Treatment Facility Processes 
Commercial processes for treating hydraulic fracturing wastewater include crystallization (zero-
liquid discharge), thermal distillation/evaporation, electrodialysis, reverse osmosis, ion exchange, 
and coagulation/flocculation followed by settling and/or filtration. Some treatment processes are 
better able to treat high-TDS waters, which is a common property of hydraulic fracturing
wastewater. Thermal processes are energy-intensive, but are effective at treating high-TDS waters 
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and may be able to treat hydraulic fracturing wastewater with zero liquid discharge, leaving only a 
residual salt. Electrodialysis and reverse osmosis may be feasible for treating lower-TDS
wastewaters. These technologies are not able to treat high-TDS waters (>45,000 milligrams per 
liter) and may require pre-treatment (e.g., coagulation and filtration) to minimize membrane 
fouling. 

Centralized waste treatment facilities can be used for pre-treatment prior to a POTW or, under an 
approved NPDES permit, can discharge directly to surface water (Figure 24). Commercial waste 
treatment processes will also result in some residual material that will require management and 
disposal. 

5.2.2.3. Reuse 
Gas producers are accelerating efforts to reuse and recycle hydraulic fracturing wastewater in some 
regions in order to decrease costs associated with procuring fresh water supplies, wastewater 
transportation, and offsite treatment and disposal. The EPA requested information on current 
wastewater management practices in the Marcellus Shale region from six oil and gas operators in
May 2011.62 Responses to the request for information indicated that reuse treatment technologies 
are similar, if not the same, to those used by WWTFs. Reuse technologies included direct reuse,
onsite treatment (e.g., bag filtration, weir/settling tanks, third-party mobile treatment systems) and 
offsite treatment. Offsite treatment, in most instances, consisted of some form of stabilization, 
primary clarification, precipitation process, and secondary clarification and/or filtration. Specific 
details for offsite treatment methods were lacking as they are considered proprietary. 

Innovation in coupling various treatment processes may help reduce wastewater volumes and 
fresh water consumed in hydraulic fracturing operations. A challenge facing reuse technology
development is treating water onsite to an acceptable quality for reuse in subsequent hydraulic 
fracturing operations. Key water quality parameters to control include TDS, calcium, and hardness,
all of which play a major role in scale formation in wells. 

Recycling and reuse reduce the immediate need for treatment and disposal and water acquisition 
needs. There will likely be a need to treat and properly dispose of the final concentrated volumes of 
wastewater and residuals produced from treatment processes from a given area of operation, 
however. 

5.2.3. Research Approach 
The EPA is examining the fate and transport of chemicals through conventional POTW treatment 
processes and commercial chemical coagulation/settling processes. The objective of this work is to
identify the partitioning of selected chemicals between solid and aqueous phases and to assess the 
biodegradation of organic constituents. In addition, microbial community health will be monitored 
in the reactors to identify the point where biological processes begin to fail. Contaminants that can 
pass through treatment processes and impact downstream PWS intakes will be identified. 

62 Documents received pursuant to the request for information are available at http://www.epa.gov/region3/
marcellus_shale/. 
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Fate and Transport of Selected Contaminants in Wastewater Treatment Processes. The EPA will 
initially analyze the fate and transport of selected hydraulic fracturing–related contaminants in
wastewater treatment processes, including conventional processes (primary clarifier, aeration 
basin, secondary clarifier), commercial processes (chemical precipitation/filtration and
evaporation/distillation), and water reuse processes (pretreatment and filtration). The initial phase 
of this work will involve bench-scale fate and transport studies in a primary clarifier followed by 10 
liter chemostat reactors seeded with microbial organisms from POTW aeration basins. In bench-
scale work relevant to CWTs, similar fate and transport studies will be performed in chemical 
coagulation, settling, and filtration processes. 

A list of contaminants (Table 42) for initial treatability studies have been identified and are based
on the list of hydraulic fracturing-related chemicals identified for initial analytical method 
development (Table 45 in Section 5.4). Table 42 may change as future information on toxicity and
occurrence is gathered. In addition to monitoring the fate of the contaminants listed in Table 42 in 
treatment settings, impacts on conventional wastewater treatment efficiency will be monitored by 
examining changes in chemical oxygen demand, biological oxygen demand, and levels of nitrate, 
ammonia, phosphorus, oxygen, TDS, and total organic carbon in the aeration basin. 
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Table 42. Chemicals identified for initial studies on the adequacy of treatment of hydraulic fracturing wastewaters by 
conventional publicly owned treatment works, commercial treatment systems, and water reuse systems. Chemicals 
were identified from the list of chemicals needing analytical method development (Table 45). 

Target Chemical CASRN 
2,2-Dibromo-3-
nitrilopropionamide 10222-01-2 

Acrylamide 79-06-1
Arsenic* 7440-38-2
Barium* 7440-39-3
Benzene* 71-43-2
Benzyl chloride 100-44-7
Boron* 7440-42-8
Bromide* 24959-67-9
t-Butyl alcohol 75-65-0
Chromium* 7440-47-3
Diethanolamine 111-42-2
Ethoxylated alcohols, C10–C14 66455-15-0
Ethylbenzene* 100-41-4
Ethylene glycol* 107-21-1
Formaldehyde 82115-62-6
Glutaraldehyde 111-30-8
Iron* 7439-89-6

Target Chemical CASRN 

Isopropanol* 67-63-0 

Magnesium* 7439-95-4
Manganese* 7439-96-5
Methanol* 67-56-1
Napthalene* 91-20-3
Nonylphenol 68152-92-1
Nonylphenol ethoxylate 68412-54-4
Octylphenol 1806-26-4
Octylphenol ethoxylate 26636-32-8
Potassium* 7440-09-7
Radium* 7440-14-4
Sodium* 7440-23-5
Strontium* 7440-24-6
Thiourea 62-56-6
Toluene* 108-88-3
Uranium 7440-61-1
Xylene* 1330-20-7

* Chemicals reported to be in flowback and produced water. See Table A-3 in Appendix A.

Characterization of Contaminants in Hydraulic Fracturing Wastewater Treatment Residuals. The EPA 
will examine the concentrations and chemical speciation of inorganic contaminants in treatment
residuals. Residuals generated from the research described above will be analyzed for inorganic 
contaminant concentrations via EPA Method 3051A (Microwave Assisted Digestion) and
inductively coupled argon plasma-optical emission spectrometry. Samples will also undergo 
analysis via X-ray absorption spectroscopy in order to assess oxidation state and chemical 
speciation of target contaminants. Organic contaminants will be analyzed via liquid or gas
chromatography-mass spectrometry after accelerated solvent extraction of the solids. 

5.2.4. Status and Preliminary Data 
This research is currently in the planning stage. 

5.2.5. Next Steps 
Initial studies will focus on establishing thresholds of TDS tolerance in chemostat bioreactors. Once
the basic salt thresholds have been established, selected chemicals from the 26R forms will be 
added to the salt stock solutions. Salt concentrations will be kept below the thresholds where 
effects on the biological processes were observed. Potentially biodegradable pollutants (e.g., 
organics) will be measured, and the EPA will attempt to identify breakdown products. 

Constituents that are not biodegradable (e.g., elements and anions) will be tracked through the 
treatment process by analyzing system effluent using the appropriate EPA Methods and by 
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analyzing residuals from the primary clarifier and the bioreactors. The results of these bench-scale 
studies will be applied to a pilot-scale system that would target compounds identified in bench-
scale studies as being the most problematic due to their lack of degradation or removal in the 
treatment process. 

For studies on commercial treatment systems using chemical addition/settling, the EPA plans to
conduct jar tests that employ coagulants/flocculants at appropriate contact and settling times. The 
jar tests will be conducted at the bench-scale using actual hydraulic fracturing wastewater samples. 
The EPA will also attempt to mimic evaporative/distillation processes by using thermal treatment 
on actual hydraulic fracturing wastewater samples. Both the jar test samples and residuals from 
thermal treatment will be analyzed for the chemicals listed in Table 42. Elements in the residuals 
will also be characterized via X-ray diffraction and X-ray absorption microscopy. 

5.2.6. Quality Assurance Summary 
The initial QAPP, “Fate, Transport and Characterization of Contaminants in Hydraulic Fracturing
Water in Wastewater Treatment Processes,” was submitted on December 20, 2011, and approved 
in August 2012 (US EPA, 2012q). 

Because project activities are still in an early stage, no TSA has been performed. A TSA will be 
performed once the project advances to the data collection stage. 

As results are reported and raw data are provided from the laboratories, ADQs will be performed to 
verify that the quality requirements specified in the approved QAPP were met. Data will be 
qualified if necessary, based on these ADQs. The results of the ADQs will be reported with the 
summary of results in the final report. 

5.3. Brominated Disinfection Byproduct Precursor Studies 
The EPA is assessing the ability of hydraulic fracturing wastewater to contribute to DBP formation
in drinking water treatment facilities, with a particular focus on the formation of brominated DBPs. 
This work will inform the following research question listed in Table 43 and is complemented by 
the analytical method development for DBPs (see Section 5.4). 

Table 43. Secondary research questions potentially answered by studying brominated DBP formation from treated 
hydraulic fracturing wastewater.

Water Cycle Stage Applicable Research Questions 

Wastewater treatment and 
waste disposal 

What are the potential impacts from surface water disposal of treated 
hydraulic fracturing wastewater on drinking water treatment 
facilities? 

5.3.1. Introduction 
Wastewaters from hydraulic fracturing processes typically contain high concentrations of TDS, 
including significant concentrations of chloride and bromide. These halogens are difficult to remove 
from wastewater; if discharged from treatment works, they can elevate chloride and bromide 
concentrations in drinking water sources. Upon chlorination at a drinking water treatment facility, 
chloride and bromide can react with naturally occurring organic matter (NOM) in the water and 
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lead to the formation of DBPs. Because of their carcinogenicity and reproductive and 
developmental affects, the maximum contaminant levels (MCLs) of the DBPs bromate, chlorite, 
haloacetic acids, and total THMs in finished drinking water are regulated by the National Primary 
Drinking Water Regulations.63 Table 44 summarizes the DBPs regulated and their corresponding 
MCLs. 

Increased bromide concentrations in drinking water resources can lead to greater total THM 
concentrations on a mass basis and may make it difficult for some PWSs to meet the regulatory
limits of total THM listing in Table 44 in finished drinking water. As a first step, this project is 
examining the formation of brominated THMs, including bromoform (CHBr3), 
dibromochloromethane (CHClBr2), and bromodichloromethane (CHCl2Br), during drinking water
treatment processes. The formation of haloacetic acids (HAAs) and nitrosamines during drinking 
water treatment processes is also being investigated.64 

Reactions of brominated biocides used in hydraulic fracturing operations with typical drinking
water disinfectants associated with chlorination or chloramination are also being explored.65 

Brominated biocides are often used in fracturing fluids to minimize biofilm growth. The objective of
this work is to assess the contribution, if any, to brominated DBP formation and identify 
degradation pathways for brominated biocides. 

63 Authorized by the Safe Drinking Water Act. 
64 Nitrosamines are byproducts of drinking water disinfection, typically chloramination, and currently unregulated by the
EPA. Data collected from the second Unregulated Contaminant Monitoring Rule indicate that nitrosamines are frequently
being found in PWSs. Nitrosamines are potentially carcinogenic. 
65 Chlorination and chloramination are common disinfection processes used for drinking water. 
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Total Trihalomethanes 
Bromodichloromethane Zero 
Bromoform 
Dibromochloromethane 

Zero 
0.060 

0.080 as an annual average 
(sum of the concentrations of all 

four trihalomethanes) 
Chloroform 0.070 

Haloacetic Acids 
Dichloroacetic acid Zero 
Trichloroacetic acid 0.020 
Monochloroacetic acid 0.070 0.060 as an annual average 

Bromoacetic acid Regulated with this group but has 
no MCL goal 

(sum of the concentrations of all 
five haloacetic acids) 

Dibromoacetic acid Regulated with this group but has 
no MCL goal 

Bromate Zero 0.010 as an annual average 
Chlorite 0.80 1.0 

* A maximum contaminant level goal is the non-enforceable concentration of a contaminant in drinking water below 
which there is no known or expected risk to health; they are established under the Safe Drinking Water Act.
† A maximum contaminant level (MCL) is an enforceable standard corresponding to the highest level of a 
contaminant that is allowed in drinking water. MCLs are set as close to MCL goals as feasible using the best 
available treatment technology and taking cost into consideration. MCLs are set under the Safe Drinking Water Act 
and apply only to water delivered by public water supplies (water supplies that serve 15 or more service connections
or regularly serves an average of 25 or more people daily at least 60 days out of the year) (40 CFR 141.2).

It is important to note that hydraulic fracturing wastewater can potentially contain other 
contaminants in significant concentrations that could affect human health. The EPA identified the 
impacts of elevated bromide and chloride levels in surface water from hydraulic fracturing
wastewater discharge as a priority for protection of public water supplies. This project will 
ultimately provide PWSs with information on the potential for brominated DBP formation in 
surface waters receiving discharges from WWTFs. 

5.3.2. Research Approach 
This research will (1) analyze and characterize hydraulic fracturing wastewater for presence of 
halides, (2) evaluate the effects of high TDS upon chlorination of surface water receiving discharges 
of treated hydraulic fracturing wastewater, and (3) examine the reactions of brominated biocides 
subjected to chlorination during drinking water treatment. Selected analytes for characterizing
hydraulic fracturing wastewater include nitrosamines and the halide anions chloride, bromide, and 
iodide—ions that are the likeliest to form DBPs (Richardson, 2003), including THMs and HAAs. 

Hydraulic fracturing wastewater samples have been obtained from several sources in Pennsylvania. 
The quantification of background concentrations of halides in the samples follows EPA Method 
300.1 (rev. 1) and the modified version of the method using mass spectrometry detection for
bromide and bromate (discussed in Section 5.4). The samples are also being analyzed for the 
presence of DBPs, including THMs (EPA Method 551.1), HAAs (EPA Method 552.1), and N-
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nitrosamines (EPA Method 521), as well as elemental composition, anion concentration, TDS, and 
total organic carbon. 

Three treatments are being applied to high-TDS wastewater samples: (1) samples will be blended
with deionized water at rates that mimic discharge into varying flow rates of receiving water in 
order to account for dilution effects; (2) samples will be blended with deionized water with NOM 
additions at concentration ranges typically found in surface waters; and (3) samples will be 
blended with actual surface water samples from rivers that receive treated hydraulic fracturing
wastewater discharges. All samples will be subjected to formation potential experiments in the 
presence of typical drinking water disinfectants associated with chlorination or chloramination. 
Formation potential measures will be obtained separately for THMs, HAAs, and nitrosamines. 
Disinfection byproduct formation in surface water samples will be compared with DBP formation in 
deionized water as well as deionized water fortified with several NOM isolates from different water 
sources in order to examine the effects of different NOM on DBP formation.66 

The brominated biocides 2,2-dibromo-3-nitropropionamide and 2-bromo-2-nitrol-1,3-propanediol, 
employed in hydraulic fracturing processes, are being subjected to chlorination conditions 
encountered during drinking water treatment. These experiments should provide insight on the 
potential formation of brominated THMs from brominated biocides. Effects of chlorination on the 
brominated biocides are also being monitored. 

5.3.3. Status and Preliminary Data 
Work has begun on total THM formation studies to identify potential problems with analysis (EPA 
Method 551.1) due to the high TDS levels typical in hydraulic fracturing wastewater. Wastewater
influent and effluent samples were obtained from researchers involved in the source 
apportionment studies (Section 5.1) at two CWTs in Pennsylvania that are currently accepting
hydraulic fracturing wastewater for treatment via chemical addition and settling. For this 
preliminary research, samples were diluted 1:100 with deionized water and equilibrated with
sodium hypochlorite until a 2 milligrams per liter concentration of sodium hypochlorite was 
achieved (a typical disinfectant concentration for finished water from a PWS). The samples are 
being analyzed for pH, metals, TDS, total suspended solids, total organic content, and selected
anions. 

Efforts to identify and quantify the parent brominated biocides using liquid chromatography/mass 
spectrometry methods have been unsuccessful to date, possibly due to poor ionization of the
brominated molecules. The biocide samples subject to chlorination have been prepared for analysis 
of THMs. 

66 The concentration, chemical composition, and reactivity of NOM varies by geographic location due to factors such as
presence and type of vegetation, physical and chemical properties of the surrounding soil and water, biological activity, 
and human activity among many others. 
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5.3.4. Next Steps 
When the preliminary work on potential analytical effects from high TDS on total THM recovery is 
complete, a series of experiments to assess the potential formation of DBPs during chlorination will 
be run on the following samples: 

Deionized water 

Deionized water, varying concentrations of NOM 

Deionized water plus TDS 

Deionized water plus TDS and NOM 

Hydraulic fracturing wastewater 

This series of samples will allow THM formation comparisons between hydraulic fracturing 
wastewater samples and less complex matrices. Dilutions will be made on the samples based on
effluent discharge rates for existing WWTFs and receiving water flow rates. The samples will 
undergo chlorination and be sub-sampled over time (e.g., 0 to 120 minutes). Chloride to bromide 
ratios will be set at 50:1, 100:1, and 150:1 to encompass the range of conditions that may be found 
in surface waters impacted by varying concentrations of chloride and bromide. The sub-samples 
will be analyzed for individual THMs and formation kinetics will be determined. The EPA
anticipates obtaining data for the formation of HAAs and nitrosamines, though THMs are the 
priority at this time. 

5.3.5. Quality Assurance Summary 
The initial QAPP, “Formation of Disinfection By-Products from Hydraulic Fracturing Fluids,” was 
submitted on June 28, 2011, and approved on October 5, 2011 (US EPA, 2011h). On June 7, 2012, an
addendum was submitted and approved on June 28, 2012; this provided more details on 
modifications to EPA Method 300.1 for optimizing bromide/bromate recoveries in high-salt 
matrices. There are no deviations from existing QAPPs to report at this time. 

A TSA was performed on March 15, 2012, for this research project. Five findings were observed, 
related to improved communication, project documentation, sample storage, and QA/QC checks. 
Recommended corrective actions were accepted to address the findings. Since the TSA was
performed before data generation activities, no impact on future reported results is expected. It is 
anticipated that a second TSA will be performed as the project progresses. 

As raw data are provided from the laboratories and results are reported, ADQs will be performed to 
verify that the quality requirements specified in the approved QAPP have been met. Data will be 
qualified if necessary based on these ADQs. Audits of data quality are scheduled for the first quarter
of 2013 (none have been performed yet). The results of these ADQs will be reported with the 
summary of results in the final report. 
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5.4. Analytical Method Development 

5.4.1. Relationship to the Study 
Sample analysis is an integral part of the EPA’s Plan to Study the Potential Impacts of Hydraulic 
Fracturing on Drinking Water Resources (US EPA, 2011e) and is clearly specified in research plans 
being carried out for the study’s retrospective case studies, prospective case studies, and laboratory
studies. The EPA requires robust analytical methods to accurately and precisely determine the 
composition of hydraulic fracturing-related chemicals in ground and surface water, flowback and 
produced water, and treated wastewater. 

5.4.2. Project Introduction 
Analytical methods enable accurate and precise measurement of the presence and quantities of 
different chemicals in various matrices. Since the quantification of the presence or absence of 
hydraulic fracturing-related chemicals will likely have substantial implications for the conclusions 
of the study, it is important that robust analytical methods exist for chemicals of interest. 

In many cases, standard EPA methods that have been designed for a specific matrix or set of
matrices can be used for this study. Standard EPA methods are peer-reviewed and officially 
promulgated methods that are used under different EPA regulatory programs. For example, EPA
Method 551.1 is being used to detect THMs as part of the Br-DBP research project (see Section 5.3) 
and EPA Method 8015D is being used to detect diesel range organics in ground and surface water 
samples collected as part of the retrospective case studies (see Chapter 7). 

In other cases, standard EPA methods are nonexistent for a chemical of interest. In these situations, 
methods published in the peer-reviewed literature or developed by consensus standard 
organizations (e.g., the American Society for Testing and Materials, or ASTM) are used. However, 
these methods are rarely developed for or tested within matrices associated with the hydraulic 
fracturing process. In rare, but existing cases, where no documented methods exist, researchers
generally develop their own methods for determining the concentrations of certain chemicals of 
interest. For these latter two situations, the analytical methods chosen must undergo rigorous 
testing, verification, and potential validation to ensure that the data generated they generate are of 
known and high quality. The EPA has identified selected chemicals found in hydraulic fracturing 
fluids and wastewater for the development and verification of analytical methods. 

5.4.3. Research Approach 
5.4.3.1. Chemical Selection 
Hydraulic fracturing-related chemicals include chemicals used in the injected fracturing fluid, 
chemicals found in flowback and produced water, and chemicals resulting from the treatment of
hydraulic fracturing wastewater (e.g., chlorination or bromination at wastewater treatment 
facilities). Some of these chemicals are present due to the mobilization of naturally occurring
chemicals within the geologic formations or through the degradation or reaction of the injected 
chemicals in the different environments (i.e., subsurface, surface and wastewater). The EPA has
identified over 1,000 chemicals that are reported to be used in fracturing fluids or found in 
hydraulic fracturing wastewaters (see Appendix A); these range from the inert and innocuous, such 
as sand and water, to reactive and toxic chemicals, like alkylphenols and radionuclides. 
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To help choose chemicals for analytical method testing, a group of EPA researchers and analytical 
laboratory chemists discussed the factors most important to their research needs and to the overall
study. The following criteria were developed to identify a subset of the chemicals listed in Appendix 
A for initial analytical method testing activities: 

Frequency of occurrence67 in hydraulic fracturing fluids and wastewater 

Toxicity68 

Mobility in the environment (expected fate and transport) 

Availability of instrumentation/detection systems for the chemical 

Table 45 lists the chemicals selected for analytical method testing and development. It includes 14 
different classes of chemicals, 51 specifically identified elements or compounds, six groups of
compounds (e.g., ethoxylated alcohols and light petroleum distillates), and two related physical 

. The EPA will continually 
review Table 45 and add new chemicals as needed. 

67 Occurrence information was gathered from the US House of Representatives report Chemicals Used in Hydraulic 
Fracturing (2011) (USHR, 2011)and Colborn et al. (2011). Chemicals with high frequencies were considered for inclusion.
However, some high-frequency chemicals were ultimately not included in the EPA’s priority list of chemicals of interest. 
For example, while silica or silicon dioxide is often near the top of lists in terms of frequency of occurrence, this likely
refers to the sand that is used as a proppant during the hydraulic fracturing process. Additionally, certain chemicals, such 
as hydrogen chloride or sulfuric acid, no longer exist as the initial compounds once dissolved in water and often react 
with other compounds. As a result, these chemicals, and others, were not added to the list. 
68 Colborn et al. (2011) provided toxicity information compiled from MSDS from industry and government agencies and
compared the chemicals in their list with toxic chemical databases, such as TOXNET and the Hazardous Substances
Database. 
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Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

5.4.3.2. Analytical Method Testing and Development 
Method Development. The EPA’s process for analytical method development is shown in Figure 26.
In the first step, an existing base method is identified for the specific chemical(s) of interest in a 
given matrix. Base methods may include promulgated, standard methods or, if no standard 
methods are available, methods existing in peer-reviewed literature or developed through a 
consensus standard organization. 

Figure 26. Flow diagram of the EPA’s process leading to the development of modified or new analytical methods.

Analytical methods may exist for specific chemicals or for a general class of chemicals (e.g., 
alcohols). Table 46 lists the base methods identified for the 14 chemical classes shown in Table 45. 
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Table 46. Existing standard methods for analysis of selected hydraulic fracturing-related chemicals listed in Table 45.
The EPA will analyze samples using existing methods to determine if the procedure meets the quality assurance 
criteria for the current study. 

Chemical Class Standard Method*
Alcohols SW-846 Methods 5030 and 8260C 
Aldehydes SW-846 Method 8315 
Alkylphenols No standard method 
Alkylphenol ethoxylates No standard method 
Amides SW-846 Methods 8032A 
Amines (alcohols) No standard method 
Aromatic hydrocarbons SW-846 Methods 5030 and 8260C 
Carbohydrates No standard method 
Disinfection byproducts DWA Methods 521, 551, and 552 
Ethoxylated alcohols ASTM D7485-09
Glycols Region 3 Draft Standard Operating Procedure 
Halogens SW-846 Method 9056A 
Inorganic elements SW-846 Methods 3015A and 6020A 
Radionuclides SW-846 Method 9310 

* DWA methods can be found at http://water.epa.gov/scitech/methods/cwa/index.cfm. SW-846 
Methods can be found at http://www.epa.gov/epawaste/hazard/testmethods/sw846/online/ 
index.htm.

Once a candidate base method is selected,69 an initial QA/QC round of testing is conducted. Testing
occurs first with spiked laboratory water samples to familiarize the analyst with the method 
procedure, eliminate any potential matrix interferences, and determine various QA/QC control
parameters, such as sensitivity, bias, precision, spike recovery, and analytical carry-over potential 
(sample cross-contamination). The results from the initial QA/QC testing are examined to 
determine if they meet the acceptance criteria specified in the QAPP (US EPA, 2011g) and thus are 
sufficient to meet the needs of the research study. Some of the key QA/QC samples examined 
include: 

 Standard and certified reference materials (where available) for bias 

 Matrix and surrogate spikes for bias (when reference materials are not available) and
matrix interferences 

 Replicates for precision 

 Blanks for analytical carry-over 

If an acceptance criterion for any of the QA/QC samples is not met, the sample is typically re-run to 
ensure that the result is not a random event. If an acceptance criterion is repeatedly not met, a 

69 Additional information on selecting a base method can be found in the QAPP, “Quality Assurance Project Plan for the
Chemical Characterization of Select Constituents Relevant to Hydraulic Fracturing,” found at
http://www.epa.gov/hfstudy/qapps.html. 
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systematic problem is indicated, and method modification is undertaken to help reduce or 
eliminate the problem. 

The method modification process can take many forms, depending on the specific circumstances,
and may include changing sample preparation and cleanup techniques, solvents, filters, gas flow 
rates, temperature regimes, injector volumes, chromatographic columns, analytical detectors, etc. 
Once the method modification process is complete, the analysis is repeated as described above 
using spiked laboratory water samples. If the new QA/QC sample results meet the acceptance 
criterion, the method modification is deemed to have been successful for that matrix and an 
updated SOP is prepared. Additional testing in more complex water matrices will continue, if 
appropriate. 

If testing and modification of the identified base method fails to accurately and precisely quantify
the chemical of interest and/or fails to have the sensitivity required by the research program, the 
EPA may undertake new method development activities. 

Method Verification. Method verification determines the robustness of successfully tested and
modified analytical methods. This involves the preparation of multiple blind spiked samples (i.e., 
samples whose concentrations are only known to the sample preparer) by an independent chemist
(i.e., one not associated with developing the method under testing and verification) and the 
submission of the samples to at least three other analytical laboratories participating in the 
verification process. Results from the method verification process can lead to either the acceptance 
of the method or re-evaluation and further testing of the method (US EPA, 1995). 

Method Validation. The final possible step in analytical method testing and development is method 
validation. Method validation involves large, multi-laboratory, round robin studies and is generally
conducted by the EPA program offices responsible for the publication and promulgation of 
standard EPA methods. 

5.4.4. Status, Preliminary Data, and Next Steps 
Method development, testing, and verification are being conducted according to the procedures 
outlined in two QAPPs: “Quality Assurance Project Plan for the Chemical Characterization of Select
Constituents Relevant to Hydraulic Fracturing” (US EPA, 2011g) and “Quality Assurance Project 
Plan for the Inter-Laboratory Verification and Validation of Diethylene Glycol, Triethylene Glycol, 
Tetraethylene Glycol, 2-Butoxyethanol and 2-Methoxyethanol in Ground and Surface Waters by 
Liquid Chromatography/Tandem Mass Spectrometry” (US EPA, 2012r). 

5.4.4.1. Glycols and Related Compounds 
Glycols (diethylene glycol, triethylene glycol, and tetraethylene glycol) and the chemically related
compounds 2-butoxyethanol and 2-methoxyethanol are frequently used in hydraulic fracturing 
fluids and not naturally found in ground water. Thus, they may serve as reliable indicators of 
contamination of ground water from hydraulic fracturing activities. EPA Method 8015b is the gas
chromatography-flame ionization detector method typically used to analyze for glycols; however, 
the sensitivity is not sufficient for the low-level analysis required for this project. Therefore, the 
EPA’s Region 3 Environmental Science Center developed a method for the determination and 
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quantification of these compounds using liquid chromatography-tandem mass spectrometry. The 
method is based on ASTM D7731-11e1 and EPA SW-846 Method 8321. The EPA is currently
verifying this method to determine its efficacy in identifying and quantifying these compounds in 
drinking water and other water matrices associated with the hydraulic fracturing process. 

5.4.4.2. Acrylamide 
Acrylamide is often used as a friction reducer in injected hydraulic fracturing fluids (GWPC,
2012b). EPA SW-846 Methods 8316 and 8032A are both suitable methods for the analysis of 
acrylamide. Method 8316 involves analysis by high-performance liquid chromatography with
ultraviolet detector at 195 nanometers, with a detection level of 10 micrograms per liter. This 
short wavelength, however, is not very selective for acrylamide (i.e., interferences are likely), and
the sensitivity is not adequate for measurements in water. Method 8032A involves the 
bromination of acrylamide, followed by gas chromatography-mass spectrometry analysis. This 
method is much more selective for acrylamide, and detection limits are much lower (0.03
micrograms per liter). However, in complex matrices (e.g., hydraulic fracturing wastewater), the 
accuracy and precision of acrylamide analysis may be limited by poor extraction efficiency and
matrix interference. 

To avoid reactions with other compounds present in environmental matrices and to lower the 
detection limit, the EPA is developing a new analytical method for the determination of acrylamide
at very low levels in water containing a variety of additives. The method currently under 
development involves solid phase extraction with activated carbon followed by quantitation by 
liquid chromatography-tandem mass spectrometry using an ion exclusion column. The EPA has 
begun the multi-laboratory verification of the method. 

5.4.4.3. Ethoxylated Alcohols 
Surfactants are often added to hydraulic fracturing fluids to decrease liquid surface tension and 
improve fluid passage through pipes. Most of the surfactants used are alcohols or some derivative 
of an ethoxylated compound, typically ethoxylated alcohols. Many ethoxylated alcohols and 
ethoxylated alkylphenols biodegrade in the environment, but often the degradation byproducts
are toxic (e.g., nonylphenol, a degradation product of nonylphenol ethoxylate, is an endocrine 
disrupting compound) (Talmage, 1994). No standard method currently exists for the 
determination of ethoxylated alcohols; therefore, the EPA is developing a quantitative method for 
ethoxylated alcohols. ASTM Method D 7458-09 and USGS Method Number O1433-01 were used 
as starting points for this method development effort; both of these methods involve solid-phase
extraction followed by liquid chromatography-tandem mass spectrometry quantitation. These 
methods both allow the analysis of nonylphenol diethoxylate and alkylphenols, but there are 
currently no standard methods for the analysis of the full range of nonylphenol ethoxylate 
oligomers (EO3–EO20) or alcohol ethoxylate oligomers (C12–15EOx, where x = 2–20). This method 
SOP is being prepared and will be followed by method verification. 

5.4.4.4. Disinfection Byproducts 
Flowback and produced water can contain high levels of TDS, which may include bromide and 
chloride (US EPA, 2012d). In some cases, treatment of flowback and produced water occurs at
WWTFs, which may be unable to effectively remove bromide and chloride from hydraulic 
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fracturing wastewater before discharge. The presence of bromide ions in source waters undergoing 
chlorination disinfection may lead to the formation of brominated DBPs—including bromate, THMs, 
and HAAs—upon reaction with natural organic material (Richardson, 2003). Brominated DBPs are 
considerably more toxic than corresponding chlorinated DBPs (Plewa et al., 2004; Richardson et al., 
2007) and have higher molecular weight. Therefore, on an equal molar basis, brominated DBPs will 
have a greater concentration by weight than chlorinated DBPs, hence leading to a greater likelihood 
of exceeding the total THM and HAA MCLs that are stipulated in weight concentrations (0.080 and
0.060 milligrams per liter, respectively). Accordingly, it is important to assess and quantify the 
effects of flowback and produced water on DBP generation (see Section 5.3). 

Analytical methods for the measurement of bromide and bromate in elevated TDS matrices are 
currently being developed. EPA Method 300.1 is being modified to use a mass spectrometer rather 
that an electroconductivity detector, which is unable to detect bromide and bromate in the 
presence high anion concentrations (SO42-, NO2-, NO3-, F-, Cl-). The mass spectrometer allows 
selected ion monitoring specifically for the two natural stable isotopes of bromine (79Br and 81Br), 
with minimal interference from other anions in the high-salt matrix. Interference of the bromide
and bromate response in the mass spectrometer are being assessed by comparing instrument 
responses to solutions of bromide and bromate in deionized water with selected anions over a 
range of ratios typically encountered in hydraulic fracturing wastewater samples (US EPA, 2012d). 
Interference concentration thresholds are being established, and a suitable sample dilution method
is being developed for the quantification of bromide and bromate in actual hydraulic fracturing 
wastewater samples. Method detection limits and lowest concentration minimum reporting levels 
are being calculated for bromide and bromate in high-salt matrices according to EPA protocols (US
EPA, 2010h). 

5.4.4.5. Radionuclides 

that are released during the natural decay of radioactive elements, such as uranium, thorium, and
ter in 

order to assess gross levels of radioactivity. This information can be used to identify waters 
needing radionuclide-specific characterization. The TDS and organic content characteristic of 
hydraulic fracturing wastewater, however, interferes with currently accepted methods for gross

development, and, after it is approved, work will begin. 

5.4.4.6. Inorganic Chemicals 
In addition to the potential mobilization of naturally occurring radioactive elements, hydraulic 
fracturing may also release other elements from the fractured shales, tight sands, and coalbeds, 
notably heavy metals such as barium and strontium. Inorganic compounds may also be added to 
hydraulic fracturing fluids to perform various functions (e.g., cross-linkers using borate salts, brine
carrier fluids using potassium chloride, and pH-adjusting agents using sodium carbonates) (US EPA, 
2011e). Due to the injection or release of naturally occurring metals in unknown quantities, it is
essential that analytical methods for the determination of inorganic elements in waters associated 
with hydraulic fracturing be robust and free from interferences that may mask true concentrations. 
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The EPA SW-846 Method 6010, employing inductively coupled plasma-optical emission 
spectrometry, will be used as a base method for major elements while SW-846 Method 6020 based
on inductively coupled plasma-mass spectrometry will be used as a base method for trace 
elements.70 These methods will be tested and potentially modified for detection of major and trace
elements in hydraulic fracturing wastewater. 

5.4.5. Quality Assurance Summary 
Three QAPPs have been prepared for the analytical method testing research program. The first
QAPP, “Quality Assurance Project Plan for the Chemical Characterization of Select Constituents 
Relevant to Hydraulic Fracturing” (US EPA, 2011g), is the broad general QAPP for the methods
development research project. The QAPP was approved on September 1, 2011. In order to 
maintain high QA standards and practices throughout the project, a surveillance audit was 
performed on November 15, 2011. The purpose of the surveillance audit was to examine the 
processes associated with the in-house extraction of ethoxylated alcohols. Three 
recommendations were identified and have been accepted. 

The second QAPP, “Formation of Disinfection By-Products from Hydraulic Fracturing Fluid
Constituents Quality Assurance Project Plan,” (US EPA, 2011h), provides details on modifications to 
EPA Method 300.1 for optimizing bromide/bromate recoveries in high-salt matrices. The QAPP was 
approved on October 5, 2011, and the addendum for bromide/bromate analytic method 
development was approved on June 28, 2012. There are no deviations from existing QAPPs to 
report at this time. A surveillance audit was performed in March 2011 before the analytical method
addendum (June 28, 2012); therefore, the analytical method development for bromide/bromate 
has not yet been audited. 

The third QAPP, “Quality Assurance Project Plan for the Inter-Laboratory Verification and
Validation of Diethylene Glycol, Triethylene Glycol, Tetraethylene Glycol, 2-Butoxyethanol and 2-
Methoxyethanol in Ground and Surface Waters by Liquid Chromatography/Tandem Mass
Spectrometry” (US EPA, 2012r), was prepared specifically for the verification of the EPA Region 3 
SOP. The QAPP was approved on April 4, 2012. Since then, two surveillance audits and two internal 
TSAs have been performed, specifically looking at procedures related to glycol standard
preparation and analysis. The two surveillance audits resulted in one case of potentially mislabeled 
samples during stock solution preparation. The potential mislabeling was already identified and
documented by the researchers involved and corrective action taken. The designated EPA QA 
Manager found the methods in use satisfactory and further recommendations for improving the QA 
process were unnecessary. The internal TSAs also yielded no acts, errors, or omissions that would
have a significant adverse impact on the quality of the final product. 

70 Major and trace elements are identified in the retrospective case study QAPPs found at 
http://www.epa.gov/hfstudy/qapps.html. 
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6. Toxicity Assessment 
Throughout the hydraulic fracturing water lifecycle, routes exist through which fracturing fluids 
and/or naturally occurring substances could be introduced into drinking water resources. To
support future risk assessments, the EPA is gathering existing data regarding toxicity and potential 
human health effects associated with the chemicals reported to be in fracturing fluids and found in 
wastewater. At this time, the EPA has not made any judgment about the extent of exposure to these 
chemicals when used in hydraulic fracturing fluids or found in hydraulic fracturing wastewater, or
their potential impacts on drinking water resources. 

6.1. Relationship to the Hydraulic Fracturing Study 
The EPA is compiling existing information on chemical, physical, and toxicological properties of 
hydraulic fracturing-related chemicals, which include chemicals reported to be used in injected 
hydraulic fracturing fluids and chemicals detected in flowback and produced water. There are 
currently over 1,000 chemicals. This work focuses particularly on compiling and evaluating existing 
toxicological properties and will inform answers to the research questions listed in Table 47. 

Table 47. Secondary research questions addressed by compiling existing information on hydraulic fracturing-related 
chemicals.

Water Cycle Stage Applicable Research Questions 

Chemical mixing What are the chemical, physical, and toxicological properties of 
hydraulic fracturing chemical additives? 

Flowback and produced water What are the chemical, physical, and toxicological properties of 
hydraulic fracturing wastewater constituents? 

6.2. Project Introduction 
Given the potential for accidental human exposure due to spills, improper wastewater treatment, 
and potential seepage, it is important to understand the known and potential hazards posed by the 
diversity of chemicals needed during hydraulic fracturing. The US House of Representatives’ 
Committee on Energy and Commerce Minority Staff released a report (2011) noting that more than
650 products (i.e., chemical mixtures) used in hydraulic fracturing contain 29 chemicals that are 
either known or possible human carcinogens or are currently regulated under the SDWA (see Table 
11 in Section 3.1) (USHR, 2011). However, the report did not characterize the inherent chemical 
properties and potential toxicity of many of the reported compounds. The identification of inherent
chemical properties will facilitate the development of models to predict environmental fate, 
transport, and the toxicological properties of chemicals. Through this level of understanding, 
scientists can design or identify more sustainable alternative chemicals that minimize or even avoid
many fate, transport, and toxicity issues, while maintaining or improving commercial use. 

The EPA must understand (1) potential hazards inherent to the chemicals being used in or released 
by hydraulic fracturing and returning to the surface in flowback and produced water, (2) dose-
response characteristics, and (3) potential exposure levels in order to assess the potential impacts 
to human health from ingestion of drinking water that might contain the chemicals. The
information from the toxicity assessment project provides a foundation for future risk assessments. 
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While the EPA currently does not have plans to conduct a formal risk assessment on this topic, the 
information may aid others who are investigating the risk of exposure. 

6.3. Research Approach 
Once the EPA identifies chemicals reported to be used in hydraulic fracturing fluids or found in 
flowback and produced water, physicochemical properties and chemical structures are assigned 
using various chemical software packages. Toxicological properties are then identified from
authoritative sources or are estimated based on chemical structure. 

Identification of Chemicals. The EPA, to date, has identified nine sources, listed in Table 48, that 
contain authoritative information on chemicals in used in hydraulic fracturing fluids or found in
hydraulic fracturing wastewater. The sources have been used to compile two lists: chemicals 
reported to be used in hydraulic fracturing fluids and chemicals detected in hydraulic fracturing 
wastewater. Chemicals will be added to the two lists as new data become available. 

Table 48. References used to develop a consolidated list of chemicals reportedly used in hydraulic fracturing fluids 
and/or found in flowback and produced water. 

Description / Content Reference 
Chemicals reportedly used by 14 hydraulic fracturing service 
companies from 2005 to 2009 

USHR, 2011 

Products and chemicals used during natural gas operations 
with some potential health effects Colborn et al., 2011 

Chemicals used or proposed for use in hydraulic fracturing 
and chemicals found in flowback 

NYSDEC, 2011 

Chemicals reportedly used by nine hydraulic fracturing service 
companies from 2005 to 2010 US EPA, 2011b 

MSDSs provided to the EPA during on-site visits Material Safety Data Sheets 
Table 4-1: Characteristics of undiluted chemicals found in 
hydraulic fracturing fluids (based on MSDSs) 

US EPA, 2004b 

Chemicals used in Pennsylvania for hydraulic fracturing 
activities (compiled from MSDSs) PADEP, 2010 

Chemical records entered in FracFocus for individual wells 
from January 1, 2011, through February 27, 2012 GWPC, 2012b 

Chemicals detected in flowback from 19 hydraulically 
fractured shale gas wells in Pennsylvania and West Virginia 

Hayes, 2009 

Chemicals reportedly detected in flowback and produced 
water from 81 wells US EPA, 2011k 

While compiling the list of chemicals used in fracturing fluids, the EPA identified instances where
various chemical names were reported for a single CASRN. Chemical name and structure 
annotation QC methods were applied to the reported chemicals in order to standardize the 
chemical names; this process is described in “Chemical Information Quality Review Procedures” for 
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the Distributed Structure-Searchable Toxicity (DSSTox) Database Network.71 The chemical QC 
methods included ensuring correct chemical names and CASRNs, and eliminating duplicates where 
appropriate. Chemical structures from the DSSTox database were assigned where possible. 

Physicochemical Properties. Physicochemical properties of chemicals in the hydraulic fracturing 
fluid chemical list were generated from the two-dimensional (2-D) chemical structures from the
EPA’s DSSTox Database Network in structure-data file format. Properties were calculated using 
LeadScope chemoinformatic software (Leadscope Inc., 2012), Estimation Programs Interface Suite 
for Microsoft Windows (US EPA, 2012a), and QikProp (Schrodinger, 2012).72 Both Leadscope and 
Qikprop software require input of desalted structures. Therefore, the structures were desalted, a 
process where salts and complexes are simplified to the neutral, uncomplexed form of the chemical,
using Desalt Batch option in ChemFolder (ACD Labs, 2008). All Leadscope general chemical 
descriptors (Parent Molecular Weight, AlogP, Hydrogen Bond Acceptors, Hydrogen Bond Donors,
Lipinski Score, Molecular Weight, Parent Atom Acount, Polar Surface Area, and Rotatable Bonds) 
were calculated by default. For EPISuite properties, both the desalted and non-desalted 2-D files 
were run using Batch Mode to calculate environmentally relevant, chemical property descriptors. 
The chemical descriptors in QikProp require 3-D chemical structures. For these calculations, the 2-
D desalted chemical structures were converted to 3-D using the Rebuild3D function in the 
Molecular Operating Environment software (Chemical Computing Group). All computed 
physicochemical properties are added into the structure-data file prior to assigning toxicological
properties. 

Toxicological Properties. Known and predicted toxicity reference values are being combined into a 
single toxicity reference value resource for hydraulic fracturing-related chemicals. The EPA’s list of 
hydraulic fracturing-related chemicals was cross-referenced against the following nine sources to
obtain authoritative toxicity reference values: 

US EPA Integrated Risk Information System (IRIS) 

US EPA Provisional Peer-Reviewed Toxicity Value (PPRTV) database 

US EPA Health Effects Assessment Summary Tables 

Agency for Toxic Substances and Disease Registry Minimum Risk Levels 

State of California Toxicity Criteria Database 

State of Alabama Risk-Based Corrective Action document 

State of Florida Cleanup Target Levels 

State of Hawaii Maximum Contaminant List 

State of Texas Effects Screening Levels List 

71 For more information on DSSTox, see http://www.epa.gov/ncct/dsstox/ChemicalInfQAProcedures.html. 
72 The QikProp, EPI Suite, and LeadScope chemoinformatics programs calculate complementary properties with some
overlap due to the process being performed in batch mode with all default properties included. 

124 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Authoritative toxicity reference values have been identified for over 100 of the more than 1,000 
chemicals reported as being present in injected water or present in produced water. These include 
the benzene, toluene, ethylbenzene, and xylene (BTEX) chemicals, and over 70 others with toxicity 
reference values in the IRIS and PPRTV databases. 

For the remaining chemicals that lack authoritative toxicity reference values, the structure-data file
(generated for assigning physicochemical properties) can be used with the quantitative structure 
toxicity relationship software Toxicity Prediction by Komputer Assisted Technology, or TOPKAT
(Accelrys Discovery Studio, 2012) to identify toxicity values. Rat chronic lowest observed adverse 
effect levels (LOAELs) were estimated using the LOAEL module for TOPKAT. The LOAEL module 
compares LOAEL values from open literature, National Cancer Institute/National Toxicology
Program technical reports, and EPA databases to estimated rat oral LD50 values, and then compares 
the octanol-water partition coefficient from the chemical structure data file to the range in the 
training set. 

The estimated LOAEL values will be compared to the authoritative toxicity reference values (for the 
chemicals with these authoritative values) to provide an estimate of how similar these values are. It
is important to note that there may be significant deviation between the estimated LOAEL and the 
authoritative toxicity reference value for any given chemical due to the use of uncertainty factors in 
calculating the reference value, the fact that the reference values are not based on a rat chronic
assay, and whether the reference values are calculated using the benchmark dose, a no observed 
adverse effect level, or a LOAEL. However, there is evidence that the estimated LOAEL is generally
within 100 times the concentration of the actual rat chronic LOAEL (Rupp et al., 2010). 

6.4. Status and Preliminary Data 
Chemicals used in fracturing fluids or found in flowback and produced water, reported by the 
sources listed in Table 48, were consolidated and annotated, resulting in lists containing 1,027
unique chemical substances, of which 751 could be assigned a chemical structure and all but 5 
assigned CASRNs. Physicochemical properties have been obtained for 318 of the 751 chemicals 
with structures. Physicochemical properties for the remainder of the chemicals with structures are
currently being calculated. There were an additional 409 substances that were too poorly defined 
in the original lists to be unambiguously designated as unique substances, assigned CASRNs or
chemical structures. The chemical lists are provided in Appendix A. The EPA has completed the first 
phase of development for the toxicity reference value database described above. 

6.5. Next Steps 
The EPA is currently identifying any additional state-based reference value data sources that can be 
useful; these additional sources, if any, will be brought into the database as they are identified. 

6.6. Quality Assurance Summary 
There are two QAPPs associated with this project. The first “Health and Toxicity Theme Hydraulic 
Fracturing Study Immediate Office National Center for Environmental Assessment,” was approved 
February 2012 and describes the development of the toxicity reference value master spreadsheet
(US EPA, 2012k). The second QAPP, “Health and Toxicity (HT) Hydraulic Fracturing (HF) National 
Center for Computational Toxicology,” was approved February 2012 and describes the planning 
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and quality processes for the generation of the chemical lists and the calculation of physicochemical 
properties for the chemicals for which chemical structures can be assigned (US EPA, 2012i). 
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7. Case Studies 
7.1. Introduction to Case Studies 
Case studies are widely used to conduct in-depth investigations of complex topics and provide a 
systematic framework for investigating relationships among relevant factors. In conjunction with
other elements of the research program, they help determine whether hydraulic fracturing can 
impact drinking water resources and, if so, the extent and possible causes of any impacts. Case 
studies may also provide opportunities to assess the fate and transport of fluids and contaminants 
in different regions and geologic settings. Results from the case studies are expected to help answer 
the secondary research questions listed in Table 49. 

Table 49. Secondary research questions addressed by conducting case studies.

Water Cycle Stage Applicable Secondary Research Questions 

Chemical mixing If spills occur, how might hydraulic fracturing chemical additives 
contaminate drinking water resources? 

Well injection 

How effective are current well construction practices at containing 
gases and fluids before, during, and after hydraulic fracturing? 
Can subsurface migration of fluids or gases to drinking water 
resources occur, and what local geologic or man-made features 
might allow this? 

Flowback and produced water If spills occur, how might hydraulic fracturing wastewaters
contaminate drinking water resources? 

Two types of case studies are being conducted as part of this study. Retrospective case studies focus 
on investigating reported instances of drinking water resource contamination in areas where 
hydraulic fracturing events have already occurred. Prospective case studies involve sites where 
hydraulic fracturing will be implemented after the research begins, which allows sampling and 
characterization of the site before, during, and after drilling, injection of the fracturing fluid, 
flowback, and production. The EPA continues to work with industry partners to design and develop 
prospective case studies. Because prospective case studies remain in their early stages, the
progress report focuses on the progress of retrospective case studies only. 

To select the retrospective case study sites, the EPA invited stakeholders from across the country to 
participate in the identification of locations for potential case studies through informational public 
meetings and the submission of electronic or written comments. Following thousands of comments, 
over 40 locations were nominated for inclusion in the study.73 These locations were prioritized and 
chosen based on a rigorous set of criteria, including proximity of population and drinking water
supplies, evidence of impaired water quality, health and environmental concerns, and knowledge 
gaps that could be filled by a case study at each potential location. Sites were prioritized based on
geographic and geologic diversity, population at risk, geologic and hydrologic features, 
characteristics of water resources, and land use (US EPA, 2011e). Five retrospective case study
locations were ultimately chosen for inclusion in this study and are shown in Figure 27. 

73 A list of the sites submitted for consideration can be found in the Study Plan. 
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Figure 27. Locations of the five retrospective case studies chosen for inclusion in the EPA’s Study of the Potential 
Impacts of Hydraulic Fracturing on Drinking Water Resources. The locations were nominated by stakeholders and 
selected based on criteria described in the text. (ESRI, 2010a, b; US EIA, 2011d, e) 

7.1.1. General Research Approach 
Although each retrospective case study differs in the geologic and hydrologic characteristics, as well 
as the hydraulic fracturing techniques used and the oil and gas exploration and production history
of the area, the methods used to assess potential drinking water impacts are applicable to all of the 
study sites. By coordinating the case study methods and analyses, it will be possible to compare the 
results of each study. Table 50 describes the general research approach being used for the
retrospective case studies.74 The tiered scheme uses the results of earlier tiers to refine sampling 
activities in later tiers. This approach is both useful and appropriate when the impacts to drinking
water resources and the potential sources of the impacts are unknown. For example, it allows the 
sampling to verify key findings and adjust to the improved understanding of the site. 

74 The Dunn County, North Dakota, retrospective case study does not use this tiered sampling plan because it is designed
to examine the impacts of a well blowout during hydraulic fracturing. Since the potential source of contamination is
known, the tiered sampling plan is not necessary. 
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Table 50. General approach for conducting retrospective case studies. The tiered approach uses the results of earlier 
tiers to refine sampling activities in later tiers. 

Tier Goal Critical Path 

1 Verify potential issue 

Evaluate existing data and information from operators, private 
citizens, state and local agencies, and tribes (if any) 
Conduct site visits 
Interview stakeholders and interested parties 

2
Determine approach 
for detailed 
investigations 

Conduct initial sampling of water wells, taps, surface water, and 
soils 
Identify potential evidence of drinking water contamination 
Develop conceptual site model describing possible sources and 
pathways of the reported or potential contamination 
Develop, calibrate, and test fate and transport model(s) 

3

Conduct detailed 
investigations to 
detect and evaluate 
potential sources of 
contamination 

Conduct additional sampling of soils, aquifer, surface water, and 
wastewater pits/tanks (if present) 
Conduct additional testing, including further water testing with new 
monitoring points, soil gas surveys, geophysical testing, well 
mechanical integrity testing, and stable isotope analyses 
Refine conceptual site model and further test exposure scenarios 
Refine fate and transport model(s) based on new data 

4

Determine the 
source(s) of any 
impacts to drinking 
water resources 

Develop multiple lines of evidence to determine the source(s) of 
impacts to drinking water resources 
Exclude possible sources and pathways of the reported 
contamination 
Assess uncertainties associated with conclusions regarding the 
source(s) of impacts 

Each retrospective case study has developed a QAPP that describes the detailed plan for the 
research at that location. The QAPP integrates the technical and quality aspects of the case study in 
order to provide a guide for obtaining the type and quality of environmental data required for the 
research. Before each new tier of sampling begins, the QAPPs are revised to account for any 
changes. 

Ground water samples have been collected at all retrospective case study locations. The samples 
come from a variety of available sources, such as existing monitoring wells, domestic and municipal
water wells, and springs. Surface water, if present, has also been sampled. During sample collection, 
the following water quality parameters were monitored and recorded: 

Temperature 

pH 

TDS 

Specific conductivity 

Alkalinity 

Turbidity 

Dissolved oxygen 
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Oxidation/reduction potential 

Ferrous iron 

Hydrogen sulfide 

Each water sample has been analyzed for a suite of chemicals; groups of analytes and examples of 
specific chemicals of interest are listed in Table 51. These chemicals include major anions, 
components of hydraulic fracturing fluids (i.e., glycols), and potentially mobilized natural occurring 
substances (i.e., metals);75 these chemicals are thought to be present frequently in hydraulic 
fracturing fluids or wastewater. As indicated in Table 51, stable isotope analyses are also being
conducted. Stable isotope compositions can be important indicators of what is naturally occurring 
in the environment being studied. If an element has multiple stable isotopes, one is usually the most
common form in that environment. Due to different processes that may occur in or around the 
environment, other stable isotopes of the element may be found. The different isotopes can make it 
easier to determine the source of, or distinguish between, sources of contamination. 

Table 51. Analyte groupings and examples of chemicals measured in water samples collected at the retrospective 
case study locations.

Analyte Groups Examples 
Anions Bromide, chloride, sulfate 
Carbon group Dissolved organic carbon,* dissolved inorganic carbon†

Dissolved gases Methane, ethane, propane 
Extractable petroleum hydrocarbons Gasoline range organics,§ diesel range organics‡

Glycols Diethylene glycol, triethylene glycol, tetraethylene glycol 

Isotopes 
Isotopes of oxygen and hydrogen in water, carbon and 
hydrogen in methane, strontium 

Low molecular weight acids Formate, acetate, butyrate 
Measures of radioactivity Radium, gross , gross 
Metals Arsenic, manganese, iron 
Semivolatile organic compounds Benzoic acid; 1,2,4-trichlorobenzene; 4-nitrophenol 
Surfactants Octylphenol ethoxylate, nonylphenol 
Volatile organic compounds Benzene, toluene, styrene 

* Dissolved organic carbon is a result of the decomposition of organic material in aquatic systems.
† Dissolved inorganic carbon is the sum of the carbonate species (e.g., carbonate, bicarbonate) dissolved in water. 
§ Gasoline range organics include hydrocarbon molecules containing 5–12 carbon atoms. 
‡ Diesel range organics include hydrocarbon molecules containing 15–18 carbon atoms. 

The samples taken for the case studies were analyzed by the EPA Region 8 Laboratory and the EPA 
Robert S. Kerr Environmental Research Center. A laboratory TSA was conducted at the EPA Region
8 Laboratory on July 26, 2011; no findings were identified. In addition, a laboratory TSA was 
conducted for the onsite analytical support at the Robert S. Kerr Environmental Research Center on 
July 28, 2011, which included Shaw Environmental and the EPA General Parameter Lab; no findings 

75 A complete list of chemicals and corresponding analytical methods is available in the QAPPs for each case study. See
http://www.epa.gov/hfstudy/qapps.html. 
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were identified. The laboratory TSAs were conducted on these laboratories during the first 
retrospective case study sampling event to identify any problems early and allow for corrective 
actions, if needed. Additional TSAs will be performed if determined to be necessary based on 
quality concerns. 

This chapter includes progress reports for the following retrospective case studies: 

7.2. Las Animas and Huerfano Counties, Colorado ....................................................................................... 131 
Investigation of potential drinking water impacts from coalbed methane extraction in the 
Raton Basin 

7.3. Dunn County, North Dakota ........................................................................................................................... 137 
Investigation of potential drinking water impacts from a well blowout during hydraulic 
fracturing for oil in the Bakken Shale 

7.4. Bradford County, Pennsylvania .................................................................................................................... 142 
Investigation of potential drinking water impacts from shale gas development in the Marcellus 
Shale 

7.5. Washington County, Pennsylvania .............................................................................................................. 148 
Investigation of potential drinking water impacts from shale gas development in the Marcellus 
Shale 

7.6. Wise County, Texas ............................................................................................................................................ 153 
Investigation of potential drinking water impacts from shale gas development in the Barnett 
Shale 

7.2. Las Animas and Huerfano Counties, Colorado 

7.2.1. Project Introduction 
Las Animas and Huerfano Counties, Colorado, are located on the eastern edge of the Rocky
Mountains and have a combined population of about 22,000 people and a population density of 
about 4 people per square mile (USCB, 2010c, d). As shown in Figure 28, the coal-bearing region of 
the Raton Basin occupies an area of 1,100 square miles within these two counties. The development
of CBM resources in the Raton and Vermejo Formations within the Raton Basin has increased due 
to advances in hydraulic fracturing technology (Keighin, 1995; Watts, 2006b). 
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Figure 28. Extent of the Raton Basin in southeastern Colorado and northeastern New Mexico (ESRI, 2012; US EIA, 
2011d; USCB, 2012a, b, c). The case study includes two locations: “North Fork Ranch,” located northwest of the city 
of Trinidad in western Las Animas County, and “Little Creek,” located southwest of the city of Walsenburg in 
Huerfano County. 
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Study site locations in Las Animas and Huerfano Counties were selected in response to ongoing 
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7.2.2. Site Background 
Geology. The Raton Basin is a north-south trending sedimentary and structural depression located 
along the eastern edge of the Rocky Mountains, between the Sangre de Cristo Mountains to the west 
and the Apishapa, Las Animas, and Sierra Grande arches on the east (Watts, 2006a). This chevron-
shaped basin encompasses roughly 2,200 square miles of southeastern Colorado and northeastern 
New Mexico, extending from southern Colfax County, New Mexico, through Las Animas County, 
Colorado, and northward into Huerfano County, Colorado, as shown in Figure 28 (Tremain, 1980). 
It is the southernmost of the several major coal-bearing basins located along the eastern margin of 
the Rocky Mountains (Johnson and Finn, 2001). Within the Raton Basin, the Vermejo and Raton
Formations contain CBM resources being extracted using hydraulic fracturing. 

Las Animas and Huerfano Counties are underlain by sedimentary bedrock ranging in age from the 
late Cretaceous to the Eocene (see Appendix D for a geologic timeline). Igneous intrusions, dating to
the Eocene, Miocene, and Pliocene epochs, occur throughout the area. The sedimentary sequence 
exposed within the Raton Basin was deposited in association with regression of the Cretaceous 
Interior Seaway, and the stratigraphy reflects deposition in fluvial systems and peat-forming 
swamps (Cooper et al., 2007; Flores, 1993). Numerous discontinuous and thin coalbeds are located 
in the Vermejo and Raton Formations, which lie directly above the Trinidad Sandstone. The upper
Trinidad intertongues with, and is overlain by, the coal-bearing Vermejo Formation (Topper et al., 
2011). No coal is found below this sandstone (Greg Lewicki & Associates, 2001). 

Individual coalbeds in the Vermejo Formation consist of interbedded shales, sandstones, and
coalbeds. The Vermejo Formation ranges in thickness from 150 feet in the southern part of the 
basin to 410 feet in the northern part (Greg Lewicki & Associates, 2001). This formation contains 
from 3 to 14 coalbeds over 14 inches thick throughout the entire basin, and total coal thickness 
typically ranges from 5 to 35 feet (US EPA, 2004b). 

The Raton Formation overlies the Vermejo Formation. The Raton Formation ranges from 0 to 2,100
feet thick and is composed of a basal conglomerate, a middle coal-bearing zone, and an upper 
transitional zone (Johnson and Finn, 2001; US EPA, 2004b). Its middle coal-bearing zone is 
approximately 1,000 feet thick and consists of shales, sandstones, and coalbeds (Greg Lewicki & 
Associates, 2001). This zone also contains coal seams that have been mined extensively; total coal 
thickness ranges from 10 feet to more than 140 feet in this zone, with individual seams ranging in
thickness from several inches to more than 10 feet (US EPA, 2004b). Sandstones are interbedded 
with coalbeds that are currently being developed for CBM, and the coalbeds are the likely source for 
gas found in the sandstones (Johnson and Finn, 2001). 

Water Resources. Las Animas and Huerfano Counties are located in the Arkansas River Basin and 
are drained by the Purgatoire, Apishapa, and Cucharas Rivers. The coal-bearing region of the Raton 
Basin is predominantly drained by the Purgatoire and Apishapa Rivers; many stream segments of
these rivers are currently on Colorado’s list of impaired waters (CDPHE, 2012). Annual 
precipitation in the Raton Basin is generally correlated to elevation, ranging from over 30 inches 
per year in the Spanish Peaks to less than 16 inches per year in eastern portions of the basin, which 
are at lower elevation. Much of the precipitation falls as winter snow in the mountains or as intense 
summer rain in the plains (Abbott, 1985; S.S. Papadopulos & Associates Inc, 2008). Ground water-
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based drinking water resources in Las Animas and Huerfano Counties reside in four bedrock 
aquifers: (1) the Dakota Sandstone and Purgatoire Formation; (2) the Raton Formation, Vermejo
Formation, and Trinidad Sandstone; (3) the Cuchara-Poison Canyon Formation; and (4) volcanic 
rocks (Abbott et al., 1983). Sources of recharge to the aquifers include runoff from the Sangre de 
Cristo Mountains, precipitation infiltration, and infiltration from streams and lakes (Abbott et al., 
1983; CDM and GBSM, 2004). The depth to ground water depends mostly on topographic position. 
In all areas but the southeast corner of the basin, water can be encountered at less than 200 feet 
below ground surface (CDM and GBSM, 2004). Regional ground water flow is generally from west 
to east, except where it is intercepted by valleys that cut into the rock (Watts, 2006b). 

Within the hydrogeologic units of the Raton Basin, sandstone and conglomerate layers transmit
most of the water; shale and coal layers generally retard flow. However, fracture networks in the 
shales and coal provide pathways which can transmit fluids or gas. Talus and alluvium may yield
large quantities of water, but are limited in size, and discharges from these units fluctuate 
seasonally (Abbott et al., 1983). Aquifer tests in the Raton-Vermejo aquifers indicate hydraulic 
conductivities that range from 0 to 45 feet per day (Abbott et al., 1983). 

Geologic formations have distinctive ground water chemistry. The Cuchara-Poison Canyon 
Formation is typically calcium-bicarbonate type with less than 500 milligrams per liter TDS 
content, while the Raton-Vermejo-Trindad aquifer is typically sodium-bicarbonate with TDS
concentrations less than 1,500 milligrams per liter. Abbott et al. (1983) note that concentrations of 
boron, fluoride, iron, manganese, mercury, nitrate, selenium, and zinc are locally elevated due to a 
variety of geologic processes and human activities. High concentrations of fluoride occur in the 
Poison Canyon and Raton Formations, possibly due to the dissolution of detrital fluorite. Iron and 
manganese concentrations may be also elevated, particularly in areas where coals are present, due 
to the dissolution of pyrite and/or siderite contained in the coal seams. Nitrate enrichment often 
occurs in alluvial aquifers where fertilizers or animal wastes add nitrogen (Abbott et al., 1983). 

Oil and Gas Exploration and Production. The Raton Basin contains substantial amounts of high- and
medium-volatile bituminous coals, which extend from outcrops along the periphery of the region to 
depths of at least 3,000 feet in the deepest parts of the region (Jurich and Adams, 1984). Most of
these coal resources are in the Vermejo and Raton Formations, which are the target formations for 
CBM production (Macartney, 2011; Tyler, 1995). These coalbeds have been extensively mined in 
the peripheral outcrop belt along major stream valleys, as well as in a few structural uplifts within
the interior of the basin (Dolly and Meissner, 1977). Total coal resources estimated in the basin 
range from 1.5 billion to more than 17 billion short tons (Flores and Bader, 1999). 

Production of natural gas in the Raton Basin began in the 1980s, but before 1995, there were no gas
distribution lines out of the basin and fewer than 60 wells had been drilled (S.S. Papadopulos & 
Associates Inc, 2008). The Raton Basin is estimated to contain as much as 18.4 trillion cubic feet of
CBM (Tyler, 1995). This area has recently seen a rapid expansion in the production of natural gas 
with recent advances in hydraulic fracturing technology. Between 1999 and 2004, annual 
production of Raton Basin CBM in Las Animas and Huerfano Counties increased from about 28
billion cubic feet to about 80 billion cubic feet, and the number of producing wells grew from 478 
wells to 1,543 wells. During the same period, annual ground water withdrawals for CBM production 

134 
WRITTEN STATEMENTS (not from Hearing)



Figure 29. Locations of sampling sites in Las Animas and Huerfano Counties, Colorado. Water samples have been 
taken from domestic wells, surface water bodies (streams), monitoring wells, and gas production wells. 
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increased from about 1.45 billion gallons to about 3.64 billion gallons (Watts, 2006b). Expansion of 
CBM wells has focused on the development of the Vermejo coals, since these coals are thicker and
more continuous than those located in the Raton Formation (US EPA, 2004b). 

7.2.3. Research Approach
A detailed description of the sampling methods and procedures for this case study can be found in 
the project’s QAPP (US EPA, 2012o). Ground water and surface water sampling in this area is 
intended to provide a survey of water quality in Las Animas and Huerfano Counties. Data collection
involves sampling water from domestic wells, surface water bodies (streams), monitoring wells,76 

and gas production wells at locations in both Las Animas and Huerfano Counties, as indicated in
Figure 29. The locations of these sampling sites were chosen based on their proximity to production 
activity. 

In addition to the analytes discussed in Section 7.1.1, the stable isotope compositions of carbon and
hydrogen in methane, as well as the stable carbon isotope composition of dissolved inorganic 
carbon and the stable sulfur isotope composition of dissolved sulfate and dissolved sulfide, are 

76 Monitoring wells were installed by either Pioneer Natural Resources or Petroglyph Energy. 
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being analyzed as part of this case study. Microbial analyses are also being conducted on water 
samples collected at this case study location in order to better understand the biogeochemical
cycling of carbon and sulfur in ground water. Together, these measurements support the objective 
of determining if ground water resources have been impacted, and, if so, whether they were 
impacted by hydraulic fracturing activities or other sources of contamination. 

7.2.4. Status and Preliminary Data 
As of August 2012, two sampling trips have been conducted: one in October 2011 and another in 
May 2012. During the October 2011 sampling trip, two production wells, five monitoring wells, 14 
domestic water wells, and one surface water location were sampled. During the May 2012 sampling
trip, two production wells, three monitoring wells, 12 domestic water wells, and three surface 
water locations were sampled. The locations of sampling sites are displayed in Figure 29. 

7.2.5. Next Steps 
Additional fieldwork to collect ground and surface water at each sampling location is tentatively 
scheduled for late 2012 and spring 2013. Sampling locations and analytes measured may be refined 
based on the results of the first two sets of samples. More focused investigations will also be
conducted, if warranted, at locations where potential impacts associated with hydraulic fracturing 
may have occurred. 

7.2.6. Quality Assurance Summary 
The initial QAPP for this case study, “Hydraulic Fracturing Retrospective Case Study, Raton Basin, 
CO,” was approved by the designated EPA QA Manager on September 20, 2011 (US EPA, 2012o). A 
revision to the QAPP was made before the second sampling event and was approved on April 30, 
2012, to update project organization, update lab accreditation information, update sampling
methodology, add sulfur isotope analyses, modify critical analytes, and change the analytical 
method for determining hydrogen and oxygen stable isotope ratios in water . There have been no 
significant deviations from the QAPP during any sampling event, and therefore no impact on data 
quality. A field TSA was conducted on October 4, 2011, during the first sample collection event; no 
findings were identified. See Section 7.1.1 for information related to the laboratory TSAs. 

As results are reported and raw data are provided from the laboratories, ADQs are performed to
verify that the quality requirements specified in the approved QAPP were met. Data will be 
qualified, if necessary, based on these ADQs. The results of these ADQs will be reported in the final 
report on this project. 
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7.3. Dunn County, North Dakota 

7.3.1. Project Introduction 
Dunn County, North Dakota, is a rural county with a population of 3,500 and an average population
density of 1.8 people per square mile (USCB, 2010b); Killdeer is its largest city. This part of North 
Dakota is currently experiencing renewed natural gas exploration and a boom in oil production
from the Bakken Shale, which extends domestically from western North Dakota to parts of 
northeastern Montana (Figure 30). The area’s increased oil and gas exploration has relied greatly 
upon both horizontal drilling and hydraulic fracturing technologies. 

Figure 30. Extent of the Bakken Shale in North Dakota and Montana (US EIA, 2011d; USCB, 2012a, c). The case 
study focuses on a well blowout that occurred in Dunn County, North Dakota, in September 2010. 

The EPA’s case study site in Killdeer, North Dakota, was chosen at the request of the state to 
specifically examine any water resource impacts from a well blowout in September 2010 that 
resulted in an uncontrolled release of hydraulic fracturing fluids and formation fluids. The Killdeer
Aquifer, the main source of drinking water for the city of Killdeer, underlies the study site. The 
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blowout occurred at the Franchuk 44-20 SWH well, which is just outside the Killdeer municipal 
water supply well’s 2.5 mile wellhead protection zone. 

The uncontrolled blowout occurred on September 1, 2010, during the fifth stage of a hydraulic
fracturing treatment of the Franchuk 44-20 SWH well. The intermediate well casing burst because 
of a 8,390 pounds per square inch pressure spike that released the pop-off relief valve. Hydraulic
fracturing fluids and formation fluids began flowing from the ground around the well at several 
points and then flowed toward the northeast corner of the well pad, where they were contained by
a 2 foot berm. During that day, 47,544 gallons of fluids were removed from the site. The following 
day, 88,000 gallons of fluids were removed from the site, and 15,120 gallons of mud were circulated 
into the well to kill it. Three monitoring wells were installed, but not sampled. Two down-gradient
homeowner wells, an up-gradient homeowner well, and two municipal water wells were sampled 
on September 2. Three cement plugs were installed beginning at 9,000 feet in the wellbore, and
105,252 gallons of fluid were removed from the site. A bridge plug was set at 9,969 feet on 
September 6. From September 30 to October 15, 2,000 tons of contaminated soil were removed and 
disposed of (Jacob, 2011). Since the blowout, the State of North Dakota has overseen site cleanup
and has required the well’s operator to conduct ground water monitoring on a quarterly basis. In 
November 2010, the state asked the EPA to consider this site as part of this study, and the EPA
agreed to do so. 

7.3.2. Site Background 
Geology. Dunn County is located in west-central North Dakota and is underlain by the sedimentary
rocks of the Williston Basin. Although Dunn County marks the southern extent of glaciations in 
North Dakota, most of the glacial deposits have been eroded and the surface sediments are 
characterized by post-glacial, channel-fill deposits (Murphy, 2001). As described in Nordeng 
(2010), the Bakken formation is primarily composed of shale and dolomite, with some sandstone 
and siltstone. The Bakken Shale is of Late Devionian-Early Mississippian age (Appendix D) and is an 
organic-rich marine shale. It has no surface outcrop and is constrained by the Madison Formation 
above and the Wabamum, Big Valley, and Torquary Formations below (Murphy, 2001; Nordeng,
2010). The depths to the Bakken Shale range from 9,500 to 10,500 feet and its thickness ranges 
from very thin up to 140 feet (Carlson, 1985; Murphy, 2001). 

Water Resources. Dunn County is a semi-arid region. Surface water in Dunn County is in the
Missouri River Basin and includes the Little Missouri River to the northwest of the county and Lake 
Sakakawea to the northeast. These water resources supply water for domestic use, irrigation, 
industrial water, and hydraulic fracturing. 

One of the major sources of drinking water in Killdeer is the Killdeer Aquifer: a glacial outwash 
aquifer, composed of fine to medium sand with course gravel near its base. It is shallow, with a 
maximum thickness of 233 feet. The aquifer is generally overlain by clay and silt soils (Klausing, 
1979). Yields from the Killdeer Aquifer are high, ranging from 50 to 1,000 gallons per minute 
(Klausing, 1979). The major water types in the Killdeer Aquifer are sodium bicarbonate and sodium
sulfate. Table 52 shows background water quality data for the Killdeer Aquifer, compiled by 
Klausing (1979). 
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Table 52. Background water quality data for the Killdeer Aquifer in North Dakota (Klausing, 1979). The range of 
boron, chloride, and iron in some samples was below the detection limit (BDL). 

Parameter 

Bicarbonate 
Boron 
Chloride 
Fluoride 
Iron 
Nitrate 
Sodium 
Sulfate 
TDS 

Concentration Range 
(milligrams per liter) 

374–1,250 
BDL–3.70 
BDL–25
0.1–2

BDL–5.50 
0.3–6.7 

50–1,350 
333–3,000 
234–5,030 

Mean Concentration 
(milligrams per liter) 

713
0.53 
4.5 
0.66 
1.03 
1.2 
413
626

1,531 

Oil and Gas Exploration and Production. Although it was known to contain large volumes of oil as
early as the 1950s, difficulties in extracting the oil from the Bakken Shale kept production rates low 
(NDIC, 2012a). Hydraulic fracturing and horizontal drilling technologies have created greater 
access to the Bakken Shale oil reserves. In January 2003, Dunn County had 99 wells, producing
approximately 86,000 barrels of oil (NDIC, 2003). By July 2012, the county had 854 wells, 
producing approximately 3.2 million barrels of oil (NDIC, 2012b). 

7.3.3. Research Approach 
A detailed description of this case study’s sampling methods and procedures can be found in the 
QAPP (US EPA, 2011i). The primary objective of this case study is to assess the impacts of the
Franchuk 44-20 SWH well blowout that occurred on September 1, 2010. Unlike the EPA’s other four 
retrospective case studies, the Killdeer case study does not use a tiered approach because the 
potential source of contamination is known. Ground water sampling includes domestic, municipal, 
water supply, and monitoring wells.77 Figure 31 shows the sampling locations in Dunn County, 
North Dakota. 

77 Terracon Consultants was contracted by the well operator, Denbury Resources, for the installation of monitoring wells. 
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Figure 31. Location of sampling sites in Dunn County, North Dakota.

Domestic, municipal, and supply wells are being sampled at a tap as close to the wellhead as
possible, before any treatment has occurred. Monitoring wells have been installed and have 
dedicated bladder pumps for sampling and purging operations. Water samples collected at these 
locations are being analyzed for the chemicals listed in Section 7.1.1 as well as the chemicals listed
in the QAPP (US EPA, 2011i). The data collected as part of this case study will be compared to 
existing background data as part of the initial screening phase (Tier 2 in Table 50) to determine if 
any contamination has occurred in the study location. 

7.3.4. Status and Preliminary Data 
Two rounds of sampling were conducted in Killdeer in July and October 2011. Samples were
collected at 10 monitoring wells, three domestic water wells, two water supply wells, and one 
municipal water well. The locations of sampling sites are displayed in Figure 31. 

7.3.5. Next Steps 
At least one more round of sampling is planned to verify data collected from the first two rounds of 
sampling. Additional sampling locations or analytes may be included in future rounds as analytical 
data are evaluated and additional pertinent information becomes available. 
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7.3.6. Quality Assurance Summary 
The initial QAPP for this case study, “Hydraulic Fracturing Retrospective Case Study, Bakken Shale, 
Killdeer and Dunn County,” was approved by the designated EPA QA Manager on June 20, 2011 (US 
EPA, 2011i). A revision to the QAPP was made before the second sampling event and was approved
on August 31, 2011, to address the collection of isotopic samples; revised sampling protocols for 
domestic, supply, and municipal wells; and analytical lab information. Another QAPP revision has
been submitted for review by QA staff in preparation for the third sampling event. There have been 
no significant deviations from the QAPPs during earlier sampling events, and therefore no impact to 
data quality. A field TSA was conducted on July 19, 2011; no findings were identified. See Section
7.1.1 for information related to the laboratory TSAs. 

As results are reported and raw data are provided from the laboratories, ADQs will be performed to 
verify that the quality requirements specified in the approved QAPP were met. Data will be
qualified if necessary, based on these ADQs. The results of these ADQs will be reported in the final 
report on this project. 
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Figure 32. Extent of the Marcellus Shale, which underlies large portions of New York, Ohio, Pennsylvania, and West 
Virginia (  The case study focuses on reported changes in drinking water quality in 
Bradford County, Pennsylvania, with a few water samples taken in neighboring Susquehanna County. 

US EIA, 2011d; USCB, 2012a, c).
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7.4. Bradford County, Pennsylvania 
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Marcellus Shale has increased significantly in northeastern Pennsylvania, including Bradford 
County. 
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The EPA chose Bradford County, and parts of neighboring Susquehanna County,78 as a retrospective 
case study location because of the extensive hydraulic fracturing activities occurring there,
coincident with the large number of homeowner complaints regarding the appearance, odor, and 
possible health impacts associated with water from domestic wells. Additionally, the Pennsylvania
Department of Environmental Protection has issued notices of violation for infractions at wells in 
this area, including a gas well blowout in Leroy Township of Bradford County in April 2011 that 
released a reported 10,000 gallons of flowback and produced water (SAIC Energy Environment &
Infrastructure LLC and Groundwater & Environmental Services Inc., 2011). Initial sampling 
locations for this retrospective case study were chosen primarily based on individual homeowner
complaints or concerns regarding potential adverse impacts to their well water from nearby 
hydraulic fracturing activities. If anomalies in ground water quality are found during sampling, all
potential sources of contamination in the study area will be considered, including those not related 
to hydraulic fracturing. 

7.4.2. Site Background 
Geology. The geology of the study area has been extensively described in other studies and is 
summarized below (Carter and Harper, 2002; Milici and Swezey, 2006; Taylor, 1984; Williams et al., 
1998). The Bradford County study area is underlain by unconsolidated deposits of glacial and post-
glacial origin and the nearly flat-lying sedimentary bedrock of the Appalachian Basin. The glacial 
and post-glacial deposits consist of till, stratified drift, alluvium, and swamp deposits. The bedrock
consists primarily of shale, siltstone, and sandstone of Devonian to Pennsylvanian age. The 
Devonian bedrock includes the Loch Haven and Catskill formations, both of which are important
sources of drinking water in the study area. The Marcellus Shale, also known as the Marcellus 
Formation, is a Middle Devonian-age (Appendix D) shale with a black color, low density, and high 
organic carbon content. It occurs in the subsurface beneath much of Ohio, West Virginia,
Pennsylvania, and New York (Figure 32). Smaller areas of Maryland, Kentucky, Tennessee, and 
Virginia are also underlain by the Marcellus Shale. In Bradford County, the Marcellus Shale 
generally lies 4,000 to 7,000 feet below the surface and ranges in thickness from 150 to 300 feet 
(Marcellus Center for Outreach and Research, 2012a, b). The Marcellus Shale is part of a 
transgressive sedimentary package, formed by the deposition of terrestrial and marine material in a
shallow, inland sea. It is underlain by the sandstones and siltstones of the Onondaga Formation and 
overlain by the carbonate rocks of the Mahantango Formation. 

Within the Marcellus Shale, natural gas occurs within the pore spaces of the shale, within vertical 
fractures or joints of the shale, and adsorbed onto mineral grains and organic material. An 
assessment conducted by the USGS in 2011 suggested that the Marcellus Shale contains an
estimated 84 trillion cubic feet of technically recoverable natural gas (Coleman et al., 2011). 

78 Four wells were sampled in Susquehanna County during the first round of sampling. Soon after, EPA Region 3 began an
investigation of potential drinking water contamination in Dimock, located in Susquehanna County (see
http://www.epa.gov/aboutepa/states/pa.html). In order to avoid duplication of effort, this case study focuses on
reported changes in drinking water quality in Bradford County. Subsequent sampling for this case study has been, and
will continue to be, done in Bradford County. 
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Table 53. Background (pre-drill) water quality data for ground water wells in Bradford County, Pennsylvania (Williams 
et al., 1998).

Parameter 
Pre Drill Data 

Median Concentration 
(milligrams per liter)

Maximum Concentration 
(milligrams per liter)

Number of 
Samples 

Arsenic 0.009 0.072 16
Barium 0.175 98 50
Chloride 11 3,500 93
Iron 0.320 15.9 95
Manganese 0.120 1.03 77
TDS 246 6,100 102
pH (pH units) 7.25 8.8 102

Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Water Resources. The average precipitation in Bradford County is 33 inches per year. Summer 
storms produce about half of this precipitation; the remainder of the precipitation, and much of the
ground water recharge, occurs during winter and spring (PADEP, 2012). Surface water in the study 
area is part of the Upper Susquehanna River Basin. The main branches of the Susquehanna River
flow to the south, while the smaller tributaries are constrained by the northeast-southwest 
orientation of the Appalachian Mountains. Stratified drift aquifers and the Loch Haven and Catskill 
bedrock formations serve as primary ground water drinking sources in the study area. Glacial till is
also tapped as a drinking water source at some locations (Williams et al., 1998). These resources 
provide water for domestic use, municipal water, manufacturing, irrigation, and hydraulic 
fracturing. 

The stratified drift aquifers in Bradford County occur as either confined or unconfined aquifers. The 
confined aquifers in the study area are composed of sand and gravel deposits of glacial, ice-contact 
origin and are typically buried by pro-glacial lake deposits; the unconfined aquifers are composed 
of sand and gravel deposited by glacial outwash or melt-waters. Depth to ground water varies 
throughout Bradford County and ranged from 1 to 300 feet for the wells sampled in the study. The
median specific capacity of confined stratified drift aquifers is 11 gallons per minute per foot; the 
median specific capacity of unconfined stratified drift aquifers is 24 gallons per minute per foot 
(Williams et al., 1998). The specific capacity of wells completed in till or bedrock is typically 10 
times lower than in the stratified drift aquifers. 

Ground water in the study area is generally of two types: a calcium bicarbonate type in zones of
unconfined flow and a sodium chloride type in zones of confined flow. Data from Williams et al. 
(1998) show that water wells completed in zones with more confined flow contain higher TDS 
(median concentration of 830 milligrams per liter), dissolved barium (median concentration of 2.0
milligrams per liter), and dissolved chloride (median concentration of 349 milligrams per liter) 
compared to zones with unconfined flow. This is also true for concentrations of iron and manganese
in the study area. Table 53 presents a summary of median and maximum concentrations of 
inorganic parameters in Bradford County ground water, based on the study conducted by Williams 
et al. (1998). 

144 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Naturally high levels of TDS, barium, and chloride found in ground water make it difficult to assess 
the potential impacts of hydraulic fracturing activities in this part of the country since these
analytes would normally serve as indicators of potential impacts. In addition, methane occurs 
naturally in ground water in the study area, making an assessment of potential impacts of methane 
due to hydraulic fracturing on drinking water resources more challenging than at other study 
locations. 

Oil and Gas Exploration and Production. Gas drilling to depths of the Marcellus Shale and beyond
dates back to the 1930s, although at that time, the Marcellus Shale was of little interest as a source 
of gas. Instead, gas was sought primarily from sandstone and limestone deposits, and the Marcellus 
Shale was only encountered during drilling to deeper targeted zones like the Oriskany Sandstone. 
Upon penetrating the Marcellus Shale, significant but generally short-lived gas flow would be 
observed. With the advent of modern hydraulic fracturing technology and the increasing price of
gas, the Marcellus Shale has become an economical source of natural gas with the potential to 
produce several hundred trillion cubic feet (Milici and Swezey, 2006). In July 2008, there were only 
48 active permitted natural gas wells in Bradford County; by January 2012, there were 2,015
(Bradford County Government, 2012). The wells are located throughout the county with an average 
density of actively permitted wells of 1.8 wells per square mile. 

7.4.3. Research Approach 
Methods for sampling ground water and surface water are described in detail in the QAPP (US EPA, 
2012m). The primary objective of this case study is to determine if ground water resources have 
been impacted, and whether or not those impacts were caused by hydraulic fracturing activities or 
other sources. Water samples have been taken from domestic wells, springs, ponds, and streams
near gas well pads. Figure 33 shows the sampling locations, which were primarily chosen based on 
individual homeowner complaints or concerns regarding potential adverse impacts to water 
resources from nearby hydraulic fracturing activities. 

145 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Figure 33. Location of sampling sites in Bradford and Susquehanna Counties, Pennsylvania. Samples were taken in 
Susquehanna County during the first round of sampling. Later rounds of sampling are focused only in Bradford 
County. 

In addition to the analytes described in Section 7.1.1, the stable isotope compositions of carbon and 
hydrogen in dissolved methane and of carbon in dissolved inorganic carbon are being measured to 
determine the potential origin of the methane (i.e., biogenic versus thermogenic).79 Since methane 
is known to be naturally present in the ground water of northeastern Pennsylvania, it is critical to 
understand the origin of any methane detected as part of this case study. Samples are also being
analyzed for radium-226, radium-228, and gross alpha and beta radiation, as they may be potential 
indicators of hydraulic fracturing impacts to ground water in northeast Pennsylvania. Together,
these measurements support the objective of determining if ground water resources have been 
impacted by hydraulic fracturing activities or other sources of contamination. 

7.4.4. Status and Preliminary Data
Two rounds of sampling have been completed from 34 domestic wells, two springs, one pond, and 
one stream. The first sampling round was conducted in October and November of 2011 and the 
second round in April and May of 2012. The locations of sampling sites are displayed in Figure 33. 

79 Biogenic methane is formed as methane-producing microorganisms chemically break down organic material. 
Thermogenic methane results from the geologic formation of fossil fuel. 

146 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

7.4.5. Next Steps 
A third round of sampling to verify data collected from the first two rounds of sampling is already 
planned. Additional sampling locations may be included and there may be future rounds of 
sampling as analytical data from the first three rounds are evaluated and additional pertinent
information becomes available. More focused investigations may also be conducted, if warranted, at 
locations where potential impacts associated with hydraulic fracturing are suspected. 

7.4.6. Quality Assurance Summary 
The initial QAPP for this case study, “Hydraulic Fracturing Retrospective Case Study, Bradford-
Susquehanna Couties, PA,” was approved by the designated EPA QA Manager on October 3, 2011
(US EPA, 2012m). A revision to the QAPP was made prior to the second sampling event and was 
approved on April 12, 2012, to address the addition of analytes such as radium-226, radium-228, 
lithium, and thorium; updated project organization and accreditation information; and clarification 
on some sampling and laboratory QA/QC issues. There have been no significant deviations from the 
QAPP during any sampling event, and therefore no impact to data quality. A field TSA was
conducted on October 27, 2011; no findings were identified. See Section 7.1.1 for information 
related to the laboratory TSAs. 

As results are reported and raw data are provided from the laboratories, ADQs are performed to
verify that the quality requirements specified in the approved QAPP were met. Data will be 
qualified if necessary, based on these ADQs. The results of these ADQs will be reported in the final 
report on this project. 

147 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

7.5. Washington County, Pennsylvania 

7.5.1. Project Introduction 
Washington County, located about 30 miles southwest of Pittsburgh, Pennsylvania, has a population
of about 208,000 with approximately 240 people per square mile (USCB, 2010e). Figure 34 shows 
its position in the western region of the Marcellus Shale. Recently, oil and gas exploration and
production in this area have increased, primarily due to production of natural gas from the 
Marcellus Shale using hydraulic fracturing. 

Figure 34. Extent of the Marcellus Shale, which underlies large portions of New York, Ohio, Pennsylvania, and West 
Virginia (US EIA, 2011d; USCB, 2012a, c). The case study focuses on reported changes in drinking water quality and 
quantity in Washington County, Pennsylvania. 

The location of this case study was chosen in response to homeowner complaints about changes to
water quality and water quantity in Washington County. Residents in several areas of Washington 
County have reported impacts to their private drinking water wells, specifically increased turbidity,
discoloration of sinks, and transient organic odors. Sampling locations were selected in May 2011 
by interviewing individuals about their water quality and the timing of any possible water quality 
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changes in relation to gas production activities. Potential sources of ground water and surface 
water contamination under consideration at this case study site may include activities associated
with oil and gas production (such as leaking or abandoned pits), gas well completion and 
enhancement techniques, and improperly plugged and abandoned wells, as well as activities 
associated with residential and agricultural practices. 

7.5.2. Site Background 
Geology. Washington County, like Bradford County, is located in the Appalachian Basin. The geology
of this area of Pennsylvania consists of thick sequences of Paleozoic Era (Appendix D) sedimentary 
formations that dip and thicken to the southeast toward the basin axis. The surface geology in
Washington County consists of Quaternary alluvial deposits, predominantly in stream valleys of the 
county. Alluvial deposits are generally less than 60 feet thick and consist of clay, silt, sand, and 
gravel derived from local bedrock. The formations of the Appalachian Basin are derived from a 
variety of clastic and biochemical sedimentary deposits, ranging from terrestrial swamps to near-
shore environments and deep marine basins, which created shales, limestones, sandstones, 
coalbeds, and other sedimentary rocks (Shultz, 1999). As previously noted, the Marcellus Shale 
formation is of particular importance to recent gas exploration and production in the Appalachian 
Basin. In Washington County, the depth to the Marcellus Shale ranges from about 5,000 to 7,000
feet below ground surface (Marcellus Center for Outreach and Research, 2012a). The thickness of 
the Marcellus Shale in Washington County is less than 150 feet (Marcellus Center for Outreach and
Research, 2012b). 

Water Resources. The rivers and streams of Washington County drain into the Ohio River to the 
west. Drinking water aquifers in the county exist in both the alluvial deposits overlying bedrock in 
the stream valleys and in the bedrock. Ground water flow in the shallow aquifer system generally 
follows the topography, moving from recharge areas near hilltops to discharge areas in valleys. 

Background information on the geology and hydrology of Washington County is summarized from
reports published by Newport (1973) and Williams et al. (1993). Ground water in Washington 
County occurs in both confined and unconfined aquifers, with well yields ranging from a fraction of 
a gallon per minute to over 350 gallons per minute. In this area, water-bearing zones are generally
no deeper than 150 feet below ground surface, and the depth to water varies from 20 to 60 feet 
below land surface depending on topographic setting. In addition to alluvial aquifers, ground water
is derived from bedrock aquifers, including the Monongahela Group, the Conemaugh Group, and the 
Greene and Washington formations, which consist of limestones, shales, and sandstone units. In 
general, ground water derived from these formations has yields ranging from less than 1 to over 70
gallons per minute, and the formations range in depth from less than 40 feet to over 400 feet. The 
Conemaugh Group generally provides the greatest yield; the median yield for wells in this aquifer is
5 gallons per minute. 

The quality of ground water in Washington County is variable and depends on factors such as 
formation lithology and residence time. For example, recharge ground water sampled from hilltops
and hillsides is typically calcium-bicarbonate type and usually low in TDS (about 500 milligrams 
per liter). Ground water from valley settings in areas of discharge is typically sodium-bicarbonate 
or sodium-chloride type, with higher TDS values (up to 2,000 milligrams per liter). Williams et al. 
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(1993) report that background concentrations of iron and manganese in the ground water from 
Washington County are frequently above the EPA’s secondary MCLs: over 33% of water samples
had iron concentrations greater than 0.3 milligrams per liter, and 30% of water samples had 
manganese concentrations above 0.05 milligrams per liter. Hard water was also reported as being a 
common problem in the county, with TDS levels in more than one-third of the wells sampled by 
Williams et al. (1993) exceeding 500 milligrams per liter. Arsenic, cadmium, chromium, copper, 
lead, mercury, selenium, silver, and zinc were also detected at low levels. Historically, ground water
quality in Washington County has been altered due to drainage from coal mining operations 
(Newport, 1973). Additionally, fresh water aquifers in some locations have been contaminated by
brine from deeper non-potable aquifers through historic oil and gas wells that were improperly 
abandoned or have corroded casings (Newport, 1973). 

Oil and Gas Exploration and Production. The oil and gas development in Washington County dates
back to the 1800s, but generally did not target the Marcellus Shale (Ashley and Robinson, 1922). 
The first test gas well into the Marcellus Shale was drilled in Mount Pleasant Township in 
Washington County in 2003 and was hydraulically fractured in 2004. Data provided by the 
Pennsylvania Department of Environmental Protection indicate that the number of permitted gas 
wells in the Washington County area of the Marcellus Shale increased rapidly, from 10 wells in
2005 to 205 wells in 2009 (MarcellusGas.Org, 2012b). From 2009 to 2012, the number of newly 
permitted wells per year has remained below 240 (MarcellusGas.Org, 2012c). The anticipated
water usage for all permitted wells in Washington County is estimated to be nearly 5 billion gallons 
(MarcellusGas.Org, 2012a). 

7.5.3. Research Approach 
Methods for sampling ground water and surface water are described in detail in the QAPP (US EPA, 
2012n). Samples have been taken from domestic wells and surface water bodies. The EPA chose 
sampling locations by interviewing individuals about their water quality and the timing of water
quality changes in relation to gas production activities. The locations of sampling sites are shown in 
Figure 35. 
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Figure 35. Sampling locations in Washington County, Pennsylvania.

Water samples collected at these locations are being analyzed for the chemicals listed in Section
7.1.1 as well as the chemicals listed in the QAPP (US EPA, 2012n). Together these measurements 
support the objective of determining if ground water resources have been impacted by hydraulic 
fracturing activities, or other sources of contamination. 

7.5.4. Status and Preliminary Data 
Two rounds of sampling have been completed: the first in July 2011 and the second in March 2012. 
During July 2011, 13 domestic wells and three surface water locations (small streams and spring
discharges) were sampled. During March 2012, 13 domestic wells and two surface water locations 
were sampled. The locations of sampling sites are displayed in Figure 35. 

7.5.5. Next Steps 
Additional sampling rounds will be conducted to verify data collected from the first two rounds of 
sampling. Additional sampling locations may be included in the future as analytical data is
evaluated and additional pertinent information becomes available. More focused investigations 
may also be conducted, if warranted, at locations where impacts associated with hydraulic
fracturing may have occurred. 

7.5.6. Quality Assurance Summary 
The initial QAPP for this case study, “Hydraulic Fracturing Retrospective Case Study, Marcellus
Shale, Washington County, PA,” was approved by the designated EPA QA Manager on July 21, 2011 
(US EPA, 2012n). A revision to the QAPP was made before the second sampling event and was 
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approved on March 5, 2012, to update project organization, lab accreditation information, sampling 
methodology, to add radium isotope analyses and gross alpha/beta analyses, to modify critical 
analytes, and to change the analytical method for determining water isotope values. There have 
been no significant deviations from the QAPP during any sampling event, and therefore no impact
on data quality. A field TSA was conducted on March 26, 2011; no findings were identified. See 
Section 7.1.1 for information related to the laboratory TSAs. 

As results are reported and raw data are provided from the laboratories, ADQs are performed to
verify that the quality requirements specified in the approved QAPP were met. Data will be 
qualified if necessary, based on these ADQs. The results of these ADQs will be reported in the final 
report on this project. 
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7.6. Wise County, Texas 

7.6.1. Project Introduction 
Wise County, Texas, is mostly rural, with a total population of about 60,000 and about 66 people
per square mile (USCB, 2010f). Current gas development activities in Wise County are in the 
Barnett Shale, which is an unconventional shale in the Fort Worth Basin adjoining the Bend Arch
Basin of north-central Texas. Figure 36 shows the extent of the Barnett Shale in Texas. In recent 
years, gas production in Wise County has increased due to improvements in horizontal drilling and 
hydraulic fracturing technologies. 

Figure 36. Extent of the Barnett Shale in north-central Texas (US EIA, 2011e; USCB, 2012a, c). The case study 
focuses on three distinct locations within Wise County.

The intent of this case study is to investigate homeowner concerns about changes in the ground 
water quality in Wise County that may be related to the recent increase in the hydraulic fracturing 
of oil and gas wells. Sampling locations in Wise County were chosen based on reported complaints
of changes in drinking water quality and are clustered in three distinct locations: two near Decatur 
and one near Alvord. Homeowners in the two locations near Decatur reported changes in water 

153 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

quality, including changes in turbidity, color, smell, and taste. Homeowners near Alvord also 
reported changes in drinking water quality, although no more specific concerns were identified.
Concerns about potential hydraulic fracturing impacts to ground water resources in Wise County 
are related to flowback fluid discharge to shallow aquifers, gas migration to shallow aquifers, spills
on well pads, and leaking impoundments. Residential or agricultural practices, or aquifer 
drawdown unrelated to oil and gas development, may also be sources of ground water 
contamination at these sites. 

7.6.2. Site Background 
Geology. Wise County is located in the Bend Arch-Fort Worth Basin, which was formed during the
late Paleozoic Ouachita Orogeny by the convergence of Laurussia and Gondwana in a narrow, 
restricted, inland seaway (Bruner and Smosna, 2011). The stratigraphy of the Bend Arch-Fort 
Worth Basin is characterized by limestones, sandstones, and shales. The Barnett Shale is of 
Mississippian age (Appendix D) and extends throughout the Bend Arch-Fort Worth Basin: south 
from the Muenster Arch, near the Oklahoma border, to the Llano Uplift in Burnet County and west
from the Ouachita Thrust Front, near Dallas, to Taylor County (Bruner and Smosna, 2011). The 
Barnett Shale ranges from about 50 to 1,000 feet thick and occurs at depths ranging from 4,000 to 
8,500 feet (Bruner and Smosna, 2011). In the northeastern portion of the Fort Worth Basin, the
Barnett Shale is divided by the presence of the Forestburg Limestone, but this formation tapers out 
toward the southern edge of Wise County (Bruner and Smosna, 2011). The Barnett Shale is
bounded by the Chappel Limestone below it and the Marble Falls Limestone above it (Bruner and 
Smosna, 2011). A recent estimate of the potential total gas yield was 820 billion cubic feet of gas per
square mile, which is a significant increase from earlier estimates (Bruner and Smosna, 2011). 

Water Resources. Wise County is drained by the Trinity River. Residents in the county often rely on 
the Trinity Aquifer as a major source of drinking water. In addition to drinking water, the Trinity 
Aquifer is also used for irrigation, industrial water, and hydraulic fracturing source water. The 
aquifer is composed of three formations, deposited in the Cretaceous: Paluxy, Glen Rose, and Twin 
Mountain (Nordstrom, 1982; Reutter and Dunn, 2000; Scott and Armstrong, 1932). In the northern 
part of Wise County, the Glen Rose formation pinches out, leaving only the Paluxy and Twin 
Mountain Formations, which together are occasionally referred to as the Antlers Formation
(Nordstrom, 1982; Reutter and Dunn, 2000). The composition of the Paluxy Formation is fine sand, 
sandy shale, and shale and yields small to moderate quantities of water (Nordstrom, 1982). The 
Glen Rose Formation is composed of limestone, marl, shale, and anhydrite. The Glen Rose yields
small quantities of water in localized areas (Nordstrom, 1982). Finally, the composition of the Twin 
Mountain Formation is fine to coarse sand, shale, clay, and basal gravel and conglomerate. This
formation yields moderate to large quantities of water (Nordstrom, 1982). The Trinity Aquifer is 
overlain by the Walnut Creek Formation and is underlain by Graham Formation, both of which act 
as confining layers (Scott and Armstrong, 1932). Before modern water usage, it was artesian. 

Table 54 summarizes background water quality data for the Trinity Aquifer in Wise County
(Reutter and Dunn, 2000). The water quality is expected to be slightly different in the northern 
portion of the county than the southern portion of the county due to the “pinching out” of the Glen
Rose Formation. From the reported data, the major water types in Wise County are calcium 
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Table 54. Background water quality data for all of Wise County, Texas, and its northern and southern regions 
(Reutter and Dunn, 2000). Range of concentrations shown, with median values reported in parentheses.

Parameter Units 
Concentration Ranges 

Wise County North Wise 
County 

South Wise 
County 

Alkalinity mg CaCO3/L 130–430 (335) 190–430 (330) 130–420 (360) 
Aluminum μg/L 1–5 (2) 2–5 (2) 1–5 (2) 
Ammonia mg N/L <0.01–1.10 (0.06) <0.01–0.57 (0.6) 0.01–1.10 (0.10) 
Antimony μg/L <1 <1 <1
Arsenic μg/L <1–4 (2) <1–4 (3) <1–2 (2) 
Barium μg/L 24–990 (95) 28–990 (95) 24–200 (94) 
Beryllium μg/L <1 <1 <1
Bicarbonate mg HCO3/L 160–527 (407) 230–527 (406) 160–517 (424) 
Bromide mg/L 0.03–8.40 (0.22) 0.03–8.40 (0.18) 0.03–3.00 (0.30) 
Cadmium μg/L <1 <1 <1
Calcium mg/L 1–570 (88) 62–570 (110) 1–200 (70) 
Chloride mg/L 5–1,300 (45) 12–1,300 (194) 5–500 (49) 
Chromium μg/L <1–8 (5) <1–2 (1) 1–8 (5) 
Cobalt μg/L <1 <1 <1
Copper μg/L <1–18 (5) <1–8 (3) <1–8 (7) 
Fluoride mg/L <0.10–1.20 (0.20) <0.10–0.60 (0.20) <0.10–1.20 (0.20) 
Iron mg/L <3–4,400 (10) <3–4,400 (27) <3–160 (9) 
Lead μg/L <1–5 (2) <1 <1–5 (2) 
Magnesium mg/L 1–86 (18) 2.8–65 (33) 1–86 (9) 
Manganese μg/L <1–140 (27) <1–140 (49) <1–27 (4) 
Molybdenum μg/L <1–2 (1) <1 <1–2 (1) 
Nickel μg/L <1–6 (1) <1–6 (2) <1–4 (1) 
Nitrate + nitrite mg N/L <0.05–7.20 (1.70) <0.05–7.20 (2.30) <0.05–6.30 (1.25) 
pH pH units 6.6–9.1 (7.1) 6.7–7.8 (7.0) 6.6–9.1 (7.2) 
Phosphate mg P/L <0.01–0.40 (0.03) <0.01–0.03 (0.02) <0.01–0.40 (0.04) 
Potassium mg/L 0.6–4.6 (2.4) 1–4.6 (2.7) 0.6–3.8 (1.9) 
Selenium μg/L <1–14 (2) <1–3 (2) <1–14 (3) 
Silica mg/L 8.8–26 (19.5) 17–24 (20) 9–26 (19) 
Silver μg/L <1 <1 <1
Sodium mg/L 10–310 (58) 18–220 (51) 10–310 (87) 

Table continued on next page 
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bicarbonate, calcium chloride, and sodium bicarbonate (Reutter and Dunn, 2000). All three water 
types are present in northern Wise County, but only the calcium bicarbonate and calcium chloride
water types were observed in southern Wise County. The data collected at study locations will be 
compared to this compiled background data as part of the initial screening to determine if any
contamination has occurred in study locations. 
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Parameter Units
Concentration Ranges

Wise County North Wise
County

South Wise
County

Specific
conductance μS/cm 710–4,590 (913) 71–4,590 (911) 510–2,380 (914)

Sulfate mg/L 10–250 (46) 26–250 (45) 10–160 (46)
Uranium μg/L <1–93 (4) <1–93 (4) <1–13 (5)
Zinc μg/L 1–590 (18) 4–590 (18) 1–96 (18)
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Oil and Gas Exploration and Production. Wise County has experienced a dramatic increase in gas 
production from the Barnett Shale since the late 1990s, concurrent with the recent improvements
in hydraulic fracturing and horizontal drilling technologies (RRC, 2012). From 2003 to 2011, Wise 
County gas production increased almost 10-fold, from approximately 200 to 1,800 billion cubic feet
(RRC, 2012). 

7.6.3. Research Approach 
A detailed description of this study’s sampling methods and procedures can be found in the QAPP
(US EPA, 2012p). Sampling in Wise County includes surface water, industrial wells, and 
homeowners’ domestic wells in three general locations, as shown in Figure 37. Because of the 
standard water well design in Wise County,80 it is not possible to sample directly from these
drinking water wells, nor is it possible to measure water levels to establish ground water flow 
gradients and direction. Instead, both domestic and industrial wells are sampled at a tap as close to
the wellhead as possible and before any water treatment has occurred.81 

80 The water wells in Wise County are sealed, with no access ports. To sample the wells directly, it would require a crane
or drilling rig to pull the pump string out of the well, due to the weight of the pump string, safety concerns, and costs. 
81 To control for the possible effects of household plumbing, sampling of the domestic wells at or near the well head is
done upstream of the home, and the sampled water never enters the home plumbing or water treatment systems. The
wells are purged at 8–30 gallons per minute for at least 30 minutes before the flow is reduced. The initial purge is such
that an estimated three screen volumes of water are purged from the well. After that, the purge rate is reduced to less
than 2 liters per minute and is continued until stable geochemical parameters are obtained. 
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Figure 37. Location of sampling sites in Wise County, Texas.

Water samples collected at these locations are being analyzed for the chemicals listed in Section 
7.1.1 as well as the chemicals listed in the QAPP (US EPA, 2012p). Together these measurements 
support the objective of determining if ground water resources have been impacted by hydraulic
fracturing activities, or other sources of contamination. 

7.6.4. Status and Preliminary Data 
Two rounds of sampling have been conducted at all locations in Wise County: one round in 
September 2011 and one round in March 2012. The September 2011 sampling event included 11 
domestic wells, one industrial well, and three surface water (pond) samples. The March 2012
sampling event included the same wells as the September 2011 sampling event, with an additional 
four domestic wells and the loss of one domestic well. The locations of all sampling sites are
displayed in Figure 37. 

7.6.5. Next Steps 
Additional sampling rounds will be conducted to verify data collected from the first two rounds of
sampling. Additional sampling locations may be included in the future as analytical data are 
evaluated and additional pertinent information becomes available. More focused investigations 
may also be conducted, if warranted, at locations where impacts may have occurred. 
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7.6.6. Quality Assurance Summary 
The initial QAPP for this case study, “Hydraulic Fracturing Retrospective Case Study, Wise, TX,” was 
approved by the designated EPA QA Manager on June 20, 2011 (US EPA, 2012p). A revision to the 
QAPP was made before the second sampling event and was approved on February 27, 2012. The
revision included the addition of isotopic analysis, USGS laboratory information,82 revised sampling 
locations, Region 8 laboratory accreditation status, geophysical measurement methods and QC, data 
qualifiers, personnel changes, and analytical method updates. A second revision was approved on 
May 25, 2012, for the next sampling event to include the Phase 2 sampling information, the method 
for qualifying field blanks, and the modified sampling schedule. The second QAPP revision also
replaced EPA Method 200.7 with 6010C and replaced metals QC criteria with revised criteria. A 
third revision to the QAPP was  approved on September 10, 2012, to add information on March
2012 sampling, add strontium and stable water isotopes to analytes list, and delete diesel range 
organics and gasoline range organics. The third QAPP revision also replaced EPA Method 6010C
with 200.7.83 There have been no significant deviations from the QAPP during any sampling event, 
and therefore no impact on data quality. A field TSA was conducted on September 21, 2011; no 
findings were identified. See Section 7.1.1 for information related to the laboratory TSAs. 

As results are reported and raw data are provided from the laboratories, ADQs are performed to
verify that the quality requirements specified in the approved QAPP were met. Data will be 
qualified if necessary, based on these ADQs. The results of these ADQs will be reported in the final
report on this project. 

82 USGS provided isotope support for the Wise County retrospective case study. A detailed account of the role of USGS can
be found in Appendix A of the Wise County QAPP. 
83 EPA Method 200.7 was referenced in the initial QAPP and the first QAPP revision. It was changed in the second QAPP
revision to EPA Method 6010C, but since then it was determined by QA staff that the use of 200.7 as the “base” method
was appropriate as 200.7 incorporates 6010C by reference. 
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8. Conducting High-Quality Science 
The EPA ensures that its research activities result in high-quality science through the use of QA and 
peer review activities. Specific QA activities performed by the EPA ensure that the agency’s 
environmental data are of sufficient quantity and quality to support the data’s intended use. Peer 
review ensures that the data are sound and used appropriately. The use of QA measures and peer
review helps ensure that the EPA conducts high-quality science that can be used to inform 
policymakers, industry, and the public. 

8.1. Quality Assurance 
All agency research projects that generate or use environmental data to make conclusions or
recommendations must comply with the EPA QA program requirements. The EPA laboratories and 
external organizations involved with the generation or use of environmental data are supported by 
QA professionals who oversee the implementation of the QA program for their organization. To 
ensure scientifically defensible results, this study complies with the agency-wide Quality Policy CIO 
2106 (US EPA, 2008), EPA Order CIO 2105.0 (US EPA, 2000a, c), the EPA’s Information Quality
Guidelines (US EPA, 2002), the EPA’s Laboratory Competency Policy (US EPA, 2004a), and Chapter 
13 of the Office of Research and Development’s Policies and Procedures Manual (US EPA, 2006). 

Given the cross-organizational nature of this study, a Quality Management Plan was developed (US
EPA, 2012t) and a Program QA Manager was chosen to coordinate a rigorous QA approach and 
oversee its implementation across all participating organizations within the EPA. The Quality 
Management Plan defines the QA-related policies, procedures, roles, responsibilities, and
authorities for the study and documents how the EPA will plan, implement, and assess the 
effectiveness of its QA and QC operations. In light of the importance and organizational complexity
of the study, the Quality Management Plan was created to make certain that all research be 
conducted with integrity and strict quality controls. 

The Quality Management Plan sets forth the following rigorous QA approach: 

 Individual research projects must comply with agency requirements and guidance for
QAPPs. 

 TSAs and audits of data quality will be conducted for individual research projects as 
described in the QAPPs. 

 Performance evaluations of analytical systems will be conducted. 

 Products will undergo QA review. Applicable products may include reports, journal 
articles, symposium/conference papers, extended abstracts, computer products/ 
software/models/databases, and scientific data. 

 Reports will have readily identifiable QA sections. 

Research records will be managed according to EPA Records Schedule 501, “Applied and Directed
Scientific Research”(US EPA, 2011c). 
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The Quality Management Plan applies to all research activities conducted under the EPA’s Study of 
the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources. More information about 
specific QA protocols, including management, organization, quality-system components, personnel 
qualification and training, procurement of items and services, documentation and records,
computer requirements, planning, implementation, assessment, and quality improvement, can be 
found in the Quality Management Plan.84 

Project-specific details of individual research projects are documented in a QAPP. All work
performed or funded by the EPA that involves the acquisition of environmental data must have an 
approved QAPP. The QAPP documents the planning, implementation, and assessment procedures 
for a particular project, as well as any specific QA and QC activities. It integrates all the technical 
and quality aspects of the project in order to provide a guide for obtaining the type and quality of 
environmental data and information needed for a specific decision or use. Quality assurance project
plans are living documents that undergo revisions as needed. Individual QAPPs for the various 
research projects included in this study are available on the study website 
(http://www.epa.gov/hfstudy) and are summarized in Appendix C. 

Regular technical assessments of project operation, systems, and data related to the study are 
conducted as detailed in the Quality Management Plan. A technical assessment is “a systematic and 
objective examination of a project to determine whether environmental data collection activities
and related results comply with the project’s QAPP, whether the activities are implemented 
effectively, and whether they are sufficient and adequate to achieve QAPP’s data quality goals” (US 
EPA, 2000b). Assessment components include quality system assessments, technical system 
assessments, verification of data, audits of data quality, and surveillance. More details about 
assessments and audits required for this study can be found in the Quality Management Plan and
project-specific QAPPs. 

Quality Assurance and Projects Involving the Generation of New Data. Research projects that 
generate new data (e.g., case studies, laboratory studies, some toxicity assessments) will contribute 
to the growing body of scientific literature about environmental issues associated with hydraulic 
fracturing. The QA/QC procedures detailed in these QAPPs meet the requirements of the hydraulic
fracturing Quality Management Plan, detailed above, and also focus on those practices necessary for 
assuring the quality of measurement data generated by the EPA. Samples must be collected, 
preserved, transported, and stored in a manner that retains their integrity; these issues are 
addressed in individual QAPPs. Also described in QAPPs are the methods used for sample analysis, 
including details about the appropriate frequency of calibration of analytical instrumentation and
measurement devices. Quality control samples are identified that can be used to check for potential 
contamination of samples and to check for measurement errors that can be caused by difficult 
sample matrices. The QAPPs for generation of new data provide details on the logistics of who, 
where, when and how new data will be generated. 

84 Research initiated prior to the implementation of the study-specific Quality Management Plan was conducted under
Quality Management Plans associated with each of the EPA Office of Research and Development’s individual labs and 
centers. 
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Quality Assurance and Projects Involving Existing Data. Research projects that involve acquiring and 
analyzing existing data (i.e., data that are not new data generated by or for the EPA) must conform
to the requirements of the Quality Management Plan, including the development of a QAPP. The 
focus of QAPPs for existing data is on setting criteria that will filter out any data that are of 
insufficient quality to meet project needs. This starts with describing the process for locating and 
acquiring the data. How the data will be evaluated for their planned use and how the integrity of the 
data will be maintained throughout the collection, storing, evaluation, and analysis processes are 
also important features of a QAPP for existing data. 

Quality Assurance and Report Preparation. Quality assurance requirements also extend to the two 
primary products of this study: this progress report and the report of results. As required by the
Quality Management Plan, this progress report has undergone QA review before its release, and the 
report of results will do the same. These requirements serve to ensure that the reports are 
defensible and scientifically sound. 

8.2. Peer Review 
Peer review, an important part of every scientific study, is a documented critical review of a specific 
scientific and/or technical work product (e.g., paper, report, presentation). It is an in-depth
assessment of the assumptions, calculations, extrapolations, alternate interpretations, 
methodology, acceptance criteria, and conclusions in the work product and the documents that 
support them. Peer review is conducted by individuals (or organizations) independent of those who
performed the work and equivalent in technical expertise (US EPA, 2012e; US OMB, 2004). 
Feedback from the review process is used to revise the draft product to make certain the final work
product reflects sound technical information and analyses. 

Peer review can take many forms depending on the nature of the work product. Work products 
generated through the EPA’s Study of the Potential Impacts of Hydraulic Fracturing on Drinking 
Water Resources will be subjected to both internal and external peer review. Internal peer review 
occurs when work products are reviewed by independent experts within the EPA, while external 
peer review engages experts outside of the agency, often through scientific journals, letter reviews, 
or ad hoc panels. 

The EPA often engages the Science Advisory Board, an external federal advisory committee, to 
conduct peer reviews of high-profile scientific matters relevant to the agency. Members of an ad hoc 
panel convened under the auspices of the Science Advisory will provide comment on this progress 
report.85 Panel members are nominated by the public and chosen based on factors such as technical
expertise, knowledge, experience, and absence of any real or perceived conflicts of interest to 
create a balanced review panel. In August 2012, the EPA issued a Federal Register notice requesting 
public nominations for technical experts to form a Science Advisory Board ad hoc panel to provide 
advice on the status of the research described in this progress report (US EPA, 2012v). This panel is 

85 Information about this process is available at http://yosemite.epa.gov/sab/sabproduct.nsf/
02ad90b136fc21ef85256eba00436459/b436304ba804e3f885257a5b00521b3b!OpenDocument. 
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also expected to review the report of results, which has been classified as a Highly Influential 
Scientific Assessment.86 

86 The Office of Management and Budget’s Peer Review Bulletin (US OMB, 2004) defines Highly Influential Scientific
Assessments as scientific assessments that could (1) have a potential impact of more than $500 million in any year or (2)
are novel, controversial, or precedent-setting or have significant interagency interest. The Peer Review Bulletin describes 
specific peer review requirements for Highly Influential Scientific Assessments. 
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9. Research Progress Summary and 
Next Steps 

This report describes the progress made for each of the research projects conducted as part of the 
EPA’s Study of the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources. This 
chapter provides an overview of the progress made for each research activity as well as the 
progress made for each stage of the water cycle presented in Section 2.1. It also describes, in more
detail, the report of results. 

9.1. Summary of Progress by Research Activity 
The EPA is using a transdisciplinary research approach to investigate the potential relationship 
between hydraulic fracturing and drinking water resources. This approach includes compiling and
analyzing data from existing sources, evaluating scenarios using computer models, carrying out 
laboratory studies, assessing the toxicity associated with hydraulic fracturing-related chemicals, 
and conducting case studies. 

Analysis of Existing Data. To date, data from seven sources have been obtained for review and 
ongoing analysis, including: 

 Information provided by nine hydraulic fracturing service companies. 

 333 well files supplied by nine oil and gas operators. 

 Over 12,000 chemical disclosure records from FracFocus, the national hydraulic fracturing 
chemical registry managed by the Ground Water Protection Council and the Interstate Oil 
and Gas Compact Commission. 

 Spill reports from four different sources, including databases from the National Response 
Center, Colorado, New Mexico, and Pennsylvania. 

As part of its literature review, the EPA has compiled, and continues to search for, literature 
relevant to the secondary research questions listed in Section 2.1. This includes documents 
provided by stakeholders and recommended by the Science Advisory Board during its review of the 
draft study plan.87 A Federal Register notice requesting peer-reviewed data and publications 
relevant to the study, including information on advances in industry practices and technologies, has 
recently been published (US EPA, 2012u). 

Scenario Evaluations. Potential impacts to drinking water sources from withdrawing large volumes 
of water in both a semi-arid and a humid river basin—the Upper Colorado River Basin in the west
and the Susquehanna River Basin in the east—are being assessed. Additionally, complex computer 
models are being used to explore the possibility of subsurface gas and fluid migration from deep
shale formations to overlying aquifers in six different scenarios. These scenarios include poor well 

87 Additional information on the Science Advisory Board review of the EPA’s Draft Plan to Study the Potential Impacts of 
Hydraulic Fracturing on Drinking Water Resources is available at http://www.epa.gov/hfstudy/peer-review.html. 
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construction and hydraulic communication via fractures (natural and created) and nearby existing 
wells. As a first step, the subsurface migration simulations will examine realistic scenarios to assess 
the conditions necessary for hydraulic communication rather than the probability of migration 
occurring. In a separate research project, the EPA is using surface water transport models to 
estimate concentrations of bromide and radium at public water supply intakes downstream from 
wastewater treatment facilities that discharge treated hydraulic fracturing wastewater. 

Laboratory Studies. The ability to analyze and determine the presence and concentration of 
chemicals in environmental samples is critical to the EPA’s study. In most cases, standard EPA 
methods are being used for laboratory analyses. In other cases, however, standard methods do not 
exist for the low-level detection of chemicals of interest or for use in the complex matrices
associated with hydraulic fracturing wastewater. Where necessary, existing analytical methods are 
being tested, modified, and verified for use in this study and by others. Analytical methods are 
currently being tested and modified for several classes of chemicals, including glycols, acrylamides, 
ethoxylated alcohols, DBPs, radionuclides, and inorganic chemicals. 

Laboratory studies focusing on the potential impacts of inadequate treatment of hydraulic
fracturing wastewater on drinking water resources are being planned and conducted. The studies 
include assessing the ability of hydraulic fracturing wastewater to create brominated DBPs and 
testing the efficacy of common wastewater treatment processes on removing selected
contaminants from hydraulic fracturing wastewater. Samples of surface water, raw hydraulic 
fracturing wastewater, and treated effluent have been collected for the source apportionment
studies, which aim to identify the source of high chloride and bromide levels in rivers accepting 
treated hydraulic fracturing wastewater. 

Toxicity Assessment. The EPA has evaluated data to identify chemicals reportedly used in hydraulic
fracturing fluids from 2005 to 2011 and chemicals found in flowback and produced water. 
Appendix A contains tables of these chemicals, with over 1,000 chemicals identified. Chemical, 
physical, and toxicological properties have been compiled for chemicals with known chemical
structures. Existing models are being used to estimate properties in cases where information is 
lacking. At this time, the EPA has not made any judgment about the extent of exposure to these 
chemicals when used in hydraulic fracturing fluids or found in hydraulic fracturing wastewater, or 
their potential impacts on drinking water resources. 

Case Studies. Two rounds of sampling at all five retrospective case study locations have been
completed. In total, water samples have been collected from over 70 domestic water wells, 15 
monitoring wells, and 13 surface water sources, among others. A third round of sampling is 
expected to occur this fall in Las Animas and Huerfano Counties, Colorado; Dunn County, North 
Dakota; and Wise County, Texas. Additional sampling in Bradford and Washington Counties, 
Pennsylvania, is projected to take place in spring 2013. 

The EPA continues to work with industry partners to plan and begin research activities for
prospective case studies. 
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9.2. Summary of Progress by Water Cycle Stage 
Figures 38 and 39 illustrate the research underway for each stage of the hydraulic fracturing water 
cycle. The fundamental research questions and research focus areas are briefly described below for
each water cycle stage; for more detail on the stages of the hydraulic fracturing water cycle and 
their associated research projects, see Section 2.1. 

Water Acquisition: What are the possible impacts of large volume water withdrawals from ground 
and surface waters on drinking water resources? Work in this area focuses on understanding the 
volumes and sources of water needed for hydraulic fracturing operations, and the potential impacts
of water withdrawals on drinking water quantity and quality. Effects of recently emerging trends in 
water recycling will be considered in the report of results. 

Chemical Mixing: What are the possible impacts of surface spills on or near well pads of hydraulic 
fracturing fluids on drinking water resources? Spill reports from several databases are being
reviewed to identify volumes and causes of spills of hydraulic fracturing fluids and wastewater. 
Information on the chemicals used in hydraulic fracturing fluids and their known chemical,
physical, and toxicological properties has been compiled. 

Well Injection: What are the possible impacts of the injection and fracturing process on drinking water 
resources? Work currently underway is focused on identifying conditions that may be associated
with the subsurface migration of gases and fluids to drinking water resources. The EPA is exploring 
gas and fluid migration due to inadequate well construction as well as the presence of nearby 
natural faults and fractures or man-made wells. 

Flowback and Produced Water: What are the possible impacts of surface spills on or near well pads of 
flowback and produced water on drinking water resources? As with chemical mixing, research in this 
area focuses on reviewing spill reports of flowback and produced water as well as collecting
information on the composition of hydraulic fracturing wastewater. Known chemical, physical, and 
toxicological properties of the components of flowback and produced water are being compiled. 

Wastewater Treatment and Waste Disposal: What are the possible impacts of inadequate treatment of 
hydraulic fracturing wastewater on drinking water resources? Work in this area focuses on 
evaluating treatment and disposal practices for hydraulic fracturing wastewater. Since some
wastewater is known to be discharged to surface water after treatment in POTWs or commercial 
treatment systems, the EPA is investigating the efficacy of common treatment processes at 
removing selected components in flowback and produced water. Potential impacts to downstream 
public water supplies from discharge of treated hydraulic fracturing wastewater are also being 
investigated, including the potential for the formation of Br-DBPs. 
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Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

9.3. Report of Results 
This is a status report, describing the current progress made on the research projects that make up 
the agency’s Study of the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources. 
Results from individual research projects will undergo peer review prior to publication either as 
articles in scientific journals or EPA reports. The EPA plans to synthesize results from the published
reports with a critical literature review in a report of results that will answer as completely as 
possible the research questions identified in the Study Plan. The report of results has been 
determined to be a Highly Influential Scientific Assessment and will undergo peer review by the 
Science Advisory Board. Ultimately, the results of this study are expected to inform the public and 
provide policymakers at all levels with high-quality scientific knowledge that can be used in
decision-making processes. 

The report of results will also be informed by information provided through the ongoing 
stakeholder engagement process described in Section 1.1. This process is anticipated to provide
agency scientists with updates on changes in industry practices and technologies relevant to the 
study. While the EPA expects hydraulic fracturing technology to develop between now and the 
publication of the report of results, the agency believes that the research described here will
provide timely information that will contribute to the state of knowledge on the relationship 
between hydraulic fracturing and drinking water resources. For example, some companies may
adopt new injection or wastewater treatment technologies and practices, while others may 
continue to use current technologies and practices. Many of the practices, including wastewater
treatment and disposal technologies used by POTWs, are not expected to change significantly 
between now and the report of results. 

Results from the study are expected to identify potential impacts to drinking water resources, if 
any, from water withdrawals, the fate and transport of chemicals associated with hydraulic
fracturing, and wastewater treatment and waste disposal. Information on the toxicity of hydraulic 
fracturing-related chemicals is also being gathered. Although these data may be used to assess the 
potential risks to drinking water resources from hydraulic fracturing activities, the report of results 
is not intended to quantify risks. Results presented in the report of results will be appropriately
discussed and all uncertainties will be described. 

The EPA will strive to make the report of results as clear and definitive as possible in answering all 
of the primary and secondary research questions, at that time. Science and technology evolve, 
however: the agency does not believe that the report of results will provide definitive answers on
all research questions for all time and fully expects that additional research needs will be identified. 

9.4. Conclusions 
This report presents the EPA’s progress in conducting its Study of the Potential Impacts of Hydraulic 
Fracturing on Drinking Water Resources. Chapters 3 through 7 provide individual progress reports 
for each of the research projects that make up this study. Each project progress report describes the 
project’s relationship to the study, research methods, and status and summarizes QA activities. 
Information presented as part of this report cannot be used to draw conclusions about potential 
impacts to drinking water resources from hydraulic fracturing. 
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The EPA is committed to conducting a study that uses the best available science, independent 
sources of information, and a transparent, peer-reviewed process that ensures the validity and
accuracy of the results. The EPA will seek input from individual members of an ad hoc expert panel 
convened under the auspices of the EPA’s Science Advisory Board. Information about this process is
available at http://yosemite.epa.gov/sab/sabproduct.nsf/02ad90b136fc21ef85256eba00436459/ 
b436304ba804e3f885257a5b00521b3b!OpenDocument. The individual members of the ad hoc 
panel will consider public comment. The EPA will consider feedback from the individual experts, as
informed by the public’s comments, in the development of the report of results. 
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Appendix A: Chemicals Identified in 
Hydraulic Fracturing Fluids and 
Wastewater 
This appendix contains tables of chemicals reported to be used in hydraulic fracturing fluids and 
chemicals detected in flowback and produced water. Sources of information include federal and
state government documents, industry-provided data, and other reliable sources based on the 
availability of clear scientific methodology and verifiable original sources; the full list of
information sources is available in Section A.1. The EPA at this time has not made any judgment 
about the extent of exposure to these chemicals when used in hydraulic fracturing fluids or found in
hydraulic fracturing wastewater, or their potential impacts on drinking water resources. 

The tables in this appendix include information provided by nine hydraulic fracturing service 
companies (see Section 3.3), nine oil and gas operators (Section 3.4), and FracFocus (Section 3.5). 
Over 150 entries in Tables A-1 and A-2 were provided by the service companies, and roughly 60
entries were provided by FracFocus; these entries were not included in easily obtained public 
sources. The nine oil and gas operators provided data on chemicals and properties of flowback and
produced water; the chemicals and properties are listed in Tables A-3 and A-4. 

Much of the information provided in response to the EPA’s September 2010 information request to 
the nine hydraulic fracturing service companies was claimed as confidential business information
(CBI) under the Toxic Substances Control Act. In many cases, the service companies have agreed to 
publicly release chemical names and Chemical Abstract Services Registration Numbers (CASRNs) in 
Table A-1. However, 82 chemicals with known chemical names and CASRNs continue to be claimed 
as CBI, and are not included in this appendix. In some instances, generic chemical names have been 
provided for these chemicals in Table A-2. 

In order to standardize chemical names, chemical name and structure annotation quality control
methods have been applied to chemicals with CASRNs.88 These methods ensure correct chemical 
names and CASRNs and include combining duplicates where appropriate. 

The EPA is creating a Distributed Structure-Searchable Toxicity (DSSTox)89 chemical inventory for
chemicals reported to be used in hydraulic fracturing fluids and/or detected in flowback and 
produced water. The hydraulic fracturing DSSTox chemical inventory will contain CASRNs, 
chemical names and synonyms, and structure data files (where available). The structure data files
can be used with existing computer software to calculate physicochemical properties, as described 
in Chapter 6. 

88 Additional information on this process can be found at http://www.epa.gov/ncct/dsstox/
ChemicalInfQAProcedures.html. 
89 The DSSTox website provides a public forum for publishing downloadable, structure-searchable, standardized chemical
structure files associated with chemical inventories or toxicity datasets of environmental relevance. For more
information, see http://www.epa.gov/ncct/dsstox/. 
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Table A-1. List of CASRNs and names of chemicals reportedly used in hydraulic fracturing fluids. Chemical 
structures and IUPAC names have been identified for the chemicals with an “ ” in the “IUPAC Name and Structure” 
column. A few chemicals have structures, but no assigned CASRNs; these chemicals have “NA” entered in the 
CASRN column. 

IUPAC 
CASRN Chemical Name Name and Reference 

Structure 

120086-58-0 (13Z)-N,N-bis(2-hydroxyethyl)-N-methyldocos-13-en-1-
aminium chloride 1

123-73-9 (E)-Crotonaldehyde 1, 4 

2235-43-0 [Nitrilotris(methylene)]tris-phosphonic acid pentasodium 
salt 1

65322-65-8 1-(1-Naphthylmethyl)quinolinium chloride 1

68155-37-3 1-(Alkyl* amino)-3-aminopropane *(42%C12, 26%C18, 
15%C14, 8%C16, 5%C10, 4%C8) 8

68909-18-2 1-(Phenylmethyl)pyridinium Et Me derivs., chlorides 1, 2, 3, 4, 
6, 8 

526-73-8 1,2,3-Trimethylbenzene 1, 4 
95-63-6 1,2,4-Trimethylbenzene 1, 2, 3, 4, 5 
2634-33-5 1,2-Benzisothiazolin-3-one 1, 3, 4 
35691-65-7 1,2-Dibromo-2,4-dicyanobutane 1, 4 
95-47-6 1,2-Dimethylbenzene 4

138879-94-4 
1,2-Ethanediaminium, N, N'-bis[2-[bis(2-
hydroxyethyl)methylammonio]ethyl]-N,N'bis(2-
hydroxyethyl)-N,N'-dimethyl-,tetrachloride 

1, 4 

57-55-6 1,2-Propanediol 1, 2, 3, 4, 8 
75-56-9 1,2-Propylene oxide 1, 4 
4719-04-4 1,3,5-Triazine-1,3,5(2H,4H,6H)-triethanol 1, 4 
108-67-8 1,3,5-Trimethylbenzene 1, 4 
123-91-1 1,4-Dioxane 2, 3, 4 

9051-89-2 
1,4-Dioxane-2,5-dione, 3,6-dimethyl-, (3R,6R)-, polymer 
with (3S,6S)-3,6-dimethyl-1,4-dioxane-2,5-dione and 
(3R,6S)-rel-3,6-dimethyl-1,4-dioxane-2,5-dione 

1, 4, 8 

124-09-4 1,6-Hexanediamine 1, 2 
6055-52-3 1,6-Hexanediamine dihydrochloride 1

20324-33-8 1-[2-(2-Methoxy-1-methylethoxy)-1-methylethoxy]-2-
propanol 4

78-96-6 1-Amino-2-propanol 8
Table continued on next page 
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Table A-1 lists chemicals reported to be used in hydraulic fracturing fluids between 2005 and 2011. 
This table lists chemicals with their associated CASRNs. Structure data files are expected to be in 
the hydraulic fracturing DSSTox chemical inventory for some chemicals on Table A-1; these 
chemicals are marked with a “ ” in the “IUPAC Name and Structure” column. 
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Table continued from previous page 

IUPAC 
CASRN Chemical Name Name and Reference 

Structure 
15619-48-4 1-Benzylquinolinium chloride 1, 3, 4 

71-36-3 1-Butanol 1, 2, 3, 4, 7 

112-30-1 1-Decanol 1, 4 

2687-96-9 1-Dodecyl-2-pyrrolidinone 1, 4 

3452-07-1 1-Eicosene 3 

629-73-2 1-Hexadecene 3 

111-27-3 1-Hexanol 1, 4, 8  

68909-68-7 1-Hexanol, 2-ethyl-, manuf. of, by products from, distn. 
residues 4 

68442-97-7 1H-Imidazole-1-ethanamine, 4,5-dihydro-, 2-nortall-oil 
alkyl derivs. 2, 4 

107-98-2 1-Methoxy-2-propanol 1, 2, 3, 4  
2190-04-7 1-Octadecanamine, acetate (1:1) 8 

124-28-7 1-Octadecanamine, N,N-dimethyl- 1, 3, 4 

112-88-9 1-Octadecene 3 

111-87-5 1-Octanol 1, 4 

71-41-0 1-Pentanol 8 

61789-39-7 1-Propanaminium, 3-amino-N-(carboxymethyl)-N,N-
dimethyl-, N-coco acyl derivs., chlorides, sodium salts 1 

61789-40-0 1-Propanaminium, 3-amino-N-(carboxymethyl)-N,N-
dimethyl-, N-coco acyl derivs., inner salts 1, 2, 3, 4 

68139-30-0 1-Propanaminium, N-(3-aminopropyl)-2-hydroxy-N,N-
dimethyl-3-sulfo-, N-coco acyl derivs., inner salts 1, 3, 4 

149879-98-1 1-Propanaminium, N-(carboxymethyl)-N,N-dimethyl-3-
[[(13Z)-1-oxo-13-docosen-1-yl]amino]-, 1, 3 

5284-66-2 1-Propanesulfonic acid 3 

71-23-8 1-Propanol 1, 2, 4, 5  
23519-77-9 1-Propanol, zirconium(4+) salt 1, 4, 8  
115-07-1 1-Propene 2 

1120-36-1 1-Tetradecene 3 

112-70-9 1-Tridecanol 1, 4 

112-42-5 1-Undecanol 2 

112-34-5 2-(2-Butoxyethoxy)ethanol 2, 4 

111-90-0 2-(2-Ethoxyethoxy)ethanol 1, 4 

112-15-2 2-(2-Ethoxyethoxy)ethyl acetate 1, 4  
102-81-8 2-(Dibutylamino)ethanol 1, 4  

Table continued on next page 
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Table continued from previous page 

IUPAC 
CASRN Chemical Name Name and Reference 

Structure 
34375-28-5 2-(Hydroxymethylamino)ethanol 1, 4 

21564-17-0 2-(Thiocyanomethylthio)benzothiazole 2 

27776-21-2 2,2'-(Azobis(1-methylethylidene))bis(4,5-dihydro-1H-
imidazole)dihydrochloride 3 

10213-78-2 2,2'-(Octadecylimino)diethanol 1 

929-59-9 2,2'-[Ethane-1,2-diylbis(oxy)]diethanamine 1, 4 

9003-11-6 2,2'-[propane-1,2-diylbis(oxy)]diethanol 1, 3, 4, 8  

25085-99-8 2,2'-[propane-2,2-diylbis(4,1-
phenyleneoxymethylene)]dioxirane 1, 4, 8  

10222-01-2 2,2-Dibromo-3-nitrilopropionamide 1, 2, 3, 4, 
6, 7, 8  

73003-80-2 2,2-Dibromopropanediamide 3 

24634-61-5 2,4-Hexadienoic acid, potassium salt, (2E,4E)- 3 

915-67-3 2,7-Naphthalenedisulfonic acid, 3-hydroxy-4-[2-(4-sulfo-
1-naphthalenyl) diazenyl] -, sodium salt (1:3) 4 

9002-93-1 2-[4-(1,1,3,3-tetramethylbutyl)phenoxy]ethanol 1, 3, 4  

NA 2-Acrylamide - 2-propanesulfonic acid and N,N-
dimethylacrylamide copolymer 2 

NA 2-acrylamido -2-methylpropanesulfonic acid copolymer 2 

15214-89-8 2-Acrylamido-2-methyl-1-propanesulfonic acid 1, 3 

124-68-5 2-Amino-2-methylpropan-1-ol 8 

2002-24-6 2-Aminoethanol hydrochloride 4, 8  
52-51-7 2-Bromo-2-nitropropane-1,3-diol 1, 2, 3, 4, 6  
1113-55-9 2-Bromo-3-nitrilopropionamide 1, 2, 3, 4, 5  
96-29-7 2-Butanone oxime 1 

143106-84-7 

2-Butanone, 4-[[[(1R,4aS,10aR)-1,2,3,4,4a,9,10,10a-
octahydro-1,4a-dimethyl-7-(1-methylethyl)-1-
phenanthrenyl]methyl](3-oxo-3-phenylpropyl)amino]-,
hydrochloride (1:1) 

1, 4 

68442-77-3 2-Butenediamide, (2E)-, N,N'-bis[2-(4,5-dihydro-2-nortall-
oil alkyl-1H-imidazol-1-yl)ethyl] derivs. 3, 8 

111-76-2 2-Butoxyethanol 1, 2, 3, 4, 
6, 7, 8  

110-80-5 2-Ethoxyethanol 6 

104-76-7 2-Ethyl-1-hexanol 1, 2, 3, 4, 5 

645-62-5 2-Ethyl-2-hexenal 2 

5444-75-7 2-Ethylhexyl benzoate 4 
Table continued on next page 
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Table continued from previous page 

IUPAC 
CASRN Chemical Name Name and Reference 

Structure 
818-61-1 2-Hydroxyethyl acrylate 1, 4 
13427-63-9 2-Hydroxyethylammonium hydrogen sulphite 1
60-24-2 2-Mercaptoethanol 1, 4 
109-86-4 2-Methoxyethanol 4
78-83-1 2-Methyl-1-propanol 1, 2, 4 
107-41-5 2-Methyl-2,4-pentanediol 1, 2, 4 
2682-20-4 2-Methyl-3(2H)-isothiazolone 1, 2, 4 
115-19-5 2-Methyl-3-butyn-2-ol 3
78-78-4 2-Methylbutane 2
62763-89-7 2-Methylquinoline hydrochloride 3
37971-36-1 2-Phosphono-1,2,4-butanetricarboxylic acid 1, 4 

93858-78-7 2-Phosphonobutane-1,2,4-tricarboxylic acid, potassium 
salt (1:x) 1

555-31-7 2-Propanol, aluminum salt 1

26062-79-3 2-Propen-1-aminium, N,N-dimethyl-N-2-propenyl-,
chloride, homopolymer 

 3

13533-05-6 2-Propenoic acid, 2-(2-hydroxyethoxy)ethyl ester 4

113221-69-5 2-Propenoic acid, ethyl ester, polymer with ethenyl 
acetate and 2,5-furandione, hydrolyzed 4, 8 

111560-38-4 2-Propenoic acid, ethyl ester, polymer with ethenyl 
acetate and 2,5-furandione, hydrolyzed, sodium salt 8

9003-04-7 2-Propenoic acid, homopolymer, sodium salt 1, 2, 3, 4 

9003-06-9 2-Propenoic acid, polymer with 2-propenamide 4, 8 

25987-30-8 2-Propenoic acid, polymer with 2-propenamide, sodium 
salt 3, 4, 8 

37350-42-8 
2-Propenoic acid, sodium salt (1:1), polymer with sodium 
2-methyl-2-((1-oxo-2-propen-1-yl)amino)-1-
propanesulfonate (1:1) 

1

151006-66-5 

2-Propenoic acid, telomer with sodium 4-
ethenylbenzenesulfonate (1:1), sodium 2-methyl-2-[(1-
oxo-2-propen-1-yl)amino]-1-propanesulfonate (1:1) and 
sodium sulfite (1:1), sodium salt 

4

71050-62-9 2-Propenoic, polymer with sodium phosphinate 3, 4 

75673-43-7 3,4,4-Trimethyloxazolidine 8

51229-78-8 3,5,7-Triazatricyclo(3.3.1.1(superscript 3,7))decane, 1-(3-
chloro-2-propenyl)-, chloride, (Z)- 3

5392-40-5 3,7-Dimethyl-2,6-octadienal 3
Table continued on next page 
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Table continued from previous page 

IUPAC 
CASRN Chemical Name Name and Reference 

Structure 
104-55-2 3-Phenylprop-2-enal 1, 2, 3, 4, 7 

12068-08-5 4-(Dodecan-6-yl)benzenesulfonic acid – morpholine (1:1) 1, 4 

51200-87-4 4,4-Dimethyloxazolidine 8
5877-42-9 4-Ethyloct-1-yn-3-ol 1, 2, 3, 4 
121-33-5 4-Hydroxy-3-methoxybenzaldehyde 3
122-91-8 4-Methoxybenzyl formate 3
150-76-5 4-Methoxyphenol 4
108-11-2 4-Methyl-2-pentanol 1, 4 
108-10-1 4-Methyl-2-pentanone 5
104-40-5 4-Nonylphenol 8
26172-55-4 5-Chloro-2-methyl-3(2H)-isothiazolone 1, 2, 4 
106-22-9 6-Octen-1-ol, 3,7-dimethyl- 3
75-07-0 Acetaldehyde 1, 4 

64-19-7 Acetic acid 1, 2, 3, 4, 
5, 6, 7, 8 

25213-24-5 Acetic acid ethenyl ester, polymer with ethenol 1, 4 

90438-79-2 Acetic acid, C6-8-branched alkyl esters 4

68442-62-6 Acetic acid, hydroxy-, reaction products with 
triethanolamine 3

5421-46-5 Acetic acid, mercapto-, monoammonium salt 2, 8 
108-24-7 Acetic anhydride 1, 2, 3, 4, 7 
67-64-1 Acetone 1, 3, 4, 6 
7327-60-8 Acetonitrile, 2,2',2''-nitrilotris- 1, 4 
98-86-2 Acetophenone 1
77-89-4 Acetyltriethyl citrate 1, 4 
107-02-8 Acrolein 2
79-06-1 Acrylamide 1, 2, 3, 4 
25085-02-3 Acrylamide/ sodium acrylate copolymer 1, 2, 3, 4, 8 

38193-60-1 Acrylamide-sodium-2-acrylamido-2-methlypropane 
sulfonate copolymer 1, 2, 3, 4 

79-10-7 Acrylic acid 2, 4 

110224-99-2 Acrylic acid, with sodium-2-acrylamido-2-methyl-1-
propanesulfonate and sodium phosphinate 8

67254-71-1 Alcohols, C10-12, ethoxylated 3
68526-86-3 Alcohols, C11-14-iso-, C13-rich 3
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CASRN Chemical Name 

228414-35-5 Alcohols, C11-14-iso-, C13-rich, butoxylated ethoxylated 
78330-21-9 Alcohols, C11-14-iso-, C13-rich, ethoxylated 
126950-60-5 Alcohols, C12-14-secondary 
84133-50-6 Alcohols, C12-14-secondary, ethoxylated 
78330-19-5 Alcohols, C7-9-iso-, C8-rich, ethoxylated 
68603-25-8 Alcohols, C8-10, ethoxylated propoxylated 
78330-20-8 Alcohols, C9-11-iso-, C10-rich, ethoxylated 
93924-07-3 Alkanes, C10-14
90622-52-9 Alkanes, C10-16-branched and linear 
68551-19-9 Alkanes, C12-14-iso-
68551-20-2 Alkanes, C13-16-iso-
64743-02-8 Alkenes, C>10 .alpha.-
68411-00-7 Alkenes, C>8 

Alkenes, C24-25 alpha-, polymers with maleic anhydride, 68607-07-8 docosyl esters 

71011-24-0 Alkyl quaternary ammonium with bentonite 

Alkyl* dimethyl ethylbenzyl ammonium chloride 85409-23-0 *(50%C12, 30%C14, 17%C16, 3%C18) 

42615-29-2 Alkylbenzenesulfonate, linear 
1302-62-1 Almandite and pyrope garnet 

alpha-[3.5-dimethyl-1-(2-methylpropyl)hexyl]-omega-60828-78-6 hydroxy-poly(oxy-1,2-ethandiyl) 
9000-90-2 alpha-Amylase 
98-55-5 Alpha-Terpineol 

1302-42-7 Aluminate (AlO2
1-), sodium 

7429-90-5 Aluminum 

12042-68-1 Aluminum calcium oxide (Al2CaO4)

7446-70-0 Aluminum chloride 
1327-41-9 Aluminum chloride, basic 
1344-28-1 Aluminum oxide 
12068-56-3 Aluminum oxide silicate 
12141-46-7 Aluminum silicate 
10043-01-3 Aluminum sulfate 
68155-07-7 Amides, C8-18 and C18-unsatd., N,N-bis(hydroxyethyl) 
68140-01-2 Amides, coco, N-[3-(dimethylamino)propyl] 

IUPAC 
Name and Reference 
Structure 

1 

3, 4, 8 

1, 3, 4  
3, 4, 8  
2, 4, 8 

3 

1, 2, 4, 8 

1 

4 

2, 4, 8  
1, 4 

1, 3, 4, 8  
1 

8 

4 

8 

1, 4, 6  
1, 4  

3 

4 

3 

2, 4 

1, 4, 6  

2 

1, 4  
3, 4 

1, 2, 4  
1, 2, 4 

1, 2, 4  
1, 4  
3 

1, 4  
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IUPAC 
CASRN Chemical Name Name and Reference 

Structure 

70851-07-9 Amides, coco, N-[3-(dimethylamino)propyl], alkylation 
products with chloroacetic acid, sodium salts 1, 4 

68155-09-9 Amides, coco, N-[3-(dimethylamino)propyl], N-oxides 1, 3, 4 

68876-82-4 Amides, from C16-22 fatty acids and diethylenetriamine 3 

68155-20-4 Amides, tall-oil fatty, N,N-bis(hydroxyethyl) 3, 4 

68647-77-8 Amides, tallow, N-[3-(dimethylamino)propyl],N-oxides 1, 4 

68155-39-5 Amines, C14-18; C16-18-unsaturated, alkyl, ethoxylated 1 

68037-94-5 Amines, C8-18 and C18-unsatd. alkyl 5 

61788-46-3 Amines, coco alkyl 4 

61790-57-6 Amines, coco alkyl, acetates 1, 4 

61788-93-0 Amines, coco alkyldimethyl 8 

61790-59-8 Amines, hydrogenated tallow alkyl, acetates 4 

68966-36-9 Amines, polyethylenepoly-, ethoxylated, 
phosphonomethylated 1, 4 

68603-67-8 Amines, polyethylenepoly-, reaction products with benzyl 
chloride 1 

61790-33-8 Amines, tallow alkyl 8 

61791-26-2 Amines, tallow alkyl, ethoxylated 1, 3  

68551-33-7 Amines, tallow alkyl, ethoxylated, acetates (salts) 1, 3, 4 

68308-48-5 Amines, tallow alkyl, ethoxylated, phosphates 4 

6419-19-8 Aminotrimethylene phosphonic acid 1, 4, 8  
7664-41-7 Ammonia 1, 2, 3, 4, 7  
32612-48-9 Ammonium (lauryloxypolyethoxy)ethyl sulfate 4 

631-61-8 Ammonium acetate 1, 3, 4, 5, 8  
10604-69-0 Ammonium acrylate 8 

26100-47-0 Ammonium acrylate-acrylamide polymer 2, 4, 8  
7803-63-6 Ammonium bisulfate 2 

10192-30-0 Ammonium bisulfite 1, 2, 3, 4, 7  

12125-02-9 Ammonium chloride 1, 2, 3, 4, 
5, 6, 8  

7632-50-0 Ammonium citrate (1:1) 3 

3012-65-5 Ammonium citrate (2:1) 8 

2235-54-3 Ammonium dodecyl sulfate 1 

12125-01-8 Ammonium fluoride 1, 4  
1066-33-7 Ammonium hydrogen carbonate 1, 4  
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Structure 
1341-49-7 Ammonium hydrogen difluoride 1, 3, 4, 7 

13446-12-3 Ammonium hydrogen phosphonate 4 

1336-21-6 Ammonium hydroxide 1, 3, 4  
8061-53-8 Ammonium ligninsulfonate 2 

6484-52-2 Ammonium nitrate 1, 2, 3 

7722-76-1 Ammonium phosphate 1, 4 

7783-20-2 Ammonium sulfate 1, 2, 3, 4, 6  
99439-28-8 Amorphous silica 1, 7  
104-46-1 Anethole 3 

62-53-3 Aniline 2, 4 

1314-60-9 Antimony pentoxide 1, 4 

10025-91-9 Antimony trichloride 1, 4 

1309-64-4 Antimony trioxide 8 

7440-38-2 Arsenic 4 

68131-74-8 Ashes, residues 4 

68201-32-1 Asphalt, sulfonated, sodium salt 2 

12174-11-7 Attapulgite 2, 3  
31974-35-3 Aziridine, polymer with 2-methyloxirane 4, 8  
7727-43-7 Barium sulfate 1, 2, 4  
1318-16-7 Bauxite 1, 2, 4  
1302-78-9 Bentonite 1, 2, 4, 6  

121888-68-4 Bentonite, benzyl(hydrogenated tallow alkyl) 
dimethylammonium stearate complex 3, 4 

80-08-0 Benzamine, 4,4'-sulfonylbis- 1, 4  
71-43-2 Benzene 1, 3, 4  
98-82-8 Benzene, (1-methylethyl)- 1, 2, 3, 4 

119345-03-8 Benzene, 1,1'-oxybis-, tetrapropylene derivs., sulfonated 8 

119345-04-9 Benzene, 1,1'-oxybis-, tetrapropylene derivs., sulfonated, 
sodium salts 3, 4, 8 

611-14-3 Benzene, 1-ethyl-2-methyl- 4 

68648-87-3 Benzene, C10-16-alkyl derivs. 1 

9003-55-8 Benzene, ethenyl-, polymer with 1,3-butadiene 2, 4 

74153-51-8 
Benzenemethanaminium, N,N-dimethyl-N-(2-((1-oxo-2-
propen-1-yl)oxy)ethyl)-, chloride (1:1), polymer with 2-
propenamide 

3 

98-11-3 Benzenesulfonic acid 2 
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Structure 
37953-05-2 Benzenesulfonic acid, (1-methylethyl)-, 4 

37475-88-0 Benzenesulfonic acid, (1-methylethyl)-, ammonium salt 3, 4  
28348-53-0 Benzenesulfonic acid, (1-methylethyl)-, sodium salt 8 

68584-22-5 Benzenesulfonic acid, C10-16-alkyl derivs. 1, 4  

255043-08-4 Benzenesulfonic acid, C10-16-alkyl derivs., compds. with 
cyclohexylamine 1 

68584-27-0 Benzenesulfonic acid, C10-16-alkyl derivs., potassium 
salts 1, 4, 8  

90218-35-2 Benzenesulfonic acid, dodecyl-, branched, compds. with 
2-propanamine 4 

26264-06-2 Benzenesulfonic acid, dodecyl-, calcium salt 4 

68648-81-7 Benzenesulfonic acid, mono-C10-16 alkyl derivs., 
compds. with 2-propanamine 1, 4  

65-85-0 Benzoic acid 1, 4, 7  
100-44-7 Benzyl chloride 1, 2, 4, 8 

139-07-1 Benzyldimethyldodecylammonium chloride 2, 8 

122-18-9 Benzylhexadecyldimethylammonium chloride 8 

68425-61-6 Bis(1-methylethyl)naphthalenesulfonic acid, 
cyclohexylamine salt 1 

111-44-4 Bis(2-chloroethyl) ether 8 

80-05-7 Bisphenol A 4 

65996-69-2 Blast furnace slag 2, 3 

1303-96-4 Borax 1, 2, 3, 4, 6  

10043-35-3 Boric acid 1, 2, 3, 4, 
6, 7  

1303-86-2 Boric oxide 1, 2, 3, 4  
11128-29-3 Boron potassium oxide 1 

1330-43-4 Boron sodium oxide 1, 2, 4  
12179-04-3 Boron sodium oxide pentahydrate 8 

106-97-8 Butane 2, 5 

2373-38-8 Butanedioic acid, sulfo-, 1,4-bis(1,3-dimethylbutyl) ester, 
sodium salt 1 

2673-22-5 Butanedioic acid, sulfo-, 1,4-ditridecyl ester, sodium salt 4 

2426-08-6 Butyl glycidyl ether 1, 4  
138-22-7 Butyl lactate 1, 4  
3734-67-6 C.I. Acid red 1 4 
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Structure 
6625-46-3 C.I. Acid violet 12, disodium salt 4 

6410-41-9 C.I. Pigment Red 5 4 

4477-79-6 C.I. Solvent Red 26 4 

70592-80-2 C10-16-Alkyldimethylamines oxides 4 

68002-97-1 C10-C16 ethoxylated alcohol 1, 2, 3, 4, 8 

68131-40-8 C11-15-Secondary alcohols ethoxylated 1, 2, 8 

73138-27-9 C12-14 tert-alkyl ethoxylated amines 3 

66402-68-4 Calcined bauxite 2, 8 

12042-78-3 Calcium aluminate 2 

7789-41-5 Calcium bromide 4 

10043-52-4 Calcium chloride 1, 2, 3, 4, 7  
10035-04-8 Calcium dichloride dihydrate 1, 4  
7789-75-5 Calcium fluoride 1, 4 

1305-62-0 Calcium hydroxide 1, 2, 3, 4  
7778-54-3 Calcium hypochlorite 1, 2, 4  
58398-71-3 Calcium magnesium hydroxide oxide 4 

1305-78-8 Calcium oxide 1, 2, 4, 7  
1305-79-9 Calcium peroxide 1, 3, 4, 8  
7778-18-9 Calcium sulfate 1, 2, 4  
10101-41-4 Calcium sulfate dihydrate 2 

76-22-2 Camphor 3 

1333-86-4 Carbon black 1, 2, 4  
124-38-9 Carbon dioxide 1, 3, 4, 6  
471-34-1 Carbonic acid calcium salt (1:1) 1, 2, 4 

 584-08-7 Carbonic acid, dipotassium salt 1, 2, 3, 4, 8 
39346-76-4 Carboxymethyl guar gum, sodium salt 1, 2, 4 

61791-12-6 Castor oil, ethoxylated 1, 3  
8000-27-9 Cedarwood oil 3 

9005-81-6 Cellophane 1, 4  
9012-54-8 Cellulase 1, 2, 3, 4, 5 

9004-34-6 Cellulose 1, 2, 3, 4  
9004-32-4 Cellulose, carboxymethyl ether, sodium salt 2, 3, 4  
16887-00-6 Chloride 4, 8  
7782-50-5 Chlorine 2 
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Structure 
10049-04-4 Chlorine dioxide 1, 2, 3, 4, 8  
78-73-9 Choline bicarbonate 3, 8 

67-48-1 Choline chloride 1, 3, 4, 7, 8  
16065-83-1 Chromium (III), insoluble salts 2, 6 

18540-29-9 Chromium (VI) 6 

39430-51-8 Chromium acetate, basic 2 

1066-30-4 Chromium(III) acetate 1, 2 

77-92-9 Citric acid 1, 2, 3, 4, 7  
8000-29-1 Citronella oil 3 

94266-47-4 Citrus extract 1, 3, 4, 8  
50815-10-6 Coal, granular 1, 2, 4  
71-48-7 Cobalt(II) acetate 1, 4  
68424-94-2 Coco-betaine 3 

68603-42-9 Coconut oil acid/Diethanolamine condensate (2:1) 1 

61789-18-2 Coconut trimethylammonium chloride 1, 8 

7440-50-8 Copper 1, 4 

7758-98-7 Copper sulfate 1, 4, 8  
7758-89-6 Copper(I) chloride 1, 4  
7681-65-4 Copper(I) iodide 1, 2, 4, 6  
7447-39-4 Copper(II) chloride 1, 3, 4  
68525-86-0 Corn flour 4 

11138-66-2 Corn sugar gum 1, 2, 4  
1302-74-5 Corundum (Aluminum oxide) 4, 8  
68308-87-2 Cottonseed, flour 2, 4 

91-64-5 Coumarin 3 

14464-46-1 Cristobalite 1, 2, 4  
15468-32-3 Crystalline silica, tridymite 1, 2, 4  
10125-13-0 Cupric chloride dihydrate 1, 4, 7  
110-82-7 Cyclohexane 1, 7 

108-94-1 Cyclohexanone 1, 4  
18472-87-2 D&C Red 28 4 

533-74-4 Dazomet 1, 2, 3, 4, 
7, 8  

1120-24-7 Decyldimethylamine 3, 4  
7789-20-0 Deuterium oxide 8 
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Structure 
50-70-4 D-Glucitol 1, 3, 4  
526-95-4 D-Gluconic acid 1, 4 

3149-68-6 D-Glucopyranoside, methyl 2 

50-99-7 D-Glucose 1, 4 

117-81-7 Di(2-ethylhexyl) phthalate 1, 4 

7727-54-0 Diammonium peroxydisulfate 1, 2, 3, 4, 
6, 7, 8  

68855-54-9 Diatomaceous earth 2, 4 

91053-39-3 Diatomaceous earth, calcined 1, 2, 4 

3252-43-5 Dibromoacetonitrile 1, 2, 3, 4, 8 
10034-77-2 Dicalcium silicate 1, 2, 4 

 

 

7173-51-5 Didecyldimethylammonium chloride 1, 2, 4, 8 

111-42-2 Diethanolamine 1, 2, 3, 4, 6 
25340-17-4 Diethylbenzene 1, 3, 4 

 

 

111-46-6 Diethylene glycol 1, 2, 3, 4, 7 
111-77-3 Diethylene glycol monomethyl ether 1, 2, 4 

 

 

111-40-0 Diethylenetriamine 1, 2, 4, 5  
68647-57-4 Diethylenetriamine reaction product with fatty acid dimers 2 

38640-62-9 Diisopropylnaphthalene 3, 4  
627-93-0 Dimethyl adipate 8 

1119-40-0 Dimethyl glutarate 1, 4  
63148-62-9 Dimethyl polysiloxane 1, 2, 4 

106-65-0 Dimethyl succinate 8 

108-01-0 Dimethylaminoethanol 2, 4 

7398-69-8 Dimethyldiallylammonium chloride 3, 4 

101-84-8 Diphenyl oxide 3 

7758-11-4 Dipotassium monohydrogen phosphate 5 

25265-71-8 Dipropylene glycol 1, 3, 4  
31291-60-8 Di-sec-butylphenol 1 

28519-02-0 Disodium 
dodecyl(sulphonatophenoxy)benzenesulphonate 1 

38011-25-5 Disodium ethylenediaminediacetate 1, 4 

6381-92-6 Disodium ethylenediaminetetraacetate dihydrate 1 

12008-41-2 Disodium octaborate 4, 8 

12280-03-4 Disodium octaborate tetrahydrate 1, 4  
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Structure 

68477-31-6 Distillates, petroleum, catalytic reformer fractionator 
residue, low-boiling 1, 4 

68333-25-5 Distillates, petroleum, hydrodesulfurized light catalytic 
cracked 1

64742-80-9 Distillates, petroleum, hydrodesulfurized middle 1
64742-52-5 Distillates, petroleum, hydrotreated heavy naphthenic 1, 2, 3, 4 
64742-54-7 Distillates, petroleum, hydrotreated heavy paraffinic 1, 2, 4 

64742-47-8 Distillates, petroleum, hydrotreated light 1, 2, 3, 4, 
5, 7, 8 

64742-53-6 Distillates, petroleum, hydrotreated light naphthenic 1, 2, 8 
64742-55-8 Distillates, petroleum, hydrotreated light paraffinic 8
64742-46-7 Distillates, petroleum, hydrotreated middle 1, 2, 3, 4, 8 
64741-59-9 Distillates, petroleum, light catalytic cracked 1, 4 
64741-77-1 Distillates, petroleum, light hydrocracked 3
64742-65-0 Distillates, petroleum, solvent-dewaxed heavy paraffinic 1
64741-96-4 Distillates, petroleum, solvent-refined heavy naphthenic 1, 4 
64742-91-2 Distillates, petroleum, steam-cracked 1, 4 
64741-44-2 Distillates, petroleum, straight-run middle 1, 2, 4 
64741-86-2 Distillates, petroleum, sweetened middle 1, 4 
71011-04-6 Ditallow alkyl ethoxylated amines 3
10326-41-7 D-Lactic acid 1, 4 

5989-27-5 D-Limonene 1, 3, 4, 5, 
7, 8 

577-11-7 Docusate sodium 1
112-40-3 Dodecane 8
123-01-3 Dodecylbenzene 3, 4 
27176-87-0 Dodecylbenzene sulfonic acid 2, 3, 4, 8 
26836-07-7 Dodecylbenzenesulfonic acid, monoethanolamine salt 1, 4 
12276-01-6 EDTA, copper salt 1, 5, 6 
37288-54-3 Endo-1,4-.beta.-mannanase. 3, 8 
106-89-8 Epichlorohydrin 1, 4, 8 

44992-01-0 Ethanaminium, N,N,N-trimethyl-2-[(1-oxo-2-
propenyl)oxy]-, chloride 3

69418-26-4 Ethanaminium, N,N,N-trimethyl-2-[(1-oxo-2-
propenyl)oxy]-, chloride, polymer with 2-propenamide 1, 3, 4 
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Ethanaminium, N,N,N-trimethyl-2[(2-methyl-1-oxo-2-
26006-22-4 propen-1-yl0oxy]-, methyl sulfate 91:1), polymer with 2-

propenamide
Ethanaminium, N,N,N-trimethyl-2-[(2-methyl-1-oxo-2-27103-90-8 propenyl)oxy]-, methyl sulfate, homopolymer

74-84-0 Ethane

64-17-5 Ethanol

Ethanol, 2,2',2''-nitrilotris-, tris(dihydrogen phosphate)68171-29-9 (ester), sodium salt

61791-47-7 Ethanol, 2,2'-iminobis-, N-coco alkyl derivs., N-oxides
61791-44-4 Ethanol, 2,2'-iminobis-, N-tallow alkyl derivs. 

Ethanol, 2,2'-oxybis-, reaction products with ammonia, 68909-77-3 morpholine derivs. residues 

Ethanol, 2,2-oxybis-, reaction products with ammonia, 68877-16-7 morpholine derivs. residues, acetates (salts)
Ethanol, 2,2-oxybis-, reaction products with ammonia,

102424-23-7 morpholine derivs. residues, reaction products with sulfur
dioxide
Ethanol, 2-[2-[2-(tridecyloxy)ethoxy]ethoxy]-, hydrogen25446-78-0 sulfate, sodium salt

34411-42-2 Ethanol, 2-amino-, polymer with formaldehyde
Ethanol, 2-amino-, reaction products with ammonia, by-68649-44-5 products from, phosphonomethylated

141-43-5 Ethanolamine
66455-15-0 Ethoxylated C10-14 alcohols
66455-14-9 Ethoxylated C12-13 alcohols
68439-50-9 Ethoxylated C12-14 alcohols
68131-39-5 Ethoxylated C12-15 alcohols
68551-12-2 Ethoxylated C12-16 alcohols
68951-67-7 Ethoxylated C14-15 alcohols
68439-45-2 Ethoxylated C6-12 alcohols
68439-46-3 Ethoxylated C9-11 alcohols
9002-92-0 Ethoxylated dodecyl alcohol
61790-82-7 Ethoxylated hydrogenated tallow alkylamines
68439-51-0 Ethoxylated propoxylated C12-14 alcohols
52624-57-4 Ethoxylated, propoxylated trimethylolpropane
141-78-6 Ethyl acetate

IUPAC
Name and Reference
Structure

1, 4 

8 

2, 5 

1, 2, 3, 4, 
5, 6, 8  

4 

1 

1 

4, 8 

4 

4 

1, 4 

4 

4 

1, 2, 3, 4, 6  
3 

4 

2, 3, 4, 8  
3, 4 

3, 4, 8 

3, 4, 8  

3, 4, 8  

3, 4 

4 

4 

1, 3, 4, 8  
3 

1, 4, 7  
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141-97-9 Ethyl acetoacetate 1, 4 

93-89-0 Ethyl benzoate 3 

97-64-3 Ethyl lactate 3 

118-61-6 Ethyl salicylate 3 

100-41-4 Ethylbenzene 1, 2, 3, 4, 7  
9004-57-3 Ethylcellulose 2 

107-21-1 Ethylene glycol 1, 2, 3, 4, 
6, 7, 8  

75-21-8 Ethylene oxide 1, 2, 3, 4  
107-15-3 Ethylenediamine 2, 4 

60-00-4 Ethylenediaminetetraacetic acid 1, 2, 4  
64-02-8 Ethylenediaminetetraacetic acid tetrasodium salt 1, 2, 3, 4  

67989-88-2 Ethylenediaminetetraacetic acid, diammonium copper 
salt 4 

139-33-3 Ethylenediaminetetraacetic acid, disodium salt 1, 3, 4, 8  

74-86-2 Ethyne 7 

68604-35-3 Fatty acids, C 8-18 and C18-unsaturated compounds 
with diethanolamine 3 

70321-73-2 Fatty acids, C14-18 and C16-18-unsatd., distn. residues 2 

61788-89-4 Fatty acids, C18-unsatd., dimers 2 

61791-29-5 Fatty acids, coco, ethoxylated 3 

61791-08-0 Fatty acids, coco, reaction products with ethanolamine, 
ethoxylated 3 

61790-90-7 Fatty acids, tall oil, hexa esters with sorbitol, ethoxylated 1, 4 

68188-40-9 Fatty acids, tall oil, reaction products with acetophenone, 
formaldehyde and thiourea 3 

61790-12-3 Fatty acids, tall-oil 1, 2, 3, 4  

61790-69-0 Fatty acids, tall-oil, reaction products with 
diethylenetriamine 1, 4 

8052-48-0 Fatty acids, tallow, sodium salts 1, 3 

68153-72-0 Fatty acids, vegetable-oil, reaction products with 
diethylenetriamine 3 

3844-45-9 FD&C Blue no. 1 1, 4 

7705-08-0 Ferric chloride 1, 3, 4  
10028-22-5 Ferric sulfate 1, 4  
17375-41-6 Ferrous sulfate monohydrate 2 
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Structure 
65997-17-3 Fiberglass 2, 3, 4 

50-00-0 Formaldehyde 1, 2, 3, 4  
NA Formaldehyde amine 8 

29316-47-0 Formaldehyde polymer with 4,1,1-(dimethylethyl)phenol 
and methyloxirane 3 

63428-92-2 Formaldehyde polymer with methyl oxirane, 4-
nonylphenol and oxirane 4, 8  

28906-96-9 Formaldehyde, polymer with 2-(chloromethyl)oxirane and 
4,4'-(1-methylethylidene)bis[phenol] 1, 4  

30704-64-4 Formaldehyde, polymer with 4-(1,1-dimethylethyl)phenol, 
2-methyloxirane and oxirane 1, 2, 4, 8  

30846-35-6 Formaldehyde, polymer with 4-nonylphenol and oxirane 1, 4  

35297-54-2 Formaldehyde, polymer with ammonia and phenol 1, 4 

25085-75-0 Formaldehyde, polymer with bisphenol A 4 

70750-07-1 Formaldehyde, polymer with N1-(2-aminoethyl)-1,2-
ethanediamine, benzylated 8 

55845-06-2 Formaldehyde, polymer with nonylphenol and oxirane 4 

153795-76-7 Formaldehyde, polymers with branched 4-nonylphenol, 
ethylene oxide and propylene oxide 1, 3 

75-12-7 Formamide 1, 2, 3, 4  

64-18-6 Formic acid 1, 2, 3, 4, 
6, 7  

590-29-4 Formic acid, potassium salt 1, 3, 4  
68476-30-2 Fuel oil, no. 2 1, 2 

68334-30-5 Fuels, diesel 2 

68476-34-6 Fuels, diesel, no. 2 2, 4, 8  
8031-18-3 Fuller's earth 2 

110-17-8 Fumaric acid 1, 2, 3, 4, 6  
98-01-1 Furfural 1, 4  
98-00-0 Furfuryl alcohol 1, 4  
64741-43-1 Gas oils, petroleum, straight-run 1, 4 

9000-70-8 Gelatin 1, 4  
12002-43-6 Gilsonite 1, 2, 4  
133-42-6 Gluconic acid 7 

111-30-8 Glutaraldehyde 1, 2, 3, 4, 7  
56-81-5 Glycerin, natural 1, 2, 3, 4, 5  
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135-37-5 Glycine, N-(carboxymethyl)-N-(2-hydroxyethyl)-,
disodium salt 1 

150-25-4 Glycine, N,N-bis(2-hydroxyethyl)- 1, 4 

5064-31-3 Glycine, N,N-bis(carboxymethyl)-, trisodium salt 1, 2, 3, 4  

139-89-9 Glycine, N-[2-[bis(carboxymethyl)amino]ethyl]-N-(2-
hydroxyethyl)-, trisodium salt 1 

79-14-1 Glycolic acid 1, 3, 4  
2836-32-0 Glycolic acid sodium salt 1, 3, 4  
107-22-2 Glyoxal 1, 2, 4 

298-12-4 Glyoxylic acid 1 

9000-30-0 Guar gum 1, 2, 3, 4, 
7, 8  

68130-15-4 Guar gum, carboxymethyl 2-hydroxypropyl ether, sodium 
salt 1, 2, 3, 4, 7 

13397-24-5 Gypsum 2, 4 

67891-79-6 Heavy aromatic distillate 1, 4 

1317-60-8 Hematite 1, 2, 4  
9025-56-3 Hemicellulase enzyme concentrate 3, 4 

142-82-5 Heptane 1, 2 

68526-88-5 Heptene, hydroformylation products, high-boiling 1, 4 

57-09-0 Hexadecyltrimethylammonium bromide 1 

110-54-3 Hexane 5 

124-04-9 Hexanedioic acid 1, 2, 4, 6  
1415-93-6 Humic acids, commercial grade 2 

68956-56-9 Hydrocarbons, terpene processing by-products 1, 3, 4  

7647-01-0 Hydrochloric acid 1, 2, 3, 4, 
5, 6, 7, 8  

7664-39-3 Hydrogen fluoride 1, 2, 4 

7722-84-1 Hydrogen peroxide 1, 3, 4  
7783-06-4 Hydrogen sulfide 1, 2 

9004-62-0 Hydroxyethylcellulose 1, 2, 3, 4  
4719-04-4 Hydroxylamine hydrochloride 1, 3, 4  
10039-54-0 Hydroxylamine sulfate (2:1) 4 

9004-64-2 Hydroxypropyl cellulose 2, 4 

39421-75-5 Hydroxypropyl guar gum 1, 3, 4, 5, 
6, 8  
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120-72-9 Indole 2 

430439-54-6 Inulin, carboxymethyl ether, sodium salt 1, 4 

12030-49-8 Iridium oxide 8 

7439-89-6 Iron 2, 4 

1317-61-9 Iron oxide (Fe3O4) 4 

1332-37-2 Iron(II) oxide 1, 4  
7720-78-7 Iron(II) sulfate 2 

7782-63-0 Iron(II) sulfate heptahydrate 1, 2, 3, 4  
1309-37-1 Iron(III) oxide 1, 2, 4  
89-65-6 Isoascorbic acid 1, 3, 4  
75-28-5 Isobutane 2 

26952-21-6 Isooctanol 1, 4, 5  
123-51-3 Isopentyl alcohol 1, 4 

67-63-0 Isopropanol 1, 2, 3, 4, 
6, 7  

42504-46-1 Isopropanolamine dodecylbenzenesulfonate 1, 3, 4 

75-31-0 Isopropylamine 1, 4 

68909-80-8 Isoquinoline, reaction products with benzyl chloride and 
quinoline 3 

35674-56-7 Isoquinolinium, 2-(phenylmethyl)-, chloride 3 

9043-30-5 Isotridecanol, ethoxylated 1, 3, 4, 8 

1332-58-7 Kaolin 1, 2, 4  
8008-20-6 Kerosine (petroleum) 1, 2, 3, 4, 8 
64742-81-0 Kerosine, petroleum, hydrodesulfurized 1, 2, 4 

 

 

61790-53-2 Kieselguhr 1, 2, 4  
1302-76-7 Kyanite 1, 2, 4  
50-21-5 Lactic acid 1, 4, 8  
63-42-3 Lactose 3 

13197-76-7 Lauryl hydroxysultaine 1 

8022-15-9 Lavandula hybrida abrial herb oil 3 

4511-42-6 L-Dilactide 1, 4  
7439-92-1 Lead 1, 4 

8002-43-5 Lecithin 4 

129521-66-0 Lignite 2 

8062-15-5 Lignosulfuric acid 2 
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1317-65-3 Limestone 1, 2, 3, 4  
8001-26-1 Linseed oil 8 

79-33-4 L-Lactic acid 1, 4, 8  
546-93-0 Magnesium carbonate (1:1) 1, 3, 4 

7786-30-3 Magnesium chloride 1, 2, 4  
7791-18-6 Magnesium chloride hexahydrate 4 

1309-42-8 Magnesium hydroxide 1, 4 

19086-72-7 Magnesium iron silicate 1, 4  
10377-60-3 Magnesium nitrate 1, 2, 4  
1309-48-4 Magnesium oxide 1, 2, 3, 4  
14452-57-4 Magnesium peroxide 1, 4 

12057-74-8 Magnesium phosphide 1 

1343-88-0 Magnesium silicate 1, 4  
26099-09-2 Maleic acid homopolymer 8 

25988-97-0 Methanamine-N-methyl polymer with chloromethyl 
oxirane 4 

74-82-8 Methane 2, 5 

67-56-1 Methanol 1, 2, 3, 4, 
5, 6, 7, 8  

100-97-0 Methenamine 1, 2, 4  
625-45-6 Methoxyacetic acid 8 

9004-67-5 Methyl cellulose 8 

119-36-8 Methyl salicylate 1, 2, 3, 4, 7 

78-94-4 Methyl vinyl ketone 1, 4 

108-87-2 Methylcyclohexane 1 

6317-18-6 Methylene bis(thiocyanate) 2 

66204-44-2 Methylenebis(5-methyloxazolidine) 2 

68891-11-2 Methyloxirane polymer with oxirane, mono (nonylphenol) 
ether, branched 3 

12001-26-2 Mica 1, 2, 4, 6  
8012-95-1 Mineral oil - includes paraffin oil 4, 8  
64475-85-0 Mineral spirits 2 

26038-87-9 Monoethanolamine borate (1:x) 1, 4  
1318-93-0 Montmorillonite 2 

110-91-8 Morpholine 1, 2, 4  
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78-21-7 Morpholinium, 4-ethyl-4-hexadecyl-, ethyl sulfate 8 

1302-93-8 Mullite 1,2, 4, 8 

46830-22-2 N-(2-Acryloyloxyethyl)-N-benzyl-N,N-dimethylammonium 
chloride 3 

54076-97-0 N,N,N-Trimethyl-2[1-oxo-2-propenyl]oxy ethanaminimum 
chloride, homopolymer 3 

19277-88-4 N,N,N-Trimethyl-3-((1-oxooctadecyl)amino)-1-
propanaminium methyl sulfate 1 

112-03-8 N,N,N-Trimethyloctadecan-1-aminium chloride 1, 3, 4 

109-46-6 N,N'-Dibutylthiourea 1, 4 

2605-79-0 N,N-Dimethyldecylamine oxide 1, 3, 4  
68-12-2 N,N-Dimethylformamide 1, 2, 4, 5, 8 

593-81-7 N,N-Dimethylmethanamine hydrochloride 1, 4, 5, 7 

1184-78-7 N,N-Dimethyl-methanamine-N-oxide 3 

1613-17-8 N,N-Dimethyloctadecylamine hydrochloride 1, 4 

110-26-9 N,N'-Methylenebisacrylamide 1, 4  
64741-68-0 Naphtha, petroleum, heavy catalytic reformed 1, 2, 3, 4  

 64742-48-9 Naphtha, petroleum, hydrotreated heavy 1, 2, 3, 4, 8 

91-20-3 Naphthalene 1, 2, 3, 4, 
5, 7  

93-18-5 Naphthalene, 2-ethoxy- 3 

28757-00-8 Naphthalenesulfonic acid, bis(1-methylethyl)- 1, 3, 4  

99811-86-6 Naphthalenesulphonic acid, bis (1-methylethyl)-methyl 
derivatives 1 

68410-62-8 Naphthenic acid ethoxylate 4 

7786-81-4 Nickel sulfate 2 

10101-97-0 Nickel(II) sulfate hexahydrate 1, 4 

61790-29-2 Nitriles, tallow, hydrogenated 4 

4862-18-4 Nitrilotriacetamide 1, 4, 7  
139-13-9 Nitrilotriacetic acid 1, 4  
18662-53-8 Nitrilotriacetic acid trisodium monohydrate 1, 4 

7727-37-9 Nitrogen 1, 2, 3, 4, 6  
872-50-4 N-Methyl-2-pyrrolidone 1, 4  
105-59-9 N-Methyldiethanolamine 2, 4, 8 

109-83-1 N-Methylethanolamine 4 

68213-98-9 N-Methyl-N-hydroxyethyl-N-hydroxyethoxyethylamine 4 
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13127-82-7 N-Oleyl diethanolamide 1, 4 
25154-52-3 Nonylphenol (mixed) 1, 4 
8000-48-4 Oil of eucalyptus 3
8007-02-1 Oil of lemongrass 3
8000-25-7 Oil of rosemary 3
112-80-1 Oleic acid 2, 4 
1317-71-1 Olivine 4
8028-48-6 Orange terpenes 4

68649-29-6 Oxirane, methyl-, polymer with oxirane, mono-C10-16-
alkyl ethers, phosphates 1, 4 

51838-31-4 Oxiranemethanaminium, N,N,N-trimethyl-, chloride, 
homopolymer 

1, 2, 3, 4, 
5, 8 

7782-44-7 Oxygen 4
10028-15-6 Ozone 8
8002-74-2 Paraffin waxes and Hydrocarbon waxes 1
30525-89-4 Paraformaldehyde 2
4067-16-7 Pentaethylenehexamine 4
109-66-0 Pentane 2, 5 
628-63-7 Pentyl acetate 3
540-18-1 Pentyl butyrate 3
79-21-0 Peracetic acid 8
93763-70-3 Perlite 4
64743-01-7 Petrolatum, petroleum, oxidized 3
8002-05-9 Petroleum 1, 2 
6742-47-8 Petroleum distillate hydrotreated light 8
85-01-8 Phenanthrene 6
108-95-2 Phenol 1, 2, 4 

25068-38-6 Phenol, 4,4'-(1-methylethylidene)bis-, polymer with 2-
(chloromethyl)oxirane 1, 2, 4 

9003-35-4 Phenol, polymer with formaldehyde 1, 2, 4, 7 
7803-51-2 Phosphine 1, 4 
13598-36-2 Phosphonic acid 1, 4 
29712-30-9 Phosphonic acid (dimethylamino(methylene)) 1

129828-36-0 
Phosphonic acid, (((2-[(2-
hydroxyethyl)(phosphonomethyl)amino)ethyl)imino]bis(m 
ethylene))bis-, compd. with 2-aminoethanol 

1
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67953-76-8 Phosphonic acid, (1-hydroxyethylidene)bis-, potassium 
salt 4 

3794-83-0 Phosphonic acid, (1-hydroxyethylidene)bis-, tetrasodium 
salt 1, 4  

15827-60-8 Phosphonic acid, [[(phosphonomethyl)imino]bis[2,1-
ethanediylnitrilobis(methylene)]]tetrakis- 1, 2, 4 

70714-66-8 
Phosphonic acid, [[(phosphonomethyl)imino]bis[2,1-
ethanediylnitrilobis(methylene)]]tetrakis-, ammonium salt 
(1:x) 

3 

22042-96-2 Phosphonic acid, [[(phosphonomethyl)imino]bis[2,1-
ethanediylnitrilobis(methylene)]]tetrakis-, sodium salt 3 

34690-00-1 Phosphonic acid, [[(phosphonomethyl)imino]bis[6,1-
hexanediylnitrilobis(methylene)]]tetrakis- 1, 4, 8  

7664-38-2 Phosphoric acid 1, 2, 4 

7785-88-8 Phosphoric acid, aluminium sodium salt 1, 2 

7783-28-0 Phosphoric acid, diammonium salt 2 

68412-60-2 Phosphoric acid, mixed decyl and Et and octyl esters 1 

10294-56-1 Phosphorous acid 1 

85-44-9 Phthalic anhydride 1, 4 

8002-09-3 Pine oils 1, 2, 4  
25038-54-4 Policapram (Nylon 6) 1, 4  

62649-23-4 Poly (acrylamide-co-acrylic acid), partial sodium salt 3, 4  

26680-10-4 Poly(lactide) 1 

9014-93-1 Poly(oxy-1,2-ethanediyl), .alpha.-(dinonylphenyl)-. 
omega.-hydroxy- 4 

9016-45-9 Poly(oxy-1,2-ethanediyl), .alpha.-(nonylphenyl)-.omega.-
hydroxy- 1, 2, 3, 4, 8  

51811-79-1 Poly(oxy-1,2-ethanediyl), .alpha.-(nonylphenyl)-.omega.-
hydroxy-, phosphate 1, 4  

68987-90-6 Poly(oxy-1,2-ethanediyl), .alpha.-(octylphenyl)-.omega.-
hydroxy-, branched 1, 4 

26635-93-8 Poly(oxy-1,2-ethanediyl), .alpha.,.alpha.'-[[(9Z)-9-
octadecenylimino]di-2,1-ethanediyl]bis[.omega.-hydroxy- 1, 4  

9004-96-0 Poly(oxy-1,2-ethanediyl), .alpha.-[(9Z)-1-oxo-9-
octadecenyl]-.omega.-hydroxy- 8 

68891-38-3 Poly(oxy-1,2-ethanediyl), .alpha.-sulfo-.omega.-hydroxy-,
C12-14-alkyl ethers, sodium salts 

 1, 4 
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61723-83-9 Poly(oxy-1,2-ethanediyl), a-hydro-w-hydroxy-, ether with 
D-glucitol (2:1), tetra-(9Z)-9-octadecenoate 8

68015-67-8 Poly(oxy-1,2-ethanediyl), alpha-(2,3,4,5-
tetramethylnonyl)-omega-hydroxy 1

68412-53-3 Poly(oxy-1,2-ethanediyl), alpha-(nonylphenyl)-omega-
hydroxy-,branched, phosphates 1

31726-34-8 Poly(oxy-1,2-ethanediyl), alpha-hexyl-omega-hydroxy 3, 8 

56449-46-8 Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy-,
(9Z)-9-octadecenoate 3

65545-80-4 
Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy-,
ether with alpha-fluoro-omega-(2-
hydroxyethyl)poly(difluoromethylene) (1:1) 

 
1

27306-78-1 
Poly(oxy-1,2-ethanediyl), alpha-methyl-omega-(3-
(1,3,3,3-tetramethyl-1-((trimethylsilyl)oxy)-1-
disiloxanyl)propoxy)-

1

52286-19-8 Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(decyloxy)-,
ammonium salt (1:1) 

 4

63428-86-4 Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(hexyloxy)-,
ammonium salt  (1:1) 

 1, 3, 4 

68037-05-8 Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(hexyloxy)-,
C6-10-alkyl ethers, ammonium salts 

 3, 4 

9081-17-8 Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega--
(nonylphenoxy)- 4

52286-18-7 Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(octyloxy)
ammonium salt (1:1) 

-,  4

68890-88-0 Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-hydroxy-,
C10-12-alkyl ethers, ammonium salts 

 8

24938-91-8 Poly(oxy-1,2-ethanediyl), alpha-tridecyl-omega-hydroxy- 1, 3, 4 

127036-24-2 Poly(oxy-1,2-ethanediyl), alpha-undecyl-omega-hydroxy-,
branched and linear 1

68412-54-4 Poly(oxy-1,2-ethanediyl),alpha-(4-nonylphenyl)-omega-
hydroxy-,branched 2, 3, 4 

34398-01-1 Poly-(oxy-1,2-ethanediyl)-alpha-undecyl-omega-hydroxy 1, 3, 4, 8 

127087-87-0 Poly(oxy-1,2-ethanediyl)-nonylphenyl-hydroxy branched 1, 2, 3, 4 

25704-18-1 Poly(sodium-p-styrenesulfonate) 1, 4 

32131-17-2 Poly[imino(1,6-dioxo-1,6-hexanediyl)imino-1,6-
hexanediyl] 2

9003-05-8 Polyacrylamide 1, 2, 4, 6 
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NA Polyacrylate/ polyacrylamide blend 2 

66019-18-9 Polyacrylic acid, sodium bisulfite terminated 3 

25322-68-3 Polyethylene glycol 1, 2, 3, 4, 
7, 8  

9004-98-2 Polyethylene glycol (9Z)-9-octadecenyl ether 8 

68187-85-9 Polyethylene glycol ester with tall oil fatty acid 1 

9036-19-5 Polyethylene glycol mono(octylphenyl) ether 1, 2, 3, 4, 8  
9004-77-7 Polyethylene glycol monobutyl ether 1, 4  

68891-29-2 Polyethylene glycol mono-C8-10-alkyl ether sulfate 
ammonium 1, 3, 4 

9046-01-9 Polyethylene glycol tridecyl ether phosphate 1, 3, 4 

9002-98-6 Polyethyleneimine 4 

25618-55-7 Polyglycerol 2 

9005-70-3 Polyoxyethylene sorbitan trioleate 3 

26027-38-3 Polyoxyethylene(10)nonylphenyl ether 1, 2, 3, 4, 8  
9046-10-0 Polyoxypropylenediamine 1 

68131-72-6 Polyphosphoric acids, esters with triethanolamine, 
sodium salts 1 

68915-31-1 Polyphosphoric acids, sodium salts 1, 4  
25322-69-4 Polypropylene glycol 1, 2, 4 

68683-13-6 Polypropylene glycol glycerol triether, epichlorohydrin, 
bisphenol A polymer 1 

9011-19-2 Polysiloxane 4 

9005-64-5 Polysorbate 20 8 

9003-20-7 Polyvinyl acetate copolymer 2 

9002-89-5 Polyvinyl alcohol 1, 2, 4  
NA Polyvinyl alcohol/polyvinyl acetate copolymer 1 

9002-85-1 Polyvinylidene chloride 8 

65997-15-1 Portland cement 2, 4 

127-08-2 Potassium acetate 1, 3, 4  
1327-44-2 Potassium aluminum silicate 5 

29638-69-5 Potassium antimonate 1, 4  
12712-38-8 Potassium borate 3 

20786-60-1 Potassium borate (1:x) 1, 3 

6381-79-9 Potassium carbonate sesquihydrate 5 
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7447-40-7 Potassium chloride 1, 2, 3, 4, 
5, 6, 7 

7778-50-9 Potassium dichromate 4
1310-58-3 Potassium hydroxide 1, 2, 3, 4, 6 
7681-11-0 Potassium iodide 1, 4 
13709-94-9 Potassium metaborate 1, 2, 3, 4, 8 
143-18-0 Potassium oleate 4
12136-45-7 Potassium oxide 1, 4 
7727-21-1 Potassium persulfate 1, 2, 4 
7778-80-5 Potassium sulfate 2
74-98-6 Propane 2, 5 

2997-92-4 Propanimidamide,2,2’'-aAzobis[(2-methyl-, 
amidinopropane) dihydrochloride 1, 4 

34590-94-8 Propanol, 1(or 2)-(2-methoxymethylethoxy)- 1, 2, 3, 4 

107-19-7 Propargyl alcohol 1, 2, 3, 4, 
5, 6, 7, 8 

108-32-7 Propylene carbonate 1, 4 
15220-87-8 Propylene pentamer 1
106-42-3 p-Xylene 1, 4 
68391-11-7 Pyridine, alkyl derivs. 1, 4 
100765-57-9 Pyridinium, 1-(phenylmethyl)-, alkyl derivs., chlorides 4, 8 

70914-44-2 Pyridinium, 1-(phenylmethyl)-, C7-8-alkyl derivs., 
chlorides 6

289-95-2 Pyrimidine 2
109-97-7 Pyrrole 2

14808-60-7 Quartz 1, 2, 3, 4, 
5, 6, 8 

308074-31-9 Quaternary ammonium compounds (2-ethylhexyl) 
hydrogenated tallow alkyl)dimethyl, methyl sulfates 8

68607-28-3 Quaternary ammonium compounds, (oxydi-2,1-
ethanediyl)bis[coco alkyldimethyl, dichlorides 2, 3, 4, 8 

68153-30-0 
Quaternary ammonium compounds, 
benzylbis(hydrogenated tallow alkyl)methyl, salts with 
bentonite 

2, 5, 6 

68989-00-4 Quaternary ammonium compounds, benzyl-C10-16-
alkyldimethyl, chlorides 1, 4 
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68424-85-1 Quaternary ammonium compounds, benzyl-C12-16-
alkyldimethyl, chlorides 1, 2, 4, 8 

68391-01-5 Quaternary ammonium compounds, benzyl-C12-18-
alkyldimethyl, chlorides 8

61789-68-2 Quaternary ammonium compounds, benzylcoco 
alkylbis(hydroxyethyl), chlorides 

 1, 4 

68953-58-2 Quaternary ammonium compounds, bis(hydrogenated 
tallow alkyl)dimethyl, salts with bentonite 2, 3, 4, 8 

71011-27-3 Quaternary ammonium compounds, bis(hydrogenated 
tallow alkyl)dimethyl, salts with hectorite 2

68424-95-3 Quaternary ammonium compounds, di-C8-10-
alkyldimethyl, chlorides 2

61789-77-3 Quaternary ammonium compounds, dicoco alkyldimethyl, 
chlorides 1

68607-29-4 Quaternary ammonium compounds, pentamethyltallow 
alkyltrimethylenedi-, dichlorides 4

8030-78-2 Quaternary ammonium compounds, trimethyltallow alkyl, 
chlorides 1, 4 

91-22-5 Quinoline 2, 4 
68514-29-4 Raffinates (petroleum) 5
64741-85-1 Raffinates, petroleum, sorption process 1, 2, 4, 8 
64742-01-4 Residual oils, petroleum, solvent-refined 5
64741-67-9 Residues, petroleum, catalytic reformer fractionator 1, 4, 8 
81-88-9 Rhodamine B 4
8050-09-7 Rosin 1, 4 
12060-08-1 Scandium oxide 8
63800-37-3 Sepiolite 2
68611-44-9 Silane, dichlorodimethyl-, reaction products with silica 2
7631-86-9 Silica 1, 2, 3, 4, 8 
112926-00-8 Silica gel, cryst. -free 3, 4 
112945-52-5 Silica, amorphous, fumed, cryst.-free 1, 3, 4 
60676-86-0 Silica, vitreous 1, 4, 8 
55465-40-2 Silicic acid, aluminum potassium sodium salt 4

68037-74-1 Siloxanes and silicones, di-Me, polymers with Me 
silsesquioxanes 4

67762-90-7 Siloxanes and Silicones, di-Me, reaction products with 
silica 4

63148-52-7 Siloxanes and silicones, dimethyl, 4
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5324-84-5 Sodium 1-octanesulfonate 3
2492-26-4 Sodium 2-mercaptobenzothiolate 2
127-09-3 Sodium acetate 1, 3, 4 
532-32-1 Sodium benzoate 3
144-55-8 Sodium bicarbonate 1, 2, 3, 4, 7 
7631-90-5 Sodium bisulfite 1, 3, 4 
1333-73-9 Sodium borate 1, 4, 6, 7 
7789-38-0 Sodium bromate 1, 2, 4 
7647-15-6 Sodium bromide 1, 2, 3, 4, 7 
1004542-84-0 Sodium bromosulfamate 8
68610-44-6 Sodium caprylamphopropionate 4
497-19-8 Sodium carbonate 1, 2, 3, 4, 8 
7775-09-9 Sodium chlorate 1, 4 

7647-14-5 Sodium chloride 1, 2, 3, 4, 
5, 8 

7758-19-2 Sodium chlorite 1, 2, 3, 4, 
5, 8 

3926-62-3 Sodium chloroacetate 3
68608-68-4 Sodium cocaminopropionate 1
142-87-0 Sodium decyl sulfate 1
527-07-1 Sodium D-gluconate 4
126-96-5 Sodium diacetate 1, 4 
2893-78-9 Sodium dichloroisocyanurate 2
151-21-3 Sodium dodecyl sulfate 8
6381-77-7 Sodium erythorbate (1:1) 1, 3, 4, 8 
126-92-1 Sodium ethasulfate 1
141-53-7 Sodium formate 2, 8
7681-38-1 Sodium hydrogen sulfate 4

1310-73-2 Sodium hydroxide 1, 2, 3, 4, 
7, 8 

7681-52-9 Sodium hypochlorite 1, 2, 3, 4, 8 
7681-82-5 Sodium iodide 4
8061-51-6 Sodium ligninsulfonate 2
18016-19-8 Sodium maleate (1:x) 8
7681-57-4 Sodium metabisulfite 1

Table continued on next page 

Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

223 
WRITTEN STATEMENTS (not from Hearing)



Table continued from previous page 

IUPAC 
CASRN Chemical Name Name and Reference 

Structure 
7775-19-1 Sodium metaborate 3, 4  
16800-11-6 Sodium metaborate dihydrate 1, 4 

10555-76-7 Sodium metaborate tetrahydrate 1, 4, 8 

6834-92-0 Sodium metasilicate 1, 2, 4  
7631-99-4 Sodium nitrate 2 

7632-00-0 Sodium nitrite 1, 2, 4  
137-20-2 Sodium N-methyl-N-oleoyltaurate 4 

142-31-4 Sodium octyl sulfate 1 

1313-59-3 Sodium oxide 1 

11138-47-9 Sodium perborate 4 

10486-00-7 Sodium perborate tetrahydrate 1, 4, 5, 8  
7632-04-4 Sodium peroxoborate 1 

7775-27-1 Sodium persulfate 1, 2, 3, 4, 
7, 8  

7632-05-5 Sodium phosphate 1, 4  
9084-06-4 Sodium polynaphthalenesulfonate 2 

7758-16-9 Sodium pyrophosphate 1, 2, 4  
54-21-7 Sodium salicylate 1, 4 

533-96-0 Sodium sesquicarbonate 1, 2 

1344-09-8 Sodium silicate 1, 2, 4  
9063-38-1 Sodium starch glycolate 2 

7757-82-6 Sodium sulfate 1, 2, 3, 4  
7757-83-7 Sodium sulfite 2, 4, 8  
540-72-7 Sodium thiocyanate 1, 4 

7772-98-7 Sodium thiosulfate 1, 2, 3, 4  
10102-17-7 Sodium thiosulfate, pentahydrate 1, 4 

650-51-1 Sodium trichloroacetate 1, 4 

1300-72-7 Sodium xylenesulfonate 1, 3, 4 

10377-98-7 Sodium zirconium lactate 1, 4 

64742-88-7 Solvent naphtha (petroleum), medium aliph. 1, 2, 4  
64742-96-7 Solvent naphtha, petroleum, heavy aliph. 2, 8  

64742-94-5 Solvent naphtha, petroleum, heavy arom. 1, 2, 4, 5, 8 
64742-95-6 Solvent naphtha, petroleum, light arom. 1, 2, 4 

 

 

8007-43-0 Sorbitan, (9Z)-9-octadecenoate (2:3) 4 
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Structure 
1338-43-8 Sorbitan, mono-(9Z)-9-octadecenoate 1, 2, 3, 4  

9005-65-6 Sorbitan, mono-(9Z)-9-octadecenoate, poly(oxy-1,2-
ethanediyl) derivis. 3, 4  

9005-67-8 Sorbitan, monooctadecenoate, poly(oxy-1,2-ethanediyl) 
derivis. 3, 4  

26266-58-0 Sorbitan, tri-(9Z)-9-octadecenoate 8 

10025-69-1 Stannous chloride dihydrate 1, 4  
9005-25-8 Starch 1, 2, 4  

68131-87-3 Steam cracked distillate, cyclodiene dimer, 
dicyclopentadiene polymer 1 

8052-41-3 Stoddard solvent 1, 3, 4  
10476-85-4 Strontium chloride 4 

100-42-5 Styrene 2 

57-50-1 Sucrose 1, 2, 3, 4  
5329-14-6 Sulfamic acid 1, 4  
14808-79-8 Sulfate 1, 4  
68201-64-9 Sulfomethylated quebracho 2 

68608-21-9 Sulfonic acids, C10-16-alkane, sodium salts 6 

68439-57-6 Sulfonic acids, C14-16-alkane hydroxy and C14-16-
alkene, sodium salts 1, 3, 4 

61789-85-3 Sulfonic acids, petroleum 1 

68608-26-4 Sulfonic acids, petroleum, sodium salts 3 

7446-09-5 Sulfur dioxide 2, 4, 8  
7664-93-9 Sulfuric acid 1, 2, 4, 7  
68955-19-1 Sulfuric acid, mono-C12-18-alkyl esters, sodium salts 4 

68187-17-7 Sulfuric acid, mono-C6-10-alkyl esters, ammonium salts 1, 4, 8  

14807-96-6 Talc 1, 3, 4, 6, 7  
8002-26-4 Tall oil 4, 8  
61791-36-4 Tall oil imidazoline 4 

68092-28-4 Tall oil, compound with diethanolamine 1 

65071-95-6 Tall oil, ethoxylated 4, 8  
8016-81-7 Tall-oil pitch 4 

61790-60-1 Tallow alkyl amines acetate 8 

72480-70-7 Tar bases, quinoline derivatives, benzyl chloride-
quaternized 1, 3, 4 

68647-72-3 Terpenes and Terpenoids, sweet orange-oil 1, 3, 4, 8  
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Structure 
8000-41-7 Terpineol 1, 3 

75-91-2 tert-Butyl hydroperoxide 1, 4  
614-45-9 tert-Butyl perbenzoate 1 

12068-35-8 Tetra-calcium-alumino-ferrite 1, 2, 4  
629-59-4 Tetradecane 8 

139-08-2 Tetradecyldimethylbenzylammonium chloride 1, 4, 8  
112-60-7 Tetraethylene glycol 1, 4 

112-57-2 Tetraethylenepentamine 1, 4  
55566-30-8 Tetrakis(hydroxymethyl)phosphonium sulfate 1, 2, 3, 4, 7  
681-84-5 Tetramethyl orthosilicate 1 

75-57-0 Tetramethylammonium chloride 1, 2, 3, 4, 
7, 8  

1762-95-4 Thiocyanic acid, ammonium salt 2, 3, 4  
68-11-1 Thioglycolic acid 1, 2, 3, 4  

 62-56-6 Thiourea 1, 2, 3, 4, 6 

68527-49-1 Thiourea, polymer with formaldehyde and 1-
phenylethanone 1, 4, 8  

68917-35-1 Thuja plicata donn ex. D. don leaf oil 3 

7772-99-8 Tin(II) chloride 1 

13463-67-7 Titanium dioxide 1, 2, 4  

36673-16-2 Titanium(4+) 2-[bis(2-hydroxyethyl)amino]ethanolate 
propan-2-olate (1:2:2) 1 

74665-17-1 Titanium, iso-Pr alc. triethanolamine complexes 1, 4 

108-88-3 Toluene 1, 3, 4  
126-73-8 Tributyl phosphate 1, 2, 4 

81741-28-8 Tributyltetradecylphosphonium chloride 1, 3, 4  
7758-87-4 Tricalcium phosphate 1, 4 

12168-85-3 Tricalcium silicate 1, 2, 4  
87-90-1 Trichloroisocyanuric acid 2 

629-50-5 Tridecane 8 

102-71-6 Triethanolamine 1, 2, 4  
68299-02-5 Triethanolamine hydroxyacetate 3 

68131-71-5 Triethanolamine polyphosphate ester 1, 4, 8  
77-93-0 Triethyl citrate 1, 4 

78-40-0 Triethyl phosphate 1, 4  
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Structure 
112-27-6 Triethylene glycol 1, 2, 3  
112-24-3 Triethylenetetramine 4 

122-20-3 Triisopropanolamine 1, 4  
14002-32-5 Trimethanolamine 3 

121-43-7 Trimethyl borate 8 

25551-13-7 Trimethylbenzene 1, 2, 4 

7758-29-4 Triphosphoric acid, pentasodium salt 1, 4  
1317-95-9 Tripoli 4 

6100-05-6 Tripotassium citrate monohydrate 4 

25498-49-1 Tripropylene glycol monomethyl ether 2 

68-04-2 Trisodium citrate 3 

6132-04-3 Trisodium citrate dihydrate 1, 4 

150-38-9 Trisodium ethylenediaminetetraacetate 1, 3 

19019-43-3 Trisodium ethylenediaminetriacetate 1, 4, 8  
7601-54-9 Trisodium phosphate 1, 2, 4  
10101-89-0 Trisodium phosphate dodecahydrate 1 

77-86-1 Tromethamine 3, 4 

73049-73-7 Tryptone 8 

1319-33-1 Ulexite 1, 2, 3, 8  
1120-21-4 Undecane 3, 8 

57-13-6 Urea 1, 2, 4, 8  
1318-00-9 Vermiculite 2 

24937-78-8 Vinyl acetate ethylene copolymer 1, 4 

25038-72-6 Vinylidene chloride/methylacrylate copolymer 4 

7732-18-5 Water 2, 4, 8  
8042-47-5 White mineral oil, petroleum 1, 2, 4  
1330-20-7 Xylenes 1, 2, 4  
8013-01-2 Yeast extract 8 

7440-66-6 Zinc 2 

3486-35-9 Zinc carbonate 2 

7646-85-7 Zinc chloride 1, 2 

1314-13-2 Zinc oxide 1, 4 

13746-89-9 Zirconium nitrate 2, 6 

62010-10-0 Zirconium oxide sulfate 1, 4 
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Structure 
7699-43-6 Zirconium oxychloride 1, 2, 4 
21959-01-3 Zirconium(IV) chloride tetrahydrofuran complex 5
14644-61-2 Zirconium(IV) sulfate 2, 6

197980-53-3 
Zirconium, 1,1'-((2-((2-hydroxyethyl)(2-
hydroxypropyl)amino)ethyl)imino)bis(2-propanol) 
complexes 

4

68909-34-2 Zirconium, acetate lactate oxo ammonium complexes 4, 8 

174206-15-6 Zirconium, chloro hydroxy lactate oxo sodium complexes 4
113184-20-6 Zirconium, hydroxylactate sodium complexes 1, 4 

101033-44-7 Zirconium,tetrakis[2-[bis(2-hydroxyethyl)amino-
kN]ethanolato-kO]- 1, 2, 4, 5 
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Table A-2 lists generic names of chemicals reported to be used in hydraulic fracturing fluids 
between 2005 and 2009. Generic chemical names provide limited information on the chemical, but
are not specific enough to determine chemical structures. In some cases, the generic chemical name 
masks a specific chemical name and CASRN provided to the EPA and claimed as CBI by one or more 
of the nine hydraulic fracturing service companies. 

Table A-2. List of generic names of chemicals reportedly used in hydraulic fracturing fluids. In some cases, the 
generic chemical name masks a specific chemical name and CASRN provided to the EPA and claimed as CBI by 
one or more of the nine hydraulic fracturing service companies. 

Generic Chemical Name Reference 
2-Substituted aromatic amine salt 1, 4 
Acetylenic alcohol 1
Acrylamide acrylate copolymer 4
Acrylamide copolymer 1, 4 
Acrylamide modified polymer 4
Acrylamide-sodium acrylate copolymer 4
Acrylate copolymer 1
Acrylic copolymer 1
Acrylic polymer 1, 4 
Acrylic resin 4
Acyclic hydrocarbon blend 1, 4 
Acylbenzylpyridinium choride 8
Alcohol alkoxylate 1, 4 
Alcohol and fatty acid blend 2
Alcohol ethoxylates 4
Alcohols 1, 4 
Alcohols, C9-C22 1, 4 
Aldehydes 1, 4, 5 
Alfa-alumina 1, 4 
Aliphatic acids 1, 2, 3, 4 
Aliphatic alcohol 2
Aliphatic alcohol glycol ether 3, 4 
Aliphatic alcohols, ethoxylated 2
Aliphatic amine derivative 1
Aliphatic carboxylic acid 4
Alkaline bromide salts 1, 4 
Alkaline metal oxide 4
Alkanes/alkenes 4
Alkanolamine derivative 2
Alkanolamine/aldehyde condensate 1, 2, 4 
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Alkenes 1, 4 
Alklaryl sulfonic acid 1, 4 
Alkoxylated alcohols 1
Alkoxylated amines 1, 4 
Alkyaryl sulfonate 1, 2, 3, 4 
Alkyl alkoxylate 1, 4 
Alkyl amide 4
Alkyl amine 1, 4 
Alkyl amine blend in a metal salt solution 1, 4 
Alkyl aryl amine sulfonate 4
Alkyl aryl polyethoxy ethanol 3, 4 
Alkyl dimethyl benzyl ammonium chloride 4
Alkyl esters 1, 4 
Alkyl ether phosphate 4
Alkyl hexanol 1, 4 
Alkyl ortho phosphate ester 1, 4 
Alkyl phosphate ester 1, 4 
Alkyl phosphonate 4
Alkyl pyridines 2
Alkyl quaternary ammonium chlorides 1, 4 
Alkyl quaternary ammonium salt 4
Alkylamine alkylaryl sulfonate 4
Alkylamine salts 2
Alkylaryl sulfonate 1, 4 
Alkylated quaternary chloride 1, 2, 4 
Alkylated sodium naphthalenesulphonate 2
Alkylbenzenesulfonate 2
Alkylbenzenesulfonic acid 1, 4, 5 
Alkylethoammonium sulfates 1
Alkylphenol ethoxylates 1, 4 
Alkylpyridinium quaternary 4
Alphatic alcohol polyglycol ether 2
Aluminum oxide 1, 4 
Amide 4
Amidoamine 1, 4 
Amine 1, 4 
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Amine compound 4
Amine oxides 1, 4 
Amine phosphonate 1, 4 
Amine salt 1
Amino compounds 1, 4 
Amino methylene phosphonic acid salt 1, 4 
Ammonium alcohol ether sulfate 1, 4 
Ammonium salt 1, 4 
Ammonium salt of ethoxylated alcohol sulfate 1, 4 
Amorphous silica 4
Amphoteric surfactant 2
Anionic acrylic polymer 2
Anionic copolymer 1, 4 
Anionic polyacrylamide 1, 2, 4 
Anionic polyacrylamide copolymer 1, 4, 6 
Anionic polymer 1, 3, 4 
Anionic surfactants 2, 4, 6 
Antifoulant 1, 4 
Antimonate salt 1, 4 
Aqueous emulsion of diethylpolysiloxane 2
Aromatic alcohol glycol ether 1
Aromatic aldehyde 1, 4 
Aromatic hydrocarbons 3, 4 
Aromatic ketones 1, 2, 3, 4 
Aromatic polyglycol ether 1
Arsenic compounds 4
Ashes, residues 4
Bentone clay 4
Biocide 4
Biocide component 1, 4 
Bis-quaternary methacrylamide monomer 4
Blast furnace slag 4
Borate salts 1, 2, 4 
Cadmium compounds 4
Carbohydrates 1, 2, 4 
Carboxylmethyl hydroxypropyl guar 4
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Cationic polyacrylamide 4
Cationic polymer 2, 4 
Cedar fiber, processed 2
Cellulase enzyme 1
Cellulose derivative 1, 2, 4 
Cellulose ether 2
Cellulosic polymer 2
Ceramic 4
Chlorous ion solution 1
Chromates 1, 4 
Chrome-free lignosulfonate compound 2
Citrus rutaceae extract 4
Common white 4
Complex alkylaryl polyo-ester 1
Complex aluminum salt 1, 4 
Complex carbohydrate 2
Complex organometallic salt 1
Complex polyamine salt 7
Complex substituted keto-amine 1
Complex substituted keto-amine hydrochloride 1
Copper compounds 6
Coric oxide 4
Cotton dust (raw) 2
Cottonseed hulls 2
Cured acrylic resin 1, 4 
Cured resin 1, 4, 5 
Cured urethane resin 1, 4 
Cyclic alkanes 1, 4 
Defoamer 4
Dibasic ester 4
Dicarboxylic acid 1, 4 
Diesel 1, 4, 6
Dimethyl silicone 1, 4 
Dispersing agent 1
Emulsifier 4
Enzyme 4
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Epoxy 4
Epoxy resin 1, 4 
Essential oils 1, 4 
Ester Salt 2, 4 
Esters 2, 4 
Ether compound 4
Ether salt 4
Ethoxylated alcohol blend 4
Ethoxylated alcohol/ester mixture 4
Ethoxylated alcohols 1, 2, 4, 5, 7 
Ethoxylated alkyl amines 1, 4 
Ethoxylated amine blend 4
Ethoxylated amines 1, 4 
Ethoxylated fatty acid 4
Ethoxylated fatty acid ester 1, 4 
Ethoxylated nonionic surfactant 1, 4 
Ethoxylated nonylphenol 1, 2, 4 
Ethoxylated sorbitol esters 1, 4 
Ethylene oxide-nonylphenol polymer 4
Fatty acid amine salt mixture 4
Fatty acid ester 1, 2, 4 
Fatty acid tall oil 1, 4 
Fatty acids 1
Fatty acid, ethoxylate 4
Fatty alcohol alkoxylate 1, 4 
Fatty alkyl amine salt 1, 4 
Fatty amine carboxylates 1, 4 
Fatty imidazoline 4
Fluoroaliphatic polymeric esters 1, 4 
Formaldehyde polymer 1
Glass fiber 1, 4 
Glyceride esters 2
Glycol 4
Glycol blend 2
Glycol ethers 1, 4, 7 
Ground cedar 2
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Ground paper 2
Guar derivative 1, 4 
Guar gum 4
Haloalkyl heteropolycycle salt 1, 4 
Hexanes 1
High molecular weight polymer 2
High pH conventional enzymes 2
Hydrocarbons 1
Hydrogen solvent 4
Hydrotreated and hydrocracked base oil 1, 4 
Hydrotreated distillate, light C9-16 4
Hydrotreated heavy naphthalene 5
Hydrotreated light distillate 2, 4 
Hydrotreated light petroleum distillate 4
Hydroxyalkyl imino carboxylic sodium salt 2
Hydroxycellulose 6
Hydroxyethyl cellulose 1, 2, 4 
Imidazolium compound 4
Inner salt of alkyl amines 1, 4 
Inorganic borate 1, 4 
Inorganic chemical 4
Inorganic particulate 1, 4 
Inorganic salt 2, 4 
Iso-alkanes/n-alkanes 1, 4 
Isomeric aromatic ammonium salt 1, 4 
Latex 2, 4 
Lead compounds 4
Low toxicity base oils 1, 4 
Lubra-Beads course 4
Maghemite 1, 4 
Magnetite 1, 4 
Metal salt 1
Metal salt solution 1
Mineral 1, 4 
Mineral fiber 2
Mineral filler 1
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Mineral oil 4
Mixed titanium ortho ester complexes 1, 4 
Modified acrylamide copolymer 2, 4 
Modified acrylate polymer 4
Modified alkane 1, 4 
Modified bentonite 4
Modified cycloaliphatic amine adduct 1, 4 
Modified lignosulfonate 2, 4 
Naphthalene derivatives 1, 4 
Neutralized alkylated napthalene sulfonate 4
Nickel chelate catalyst 4
Nonionic surfactant 1
N-tallowalkyltrimethylenediamines 4
Nuisance particulates 1, 2, 4 
Nylon 4
Olefinic sulfonate 1, 4 
Olefins 1, 4 
Organic acid salt 1, 4 
Organic acids 1, 4 
Organic alkyl amines 4
Organic chloride 4
Organic modified bentonite clay 4
Organic phosphonate 1, 4 
Organic phosphonate salts 1, 4 
Organic phosphonic acid salts 1, 4 
Organic polymer 4
Organic polyol 4
Organic salt 1, 4 
Organic sulfur compound 1, 4 
Organic surfactants 1
Organic titanate 1, 4 
Organo amino silane 4
Organo phosphonic acid 4
Organo phosphonic acid salt 4
Organometallic ammonium complex 1
Organophilic clay 4
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Oxidized tall oil 2
Oxoaliphatic acid 2
Oxyalkylated alcohol 1, 4 
Oxyalkylated alkyl alcohol 2, 4 
Oxyalkylated alkylphenol 1, 2, 3, 4 
Oxyalkylated fatty acid 1, 4 
Oxyalkylated fatty alcohol salt 2
Oxyalkylated phenol 1, 4 
Oxyalkylated phenolic resin 4
Oxyalkylated polyamine 1
Oxyalkylated tallow diamine 2
Oxyethylated alcohol 2
Oxylated alcohol 1, 4 
P/F resin 4
Paraffinic naphthenic solvent 1
Paraffinic solvent 1, 4 
Paraffin inhibitor 4
Paraffins 1
Pecan shell 2
Petroleum distallate blend 2, 3, 4 
Petroleum gas oils 1
Petroleum hydrocarbons 4
Petroleum solvent 2
Phosphate ester 1, 4 
Phosphonate 2
Phosphonic acid 1, 4 
Phosphoric acid, mixed polyoxyalkylene aryl and alkyl esters 4
Plasticizer 1, 2 
Polyacrylamide copolymer 4
Polyacrylamides 1
Polyacrylate 1, 4 
Polyactide resin 4
Polyalkylene esters 4
Polyaminated fatty acid 2
Polyaminated fatty acid surfactants 2
Polyamine 1, 4 
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Polyamine polymer 4
Polyanionic cellulose 1
Polyaromatic hydrocarbons 6
Polycyclic organic matter 6
Polyelectrolyte 4
Polyether polyol 2
Polyethoxylated alkanol 2, 3, 4 
Polyethylene copolymer 4
Polyethylene glycols 4
Polyethylene wax 4
Polyglycerols 2
Polyglycol 2
Polyglycol ether 6
Polylactide resin 4
Polymer 2, 4 
Polymeric hydrocarbons 3, 4 
Polymerized alcohol 4
Polymethacrylate polymer 4
Polyol phosphate ester 2
Polyoxyalkylene phosphate 2
Polyoxyalkylene sulfate 2
Polyoxyalkylenes 1, 4, 7 
Polyphenylene ether 4
Polyphosphate 4
Polypropylene glycols 2
Polyquaternary amine 4
Polysaccaride polymers in suspension 2
Polysaccharide 4
Polysaccharide blend 4
Polyvinylalcohol/polyvinylactetate copolymer 4
Potassium chloride substitute 4
Quarternized heterocyclic amines 4
Quaternary amine 2, 4 
Quaternary amine salt 4
Quaternary ammonium chloride 4
Quaternary ammonium compound 1, 2, 4 
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Quaternary ammonium salts 1, 2, 4 
Quaternary compound 1, 4 
Quaternary salt 1, 4 
Quaternized alkyl nitrogenated compd 4
Red dye 4
Refined mineral oil 2
Resin 4
Salt of amine-carbonyl condensate 3, 4 
Salt of fatty acid/polyamine reaction product 3, 4
Salt of phosphate ester 1
Salt of phosphono-methylated diamine 1, 4 
Salts 4
Salts of oxyalkylated fatty amines 4
Sand 4
Sand, AZ silica 4
Sand, brown 4
Sand, sacked 4
Sand, white 4
Secondary alcohol 1, 4 
Silica sand, 100 mesh, sacked 4
Silicone emulsion 1
Silicone ester 4
Sodium acid pyrophosphate 4
Sodium calcium magnesium polyphosphate 4
Sodium phosphate 4
Sodium salt of aliphatic amine acid 2
Sodium xylene sulfonate 4
Softwood dust 2
Starch blends 6
Substituted alcohol 1, 2, 4
Substituted alkene 1
Substituted alklyamine 1, 4 
Substituted alkyne 4
Sulfate 4
Sulfomethylated tannin 2, 5 
Sulfonate 4
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Sulfonate acids 1
Sulfonate surfactants 1
Sulfonated asphalt 2
Sulfonic acid salts 1, 4 
Sulfur compound 1, 4 
Sulphonic amphoterics 4
Sulphonic amphoterics blend 4
Surfactant blend 3, 4 
Surfactants 1, 2, 4 
Synthetic copolymer 2
Synthetic polymer 4
Tallow soap 4
Telomer 4
Terpenes 1, 4 
Titanium complex 4
Triethanolamine zirconium chelate 1 4 
Triterpanes 4
Vanadium compounds 4
Wall material 1
Walnut hulls 1, 2, 4 
Zirconium complex 2, 4 
Zirconium salt 4
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Table A-3 contains a list of chemicals with CASRNs that have been detected in flowback and 
produced water (collectively referred to as “hydraulic fracturing wastewater”). The table identifies
chemicals that are also reported to be used in hydraulic fracturing fluids (Table A-1). 

Table A-3. List of CASRNs and names of chemicals detected in hydraulic fracturing wastewater. Chemicals also 
reportedly used in hydraulic fracturing fluids are marked with an “ .”

CASRN Chemical Name Also Listed in 
Table A 1 Reference 

87-61-6 1,2,3-Trichlorobenzene 3, 9 
120-82-1 1,2,4-Trichlorobenzene 9
95-63-6 1,2,4-Trimethylbenzene 3, 9, 10 
57-55-6 1,2-Propanediol 3, 9 
108-67-8 1,3,5-Trimethylbenzene 3, 9, 10 
123-91-1 1,4-Dioxane 9, 10 
105-67-9 2,4-Dimethylphenol 3, 9, 10 
87-65-0 2,6-Dichlorophenol 3, 9 
91-57-6 2-Methylnaphthalene 3, 9, 10 
95-48-7 2-Methylphenol 3, 9, 10 
79-31-2 2-Methylpropanoic acid 10
109-06-8 2-Methylpyridine 3, 9 
503-74-2 3-Methylbutanoic acid 10
108-39-4 3-Methylphenol 3, 9, 10 
106-44-5 4-Methylphenol 3, 9, 10 
57-97-6 7,12-Dimethylbenz(a)anthracene 3, 9 
64-19-7 Acetic acid 3, 9, 10 
67-64-1 Acetone 3, 9, 10 
98-86-2 Acetophenone 3, 9 
107-02-8 Acrolein 9
107-13-1 Acrylonitrile 3, 9
309-00-2 Aldrin 3, 9 
7429-90-5 Aluminum 3, 9, 10 
7664-41-7 Ammonia 3, 9, 10 
7440-36-0 Antimony 3, 9, 10 
12672-29-6 Aroclor 1248 3, 9 
7440-38-2 Arsenic 3, 9, 10 
7440-39-3 Barium 3, 9, 10 
71-43-2 Benzene 3, 9, 10 
50-32-8 Benzo(a)pyrene 3, 9 
205-99-2 Benzo(b)fluoranthene 3, 9 
191-24-2 Benzo(g,h,i)perylene 3, 9, 10 
207-08-9 Benzo(k)fluoranthene 3, 9 
100-51-6 Benzyl alcohol 3, 9, 10 
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CASRN 

7440-41-7

Chemical Name 

Beryllium 

Also Listed in 
Table A 1 

3, 9, 10 

Reference 

 
319-85-7 beta-1,2,3,4,5,6-Hexachlorocyclohexane 3, 9 
111-44-4  Bis(2-chloroethyl) ether 3, 9 
7440-42-8  Boron 3, 9, 10  
24959-67-9  Bromide (-1) 3, 9, 10  
75-27-4  Bromodichloromethane 3 
75-25-2  Bromoform 3, 9, 10  
107-92-6 

 
Butanoic acid 9, 10 

104-51-8 Butylbenzene 9, 10 
7440-43-9  Cadmium 3, 9, 10  
10045-97-3 Caesium 137 3 
7440-70-2  Calcium 3, 9, 10  
124-38-9  Carbon dioxide 3, 9, 10  
75-15-0 Carbon disulfide 3, 9 
16887-00-6 Chloride 3, 9, 10  
7782-50-5 Chlorine 3, 10 
124-48-1  Chlorodibromomethane 3 
67-66-3 Chloroform 3, 9, 10  
74-87-3  Chloromethane 3, 10 
7440-47-3  Chromium 3, 9, 10  
16065-83-1 Chromium (III), insoluble salts 3 
18540-29-9 Chromium (VI) 3, 10 
7440-48-4  Cobalt 3, 9, 10  
7440-50-8  Copper 3, 9, 10  
98-82-8  Cumene 3, 9 
57-12-5  Cyanide, free 3, 9, 10  
319-86-8 delta-Hexachlorocyclohexane 9 

117-81-7  Di(2-ethylhexyl) phthalate 3, 9, 10  
53-70-3  Dibenz(a,h)anthracene 3, 9 
84-74-2  Dibutyl phthalate 3, 9, 10  
75-09-2 Dichloromethane 9, 10 
60-57-1 Dieldrin 9 
84-66-2 Diethyl phthalate 9 
117-84-0 

 
Dioctyl phthalate 9, 10 

122-39-4 Diphenylamine 3, 9 
959-98-8 Endosulfan I 3, 9 
33213-65-9 Endosulfan II 3, 9 
7421-93-4 Endrin aldehyde 3, 9 

Table continued on next page 

Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

241 
WRITTEN STATEMENTS (not from Hearing)



Table continued from previous page 

CASRN 

100-41-4

Chemical Name 

Ethylbenzene 

Also Listed in 
Table A 1 

3, 9, 10 

Reference 

 
107-21-1  

 
Ethylene glycol 3, 9 

206-44-0 Fluoranthene 3, 9 
86-73-7  Fluorene 3, 9, 10  
16984-48-8  Fluoride 3, 9, 10  
64-18-6 Formic acid 10 
76-44-8 Heptachlor 3, 9 
1024-57-3 Heptachlor epoxide 3, 9 
111-14-8 

 
Heptanoic acid 10 

142-62-1 Hexanoic acid 10 
193-39-5 Indeno(1,2,3-cd)pyrene 3, 9 
7439-89-6  Iron 3, 9, 10  
67-63-0  Isopropanol 3, 9 
7439-92-1  Lead 3, 9, 10  
58-89-9 Lindane 3, 9 
7439-93-2  Lithium 3, 9, 10  
7439-95-4  Magnesium 3, 9, 10  
7439-96-5  Manganese 3, 9, 10  
7439-97-6  Mercury 3, 9, 10  
67-56-1  Methanol 3, 9 
74-83-9  Methyl bromide 3, 9 
78-93-3  Methyl ethyl ketone 3, 9, 10  
7439-98-7  Molybdenum 3, 9, 10  
91-20-3  Naphthalene 3, 9, 10  
7440-02-0  Nickel 3, 9, 10  
86-30-6 N-Nitrosodiphenylamine 3, 9 
72-55-9 p,p'-DDE 3, 9 
99-87-6 p-Cymene 9, 10 
109-52-4 

 
Pentanoic acid 10 

85-01-8 Phenanthrene 3, 9, 10  
108-95-2  

 
Phenol 3, 9, 10  

298-02-2 Phorate 9 
7723-14-0  Phosphorus 3, 9 
7440-09-7 Potassium 3, 9, 10  
79-09-4 Propionic acid 10 
103-65-1 

 
Propylbenzene 9 

129-00-0 Pyrene 9, 10 
110-86-1 Pyridine 3, 9, 10  
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Table continued from previous page 

CASRN 

13982-63-3

Chemical Name 

Radium 226 

Also Listed in 
Table A 1 Reference 

3, 10 
7440-14-4 Radium 226,228 3
15262-20-1 Radium 228 3, 10 
94-59-7 Safrole 3, 9 
135-98-8 sec-Butylbenzene 9
7782-49-2 Selenium 3, 9, 10 
7631-86-9 Silica 10
7440-21-3 Silicon (elemental) 10
7440-22-4 Silver 3, 9, 10 
7440-23-5 Sodium 3, 9, 10 
7440-24-6 Strontium 3, 9, 10 
14808-79-8 Sulfate 3, 9, 10 
14265-45-3 Sulfite 3
127-18-4 Tetrachloroethylene 3, 9 
7440-28-0 Thallium and Compounds 3, 9, 10 
7440-31-5 Tin 9, 10 
7440-32-6 Titanium 3, 9, 10 
108-88-3 Toluene 3, 9, 10 
7440-62-2 Vanadium 3, 10 
1330-20-7 Xylenes 3, 9, 10 
7440-66-6 Zinc 3, 9, 10 
7440-67-7 Zirconium 3
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Table A-4 contains a list of chemicals and properties that are detected in flowback and produced 
water (collectively referred to as “hydraulic fracturing wastewater”). 

Table A-4. List of chemicals and properties detected in hydraulic fracturing wastewater.

Chemical Name / Property Reference 
Alkalinity 3, 9, 10 
Alkalinity, carbonate (as CaCO3) 3, 9, 10 
Alpha radiation 3
Aluminum, dissolved 3, 9 
Barium strontium P.S. 3
Barium, dissolved 3, 9 
Beta radiation 3
Bicarbonates (HCO3) 3, 10 
Biochemical oxygen demand 3, 9, 10 
Cadmium, dissolved 3, 9 
Calcium, dissolved 3, 9 
Chemical oxygen demand 3, 9, 10 
Chromium (VI), dissolved 3
Chromium, dissolved 3, 9 
Cobalt, dissolved 3, 9 
Coliform 3
Color 3
Conductivity 3, 9, 10 
Hardness as CaCO3 3, 9, 10 
Heterotrophic plate count 3
Hexanoic acid 10
Iron, dissolved 3, 9 
Lithium, dissolved 3, 9 
Magnesium, dissolved 3, 9 

Chemical Name / Property Reference 
Manganese, dissolved 3, 9 
Nickel, dissolved 3, 9 
Nitrate, as N 3, 9, 10 
Nitrogen, total as N 3
Oil and grease 3, 9, 10 
Petroleum hydrocarbons 3
pH 3, 9, 10 
Phenols 3
Potassium, dissolved 3, 9 
Salt 3
Scale inhibitor 3
Selenium, dissolved 3, 9 
Silver, dissolved 3, 10 
Sodium, dissolved 3, 10 
Strontium, dissolved 3, 10 
Surfactants 3
Total alkalinity 3, 9, 10 
Total dissolved solids 3, 9, 10 
Total Kjeldahl nitrogen 3, 9, 10 
Total organic carbon 3, 9, 10 
Total sulfide 9
Total suspended solids 3, 9, 10 
Volatile acids 3, 9 
Zinc, dissolved 3, 9 
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Appendix B: Stakeholder Engagement90 

B.1. Stakeholder Engagement Road Map for the EPA’s Study on the Potential 
Impacts of Hydraulic Fracturing on Drinking Water Resources 

On March 18, 2010, at the request of the U.S. Congress, the EPA announced plans to develop a 
comprehensive research study on the potential impact of hydraulic fracturing on drinking water
resources. The EPA believes a transparent, research-driven approach with significant stakeholder 
involvement can address questions about hydraulic fracturing and strengthen our clean energy
future. The road map below outlines the EPA’s plans to build upon its commitment to transparency 
and stakeholder engagement coordinated during the development of the Study Plan and will help
inform the report of results. 

Goals of Strengthened Stakeholder Engagement 

 Increase technical engagement with the stakeholder community to ensure that the EPA 
has ongoing access to a broad range of expertise and data outside the agency. 

 Improve public understanding of the goals and design of the study. 

 Ensure that the EPA is current on changes in industry practices and technologies so the 
report of results reflects an up-to-date picture of hydraulic fracturing operations. 

 Obtain timely and constructive feedback on projects undertaken as part of the study. 

Increased Technical Engagement 

In November 2012, the EPA held five roundtables focused on each stage of the water cycle: 

 Water acquisition. This study takes steps to examine potential changes in the quantity of 
water available for drinking and potential changes in drinking water quality that result 
from acquisition for hydraulic fracturing. The EPA is aware that the use of recycling is 
rapidly growing and that this may affect the need to acquire water for hydraulic fracturing. 

 Chemical mixing. The study examines the potential release of chemicals used in hydraulic
fracturing to surface and ground water through onsite spills and/or leaks and compiles 
information on hydraulic fracturing fluids and chemicals from publicly available data, data
provided by nine hydraulic fracturing service companies and other sources. 

 Flowback. The study examines available data regarding release to surface or ground water
through spills or leakage from onsite storage. 

 Water treatment and disposal. The study examines the potential for contaminants to reach 
drinking water due to surface water discharge, the effectiveness of current wastewater
treatment, and the potential formation of disinfection byproducts in drinking water 
treatment facilities. 

90 The text and figure included in this appendix were taken from http://www.epa.gov/hfstudy/stakeholder-
roadmap.html. Please see this website for updated information as it becomes available. 
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 Well injection. The study takes steps to examine the potential for release of hydraulic 
fracturing fluids to ground water due to inadequate well construction or operation,
movement of hydraulic fracturing fluids from the target formation to drinking water 
aquifers through local man-made or natural features (e.g., other production or abandoned
wells and existing faults or fractures). 

Based on feedback from these roundtables, the EPA will host in-depth technical workshops to 
address specific issues in greater detail. These technical workshops will begin in February 2013
and continue as needed. Upon completion of the last technical workshop, the EPA will reconvene 
the original roundtables to review the work addressed in the technical workshop series. 

Improve Public Understanding 

To improve public understanding of the study, the EPA staff will increase the frequency of 
webinars. For instance, after the initial set of roundtables and each technical workshop, the EPA 
will host a webinar to report out to the public on these. The EPA will continue to provide regular 
electronic updates to its list of stakeholders. 

In addition to the webinars, the EPA staff will regularly update its hydraulic fracturing study 
website with up-to-date materials and identify opportunities for briefings and updates on the study 
to stakeholders (e.g., annual or regional meetings of industry trade associations, annual meetings of 
environmental/public health groups, academic conferences, annual or regional meetings of water 
utilities, and tribal meetings). 

The EPA has previously committed to the release in December 2012 of a progress report on the
study. While the progress report will not make any final findings or conclusions, it will provide the 
public with an update on study activities and future work. 

Ensure the EPA is Current on Industry Practices 

To ensure that the EPA is up-to-date on evolving industry practices and technologies, the EPA will
publish a Federal Register notice in late 2012 to create a docket where stakeholders can submit 
peer-reviewed data from ongoing or completed studies. This initial request will be followed up with 
requests in 2013 and 2014. 

Obtain Timely Feedback 

The EPA intends to receive timely feedback on the projects conducted as part of the study through 
the roundtables and technical workshops described above. In addition, the EPA's Science Advisory 
Board is forming a panel of independent experts who will provide advice and review under the 
auspices of the Science Advisory Board on the EPA's hydraulic fracturing research described in its 
2012 Progress Report. The EPA plans to use such advice for the development of a report of results, 
estimated to be released in late 2014, which will also be reviewed by the Science Advisory Board. In 
addition, this panel may also provide advice on other technical documents and issues related to 
hydraulic fracturing upon further request by the EPA. The panel will provide opportunities for
public comment in connection with these activities. 
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B.2 Stakeholder Road Map and Timeline 
Increase technical engagement with the stakeholder community to ensure that the EPA has 
ongoing access to a broad range of expertise and data outside the agency. 

Plan: The week of November 12, 2012, EPA held five roundtables focused on each stage of the water 
cycle, to be followed in Spring 2013 by a series of technical workshops on topics identified during 
the roundtables. 

Implementation: 

 Identify participants for meetings (September 2012): 

o The EPA consulted with industry, non-governmental organizations, states, and
tribes through a series of one-on-one meetings in September to present the plan 
for the roundtables and ask for potential invitees with technical expertise. The EPA 
then selected invitees with appropriate technical backgrounds. 

o Roundtable participants numbered 15-20 in addition to the EPA staff. 

 Kick-off (October 2012) 

o The EPA hosted a kick-off (virtual) meeting with technical representatives
representing a broad range of stakeholders to lay out the context, goals, and 
logistics for the roundtables. 

 Roundtables (November 14–16, 2012) 

o Each meeting was professionally facilitated. 

o All roundtables occurred in DC. These were half-day meetings. 

 Workshops (February 2013 through April 2013) 

 Second round of roundtables (Summer/Fall 2013) 

Obtain timely and constructive feedback on projects undertaken as part of the study and 
ensure that the EPA is current on changes in industry practices and technologies so the 
report of results reflects an up-to-date picture of hydraulic fracturing operations. 

Plan: Issue Federal Register notices in 2012, 2013, and 2014 requesting additional data and
information to inform the study.91 The notices will request peer-reviewed data and reports that can 
help answer the research questions, for example, the content of hydraulic fracturing flowback and
produced water; the location of prior wastewater treatment pits, ponds, lagoons, and tanks; specific 
sources of water used for hydraulic fracturing; specific water quality requirements for use of water
or reuse of waste water in hydraulic fracturing; partitioning of constituents into gas solid and liquid 
components (particularly the fate of metals, organics, and radionuclides). 

91 The first Federal Register notice was published in November 2012 and is available at http://www.gpo.gov/fdsys/
pkg/FR-2012-11-09/pdf/2012-27452.pdf. 
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Implementation: 

 Technical workshops on specific technical topics suggested by roundtable participants 
(begin February 2013) 

 These sessions will flow from roundtable discussions. The EPA will convene experts to
address specific issues of data collection, method or data interpretation (i.e., how to find 
more comprehensive/reliable spill data; how to get good data for the environmental 
justice analysis, etc.). The EPA will issue the first Federal Register notice in late 2012 to 
request peer-reviewed data and studies that can help answer the research questions. 
Additional Federal Register notices will request peer-reviewed information and will be
published annually in 2013 and 2014. 

Improve public understanding of the goals and design of the study. 

Plan: In addition to the organized technical meetings, the EPA will seek opportunities (such as 
association or state organization meetings) to provide informal briefings and updates on the study 
to a diverse range of stakeholders, including states, non-governmental organizations, academia, and 
industry. The EPA will also increase the frequency of webinars, hosting them after each technical
meeting to report out to the public on the discussion. 

Implementation: The EPA will host monthly webinars following the initial set of roundtables and 
each technical workshop to inform the public of topics discussed. The EPA will develop and publish
a calendar of events where presentations on the study will be made. 
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Appendix C: Summary of QAPPs 
This appendix provides a quick reference table for QAPPs associated with the research projects that
comprise the EPA’s Study of the Potential Impacts of Drinking Water Resources. Current versions of 
the QAPPs are available at http://www.epa.gov/hfstudy/qapps.html. 

Table C-1. QAPPs associated with the research projects discussed in this progress report. 

Research Project QAPP Title 

Literature Review 
QAPP for Hydraulic Fracturing Data and Literature Evaluation for the 
EPA’s Study of the Potential Impacts of Hydraulic Fracturing on 
Drinking Water Resources 

Spills Database Analysis QAPP for Hydraulic Fracturing Surface Spills Data Analysis 

Service Company Analysis 
Final QAPP for the Evaluation of Information on Hydraulic Fracturing 
QAPP for Analysis of Data Received from Nine Hydraulic Fracturing 
Service Companies 

Well File Review 

QAPP for Hydraulic Fracturing 
National Hydraulic Fracturing Study Evaluation of Existing Production 
Well File Contents: QAPP 
Supplemental Programmatic QAPP for Work Assignment 4-58: 
National Hydraulic Fracturing Study Evaluation of Existing Production 
Well File Contents 

FracFocus Analysis 

Supplemental Programmatic QAPP for Work Assignment 4-58: 
National Hydraulic Fracturing Study Evaluation of Existing Production 
Well File Contents 
QAPP for Analysis of Data Extracted from FracFocus 

Subsurface Migration 
Modeling Analysis of Environmental Hazards Related to Hydrofracturing 

Surface Water Modeling QAPP for Surface Water Transport of Hydraulic Fracturing-Derived 
Waste Water 

Water Availability Modeling 
Data Collection/Mining for Hydraulic Fracturing Case Studies 
Modeling the Impact of Hydraulic Fracturing on Water Resources 
Based on Water Acquisition Scenarios 

Source Apportionment 
Studies 

QAPP for Hydraulic Fracturing Waste Water Source Apportionment 
Study 

Wastewater Treatability 
Studies 

Fate, Transport, and Characterization of Contaminants in Hydraulic 
Fracturing Water in Wastewater Treatment Processes 

Br-DBP Precursor Studies Formation of Disinfection By-Products from Hydraulic Fracturing Fluid 
Constituents: QAPP 

Analytical Method 
Development 

QAPP for the Chemical Characterization of Select Constituents 
Relevant to Hydraulic Fracturing 
QAPP for the Interlaboratory Verification and Validation of Diethylene 
Glycol, Triethylene Glycol, Tetraethylene Glycol, 2-Butoxyethanol and 
2-Methoxyethanol in Ground and Surface Waters by Liquid 
Chromatography/Tandem Mass Spectrometry 

Table continued on next page 
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Table continued from previous page 

Research Project QAPP Title 

Toxicity Assessment 
QAPP: Health and Toxicity Theme, Hydraulic Fracturing Study 
QAPP for Chemical Information Quality Review and Physicochemical 
Property Calculations for Hydraulic Fracturing Chemical Lists 

Las Animas and Huerfano 
Counties, Colorado Hydraulic Fracturing Retrospective Case Study, Raton Basin, CO 

Dunn County, North Dakota Hydraulic Fracturing Retrospective Case Study, Bakken Shale, 
Killdeer and Dunn County, ND 

Bradford County, 
Pennsylvania 

Hydraulic Fracturing Retrospective Case Study, Bradford-
Susquehanna Counties, PA 

Washington County, 
Pennsylvania 

Hydraulic Fracturing Retrospective Case Study, Marcellus Shale, 
Washington County, PA 

Wise County, Texas Hydraulic Fracturing Retrospective Case Study, Wise and Denton 
Cos., TX 
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Appendix D: Divisions of Geologic Time 
Figure E-1 is reproduced from a USGS fact 
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Units.” A geologic timescale relates rock
layers to time. 

Chronstratigraphic units refer to specific 
rock layers while geochronological units 
refer to specific time periods. 

Reference 
US Geological Survey. 2010. Divisions of 
Geologic Time: Major Chronostratigraphic 
and Geochronological Units. Fact Sheet 
2010-3059. US Geological Survey. Available 
at http://pubs.usgs.gov/fs/ 
2010/3059/pdf/FS10-3059.pdf. Accessed
November 30, 2012. 

Figure D-1. Divisions of geologic time approved by 
the USGS Geologic Names Committee (2010).The 
chart shows major chronostratigraphic and 
geochronologic units. 
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Glossary 
Acid mine drainage: Drainage of water from areas that have been mined for coal of other mineral 
ores. The water has a low pH because of its contact with sulfur-bearing material and is harmful to 
aquatic organisms. (2) 

Adsorption: Adhesion of molecules of gas, liquid, or dissolved solids to a surface. (2) 

Aeration: A process that promotes biological degradation of organic matter in water. The process 
may be passive (as when waste is exposed to air) or active (as when a mixing or bubbling device 
introduces the air). (2) 

Ambient water quality: Natural concentration of water quality constituents prior to mixing of 
either point or nonpoint source load of contaminants. Reference ambient concentration is used to
indicate the concentration of a chemical that will not cause adverse impact to human health. (2) 

Analysis of existing data: The process of gathering and summarizing existing data from various 
sources to provide current information on hydraulic fracturing activities. 

Analyte: The element, ion, or compound that an analysis seeks to identify; the compound of
interest. (2) 

Annulus: Either the space between the casing of a well and the wellbore or the space between the 
tubing and casing of a well. (2) 

API number: A unique identifying number for all oil and gas wells drilled in the United States. The 
system was developed by the American Petroleum Institute. (1) 

Aquifer: An underground geological formation, or group of formations, containing water. A source 
of ground water for wells and springs. (2) 

Baseline data: Initial information on a program or program components collected prior to receipt
of services or participation activities. Often gathered through intake interviews and observations 
and used later for comparing measures that determine changes in a program. (2) 

Case study: An approach often used in research to better understand real-world situations or
events using a systematic process for the collection and analysis of data. 

Prospective case study: A study of sites where hydraulic fracturing will occur after the 
research is initiated. These case studies allow sampling and characterization of the site
prior to, and after, water extraction, drilling, hydraulic fracturing fluid injection, flowback, 
and gas production. The data collected during prospective case studies will allow the EPA to 
evaluate any changes in water quality over time. 

Retrospective case study: A study of sites where hydraulic fracturing has occurred nearby, 
with a focus on sites with reported instances of drinking water resource contamination. 
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These studies will use existing data, sampling, and possibly modeling to determine whether 
reported impacts are due to hydraulic fracturing activities or other sources. 

Casing: Pipe cemented in the well to seal off formation fluids and to keep the hole from caving in. 
(1) 

Chemical Abstracts Service: Provides information on chemical properties and interactions. Every 
year, the Chemical Abstracts Service updates and writes new chemical abstracts on well over a 
million different chemicals, including each chemical’s composition, structure, characteristics, and 
different names. Each abstract is accompanied by a registration number, or CASRN. (2) 

Coalbed methane: Methane contained in coal seams. A coal seam is a layer or stratum of coal
parallel to the rock stratification. 

Confidential business information (CBI): Information that contains trade secrets, commercial or 
financial information, or other information that has been claimed as confidential by the submitter. 
The EPA has special procedures for handling such information. (2) 

Contaminant: A substance that is either present in an environment where it does not belong or is 
present at levels that might cause harmful (adverse) health effects. (2) 

Conventional reservoir: A reservoir in which buoyant forces keep hydrocarbons in place below a
sealing caprock. Reservoir and fluid characteristics of conventional reservoirs typically permit oil 
or natural gas to flow readily into wellbores. The term is used to make a distinction from shale and 
other unconventional reservoirs, in which gas might be distributed throughout the reservoir at the
basin scale, and in which buoyant forces or the influence of a water column on the location of 
hydrocarbons within the reservoir are not significant. (5) 

Discharge: Any emission (other than natural seepage), intentional or unintentional. Includes, but is
not limited to, spilling, leaking, pumping, pouring, emitting, emptying or dumping. (2) 

Disinfection byproduct (DBP): A compound formed by the reaction of a disinfectant such as 
chlorine with organic material in the water supply. (2) 

Drinking water resource: Any body of water, ground or surface, that could currently, or in the
future, serve as a source of drinking water for public or private water supplies. 

DSSTox: The Distributed Structure-Searchable Toxicity Database Network, a project of the EPA's 
National Center for Computational Toxicology. The DSSTox website provides a public forum for
publishing downloadable, structure-searchable, standardized chemical structure files associated 
with chemical inventories or toxicity datasets of environmental relevance. (2) 

Effluent: Waste material being discharged into the environment, either treated or untreated. (2) 

Environmental justice: The fair treatment of people of all races, cultures, incomes, and
educational levels with respect to the development and enforcement of environmental laws, 
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regulations, and policies. The fair distribution of environmental risks across socioeconomic and 
racial groups. (2) 

Flowback: After the hydraulic fracturing procedure is completed and pressure is released, the
direction of fluid flow reverses, and water and excess proppant flow up through the wellbore to the 
surface. The water that returns to the surface is commonly referred to as “flowback.” (3) 

Fluid formulation: The entire suite of products and carrier fluid injected into a well during
hydraulic fracturing. 

Formation: A geological formation is a body of earth material with distinctive and characteristic 
properties and a degree of homogeneity in its physical properties. (2) 

Formation water: Water that occurs naturally within the pores of rock. (5) 

FracFocus: National registry for chemicals used in hydraulic fracturing, jointly developed by the
Ground Water Protection Council and the Interstate Oil and Gas Compact Commission. Serves as an 
online repository where oil and gas well operators can upload information regarding the chemical 
compositions of hydraulic fracturing fluids used in specific oil and gas production wells. Also 
contains spatial information for well locations and information on well depth and water use. 

Geographic information system (GIS): A computer system designed for storing, manipulating,
analyzing, and displaying data in a geographic context, usually as maps. (2) 

The total radioactivity due to alpha particle emission as inferred from measurements on a 
dry sample. (2) 

The total radioactivity due to beta particle emission as inferred from measurements on a 
dry sample. (2) 

Ground water: The supply of fresh water found beneath the Earth’s surface, usually in aquifers, 
which supply wells and springs. It provides a major source of drinking water. (2) 

Halite: A soft, soluble evaporate mineral commonly known as salt or rock salt. Can be critical in
forming hydrocarbon traps and seals because it tends to flow rather than fracture during 
deformation, thus preventing hydrocarbons from leaking out of a trap even during and after some 
types of deformation. (5) 

Hazardous air pollutants: Air pollutants that are not covered by ambient air quality standards but 
which, as defined in the Clean Air Act, may present a threat of adverse human health effects or 
adverse environmental effects. Although classified as air pollutants, they may also impact drinking
water. (2) 

Horizontal drilling: Drilling a portion of a well horizontally to expose more of the formation 
surface area to the wellbore. (1) 
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Hydraulic fracturing: The process of using high pressure to pump sand along with water and 
other fluids into subsurface rock formations in order to improve flow of oil and gas into a wellbore.
(1) 

Fluid: Specially engineered fluids containing chemical additives and proppant that are 
pumped under high pressure into the well to create and hold open fractures in the
formation. 

Wastewater: Flowback and produced water, where flowback is the fluid returned to the 
surface after hydraulic fracturing has occurred but before the well is placed into production,
and produced water is the fluid returned to the surface after the well has been placed into 
production. 

Water cycle: The cycle of water in the hydraulic fracturing process, encompassing the
acquisition of water, chemical mixing of the fracturing fluid, injection of the fluid into the 
formation, the production and management of flowback and produced water, and the 
ultimate treatment and disposal of hydraulic fracturing wastewaters. 

Hydraulic gradient: Slope of a water table or potentiometric surface. More specifically, change in
the hydraulic head per unit of distance in the direction of the maximum rate of decrease. (2) 

Hydrocarbon: An organic compound containing only hydrogen and carbon, often occurring in 
petroleum, natural gas, and coal. (2) 

Immiscible: The chemical property where two or more liquids or phases do not readily dissolve in
one another, such as soil and water. (2) 

Integrated Risk Information System (IRIS): An electronic database that contains the EPA's latest 
descriptive and quantitative regulatory information about chemical constituents. Files on chemicals 
maintained in IRIS contain information related to both noncarcinogenic and carcinogenic health 
effects. (2) 

Laboratory studies: Targeted research conducted to better understand the ultimate fate and
transport of chemical contaminants of concern. The contaminants of concern may be components 
of hydraulic fracturing fluids, naturally occurring substances released from the subsurface during
hydraulic fracturing, or treated flowback and produced water that has been released. 

Mass spectrometry: Method of chemical analysis in which the substance to be analyzed is heated 
and placed in a vacuum. The resulting vapor is exposed to a beam of electrons that causes 
ionization to occur, either of the molecules or their fragments. The ionized atoms are separated
according to their mass and can be identified on that basis. (2) 

Material Safety Data Sheet (MSDS): Form that contains brief information regarding chemical and 
physical hazards, health effects, proper handling, storage, and personal protection appropriate for
use of a particular chemical in an occupational environment. (2) 
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Monte Carlo simulation: A technique used to estimate the most probable outcomes from a model 
with uncertain input data and to estimate the validity of the simulated model. 

National Pollution Discharge Elimination System (NPDES): A national program under Section 
402 of the Clean Water Act for regulation of discharges of pollutants from point sources to waters of 
the United States. Discharges are illegal unless authorized by an NPDES permit. (2) 

National Response Center (NRC): Communications center that receives reports of discharges or
releases of hazardous substances into the environment. Run by the US Coast Guard, which relays 
information about such releases to the appropriate federal agency. (2) 

Natural gas or gas: A naturally occurring mixture of hydrocarbon and non-hydrocarbon gases in 
porous formations beneath the Earth’s surface, often in association with petroleum. The principal 
constituent of natural gas is methane. (5) 

Natural organic matter (NOM): Complex organic compounds that are formed from decomposing
plant animal and microbial material in soil and water. (2) 

Offset wells: An existing wellbore close to a proposed well that provides information for planning 
the proposed well. (5) 

Overburden: Material of any nature, consolidated or unconsolidated, that overlies a deposit of 
useful minerals or ores. (2) 

Peer review: A documented critical review of a specific major scientific and/or technical work 
product. Peer review is intended to uncover any technical problems or unresolved issues in a
preliminary or draft work product through the use of independent experts. This information is then 
used to revise the draft so that the final work product will reflect sound technical information and 
analyses. The process of peer review enhances the scientific or technical work product so that the
decision or position taken by the EPA, based on that product, has a sound and credible basis. 

Permeability: Ability of rock to transmit fluid through pore spaces. (1) 

Physicochemical properties: The inherent physical and chemical properties of a molecule such as 
boiling point, density, physical state, molecular weight, vapor pressure, etc. These properties define 
how a chemical interacts with its environment. 

Play: A set of oil or gas accumulations sharing similar geologic, geographic properties, such as 
source rock, hydrocarbon type, and migration pathways. (1) 

Porosity: Percentage of the rock volume that can be occupied by oil, gas or water. (1) 

Produced water: After the drilling and fracturing of the well are completed, water is produced
along with the natural gas. Some of this water is returned fracturing fluid and some is natural 
formation water. These produced waters move back through the wellhead with the gas. (4) 

258 
WRITTEN STATEMENTS (not from Hearing)



Study of the Potential Impacts of Hydraulic Fracturing 
on Drinking Water Resources: Progress Report December 2012 

Proppant/propping agent: A granular substance (sand grains, aluminum pellets, or other 
material) that is carried in suspension by the fracturing fluid and that serves to keep the cracks 
open when fracturing fluid is withdrawn after a fracture treatment. 

Publicly owned treatment works (POTW): Any device or system used in the treatment (including 
recycling and reclamation) of municipal sewage or industrial wastes of a liquid nature that is 
owned by a state or municipality. This definition includes sewers, pipes, or other conveyances only 
if they convey wastewater to a POTW providing treatment. (2) 

Quality assurance (QA): An integrated system of management activities involving planning,
implementation, documentation, assessment, reporting, and quality improvement to ensure that a 
process, item, or service is of the type and quality needed and expected by the customer. (2) 

Quality assurance project plan (QAPP): A formal document describing in comprehensive detail
the necessary quality assurance procedures, quality control activities, and other technical activities 
that need to be implemented to ensure that the results of the work performed will satisfy the stated 
performance or acceptance criteria. (2) 

Quality Management Plan: A document that describes a quality system in terms of the
organizational structure, policy and procedures, functional responsibilities of management and 
staff, lines of authority, and required interfaces for those planning, implementing, documenting, and
assessing all activities conducted. (2) 

Radionuclide: Radioactive particle, man-made or natural, with a distinct atomic weight number. 
Emits radiation in the form of alpha or beta particles, or as gamma rays. Can have a long life as soil 
or water pollutant. Prolonged exposure to radionuclides increases the risk of cancer. (2) 

Residuals: The solids generated or retained during the treatment of wastewater. (2) 

Safe Drinking Water Act (SDWA): The act designed to protect the nation's drinking water supply 
by establishing national drinking water standards (maximum contaminant levels or specific 
treatment techniques) and by regulating underground injection control wells. (2) 

Scenario evaluation: Exploration of realistic, hypothetical scenarios related to hydraulic fracturing 
activities using computer models. Used to identify conditions under which hydraulic fracturing
activities may adversely impact drinking water resources. 

Science Advisory Board: A federal advisory committee that provides a balanced, expert 
assessment of scientific matters relevant to the EPA. An important function of the Science Advisory 
Board is to review EPA’s technical programs and research plans. 

Service company: A company that assists well operators by providing specialty services, including 
hydraulic fracturing. 

Shale: A fine-grained sedimentary rock composed mostly of consolidated clay or mud. Shale is the 
most frequently occurring sedimentary rock. (5) 
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Solubility: The amount of mass of a compound that will dissolve in a unit volume of solution. (2) 

Sorption: The act of soaking up or attracting substances. (2) 

Source water: Water withdrawn from surface or ground water, or purchased from suppliers, for
hydraulic fracturing. 

Spud (spud a well): To start the well drilling process by removing rock, dirt, and 
other sedimentary material with the drill bit. 

Standard operating procedure (SOP): A written document that details the method of an 
operation, analysis, or action whose techniques and procedures are thoroughly prescribed and 
which is accepted as the method for performing certain routine or repetitive tasks. (2) 

Statistical analysis: Analyzing collected data for the purposes of summarizing information to make 
it more usable and/or making generalizations about a population based on a sample drawn from
that population. (2) 

Surface water: All water naturally open to the atmosphere (rivers, lakes, reservoirs, ponds, 
streams, impoundments, seas, estuaries, etc.). (2) 

Surfactant: Used during the hydraulic fracturing process to decrease liquid surface tension and
improve fluid passage through the pipes. 

Technical systems audit (TSA): A thorough, systematic, onsite, qualitative audit of facilities, 
equipment, personnel, training, procedures, record keeping, data validation, data management, and
reporting aspects of a system. (2) 

Tight sands: A geological formation consisting of a matrix of typically impermeable, non-porous 
tight sands. 

Total dissolved solids (TDS): The quantity of dissolved material in a given volume of water. (2) 

Toxicity reference value: A reference point (generally a dose or concentration) where exposures
below that point are not likely to result in an adverse event/effect given a specific range of time. 

Toxic Substances Control Act (TSCA): The act that controls the manufacture and sale of certain 
chemical substances. (2) 

Unconventional resource: An umbrella term for oil and natural gas that is produced by means
that do not meet the criteria for conventional production. What has qualified as unconventional at 
any particular time is a complex function of resource characteristics, the available exploration and
production technologies, the economic environment, and the scale, frequency, and duration of 
production from the resource. Perceptions of these factors inevitably change over time and often
differ among users of the term. At present, the term is used in reference to oil and gas resources 
whose porosity, permeability, fluid trapping mechanism, or other characteristics differ from 
conventional sandstone and carbonate reservoirs. Coalbed methane, gas hydrates, shale gas, 
fractured reservoirs, and tight gas sands are considered unconventional resources. (5) 
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Underground Injection Control (UIC): The program under the Safe Drinking Water Act that 
regulates the use of wells to pump fluids into the ground. (2) 

Underground injection control well: Units into which hazardous waste is permanently disposed
of by injection 0.25 miles below an aquifer with an underground source of drinking water (as 
defined under the SDWA). (2) 

Underground source of drinking water: An aquifer currently being used as a source of drinking
water or containing a sufficient quantity of ground water to supply a public water system. USDWs 
have a total dissolved solids content of 10,000 milligrams per liter or less and are not aquifers
exempted from protection under the Safe Drinking Water Act. (40 CFR 144.3) (2) 

Vapor pressure: The force per unit area exerted by a vapor in an equilibrium state with its pure 
solid, liquid, or solution at a given temperature. Vapor pressure is a measure of a substance's
propensity to evaporate. Vapor pressure increases exponentially with an increase in temperature. 
(2) 

Viscosity: A measure of the internal friction of a fluid that provides resistance to shear within the 
fluid. (2) 

Volatile: Readily vaporizable at a relatively low temperature. (2) 

Wastewater treatment: Chemical, biological, and mechanical procedures applied to an industrial 
or municipal discharge or to any other sources of contaminated water in order to remove, reduce, 
or neutralize contaminants. (2) 

Water withdrawal: The process of taking water from a source and conveying it to a place for a 
particular type of use. (2) 

Well files: Files that generally contain information regarding all activities conducted at an oil and 
gas production well. These files are created by oil and gas operators. 

Well operator: A company that ultimately controls and operates oil and gas wells. 
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I. EXECUTIVE SUMMARY 
 

Hydraulic fracturing has helped to expand natural gas production in the United States, 
unlocking large natural gas supplies in shale and other unconventional formations across the 
country.  As a result of hydraulic fracturing and advances in horizontal drilling technology, 
natural gas production in 2010 reached the highest level in decades.  According to new estimates 
by the Energy Information Administration (EIA), the United States possesses natural gas 
resources sufficient to supply the United States for approximately 110 years.   

 
As the use of hydraulic fracturing has grown, so have concerns about its environmental 

and public health impacts.  One concern is that hydraulic fracturing fluids used to fracture rock 
formations contain numerous chemicals that could harm human health and the environment, 
especially if they enter drinking water supplies.  The opposition of many oil and gas companies 
to public disclosure of the chemicals they use has compounded this concern. 

 
Last Congress, the Committee on Energy and Commerce launched an investigation to 

examine the practice of hydraulic fracturing in the United States.  As part of that inquiry, the 
Committee asked the 14 leading oil and gas service companies to disclose the types and volumes 
of the hydraulic fracturing products they used in their fluids between 2005 and 2009 and the 
chemical contents of those products.  This report summarizes the information provided to the 
Committee.   

 
Between 2005 and 2009, the 14 oil and gas service companies used more than 2,500 

hydraulic fracturing products containing 750 chemicals and other components.  Overall, these 
companies used 780 million gallons of hydraulic fracturing products – not including water added 
at the well site – between 2005 and 2009.   

 
Some of the components used in the hydraulic fracturing products were common and 

generally harmless, such as salt and citric acid.   Some were unexpected, such as instant coffee 
and walnut hulls.  And some were extremely toxic, such as benzene and lead.  Appendix A lists 
each of the 750 chemicals and other components used in hydraulic fracturing products between 
2005 and 2009.   

 
The most widely used chemical in hydraulic fracturing during this time period, as 

measured by the number of compounds containing the chemical, was methanol.  Methanol, 
which was used in 342 hydraulic fracturing products, is a hazardous air pollutant and is on the 
candidate list for potential regulation under the Safe Drinking Water Act.  Some of the other 
most widely used chemicals were isopropyl alcohol (used in 274 products), 2-butoxyethanol 
(used in 126 products), and ethylene glycol (used in 119 products). 

 
 Between 2005 and 2009, the oil and gas service companies used hydraulic fracturing 
products containing 29 chemicals that are (1) known or possible human carcinogens, (2) 
regulated under the Safe Drinking Water Act for their risks to human health, or (3) listed as 
hazardous air pollutants under the Clean Air Act.  These 29 chemicals were components of more 
than 650 different products used in hydraulic fracturing. 
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The BTEX compounds – benzene, toluene, xylene, and ethylbenzene – appeared in 60 of 
the hydraulic fracturing products used between 2005 and 2009.  Each BTEX compound is a 
regulated contaminant under the Safe Drinking Water Act and a hazardous air pollutant under the 
Clean Air Act.  Benzene also is a known human carcinogen.  The hydraulic fracturing companies 
injected 11.4 million gallons of products containing at least one BTEX chemical over the five 
year period.   
  

In many instances, the oil and gas service companies were unable to provide the 
Committee with a complete chemical makeup of the hydraulic fracturing fluids they used.  
Between 2005 and 2009, the companies used 94 million gallons of 279 products that contained at 
least one chemical or component that the manufacturers deemed proprietary or a trade secret.  
Committee staff requested that these companies disclose this proprietary information.  Although 
some companies did provide information about these proprietary fluids, in most cases the 
companies stated that they did not have access to proprietary information about products they 
purchased “off the shelf” from chemical suppliers.  In these cases, the companies are injecting 
fluids containing chemicals that they themselves cannot identify. 
 
II. BACKGROUND 

 
Hydraulic fracturing – a method by which oil and gas service companies provide access 

to domestic energy trapped in hard-to-reach geologic formations — has been the subject of both 
enthusiasm and increasing environmental and health concerns in recent years.  Hydraulic 
fracturing, used in combination with horizontal drilling, has allowed industry to access natural 
gas reserves previously considered uneconomical, particularly in shale formations.  As a result of 
the growing use of hydraulic fracturing, natural gas production in the United States reached 
21,577 billion cubic feet in 2010, a level not achieved since a period of high natural gas 
production between 1970 and 1974.1  Overall, the Energy Information Administration now 
projects that the United States possesses 2,552 trillion cubic feet of potential natural gas 
resources, enough to supply the United States for approximately 110 years.  Natural gas from 
shale resources accounts for 827 trillion cubic feet of this total, which is more than double what 
the EIA estimated just a year ago.2 

 
 Hydraulic fracturing creates access to more natural gas supplies, but the process requires 
the use of large quantities of water and fracturing fluids, which are injected underground at high 
volumes and pressure.  Oil and gas service companies design fracturing fluids to create fractures 
and transport sand or other granular substances to prop open the fractures.  The composition of 
these fluids varies by formation, ranging from a simple mixture of water and sand to more 
complex mixtures with a multitude of chemical additives.  The companies may use these 

                                                 
1 Energy Information Administration (EIA), Natural Gas Monthly (Mar. 2011), Table 1, 

U.S. Natural Gas Monthly Supply and Disposition Balance (online at 
www.eia.gov/dnav/ng/hist/n9070us1A.htm) (accessed Mar. 30, 2011). 

2 EIA, Annual Energy Outlook 2011 Early Release (Dec. 16, 2010); EIA, What is shale 
gas and why is it important? (online at www.eia.doe.gov/energy_in_brief/about_shale_gas.cfm) 
(accessed Mar. 30, 2011).  
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chemical additives to thicken or thin the fluids, improve the flow of the fluid, or kill bacteria that 
can reduce fracturing performance.3   

  
Some of these chemicals, if not disposed of safely or allowed to leach into the drinking 

water supply, could damage the environment or pose a risk to human health.  During hydraulic 
fracturing, fluids containing chemicals are injected deep underground, where their migration is 
not entirely predictable.  Well failures, such as the use of insufficient well casing, could lead to 
their release at shallower depths, closer to drinking water supplies.4  Although some fracturing 
fluids are removed from the well at the end of the fracturing process, a substantial amount 
remains underground.5   

 
While most underground injections of chemicals are subject to the protections of the Safe 

Drinking Water Act (SDWA), Congress in 2005 modified the law to exclude “the underground 
injection of fluids or propping agents (other than diesel fuels) pursuant to hydraulic fracturing 
operations related to oil, gas, or geothermal production activities” from the Act’s protections.6  
Unless oil and gas service companies use diesel in the hydraulic fracturing process, the 
permanent underground injection of chemicals used for hydraulic fracturing is not regulated by 
the Environmental Protection Agency (EPA). 

 
Concerns also have been raised about the ultimate outcome of chemicals that are 

recovered and disposed of as wastewater.  This wastewater is stored in tanks or pits at the well 
site, where spills are possible.7   For final disposal, well operators must either recycle the fluids 
for use in future fracturing jobs, inject it into underground storage wells (which, unlike the 
fracturing process itself, are subject to the Safe Drinking Water Act), discharge it to nearby 
surface water, or transport it to wastewater treatment facilities.8  A recent report in the New York 

                                                 
3 U.S. Environmental Protection Agency, Evaluation of Impacts to Underground Sources 

of Drinking Water by Hydraulic Fracturing of Coalbed Methane Reservoirs (June 2004) (EPA 
816-R-04-003) at 4-1 and 4-2. 

4 For instance, Pennsylvania’s Department of Environmental Protection has cited Cabot 
Oil & Gas Corporation for contamination of drinking water wells with seepage caused by weak 
casing or improper cementing of a natural gas well.  See Officials in Three States Pin Water 
Woes on Gas Drilling, ProPublica (Apr. 26, 2009) (online at 
www.propublica.org/article/officials-in-three-states-pin-water-woes-on-gas-drilling-426) 
(accessed Mar. 24, 2011). 

5 John A. Veil, Argonne National Laboratory, Water Management Technologies Used by 
Marcellus Shale Gas Producers, prepared for the Department of Energy (July 2010), at 13 
(hereinafter “Water Management Technologies”). 

6 42 U.S.C. § 300h(d).  Many dubbed this provision the “Halliburton loophole” because 
of Halliburton’s ties to then-Vice President Cheney and its role as one of the largest providers of 
hydraulic fracturing services.  See The Halliburton Loophole, New York Times (Nov. 9. 2009). 

7 See EPA, Draft Hydraulic Fracturing Study Plan (Feb. 7, 2011), at 37; Regulation Lax 
as Gas Wells’ Tainted Water Hits Rivers, New York Times (Feb. 26, 2011). 

8 Water Management Technologies, at 13. 
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Times raised questions about the safety of surface water discharge and the ability of water 
treatment facilities to process wastewater from natural gas drilling operations.9   

 
Any risk to the environment and human health posed by fracturing fluids depends in large 

part on their contents.  Federal law, however, contains no public disclosure requirements for oil 
and gas producers or service companies involved in hydraulic fracturing, and state disclosure 
requirements vary greatly.10  While the industry has recently announced that it soon will create a 
public database of fluid components, reporting to this database is strictly voluntary, disclosure 
will not include the chemical identity of products labeled as proprietary, and there is no way to 
determine if companies are accurately reporting information for all wells.11  
 

The absence of a minimum national baseline for disclosure of fluids injected during the 
hydraulic fracturing process and the exemption of most hydraulic fracturing injections from 
regulation under the Safe Drinking Water Act has left an informational void concerning the 
contents, chemical concentrations, and volumes of fluids that go into the ground during 
fracturing operations and return to the surface in the form of wastewater.  As a result, regulators 
and the public are unable effectively to assess any impact the use of these fluids may have on the 
environment or public health.    

 
III. METHODOLOGY 

 
On February 18, 2010, the Committee commenced an investigation into the practice of 

hydraulic fracturing and its potential impact on water quality across the United States.  This 
investigation built on work begun by Ranking Member Henry A. Waxman in 2007 as Chairman 
of the Committee on Oversight and Government Reform.  The Committee initially sent letters to 
eight oil and gas service companies engaged in hydraulic fracturing in the United States.  In May 
2010, the Committee sent letters to six additional oil and gas service companies to assess a 

                                                 
9 Regulation Lax as Gas Wells’ Tainted Water Hits Rivers, New York Times (Feb. 26, 

2011). 
10 Wyoming, for example, recently enacted relatively strong disclosure regulations, 

requiring disclosure on a well-by-well basis and “for each stage of the well stimulation 
program,” “the chemical additives, compounds and concentrations or rates proposed to be mixed 
and injected.”  See WCWR 055-000-003 Sec. 45.  Similar regulations became effective in 
Arkansas this year.  See Arkansas Oil and Gas Commission Rule B-19.  In Wyoming, much of 
this information is, after an initial period of review, available to the public.  See WCWR 055-
000-003 Sec. 21.  Other states, however, do not insist on such robust disclosure.  For instance, 
West Virginia has no disclosure requirements for hydraulic fracturing and expressly exempts 
fluids used during hydraulic fracturing from the disclosure requirements applicable to 
underground injection of fluids for purposes of waste storage.  See W. Va. Code St. R. § 34-5-7. 

11 See Ground Water Protection Council Calls for Disclosure of Chemicals Used in Shale 
Gas Exploration, Ground Water Protection Council (Oct. 5, 2010) (online at 
www.wqpmag.com/Ground-Water-Protection-Council-Calls-for-Disclosure-of-Chemicals-in-
Shale-Gas-Exploration-newsPiece21700) (accessed Mar. 24, 2011). 
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broader range of industry practices.12  The February and May letters requested information on 
the type and volume of chemicals present in the hydraulic fracturing products that each company 
used in their fluids between 2005 and 2009.   

 
The 14 oil and gas service companies that received the letter voluntarily provided 

substantial information to the Committee.  As requested, the companies reported the names and 
volumes of the products they used during the five-year period.13  For each hydraulic fracturing 
product reported, the companies also provided a Material Safety Data Sheet (MSDS) detailing 
the product’s chemical components.  The Occupational Safety and Health Administration 
(OSHA) requires chemical manufacturers to create a MSDS for every product they sell as a 
means to communicate potential health and safety hazards to employees and employers.  The 
MSDS must list all hazardous ingredients if they comprise at least 1% of the product; for 
carcinogens, the reporting threshold is 0.1%.14   

 
Under OSHA regulations, manufacturers may withhold the identity of chemical 

components that constitute “trade secrets.”15  If the MSDS for a particular product used by a 
company subject to the Committee’s investigation reported that the identity of any chemical 
component was a trade secret, the Committee asked the company that used that product to 
provide the proprietary information, if available.   
 
IV. HYDRAULIC FRACTURING FLUIDS AND THEIR CONTENTS 
 

Between 2005 and 2009, the 14 oil and gas service companies used more than 2,500 
hydraulic fracturing products containing 750 chemicals and other components.16  Overall, these 
companies used 780 million gallons of hydraulic fracturing products in their fluids between 2005 
and 2009.  This volume does not include water that the companies added to the fluids at the well 
site before injection.  The products are comprised of a wide range of chemicals.  Some are 
seemingly harmless like sodium chloride (salt), gelatin, and citric acid.  Others could pose a 
severe risk to human health or the environment.   

                                                 
12 The Committee sent letters to Basic Energy Services, BJ Services, Calfrac Well 

Services, Complete Production Services, Frac Tech Services, Halliburton, Key Energy Services, 
RPC, Sanjel Corporation, Schlumberger, Superior Well Services, Trican Well Service, Universal 
Well Services, and Weatherford.   

13 BJ Services, Halliburton, and Schlumberger already had provided the Oversight 
Committee with data for 2005 through 2007.  For BJ Services, the 2005-2007 data is limited to 
natural gas wells.  For Schlumberger, the 2005-2007 data is limited to coalbed methane wells. 

14 29 CFR 1910.1200(g)(2)(i)(C)(1). 
15 29 CFR 1910.1200. 
16 Each hydraulic fracturing “product” is a mixture of chemicals or other components 

designed to achieve a certain performance goal, such as increasing the viscosity of water.  Some 
oil and gas service companies create their own products; most purchase these products from 
chemical vendors.  The service companies then mix these products together at the well site to 
formulate the hydraulic fracturing fluids that they pump underground.   
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Some of the components were surprising.  One company told the Committee that it used 

instant coffee as one of the components in a fluid designed to inhibit acid corrosion.  Two 
companies reported using walnut hulls as part of a breaker—a product used to degrade the 
fracturing fluid viscosity, which helps to enhance post-fracturing fluid recovery.  Another 
company reported using carbohydrates as a breaker.  One company used tallow soap—soap 
made from beef, sheep, or other animals—to reduce loss of fracturing fluid into the exposed 
rock.   

 
Appendix A lists each of the 750 chemicals and other components used in the hydraulic 

fracturing products injected underground between 2005 and 2009.   
 
A. Commonly Used Chemical Components 

 
The most widely used chemical in hydraulic fracturing during this time period, as 

measured by the number of products containing the chemical, was methanol.  Methanol is a 
hazardous air pollutant and a candidate for regulation under the Safe Drinking Water Act.  It was 
a component in 342 hydraulic fracturing products.  Some of the other most widely used 
chemicals include isopropyl alcohol, which was used in 274 products, and ethylene glycol, which 
was used in 119 products.  Crystalline silica (silicon dioxide) appeared in 207 products, generally 
proppants used to hold open fractures.  Table 1 has a list of the most commonly used compounds 
in hydraulic fracturing fluids. 

 
Table 1.  Chemical Components Appearing Most Often in 

Hydraulic Fracturing Products Used Between 2005 and 2009 

Chemical Component 

No. of 
Products 

Containing 
Chemical 

Methanol (Methyl alcohol) 342 
Isopropanol (Isopropyl alcohol, Propan-2-ol) 274 
Crystalline silica - quartz (SiO2) 207 
Ethylene glycol monobutyl ether (2-butoxyethanol) 126 
Ethylene glycol (1,2-ethanediol) 119 
Hydrotreated light petroleum distillates 89 
Sodium hydroxide (Caustic soda) 80 
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Hydraulic fracturing companies used 2-butoxyethanol (2-BE) as a foaming agent or 
surfactant in 126 products.  According to EPA scientists, 2-BE is easily absorbed and rapidly 
distributed in humans following inhalation, ingestion, or dermal exposure.  Studies have shown 
that exposure to 2-BE can cause hemolysis (destruction of red blood cells) and damage to the 
spleen, liver, and bone marrow.17  The hydraulic fracturing companies injected 21.9 million 
gallons of products containing 2-BE between 2005 and 2009.  They used the highest volume of 
products containing 2-BE in Texas, which accounted for more than half of the volume used.  
EPA recently found this chemical in drinking water wells tested in Pavillion, Wyoming.18  Table 
2 shows the use of 2-BE by state. 

 

Table 2.  States with the Highest Volume of 
Hydraulic Fracturing Fluids Containing  

2-Butoxyethanol (2005-2009) 

State 
Fluid Volume 

(gallons) 
Texas 12,031,734 
Oklahoma 2,186,613 
New Mexico 1,871,501 
Colorado 1,147,614 
Louisiana 890,068 
Pennsylvania 747,416 
West Virginia 464,231 
Utah 382,874 
Montana 362,497 
Arkansas 348,959 

 
 

                                                 
17 EPA, Toxicological Review of Ethylene Glycol Monobutyl Ether (Mar. 2010) at 4. 
18 EPA, Fact Sheet:  January 2010 Sampling Results and Site Update, Pavillion, 

Wyoming Groundwater Investigation (Aug. 2010) (online at 
www.epa.gov/region8/superfund/wy/pavillion/PavillionWyomingFactSheet.pdf) (accessed Mar. 
1, 2011). 

WRITTEN STATEMENTS (not from Hearing)



 

8 

B. Toxic Chemicals 
 

The oil and gas service companies used hydraulic fracturing products containing 29 
chemicals that are (1) known or possible human carcinogens, (2) regulated under the Safe 
Drinking Water Act for their risks to human health, or (3) listed as hazardous air pollutants under 
the Clean Air Act.  These 29 chemicals were components of 652 different products used in 
hydraulic fracturing.  Table 3 lists these toxic chemicals and their frequency of use. 

 
  Table 3.  Chemicals Components of Concern:  Carcinogens, SDWA-Regulated 

Chemicals, and Hazardous Air Pollutants 

Chemical Component Chemical Category 
No. of 

Products 
Methanol (Methyl alcohol) HAP 342 
Ethylene glycol (1,2-ethanediol) HAP 119 
Diesel19 Carcinogen, SDWA, HAP 51 
Naphthalene Carcinogen, HAP 44 
Xylene SDWA, HAP 44 
Hydrogen chloride (Hydrochloric acid) HAP 42 
Toluene SDWA, HAP 29 
Ethylbenzene SDWA, HAP 28 
Diethanolamine (2,2-iminodiethanol) HAP 14 
Formaldehyde Carcinogen, HAP 12 
Sulfuric acid Carcinogen 9 
Thiourea Carcinogen 9 
Benzyl chloride Carcinogen, HAP 8 
Cumene HAP 6 
Nitrilotriacetic acid Carcinogen 6 
Dimethyl formamide HAP 5 
Phenol HAP 5 
Benzene Carcinogen, SDWA, HAP 3 
Di (2-ethylhexyl) phthalate Carcinogen, SDWA, HAP 3 
Acrylamide Carcinogen, SDWA, HAP 2 
Hydrogen fluoride (Hydrofluoric acid) HAP 2 
Phthalic anhydride HAP 2 
Acetaldehyde Carcinogen, HAP 1 
Acetophenone HAP 1 
Copper SDWA 1 
Ethylene oxide Carcinogen, HAP 1 
Lead Carcinogen, SDWA, HAP 1 
Propylene oxide Carcinogen, HAP 1 
p-Xylene HAP 1 
Number of Products Containing a Component of Concern  652 

 
                                                 

19 According to EPA, diesel contains benzene, toluene, ethylbenzene, and xylenes.  See 
EPA, Evaluation of Impacts to Underground Sources of Drinking Water by Hydraulic 
Fracturing of Coalbed Methane Reservoirs (June 2004) (EPA 816-R-04-003) at 4-11. 
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1. Carcinogens 
 
Between 2005 and 2009, the hydraulic fracturing companies used 95 products containing 

13 different carcinogens.20  These included naphthalene (a possible human carcinogen), benzene 
(a known human carcinogen), and acrylamide (a probable human carcinogen).  Overall, these 
companies injected 10.2 million gallons of fracturing products containing at least one 
carcinogen.  The companies used the highest volume of fluids containing one or more 
carcinogens in Texas, Colorado, and Oklahoma.  Table 4 shows the use of these chemicals by 
state.   

 
Table 4.  States with at Least 100,000 

Gallons of Hydraulic Fracturing Fluids 
Containing a Carcinogen (2005-2009) 

State 
Fluid Volume 

(gallons) 
Texas 3,877,273 
Colorado 1,544,388 
Oklahoma 1,098,746 
Louisiana 777,945 
Wyoming 759,898 
North Dakota 557,519 
New Mexico 511,186 
Montana 394,873 
Utah 382,338 

 
 
2. Safe Drinking Water Act Chemicals 
 
Under the Safe Drinking Water Act, EPA regulates 53 chemicals that may have an 

adverse effect on human health and are known to or likely to occur in public drinking water 
systems at levels of public health concern.  Between 2005 and 2009, the hydraulic fracturing 
companies used 67 products containing at least one of eight SDWA-regulated chemicals.  
Overall, they injected 11.7 million gallons of fracturing products containing at least one chemical 
regulated under SDWA.  Most of these chemicals were injected in Texas.  Table 5 shows the use 
of these chemicals by state.     

 

                                                 
20 For purposes of this report, a chemical is considered a “carcinogen” if it is on one of 

two lists:  (1) substances identified by the National Toxicology Program as “known to be human 
carcinogens” or as “reasonably anticipated to be human carcinogens”; and (2) substances 
identified by the International Agency for Research on Cancer, part of the World Health 
Organization, as “carcinogenic” or “probably carcinogenic” to humans.  See U.S. Department of 
Health and Human Services, Public Health Service, National Toxicology Program, Report on 
Carcinogens, Eleventh Edition (Jan. 31, 2005) and World Health Organization, International 
Agency for Research on Cancer, Agents Classified by the IARC Monographs (online at 
http://monographs.iarc.fr/ENG/Classification/index.php) (accessed Feb. 28, 2011). 

WRITTEN STATEMENTS (not from Hearing)



 

10 

The vast majority of these SDWA-regulated chemicals were the BTEX compounds – 
benzene, toluene, xylene, and ethylbenzene.  The BTEX compounds appeared in 60 hydraulic 
fracturing products used between 2005 and 2009 and were used in 11.4 million gallons of 
hydraulic fracturing fluids.  The Department of Health and Human Services, the International 
Agency for Research on Cancer, and EPA have determined that benzene is a human 
carcinogen.21  Chronic exposure to toluene, ethylbenzene, or xylenes also can damage the central 
nervous system, liver, and kidneys.22   
 

Table 5.  States with at Least 100,000 Gallons of 
Hydraulic Fracturing Fluids Containing a SDWA-

Regulated Chemical (2005-2009) 

State 
Fluid Volume 

(gallons) 
Texas 9,474,631 
New Mexico 1,157,721 
Colorado 375,817 
Oklahoma 202,562 
Mississippi 108,809 
North Dakota 100,479 

 

 In addition, the hydraulic fracturing companies injected more than 30 million gallons of 
diesel fuel or hydraulic fracturing fluids containing diesel fuel in wells in 19 states.23  In a 2004 
report, EPA stated that the “use of diesel fuel in fracturing fluids poses the greatest threat” to 
underground sources of drinking water.24  Diesel fuel contains toxic constituents, including 
BTEX compounds.25 

 
EPA also has created a Candidate Contaminant List (CCL), which is a list of 

contaminants that are currently not subject to national primary drinking water regulations but are 
known or anticipated to occur in public water systems and may require regulation under the Safe 
Drinking Water Act in the future.26  Nine chemicals on that list—1-butanol, acetaldehyde, benzyl 
                                                 

21 U.S. Department of Health and Human Services, Agency for Toxic Substances and 
Disease Registry, Public Health Statement for Benzene (Aug. 2007). 

22 EPA, Basic Information about Toluene in Drinking Water, Basic Information about 
Ethylbenzene in Drinking Water, and Basic Information about Xylenes in Drinking Water (online 
at http://water.epa.gov/drink/contaminants/basicinformation/index.cfm) (accessed Oct. 14, 
2010). 

23 Letter from Reps. Henry A. Waxman, Edward J. Markey, and Diana DeGette to the 
Honorable Lisa Jackson, Administrator, U.S. Environmental Protection Agency (Jan. 31, 2011). 

24 EPA, Evaluation of Impacts to Underground Sources of Drinking Water by Hydraulic 
Fracturing of Coalbed Methane Reservoirs (June 2004) (EPA 816-R-04-003) at 4-11. 

25 Id. 
26 EPA, Contaminant Candidate List 3 (online at 

http://water.epa.gov/scitech/drinkingwater/dws/ccl/ccl3.cfm) (accessed Mar. 31, 2011). 
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chloride, ethylene glycol, ethylene oxide, formaldehyde, methanol, n-methyl-2-pyrrolidone, and 
propylene oxide—were used in hydraulic fracturing products between 2005 and 2009.   
 

3.   Hazardous Air Pollutants 
 
The Clean Air Act requires EPA to control the emission of 187 hazardous air pollutants, 

which are pollutants that cause or may cause cancer or other serious health effects, such as 
reproductive effects or birth defects, or adverse environmental and ecological effects.27  Between 
2005 and 2009, the hydraulic fracturing companies used 595 products containing 24 different 
hazardous air pollutants.    
 
 Hydrogen fluoride is a hazardous air pollutant that is a highly corrosive and systemic 
poison that causes severe and sometimes delayed health effects due to deep tissue penetration.  
Absorption of substantial amounts of hydrogen fluoride by any route may be fatal.28  One of the 
hydraulic fracturing companies used 67,222 gallons of two products containing hydrogen 
fluoride in 2008 and 2009. 
 
 Lead is a hazardous air pollutant that is a heavy metal that is particularly harmful to 
children’s neurological development.  It also can cause health problems in adults, including 
reproductive problems, high blood pressure, and nerve disorders.29  One of the hydraulic 
fracturing companies used 780 gallons of a product containing lead in this five-year period. 
 

Methanol is the hazardous air pollutant that appeared most often in hydraulic fracturing 
products.  Other hazardous air pollutants used in hydraulic fracturing fluids included 
formaldehyde, hydrogen chloride, and ethylene glycol. 
 
V. USE OF PROPRIETARY AND “TRADE SECRET” CHEMICALS 
 

Many chemical components of hydraulic fracturing fluids used by the companies were 
listed on the MSDSs as “proprietary” or “trade secret.”  The hydraulic fracturing companies used 
93.6 million gallons of 279 products containing at least one proprietary component between 2005 
and 2009.30 

 
                                                 

27 Clean Air Act Section 112(b), 42 U.S.C. § 7412. 
28 HHS, Agency for Toxic Substances and Disease Registry, Medical Management 

Guidelines for Hydrogen Fluoride (online at www.atsdr.cdc.gov/mhmi/mmg11.pdf) (accessed 
Mar. 24, 2011). 

29 EPA, Basic Information about Lead (online at www.epa.gov/lead/pubs/leadinfo.htm) 
(accessed Mar. 30, 2011).  

30 This is likely a conservative estimate.  We included only those products for which the 
MSDS says “proprietary” or “trade secret” instead of listing a component by name or providing 
the CAS number.  If the MSDS listed a component’s CAS as N.A. or left it blank, we did not 
count that as a trade secret claim, unless the company specified as such in follow-up 
correspondence. 
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The Committee requested that these companies disclose this proprietary information.  
Although a few companies were able to provide additional information to the Committee about 
some of the fracturing products, in most cases the companies stated that they did not have access 
to proprietary information about products they purchased “off the shelf” from chemical 
suppliers.  The proprietary information belongs to the suppliers, not the users of the chemicals.   

 
Universal Well Services, for example, told the Committee that it “obtains hydraulic 

fracturing products from third-party manufacturers, and to the extent not publicly disclosed, 
product composition is proprietary to the respective vendor and not to the Company.”31 
Complete Production Services noted that the company always uses fluids from third-party 
suppliers who provide an MSDS for each product.  Complete confirmed that it is “not aware of 
any circumstances in which the vendors who provided the products have disclosed this 
proprietary information” to the company, further noting that “such information is highly 
proprietary for these vendors, and would not generally be disclosed to service providers” like 
Complete.32  Key Energy Services similarly stated that it “generally does not have access to the 
trade secret information as a purchaser of the chemical(s).”33  Trican also told the Committee that 
it has limited knowledge of “off the shelf” products purchased from a chemical distributor or 
manufacturer, noting that “Trican does not have any information in its possession about the 
components of such products beyond what the distributor of each product provided Trican in the 
MSDS sheet.”34   

 
In these cases, it appears that the companies are injecting fluids containing unknown 

chemicals about which they may have limited understanding of the potential risks posed to 
human health and the environment.  
 
VI. CONCLUSION 
 
Hydraulic fracturing has opened access to vast domestic reserves of natural gas that could 
provide an important stepping stone to a clean energy future.  Yet questions about the safety of 
hydraulic fracturing persist, which are compounded by the secrecy surrounding the chemicals 
used in hydraulic fracturing fluids.  This analysis is the most comprehensive national assessment 
to date of the types and volumes of chemical used in the hydraulic fracturing process.  It shows 
that between 2005 and 2009, the 14 leading hydraulic fracturing companies in the United States 
used over 2,500 hydraulic fracturing products containing 750 compounds.  More than 650 of 
these products contained chemicals that are known or possible human carcinogens, regulated 
under the Safe Drinking Water Act, or listed as hazardous air pollutants. 
                                                 

31 Letter from Reginald J. Brown to Henry A. Waxman, Chairman, Committee on Energy 
and Commerce, and Edward J. Markey, Chairman, Subcommittee on Energy and Environment 
(Apr. 16, 2010). 

32 Letter from Philip Perry to Henry A. Waxman, Chairman, Committee Energy and 
Commerce, and Edward J. Markey, Chairman, Subcommittee on Energy and Environment (Aug. 
6, 2010). 

33 E-mail from Peter Spivack to Committee Staff (Aug. 5, 2010). 
34 E-mail from Lee Blalack to Committee Staff (July 29, 2010). 
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Appendix A.  Chemical Components of Hydraulic Fracturing Products, 2005-200935 
 

Chemical Component 

Chemical 
Abstract 
Service 
Number 

No. of 
Products 

Containing 
Chemical 

1-(1-naphthylmethyl)quinolinium chloride 65322-65-8 1 
1,2,3-propanetricarboxylic acid, 2-hydroxy-, trisodium salt, dihydrate 6132-04-3 1 
1,2,3-trimethylbenzene 526-73-8 1 
1,2,4-trimethylbenzene 95-63-6 21 
1,2-benzisothiazol-3 2634-33-5 1 
1,2-dibromo-2,4-dicyanobutane 35691-65-7 1 
1,2-ethanediaminium, N, N'-bis[2-[bis(2-hydroxyethyl)methylammonio]ethyl]-N,N'-
bis(2-hydroxyethyl)-N,N'-dimethyl-,tetrachloride 138879-94-4 2 
1,3,5-trimethylbenzene 108-67-8 3 
1,6-hexanediamine dihydrochloride 6055-52-3 1 
1,8-diamino-3,6-dioxaoctane  929-59-9 1 
1-hexanol 111-27-3 1 
1-methoxy-2-propanol 107-98-2 3 
2,2`-azobis (2-amidopropane) dihydrochloride 2997-92-4 1 
2,2-dibromo-3-nitrilopropionamide 10222-01-2 27 
2-acrylamido-2-methylpropanesulphonic acid sodium salt polymer * 1 
2-bromo-2-nitropropane-1,3-diol 52-51-7 4 
2-butanone oxime 96-29-7 1 
2-hydroxypropionic acid 79-33-4 2 
2-mercaptoethanol (Thioglycol) 60-24-2 13 
2-methyl-4-isothiazolin-3-one 2682-20-4 4 
2-monobromo-3-nitrilopropionamide 1113-55-9 1 
2-phosphonobutane-1,2,4-tricarboxylic acid 37971-36-1 2 
2-phosphonobutane-1,2,4-tricarboxylic acid, potassium salt 93858-78-7 1 
2-substituted aromatic amine salt * 1 
4,4'-diaminodiphenyl sulfone 80-08-0 3 
5-chloro-2-methyl-4-isothiazolin-3-one 26172-55-4 5 
Acetaldehyde 75-07-0 1 
Acetic acid 64-19-7 56 
Acetic anhydride 108-24-7 7 
Acetone 67-64-1 3 
Acetophenone 98-86-2 1 
Acetylenic alcohol * 1 
Acetyltriethyl citrate 77-89-4 1 
Acrylamide 79-06-1 2 
Acrylamide copolymer * 1 
Acrylamide copolymer 38193-60-1 1 

                                                 
35 To compile this list of chemicals, Committee staff reviewed each Material Safety Data 

Sheet provided to the Committee for hydraulic fracturing products used between 2005 and 2009.  
Committee staff transcribed the names and CAS numbers as written in the MSDSs; as such, any 
inaccuracies on this list reflect inaccuracies on the MSDSs themselves. 
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Chemical Component 

Chemical 
Abstract 
Service 
Number 

No. of 
Products 

Containing 
Chemical 

Acrylate copolymer * 1 
Acrylic acid, 2-hydroxyethyl ester 818-61-1 1 
Acrylic acid/2-acrylamido-methylpropylsulfonic acid copolymer 37350-42-8 1 
Acrylic copolymer 403730-32-5 1 
Acrylic polymers * 1 
Acrylic polymers 26006-22-4 2 
Acyclic hydrocarbon blend * 1 
Adipic acid 124-04-9 6 
Alcohol alkoxylate * 5 
Alcohol ethoxylates * 2 
Alcohols * 9 
Alcohols, C11-15-secondary, ethoxylated 68131-40-8 1 
Alcohols, C12-14-secondary 126950-60-5 4 
Alcohols, C12-14-secondary, ethoxylated 84133-50-6 19 
Alcohols, C12-15, ethoxylated  68131-39-5 2 
Alcohols, C12-16, ethoxylated 103331-86-8 1 
Alcohols, C12-16, ethoxylated 68551-12-2 3 
Alcohols, C14-15, ethoxylated 68951-67-7 5 
Alcohols, C9-11-iso-, C10-rich, ethoxylated 78330-20-8 4 
Alcohols, C9-C22 * 1 
Aldehyde * 4 
Aldol 107-89-1 1 
Alfa-Alumina * 5 
Aliphatic acid * 1 
Aliphatic alcohol polyglycol ether 68015-67-8 1 
Aliphatic amine derivative 120086-58-0 2 
Alkaline bromide salts * 2 
Alkanes, C10-14 93924-07-3 2 
Alkanes, C13-16-iso 68551-20-2 2 
Alkanolamine 150-25-4 3 
Alkanolamine chelate of zirconium alkoxide (Zirconium complex) 197980-53-3 4 
Alkanolamine/aldehyde condensate * 1 
Alkenes * 1 
Alkenes, C>10 alpha- 64743-02-8 3 
Alkenes, C>8 68411-00-7 2 
Alkoxylated alcohols * 1 
Alkoxylated amines * 6 
Alkoxylated phenol formaldehyde resin 63428-92-2 1 
Alkyaryl sulfonate * 1 
Alkyl (C12-16) dimethyl benzyl ammonium chloride 68424-85-1 7 
Alkyl (C6-C12) alcohol, ethoxylated 68439-45-2 2 
Alkyl (C9-11) alcohol, ethoxylated 68439-46-3 1 
Alkyl alkoxylate * 9 
Alkyl amine * 2 
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Chemical Component 

Chemical 
Abstract 
Service 
Number 

No. of 
Products 

Containing 
Chemical 

Alkyl amine blend in a metal salt solution * 1 
Alkyl aryl amine sulfonate 255043-08-04 1 
Alkyl benzenesulfonic acid 68584-22-5 2 
Alkyl esters * 2 
Alkyl hexanol * 1 
Alkyl ortho phosphate ester * 1 
Alkyl phosphate ester * 3 
Alkyl quaternary ammonium chlorides * 4 
Alkylaryl sulfonate * 1 
Alkylaryl sulphonic acid 27176-93-9 1 
Alkylated quaternary chloride * 5 
Alkylbenzenesulfonic acid * 1 
Alkylethoammonium sulfates * 1 
Alkylphenol ethoxylates * 1 
Almandite and pyrope garnet 1302-62-1 1 
Aluminium isopropoxide 555-31-7 1 
Aluminum 7429-90-5 2 
Aluminum chloride * 3 
Aluminum chloride 1327-41-9 2 
Aluminum oxide (alpha-Alumina) 1344-28-1 24 
Aluminum oxide silicate 12068-56-3 1 
Aluminum silicate (mullite) 1302-76-7 38 
Aluminum sulfate hydrate 10043-01-3 1 
Amides, tallow, n-[3-(dimethylamino)propyl],n-oxides 68647-77-8 4 
Amidoamine * 1 
Amine * 7 
Amine bisulfite 13427-63-9 1 
Amine oxides * 1 
Amine phosphonate * 3 
Amine salt * 2 
Amines, C14-18; C16-18-unsaturated, alkyl, ethoxylated 68155-39-5 1 
Amines, coco alkyl, acetate 61790-57-6 3 
Amines, polyethylenepoly-, ethoxylated, phosphonomethylated 68966-36-9 1 
Amines, tallow alkyl, ethoxylated 61791-26-2 2 
Amino compounds * 1 
Amino methylene phosphonic acid salt * 1 
Amino trimethylene phosphonic acid 6419-19-8 2 
Ammonia 7664-41-7 7 
Ammonium acetate 631-61-8 4 
Ammonium alcohol ether sulfate 68037-05-8 1 
Ammonium bicarbonate 1066-33-7 1 
Ammonium bifluoride (Ammonium hydrogen difluoride) 1341-49-7 10 
Ammonium bisulfate 7783-20-2 3 
Ammonium bisulfite 10192-30-0 15 
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Ammonium C6-C10 alcohol ethoxysulfate 68187-17-7 4 
Ammonium C8-C10 alkyl ether sulfate 68891-29-2 4 
Ammonium chloride 12125-02-9 29 
Ammonium fluoride 12125-01-8 9 
Ammonium hydroxide 1336-21-6 4 
Ammonium nitrate 6484-52-2 2 
Ammonium persulfate (Diammonium peroxidisulfate) 7727-54-0 37 
Ammonium salt * 1 
Ammonium salt of ethoxylated alcohol sulfate * 1 
Amorphous silica 99439-28-8 1 
Amphoteric alkyl amine 61789-39-7 1 
Anionic copolymer * 3 
Anionic polyacrylamide * 1 
Anionic polyacrylamide 25085-02-3 6 
Anionic polyacrylamide copolymer * 3 
Anionic polymer * 2 
Anionic polymer in solution * 1 
Anionic polymer, sodium salt 9003-04-7 1 
Anionic water-soluble polymer * 2 
Antifoulant * 1 
Antimonate salt * 1 
Antimony pentoxide 1314-60-9 2 
Antimony potassium oxide 29638-69-5 4 
Antimony trichloride 10025-91-9 2 
a-organic surfactants 61790-29-8 1 
Aromatic alcohol glycol ether * 2 
Aromatic aldehyde * 2 
Aromatic ketones 224635-63-6 2 
Aromatic polyglycol ether * 1 
Barium sulfate 7727-43-7 3 
Bauxite 1318-16-7 16 
Bentonite 1302-78-9 2 
Benzene 71-43-2 3 
Benzene, C10-16, alkyl derivatives 68648-87-3 1 
Benzenecarboperoxoic acid, 1,1-dimethylethyl ester 614-45-9 1 
Benzenemethanaminium 3844-45-9 1 
Benzenesulfonic acid, C10-16-alkyl derivs., potassium salts 68584-27-0 1 
Benzoic acid 65-85-0 11 
Benzyl chloride 100-44-7 8 
Biocide component * 3 
Bis(1-methylethyl)naphthalenesulfonic acid, cyclohexylamine salt 68425-61-6 1 
Bishexamethylenetriamine penta methylene phosphonic acid 35657-77-3 1 
Bisphenol A/Epichlorohydrin resin 25068-38-6 5 
Bisphenol A/Novolac epoxy resin 28906-96-9 1 
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Borate 12280-03-4 2 
Borate salts * 5 
Boric acid 10043-35-3 18 
Boric acid, potassium salt 20786-60-1 1 
Boric acid, sodium salt 1333-73-9 2 
Boric oxide 1303-86-2 1 
b-tricalcium phosphate 7758-87-4 1 
Butanedioic acid 2373-38-8 4 
Butanol 71-36-3 3 
Butyl glycidyl ether 2426-08-6 5 
Butyl lactate 138-22-7 4 
C10-C16 ethoxylated alcohol 68002-97-1 4 
C-11 to C-14 n-alkanes, mixed * 1 
C12-C14 alcohol, ethoxylated 68439-50-9 3 
Calcium carbonate 471-34-1 1 
Calcium carbonate (Limestone) 1317-65-3 9 
Calcium chloride 10043-52-4 17 
Calcium chloride, dihydrate 10035-04-8 1 
Calcium fluoride 7789-75-5 2 
Calcium hydroxide 1305-62-0 9 
Calcium hypochlorite 7778-54-3 1 
Calcium oxide 1305-78-8 6 
Calcium peroxide 1305-79-9 5 
Carbohydrates * 3 
Carbon dioxide 124-38-9 4 
Carboxymethyl guar gum, sodium salt 39346-76-4 7 
Carboxymethyl hydroxypropyl guar 68130-15-4 11 
Cellophane 9005-81-6 2 
Cellulase 9012-54-8 7 
Cellulase enzyme * 1 
Cellulose 9004-34-6 1 
Cellulose derivative * 2 
Chloromethylnaphthalene quinoline quaternary amine 15619-48-4 3 
Chlorous ion solution * 2 
Choline chloride 67-48-1 3 
Chromates * 1 
Chromium (iii) acetate 1066-30-4 1 
Cinnamaldehyde (3-phenyl-2-propenal) 104-55-2 5 
Citric acid (2-hydroxy-1,2,3 propanetricarboxylic acid) 77-92-9 29 
Citrus terpenes 94266-47-4 11 
Coal, granular 50815-10-6 1 
Cobalt acetate 71-48-7 1 
Cocaidopropyl betaine 61789-40-0 2 
Cocamidopropylamine oxide 68155-09-9 1 
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Coco bis-(2-hydroxyethyl) amine oxide 61791-47-7 1 
Cocoamidopropyl betaine 70851-07-9 1 
Cocomidopropyl dimethylamine 68140-01-2 1 
Coconut fatty acid diethanolamide 68603-42-9 1 
Collagen (Gelatin) 9000-70-8 6 
Complex alkylaryl polyo-ester * 1 
Complex aluminum salt * 2 
Complex organometallic salt * 2 
Complex substituted keto-amine 143106-84-7 1 
Complex substituted keto-amine hydrochloride * 1 
Copolymer of acrylamide and sodium acrylate 25987-30-8 1 
Copper 7440-50-8 1 
Copper iodide 7681-65-4 1 
Copper sulfate 7758-98-7 3 
Corundum (Aluminum oxide) 1302-74-5 48 
Crotonaldehyde 123-73-9 1 
Crystalline silica - cristobalite 14464-46-1 44 
Crystalline silica - quartz (SiO2) 14808-60-7 207 
Crystalline silica, tridymite 15468-32-3 2 
Cumene 98-82-8 6 
Cupric chloride 7447-39-4 10 
Cupric chloride dihydrate 10125-13-0 7 
Cuprous chloride 7758-89-6 1 
Cured acrylic resin * 7 
Cured resin * 4 
Cured silicone rubber-polydimethylsiloxane 63148-62-9 1 
Cured urethane resin * 3 
Cyclic alkanes * 1 
Cyclohexane 110-82-7 1 
Cyclohexanone 108-94-1 1 
Decanol 112-30-1 2 
Decyl-dimethyl amine oxide 2605-79-0 4 
Dextrose monohydrate 50-99-7 1 
D-Glucitol 50-70-4 1 
Di (2-ethylhexyl) phthalate 117-81-7 3 
Di (ethylene glycol) ethyl ether acetate 112-15-2 4 
Diatomaceous earth 61790-53-2 3 
Diatomaceous earth, calcined 91053-39-3 7 
Dibromoacetonitrile 3252-43-5 1 
Dibutylaminoethanol (2-dibutylaminoethanol) 102-81-8 4 
Di-calcium silicate 10034-77-2 1 
Dicarboxylic acid * 1 
Didecyl dimethyl ammonium chloride 7173-51-5 1 
Diesel * 1 
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Diesel 68334-30-5 3 
Diesel 68476-30-2 4 
Diesel 68476-34-6 43 
Diethanolamine (2,2-iminodiethanol) 111-42-2 14 
Diethylbenzene 25340-17-4 1 
Diethylene glycol 111-46-6 8 
Diethylene glycol monomethyl ether 111-77-3 4 
Diethylene triaminepenta (methylene phosphonic acid) 15827-60-8 1 
Diethylenetriamine 111-40-0 2 
Diethylenetriamine, tall oil fatty acids reaction product  61790-69-0 1 
Diisopropylnaphthalenesulfonic acid 28757-00-8 2 
Dimethyl formamide 68-12-2 5 
Dimethyl glutarate 1119-40-0 1 
Dimethyl silicone * 2 
Dioctyl sodium sulfosuccinate 577-11-7 1 
Dipropylene glycol 25265-71-8 1 
Dipropylene glycol monomethyl ether (2-methoxymethylethoxy propanol) 34590-94-8 12 
Di-secondary-butylphenol 53964-94-6 3 
Disodium EDTA 139-33-3 1 
Disodium ethylenediaminediacetate 38011-25-5 1 
Disodium ethylenediaminetetraacetate dihydrate 6381-92-6 1 
Disodium octaborate tetrahydrate 12008-41-2 1 
Dispersing agent * 1 
d-Limonene 5989-27-5 11 
Dodecyl alcohol ammonium sulfate 32612-48-9 2 
Dodecylbenzene sulfonic acid 27176-87-0 14 
Dodecylbenzene sulfonic acid salts 42615-29-2 2 
Dodecylbenzene sulfonic acid salts 68648-81-7 7 
Dodecylbenzene sulfonic acid salts 90218-35-2 1 
Dodecylbenzenesulfonate isopropanolamine 42504-46-1 1 
Dodecylbenzenesulfonic acid, monoethanolamine salt 26836-07-7 1 
Dodecylbenzenesulphonic acid, morpholine salt 12068-08-5 1 
EDTA/Copper chelate * 2 
EO-C7-9-iso-, C8-rich alcohols 78330-19-5 5 
Epichlorohydrin 25085-99-8 5 
Epoxy resin * 5 
Erucic amidopropyl dimethyl betaine 149879-98-1 3 
Erythorbic acid 89-65-6 2 
Essential oils * 6 
Ethanaminium, n,n,n-trimethyl-2-[(1-oxo-2-propenyl)oxy]-,chloride, polymer with 
2-propenamide 69418-26-4 4 
Ethanol (Ethyl alcohol) 64-17-5 36 
Ethanol, 2-(hydroxymethylamino)- 34375-28-5 1 
Ethanol, 2, 2'-(Octadecylamino) bis- 10213-78-2 1 
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Ethanoldiglycine disodium salt 135-37-5 1 
Ether salt 25446-78-0 2 
Ethoxylated 4-nonylphenol (Nonyl phenol ethoxylate) 26027-38-3 9 
Ethoxylated alcohol 104780-82-7 1 
Ethoxylated alcohol 78330-21-9 2 
Ethoxylated alcohols * 3 
Ethoxylated alkyl amines * 1 
Ethoxylated amine * 1 
Ethoxylated amines 61791-44-4 1 
Ethoxylated fatty acid ester * 1 
Ethoxylated nonionic surfactant * 1 
Ethoxylated nonyl phenol * 8 
Ethoxylated nonyl phenol 68412-54-4 10 
Ethoxylated nonyl phenol 9016-45-9 38 
Ethoxylated octyl phenol 68987-90-6 1 
Ethoxylated octyl phenol 9002-93-1 1 
Ethoxylated octyl phenol 9036-19-5 3 
Ethoxylated oleyl amine 13127-82-7 2 
Ethoxylated oleyl amine 26635-93-8 1 
Ethoxylated sorbitol esters * 1 
Ethoxylated tridecyl alcohol phosphate 9046-01-9 2 
Ethoxylated undecyl alcohol 127036-24-2 2 
Ethyl acetate 141-78-6 4 
Ethyl acetoacetate 141-97-9 1 
Ethyl octynol (1-octyn-3-ol,4-ethyl-) 5877-42-9 5 
Ethylbenzene 100-41-4 28 
Ethylene glycol (1,2-ethanediol) 107-21-1 119 
Ethylene glycol monobutyl ether (2-butoxyethanol) 111-76-2 126 
Ethylene oxide 75-21-8 1 
Ethylene oxide-nonylphenol polymer * 1 
Ethylenediaminetetraacetic acid 60-00-4 1 
Ethylene-vinyl acetate copolymer 24937-78-8 1 
Ethylhexanol (2-ethylhexanol) 104-76-7 18 
Fatty acid ester * 1 
Fatty acid, tall oil, hexa esters with sorbitol, ethoxylated 61790-90-7 1 
Fatty acids * 1 
Fatty alcohol alkoxylate * 1 
Fatty alkyl amine salt * 1 
Fatty amine carboxylates * 1 
Fatty quaternary ammonium chloride  61789-68-2 1 
Ferric chloride 7705-08-0 3 
Ferric sulfate 10028-22-5 7 
Ferrous sulfate, heptahydrate 7782-63-0 4 
Fluoroaliphatic polymeric esters * 1 
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Formaldehyde 50-00-0 12 
Formaldehyde polymer *  2 
Formaldehyde, polymer with 4-(1,1-dimethyl)phenol, methyloxirane and oxirane 30704-64-4 3 
Formaldehyde, polymer with 4-nonylphenol and oxirane 30846-35-6 1 
Formaldehyde, polymer with ammonia and phenol 35297-54-2 2 
Formamide 75-12-7 5 
Formic acid 64-18-6 24 
Fumaric acid 110-17-8 8 
Furfural 98-01-1 1 
Furfuryl alcohol 98-00-0 3 
Glass fiber 65997-17-3 3 
Gluconic acid 526-95-4 1 
Glutaraldehyde 111-30-8 20 
Glycerol (1,2,3-Propanetriol, Glycerine) 56-81-5 16 
Glycol ethers * 9 
Glycol ethers 9004-77-7 4 
Glyoxal 107-22-2 3 
Glyoxylic acid 298-12-4 1 
Guar gum 9000-30-0 41 
Guar gum derivative * 12 
Haloalkyl heteropolycycle salt * 6 
Heavy aromatic distillate 68132-00-3 1 
Heavy aromatic petroleum naphtha 64742-94-5 45 
Heavy catalytic reformed petroleum naphtha 64741-68-0 10 
Hematite * 5 
Hemicellulase 9025-56-3 2 
Hexahydro-1,3,5-tris(2-hydroxyethyl)-s-triazine (Triazine) 4719-04-4 4 
Hexamethylenetetramine 100-97-0 37 
Hexanediamine 124-09-4 1 
Hexanes * 1 
Hexylene glycol  107-41-5 5 
Hydrated aluminum silicate 1332-58-7 4 
Hydrocarbon mixtures 8002-05-9 1 
Hydrocarbons * 3 
Hydrodesulfurized kerosine (petroleum) 64742-81-0 3 
Hydrodesulfurized light catalytic cracked distillate (petroleum) 68333-25-5 1 
Hydrodesulfurized middle distillate (petroleum) 64742-80-9 1 
Hydrogen chloride (Hydrochloric acid) 7647-01-0 42 
Hydrogen fluoride (Hydrofluoric acid) 7664-39-3 2 
Hydrogen peroxide 7722-84-1 4 
Hydrogen sulfide 7783-06-4 1 
Hydrotreated and hydrocracked base oil * 2 
Hydrotreated heavy naphthenic distillate 64742-52-5 3 
Hydrotreated heavy paraffinic petroleum distillates 64742-54-7 1 
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Hydrotreated heavy petroleum naphtha 64742-48-9 7 
Hydrotreated light petroleum distillates 64742-47-8 89 
Hydrotreated middle petroleum distillates 64742-46-7 3 
Hydroxyacetic acid (Glycolic acid) 79-14-1 6 
Hydroxyethylcellulose 9004-62-0 1 
Hydroxyethylethylenediaminetriacetic acid, trisodium salt  139-89-9 1 
Hydroxylamine hydrochloride 5470-11-1 1 
Hydroxypropyl guar gum 39421-75-5 2 
Hydroxysultaine * 1 
Inner salt of alkyl amines * 2 
Inorganic borate * 3 
Inorganic particulate * 1 
Inorganic salt * 1 
Inorganic salt 533-96-0 1 
Inorganic salt 7446-70-0 1 
Instant coffee purchased off the shelf * 1 
Inulin, carboxymethyl ether, sodium salt  430439-54-6 1 
Iron oxide 1332-37-2 2 
Iron oxide (Ferric oxide) 1309-37-1 18 
Iso amyl alcohol 123-51-3 1 
Iso-alkanes/n-alkanes * 10 
Isobutanol (Isobutyl alcohol) 78-83-1 4 
Isomeric aromatic ammonium salt * 1 
Isooctanol 26952-21-6 1 
Isooctyl alcohol 68526-88-0 1 
Isooctyl alcohol bottoms 68526-88-5 1 
Isopropanol (Isopropyl alcohol, Propan-2-ol) 67-63-0 274 
Isopropylamine 75-31-0 1 
Isotridecanol, ethoxylated 9043-30-5 1 
Kerosene 8008-20-6 13 
Lactic acid 10326-41-7 1 
Lactic acid 50-21-5 1 
L-Dilactide 4511-42-6 1 
Lead 7439-92-1 1 
Light aromatic solvent naphtha 64742-95-6 11 
Light catalytic cracked petroleum distillates 64741-59-9 1 
Light naphtha distillate, hydrotreated 64742-53-6 1 
Low toxicity base oils * 1 
Maghemite * 2 
Magnesium carbonate 546-93-0 1 
Magnesium chloride 7786-30-3 4 
Magnesium hydroxide 1309-42-8 4 
Magnesium iron silicate 1317-71-1 3 
Magnesium nitrate 10377-60-3 5 
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Magnesium oxide 1309-48-4 18 
Magnesium peroxide 1335-26-8 2 
Magnesium peroxide 14452-57-4 4 
Magnesium phosphide 12057-74-8 1 
Magnesium silicate 1343-88-0 3 
Magnesium silicate hydrate (talc) 14807-96-6 2 
Magnetite * 3 
Medium aliphatic solvent petroleum naphtha 64742-88-7 10 
Metal salt * 2 
Metal salt solution * 1 
Methanol (Methyl alcohol) 67-56-1 342 
Methyl isobutyl carbinol (Methyl amyl alcohol) 108-11-2 3 
Methyl salicylate 119-36-8 6 
Methyl vinyl ketone 78-94-4 2 
Methylcyclohexane 108-87-2 1 
Mica 12001-26-2 3 
Microcrystalline silica 1317-95-9 1 
Mineral * 1 
Mineral Filler * 1 
Mineral spirits (stoddard solvent) 8052-41-3 2 
Mixed titanium ortho ester complexes * 1 
Modified alkane * 1 
Modified cycloaliphatic amine adduct * 3 
Modified lignosulfonate * 1 
Monoethanolamine (Ethanolamine) 141-43-5 17 
Monoethanolamine borate 26038-87-9 1 
Morpholine 110-91-8 2 
Mullite 1302-93-8 55 
n,n-dibutylthiourea 109-46-6 1 
N,N-dimethyl-1-octadecanamine-HCl * 1 
N,N-dimethyloctadecylamine 124-28-7 3 
N,N-dimethyloctadecylamine hydrochloride 1613-17-8 2 
n,n'-Methylenebisacrylamide 110-26-9 1 
n-alkyl dimethyl benzyl ammonium chloride 139-08-2 1 
Naphthalene 91-20-3 44 
Naphthalene derivatives * 1 
Naphthalenesulphonic acid, bis (1-methylethyl)-methyl derivatives 99811-86-6 1 
Natural asphalt 12002-43-6 1 
n-cocoamidopropyl-n,n-dimethyl-n-2-hydroxypropylsulfobetaine 68139-30-0 1 
n-dodecyl-2-pyrrolidone 2687-96-9 1 
N-heptane 142-82-5 1 
Nickel sulfate hexahydrate 10101-97-0 2 
Nitrilotriacetamide 4862-18-4 4 
Nitrilotriacetic acid 139-13-9 6 
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Nitrilotriacetonitrile 7327-60-8 3 
Nitrogen 7727-37-9 9 
n-Methylpyrrolidone 872-50-4 1 
Nonane, all isomers * 1 
Non-hazardous salt * 1 
Nonionic surfactant * 1 
Nonyl phenol ethoxylate * 2 
Nonyl phenol ethoxylate 9016-45-6 2 
Nonyl phenol ethoxylate 9018-45-9 1 
Nonylphenol   25154-52-3 1 
Nonylphenol, ethoxylated and sulfated 9081-17-8 1 
N-propyl zirconate * 1 
N-tallowalkyltrimethylenediamines * 1 
Nuisance particulates * 2 
Nylon fibers 25038-54-4 2 
Octanol 111-87-5 2 
Octyltrimethylammonium bromide 57-09-0 1 
Olefinic sulfonate * 1 
Olefins * 1 
Organic acid salt * 3 
Organic acids * 1 
Organic phosphonate * 1 
Organic phosphonate salts * 1 
Organic phosphonic acid salts * 6 
Organic salt * 1 
Organic sulfur compound * 2 
Organic titanate * 2 
Organiophilic clay * 2 
Organo-metallic ammonium complex * 1 
Other inorganic compounds * 1 
Oxirane, methyl-, polymer with oxirane, mono-C10-16-alkyl ethers, phosphates 68649-29-6 1 
Oxyalkylated alcohol * 6 
Oxyalkylated alcohols 228414-35-5 1 
Oxyalkylated alkyl alcohol * 1 
Oxyalkylated alkylphenol * 1 
Oxyalkylated fatty acid * 2 
Oxyalkylated phenol * 1 
Oxyalkylated polyamine * 1 
Oxylated alcohol * 1 
Paraffin wax 8002-74-2 1 
Paraffinic naphthenic solvent * 1 
Paraffinic solvent * 5 
Paraffins * 1 
Perlite 93763-70-3 1 
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Petroleum distillates * 26 
Petroleum distillates 64742-65-0 1 
Petroleum distillates 64742-97-5 1 
Petroleum distillates 68477-31-6 3 
Petroleum gas oils * 1 
Petroleum gas oils 64741-43-1 1 
Phenol 108-95-2 5 
Phenol-formaldehyde resin 9003-35-4 32 
Phosphate ester * 6 
Phosphate esters of alkyl phenyl ethoxylate 68412-53-3 1 
Phosphine * 1 
Phosphonic acid * 1 
Phosphonic acid 129828-36-0 1 
Phosphonic acid 13598-36-2 3 
Phosphonic acid (dimethlamino(methylene)) 29712-30-9 1 
Phosphonic acid, [nitrilotris(methylene)]tris-, pentasodium salt 2235-43-0 1 
Phosphoric acid 7664-38-2 7 
Phosphoric acid ammonium salt * 1 
Phosphoric acid, mixed decyl, octyl and ethyl esters 68412-60-2 3 
Phosphorous acid 10294-56-1 1 
Phthalic anhydride 85-44-9 2 
Pine oil 8002-09-3 5 
Plasticizer * 1 
Poly(oxy-1,2-ethanediyl) 24938-91-8 1 
Poly(oxy-1,2-ethanediyl), alpha-(4-nonylphenyl)-omega-hydroxy-, branched 
(Nonylphenol ethoxylate) 127087-87-0 3 
Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy 65545-80-4 1 
Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(hexyloxy)-, ammonium salt 63428-86-4 3 
Poly(oxy-1,2-ethanediyl),a-(nonylphenyl)-w-hydroxy-, phosphate 51811-79-1 1 
Poly-(oxy-1,2-ethanediyl)-alpha-undecyl-omega-hydroxy 34398-01-1 6 
Poly(sodium-p-styrenesulfonate) 25704-18-1 1 
Poly(vinyl alcohol) 25213-24-5 2 
Polyacrylamides 9003-05-8 2 
Polyacrylamides * 1 
Polyacrylate * 1 
Polyamine * 2 
Polyanionic cellulose * 2 
Polyepichlorohydrin, trimethylamine quaternized 51838-31-4 1 
Polyetheramine 9046-10-0 3 
Polyether-modified trisiloxane 27306-78-1 1 
Polyethylene glycol 25322-68-3 20 
Polyethylene glycol ester with tall oil fatty acid 9005-02-1 1 
Polyethylene polyammonium salt 68603-67-8 2 
Polyethylene-polypropylene glycol 9003-11-6 5 
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Polylactide resin * 3 
Polyoxyalkylenes * 1 
Polyoxyethylene castor oil  61791-12-6 1 
Polyphosphoric acid, esters with triethanolamine, sodium salts 68131-72-6 1 
Polypropylene glycol 25322-69-4 1 
Polysaccharide * 20 
Polyvinyl alcohol * 1 
Polyvinyl alcohol 9002-89-5 2 
Polyvinyl alcohol/polyvinylacetate copolymer * 1 
Potassium acetate 127-08-2 1 
Potassium carbonate 584-08-7 12 
Potassium chloride 7447-40-7 29 
Potassium formate 590-29-4 3 
Potassium hydroxide 1310-58-3 25 
Potassium iodide 7681-11-0 6 
Potassium metaborate 13709-94-9 3 
Potassium metaborate 16481-66-6 3 
Potassium oxide 12136-45-7 1 
Potassium pentaborate * 1 
Potassium persulfate 7727-21-1 9 
Propanol (Propyl alcohol) 71-23-8 18 
Propanol, [2(2-methoxy-methylethoxy) methylethoxyl] 20324-33-8 1 
Propargyl alcohol (2-propyn-1-ol) 107-19-7 46 
Propylene carbonate (1,3-dioxolan-2-one, methyl-) 108-32-7 2 
Propylene glycol (1,2-propanediol) 57-55-6 18 
Propylene oxide 75-56-9 1 
Propylene pentamer 15220-87-8 1 
p-Xylene 106-42-3 1 
Pyridinium, 1-(phenylmethyl)-, ethyl methyl derivatives, chlorides 68909-18-2 9 
Pyrogenic silica 112945-52-5 3 
Quaternary amine compounds * 3 
Quaternary amine compounds 61789-18-2  1 
Quaternary ammonium compounds * 9 
Quaternary ammonium compounds 19277-88-4 1 
Quaternary ammonium compounds 68989-00-4 1 
Quaternary ammonium compounds 8030-78-2 1 
Quaternary ammonium compounds, dicoco alkyldimethyl, chlorides 61789-77-3 2 
Quaternary ammonium salts * 2 
Quaternary compound * 1 
Quaternary salt * 2 
Quaternized alkyl nitrogenated compound 68391-11-7 2 
Rafinnates (petroleum), sorption process 64741-85-1 2 
Residues (petroleum), catalytic reformer fractionator 64741-67-9 10 
Resin 8050-09-7 2 
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Rutile 1317-80-2 2 
Salt of phosphate ester * 3 
Salt of phosphono-methylated diamine * 1 
Salts of oxyalkylated fatty amines 68551-33-7 1 
Secondary alcohol * 7 
Silica (Silicon dioxide) 7631-86-9 47 
Silica, amorphous * 3 
Silica, amorphous precipitated 67762-90-7 1 
Silicon carboxylate 681-84-5 1 
Silicon dioxide (Fused silica) 60676-86-0 7 
Silicone emulsion *  1 
Sodium (C14-16) olefin sulfonate 68439-57-6 4 
Sodium 2-ethylhexyl sulfate 126-92-1 1 
Sodium acetate 127-09-3 6 
Sodium acid pyrophosphate 7758-16-9 5 
Sodium alkyl diphenyl oxide sulfonate 28519-02-0 1 
Sodium aluminate 1302-42-7 1 
Sodium aluminum phosphate 7785-88-8 1 
Sodium bicarbonate (Sodium hydrogen carbonate) 144-55-8 10 
Sodium bisulfite 7631-90-5 6 
Sodium bromate 7789-38-0 10 
Sodium bromide 7647-15-6 1 
Sodium carbonate 497-19-8 14 
Sodium chlorate 7775-09-9 1 
Sodium chloride 7647-14-5 48 
Sodium chlorite 7758-19-2 8 
Sodium cocaminopropionate 68608-68-4 2 
Sodium diacetate 126-96-5 2 
Sodium erythorbate 6381-77-7 4 
Sodium glycolate 2836-32-0 2 
Sodium hydroxide (Caustic soda) 1310-73-2 80 
Sodium hypochlorite 7681-52-9 14 
Sodium lauryl-ether sulfate 68891-38-3 3 
Sodium metabisulfite 7681-57-4 1 
Sodium metaborate 7775-19-1 2 
Sodium metaborate tetrahydrate 35585-58-1 6 
Sodium metasilicate, anhydrous 6834-92-0 2 
Sodium nitrite 7632-00-0 1 
Sodium oxide (Na2O) 1313-59-3 1 
Sodium perborate 1113-47-9 1 
Sodium perborate  7632-04-4 1 
Sodium perborate tetrahydrate 10486-00-7 4 
Sodium persulfate 7775-27-1 6 
Sodium phosphate * 2 
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Sodium polyphosphate 68915-31-1 1 
Sodium salicylate 54-21-7 1 
Sodium silicate 1344-09-8 2 
Sodium sulfate 7757-82-6 7 
Sodium tetraborate 1330-43-4 7 
Sodium tetraborate decahydrate 1303-96-4 10 
Sodium thiosulfate 7772-98-7 10 
Sodium thiosulfate pentahydrate 10102-17-7 3 
Sodium trichloroacetate 650-51-1 1 
Sodium tripolyphosphate 7758-29-4 2 
Sodium xylene sulfonate 1300-72-7 3 
Sodium zirconium lactate 174206-15-6 1 
Solvent refined heavy naphthenic petroleum distillates 64741-96-4 1 
Sorbitan monooleate 1338-43-8 1 
Stabilized aqueous chlorine dioxide 10049-04-4 1 
Stannous chloride 7772-99-8 1 
Stannous chloride dihydrate 10025-69-1 6 
Starch 9005-25-8 5 
Steam cracked distillate, cyclodiene dimer, dicyclopentadiene polymer 68131-87-3 1 
Steam-cracked petroleum distillates 64742-91-2 6 
Straight run middle petroleum distillates 64741-44-2 5 
Substituted alcohol * 2 
Substituted alkene * 1 
Substituted alkylamine * 2 
Sucrose 57-50-1 1 
Sulfamic acid 5329-14-6 6 
Sulfate * 1 
Sulfonate acids * 1 
Sulfonate surfactants * 1 
Sulfonic acid salts * 1 
Sulfonic acids, petroleum 61789-85-3 1 
Sulfur compound * 1 
Sulfuric acid 7664-93-9 9 
Sulfuric acid, monodecyl ester, sodium salt 142-87-0 2 
Sulfuric acid, monooctyl ester, sodium salt 142-31-4 2 
Surfactants * 13 
Sweetened middle distillate 64741-86-2 1 
Synthetic organic polymer 9051-89-2 2 
Tall oil (Fatty acids) 61790-12-3 4 
Tall oil, compound with diethanolamine 68092-28-4 1 
Tallow soap * 2 
Tar bases, quinoline derivatives, benzyl chloride-quaternized 72480-70-7 5 
Tergitol 68439-51-0 1 
Terpene hydrocarbon byproducts 68956-56-9 3 
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Terpenes * 1 
Terpenes and terpenoids, sweet orange-oil 68647-72-3 2 
Terpineol 8000-41-7 1 
Tert-butyl hydroperoxide 75-91-2 6 
Tetra-calcium-alumino-ferrite 12068-35-8 1 
Tetraethylene glycol 112-60-7 1 
Tetraethylenepentamine 112-57-2 2 
Tetrahydro-3,5-dimethyl-2H-1,3,5-thiadiazine-2-thione (Dazomet) 533-74-4 13 
Tetrakis (hydroxymethyl) phosphonium sulfate 55566-30-8 12 
Tetramethyl ammonium chloride 75-57-0 14 
Tetrasodium 1-hydroxyethylidene-1,1-diphosphonic acid 3794-83-0 1 
Tetrasodium ethylenediaminetetraacetate 64-02-8 10 
Thiocyanate sodium 540-72-7 1 
Thioglycolic acid 68-11-1 6 
Thiourea 62-56-6 9 
Thiourea polymer 68527-49-1 3 
Titanium complex * 1 
Titanium oxide 13463-67-7 19 
Titanium, isopropoxy (triethanolaminate) 74665-17-1 2 
Toluene 108-88-3 29 
Treated ammonium chloride (with anti-caking agent a or b) 12125-02-9 1 
Tributyl tetradecyl phosphonium chloride 81741-28-8 5 
Tri-calcium silicate 12168-85-3 1 
Tridecyl alcohol 112-70-9 1 
Triethanolamine (2,2,2-nitrilotriethanol) 102-71-6 21 
Triethanolamine polyphosphate ester 68131-71-5 3 
Triethanolamine titanate 36673-16-2 1 
Triethanolamine zirconate 101033-44-7 6 
Triethanolamine zirconium chelate * 1 
Triethyl citrate 77-93-0 1 
Triethyl phosphate 78-40-0 1 
Triethylene glycol 112-27-6 3 
Triisopropanolamine 122-20-3 5 
Trimethylammonium chloride 593-81-7 1 
Trimethylbenzene 25551-13-7 5 
Trimethyloctadecylammonium  (1-octadecanaminium, N,N,N-trimethyl-, chloride) 112-03-8 6 
Tris(hydroxymethyl)aminomethane 77-86-1 1 
Trisodium ethylenediaminetetraacetate 150-38-9 1 
Trisodium ethylenediaminetriacetate 19019-43-3 1 
Trisodium nitrilotriacetate 18662-53-8 8 
Trisodium nitrilotriacetate (Nitrilotriacetic acid, trisodium salt monohydrate) 5064-31-3 9 
Trisodium ortho phosphate 7601-54-9 1 
Trisodium phosphate dodecahydrate 10101-89-0 1 
Ulexite 1319-33-1 1 
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Urea 57-13-6 3 
Wall material * 1 
Walnut hulls * 2 
White mineral oil 8042-47-5 8 
Xanthan gum 11138-66-2 6 
Xylene 1330-20-7 44 
Zinc chloride 7646-85-7 1 
Zinc oxide 1314-13-2 2 
Zirconium complex * 10 
Zirconium dichloride oxide 7699-43-6 1 
Zirconium oxide sulfate 62010-10-0 2 
Zirconium sodium hydroxy lactate complex (Sodium zirconium lactate) 113184-20-6 2 
 
* Components marked with an asterisk appeared on at least one MSDS without an identifying 
CAS number.  The MSDSs in these cases marked the CAS as proprietary, noted that the CAS was 
not available, or left the CAS field blank.  Components marked with an asterisk may be 
duplicative of other components on this list, but Committee staff have no way of identifying such 
duplicates without the identifying CAS number. 
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Abstract:  This paper provides a comprehensive review of the technology associated with liners and covers 
used for waste containment systems.  A historical perspective is used to discuss the key issues influencing 
design and selection and the key factors affecting performance.  Case histories and example data from the 
literature are used to illustrate important points.  Specifications based on achieving a desired performance are 
discussed, as is performance-based design of landfill liners.  Alternative covers now being used in drier 
regions are also discussed and design procedures for selecting layer thicknesses are presented. 
 

 
1 INTRODUCTION 
 
Engineering of waste containment facilities such as 
solid and hazardous waste landfills, liquid 
impoundments, and mine waste repositories began 
in the 1970s with the introduction of clay liners and 
clay caps.  The overall objective was to limit 
discharge of toxic contaminants to groundwater.  
This objective has not changed over the years.  
However, liner and cover design has undergone 
great change, with new materials being introduced 
and new design philosophies being adopted.  These 
changes have occurred as a result of many factors, 
most important being the desire to further reduce the 
discharge of contaminants to groundwater while 
employing technology that is both cost effective and 
practical. 
 
This paper provides a comprehensive review of liner 
and cover systems for waste containment, with 
emphasis on the lessons learned and future 
directions.  Most of the paper is derived from the 
research and consulting engineering experience 
accrued by the author while dealing with liners and 
covers extensively during the 1980s and 1990s.  The 
paper is divided into two main sections, one on 
liners and the other on covers.  Although liners are 
discussed first, liners and covers are equally 

important. Liners provide the final line of defense 
against groundwater contamination.  Covers provide 
long-term control of percolation into the waste, and 
thus control the generation of leachate.  Thus, both 
liners and covers have an essential role in protecting 
groundwater resources. 
 
 
2 LINERS 
 
Lining systems can vary significantly in complexity 
(Fig. 1). The simplest lining systems consist of a 
compacted clay or geomembrane liner overlain by a 
granular collection layer (Fig. 1a).  A more 
sophisticated and effective lining system 
incorporates a composite liner (Fig. 1b) comprised 
of a geomembrane placed directly on top of a clay 
liner (or other type of soil liner).  Composite liners 
are now the most common liners used for municipal 
solid waste (MSW) landfills.  Redundant lining 
systems incorporating one or more liners are also 
used (Fig. 1c), primarily for sites where the risks are 
great [e.g., hazardous waste landfills or corrective 
action management units (CAMUs) at remediation 
sites].   
 
For example, liquid wastes from pesticide and 
chemical warfare agents are being disposed in a 
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landfill lined with a triple composite liner at the 
Rocky Mountain arsenal.  Two leak detection layers 
were installed, one each between adjacent 
composite liners. The greater risk associated with 
these wastes required that a more redundant liner be 
used to ensure groundwater was protected. 
 
 

(a) Single Clay Liner

(b) Composite Liner

(b) Double Composite Liner
      with Leak Detection

Clay Liner

Granular Layer

Clay Liner

Granular Layer

Geomem-
brane

Clay Liner

Granular Layer

Geomem-
brane

Clay Liner Geocom-
posite drain

 
 
Fig. 1. Schematic of various types of liners: (a) 

compacted clay liner with granular leachate 
collection layer, (b) composite liner with 
granular leachate collection layer, and (c) 
double composite liner with upper granular 
leachate collection layer and lower 
geocomposite leak detection layer. 

 
 
 
2.1 Compacted Clay Liners 
 
Compacted clay liners were the first components of 
engineered waste containment facilities.  Clay was 
selected because of its ability to impede the flow of 

water, its ability to adsorb some contaminants, its 
relative abundance and low cost, and the positive 
experience obtained through earth dam construction.  
The first liners consisted of only a clay liner, i.e., 
without a leachate collection system.  However, 
leachate collection systems soon became 
incorporated into liner designs.  The most common 
system consisted of a clay liner overlain by a sand 
layer.  Thickness of the clay liner varied by location, 
from as little as 150 mm to as thick as 4 m (Benson 
and Daniel 1994a, b).  The sand layer was typically 
30 cm thick. 
 
 
2.1.1 Chemical Compatibility 
 
When clay liners were first used, little was known 
about how they would interact with the 
contaminated liquid (‘leachate’) that collects at the 
base of a landfill.  Concern regarding chemical 
compatibility led to extensive research on clay-
waste interactions.  One of the first studies was 
conducted by Anderson (1982). Anderson 
conducted the first ‘compatibility tests’ by 
permeating compacted clays with organic liquids 
that might be found in landfills.  Anderson’s results 
showed that permeation with pure organic liquids 
could cause the hydraulic conductivity of compacted 
clay to increase several orders of magnitude (Fig. 2).  
The hydraulic conductivity increased because the 
organic liquids induced compression of the adsorbed 
layer surrounding the clay particles, which caused 
the clay to shrink and crack. 
 
Anderson’s data were criticized for several reasons. 
He used hydraulic gradients far in excess of those 
existing in the field.  Also, the rigid-wall 
permeameters used for his tests did not permit 
application of overburden pressure and allowed 
leakage to occur between the specimen and sidewall 
of the permeameter if the clay shrank.  His use of 
pure reagent grade liquids was also severely 
criticized, but at the time organic solvents and other 
liquids were still being disposed in landfills in the 
United States.  Despite these criticisms, Anderson’s 
work caused deep concern regarding the efficacy of 
compacted clay liners. As a result, the US 
Environmental Protection Agency (USEPA) began 
to de-emphasize the use of clay liners in hazardous 
waste landfills, and put more reliance on 
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geomembranes.  USEPA also banned disposal of 
free liquids in landfills and sponsored additional 
research on clay-waste interactions. 
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Fig. 2. Hydraulic conductivity of four compacted 

clays permeated first with water and then 
with acetone (adapted from Anderson et al. 
1985).  Legend depicts primary mineral in 
the clay. 

 
Subsequent research confirmed the findings 
reported by Anderson (1982).  However, these 
studies also showed that large increases in hydraulic 
conductivity of compacted natural clays only occur 
when the permeant liquid is a pure organic liquid 
with low dielectric constant or a very strong acid 
(Foreman and Daniel 1986, Bowders and Daniel 
1986, Fernandez and Quigley 1988, Budhu et al. 
1991, Nirmala et al. 1995, Alston et al. 1997).  
Aqueous solutions with organic liquids typically had 
to contain 50-70% organic liquid before a 
significant increase in hydraulic conductivity 
occurred.  Acids had to have pH < 1 for the 
hydraulic conductivity to be affected.  Mixtures of 
sand and bentonite were found to be more prone to 
chemical attack, particularly to solutions having a 
high concentration of divalent cations (Stern and 
Shackelford 1998). 
 
Leachates from municipal solid waste (MSW) 
landfills generally have been found to have no 
detrimental impact on the hydraulic conductivity of 
compacted clays.  Yanful et al. (1990) conducted a 
compatibility test on low plasticity clay from 

western Canada that contained approximately equal 
amounts of montmorillonite, illite, and kaolinite.  
The clay was being used to construct a compacted 
clay liner for a municipal solid waste landfill.  A 
specimen was initially permeated with distilled (DS) 
water and then with a simulated MSW leachate.  
The hydraulic gradient was approximately 100 and 
the average effective stress about 20 kPa.  Results of 
their test are shown in Fig. 3.  The hydraulic 
conductivity to leachate was lower than that to DS 
water.  The decrease in hydraulic conductivity was 
attributed to clogging of pores by precipitates and 
biological matter. 
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Fig. 3. Hydraulic conductivity data from test on low 
plasticity clay permeated with distilled water 
followed by leachate (adapted from Yanful 
et al. 1990). 

 
Methods to stabilize clays against chemical attack 
have also been studied.  Broderick and Daniel 
(1990) evaluated how lime, Portland cement, 
asphalt, and high compactive effort stabilize clays 
against attack.  They indicate that effective 
stabilization requires that particles be immobilized 
so that the clay does not shrink or crack.  Of the 
stabilizing methods they investigated, Portland 
cement and high compactive effort were found to 
prevent large increases in hydraulic conductivity 
during permeation with concentrated organic 
chemicals having low dielectric constant. 
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2.1.2 Scale-Dependent Hydraulic Conductivity 
 
Scale-dependent hydraulic conductivity was another 
common problem when clay liners first were used, 
and remains a contentious issue today (Benson et al. 
1999a, Benson and Boutwell 2000).  Reports by 
Daniel (1984) and Day and Daniel (1985) indicated 
that the hydraulic conductivity of compacted clay 
liners operative at field scale could be orders of 
magnitude higher than the hydraulic conductivity 
measured on small specimens collected during 
construction for quality control testing in the 
laboratory.  These studies indicated that macropores, 
which control flow at field scale, are not adequately 
represented in small specimens collected in 
sampling tubes. 
 
While the reports by Daniel (1984) and Day and 
Daniel (1985) were controversial, their publication 
resulted in many regulatory agencies requiring field 
hydraulic conductivity tests on a test pad prior to 
construction of a clay liner.  Initially, the most 
common test was the sealed double-ring 
infiltrometer (SDRI) test (Fig. 4), which employs a 
large (1.5 m x 1.5 m) inner ring to permeate the 
compacted clay (Daniel 1986, 1989, Trautwein and 
Boutwell 1994).  A schematic of an SDRI is shown 
in Fig. 4. 
 

Inner Ring

Outer ring

Flexible
Bag

Tubing

Bentonite

Tensiometer

Sludge Barrier Layer

 
 

Fig. 4.  Schematic of SDRI test set-up. 
 
 
The cost (US$25,000) and long time (a month or 
more) required to conduct an SDRI test prompted 
development of the two-stage borehole (TSB) test 
(Boutwell and Derick 1986).  The TSB test is a 
falling head infiltration test conducted in a cased 
borehole (Fig. 5).  In Stage 1, the base of the 
borehole is flush with the base of the casing, 
resulting in predominantly vertical flow.  After 
equilibrium is reached during Stage 1, the borehole 

is extended using a special auger to a depth 
approximately 1.5 times the inside diameter of the 
casing. Another falling head infiltration test is then 
conducted during which flow occurs predominantly, 
but not entirely in the horizontal direction.  
 

D

Seal
Casing

Scale
Standpipe

H

(a) Stage 1

Zw

Dc

D

Scale Standpipe

H

(b) Stage 2

L

Borehole
Extension Smear

Zone

Zw

Dc

 
Fig. 5.  Schematic of TSB test set-up: (a) Stage 1 

and (b) Stage 2. 
 
Two ‘apparent hydraulic conductivities,’ K1 and K2, 
are obtained from Stages 1 and 2, respectively.  The 
different geometries existing in Stages 1 and 2 
permit two equations to be written in terms of K1 
and K2 and the vertical (Kv) and horizontal (Kh) 
hydraulic conductivities.  Simultaneous solution of 
these equations yields Kv, the soil property 
commonly of interest, and Kh. 
 
Comparison of field tests conducted throughout 
North America (Benson et al. 1999a, Fig. 6) has 
shown that the SDRI and TSB tests yield similar 
hydraulic conductivities, except when the field 
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hydraulic conductivity is high (> 3x10-7 cm/s).  In 
the latter case, the macropores are too large or too 
widely spaced to be adequately represented in the 
100-mm-diameter borehole typically used for TSB 
testing. 
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Fig. 6. Comparison of field hydraulic conductivities 

measured using the SDRI test, the TSB test, 
and laboratory tests on large specimens 
collected as undisturbed blocks (adapted 
from Benson et al. 1999a). 

 
Analysis of data from the TSB and SDRI tests 
requires that simplifying assumptions be made 
regarding the flow process.  For example, the wetted 
zone is assumed to saturated, the clay is assumed to 
be non-swelling, and the wetting front is assumed to 
be sharp (Wang and Benson 1995).  More 
importantly, the TSB and SDRI tests are conducted 
at essentially zero confinement, which is unlikely to 
exist in the field.  The assumptions about flow and 
state of the clay as well as lack of confinement 
cause conservative errors, i.e., the field measured 
hydraulic conductivity is usually higher than will 
exist during the service life of the facility.  In some 
cases, the measurement may be too conservative and 
more realistic testing conditions are required. 
 
Conducting tests in the laboratory in flexible-wall 
permeameters permits saturation and application of 
the proper effective stress.  These laboratory tests 
are also less expensive than the field tests (~ 
US$800 per specimen). However, for such tests to 
represent field conditions, the specimen being tested 

must be sufficiently large to contain a network of 
pores representative of those existing in the field.  
Benson et al. (1994a) identified how large 
specimens must be to represent field conditions by 
conducting hydraulic conductivity tests on test pads 
that permeated various volumes of clay.  SDRI tests 
were conducted using inner rings having dimensions 
of 0.6 m x 0.6 m, 0.9 m x 0.9 m, or 1.2 m x 1.2 m.  
Once the SDRI tests were complete, large 
undisturbed block samples (0.6 m diameter) were 
trimmed from clay beneath the inner ring of each 
SDRI.  A photograph of a block sample is shown in 
Fig. 7.   
 

 
 
Fig. 7. Photograph of block sample obtained from 

beneath inner ring of SDRI. 
 
The blocks were trimmed to a diameter of 460 mm 
and aspect ratio of 1 and then were placed in large-
scale flexible-wall permeameters for testing.  After 
the hydraulic conductivity was measured, the 
specimens were trimmed to a smaller diameter and 
then permeated again in smaller flexible-wall 
permeameters (Fig. 8).  Specimens having diameters 
of 460, 305, 152, and 76 mm were tested. 
 
Some of the specimens were permeated with red dye 
at their largest diameter to mark the primary paths 
conducting flow.  When these specimens were 
trimmed to smaller diameters, dyed flow paths were 
evident.  An example of dyed flow paths is shown in 
Fig. 9. Trimming cut-off some of the flow paths, 
and thus lowered the hydraulic conductivity. 
 
Typical results of these tests are shown in Fig. 10.  
The hydraulic conductivity increases with 
increasing diameter, as more pores are active in 
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flow.  However, the hydraulic conductivity no 
longer increases once the specimen is large enough 
to represent the network of pores controlling flow in 
the field.  
 

 
 

Fig. 8. Photograph of flexible-wall permeameters 
used by Benson et al. (1994a).  Child 
(Austin R. Benson) is 670 mm tall.  
Diameter of specimens tested in each 
permeameter is shown. 

 
 

 
 
Fig. 9. Specimen

Diameter 
evident o
Some flow

 

Benson et al. (1994a) referred to this break point as 
the ‘representative specimen size,’ or RSS.  They 
found that the RSS varies depending on the method 
used to compact the clay.  Methods that remold 
clods and eliminate interclod voids result in very 
fine pores and a small RSS.  In contrast, methods 
that do not eliminate interclod pores result in a large 
RSS.   
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Fig. 10. Hydraulic conductivity as a function of 

effective diameter of specimen being 
permeated (adapted from Benson et al. 
1994a). 

 
Trast and Benson (1995) conducted similar tests at 
thirteen sites in the US.  They found that the RSS 
could be as small as 76 mm in diameter (i.e., 
diameter of a common thin-wall sampling tube), but 
in no case was the RSS larger than 300 mm in 
diameter.  Thus, tests on block specimens with a 
diameter of 300 mm or more can reliably be used to 
determine field hydraulic conductivity. A 
comparison of hydraulic conductivites measured on 
block specimens and using SDRIs is shown in Fig 6.  
The hydraulic conductivites determined using both 
methods are comparable. 
 
Trast and Benson (1995) also conducted tests over a 

460 & 305 
mm 

152 mm 
76 

mm 

 
Dyed low paths
6 

 permeated with red dye.  
is 152 mm.  Dyed flow paths are 
n the surface of the specimen.  
 paths are noted with arrows. 

range of effective stresses on specimens 305 mm in 
diameter.  The test results were used to develop an 
equation that could be used to extrapolate field 
hydraulic conductivities measured with an SDRI or 
TSB to conditions corresponding to higher effective 
stresses.  Their upper bound equation has the form: 
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 ( )[ ]10'0.1KK FT' −σα−=σ  (1a) 
 
for effective stress (σ’) greater than 10 kPa and less 
than 44 kPa and  
 
 ( )[ ]44'KK FT' −σβ−δ=σ  (1b) 
 
for higher effective stresses.  In Eqs. 1, Kσ’ is the 
estimated field hydraulic conductivity at σ’, KFT is 
the field hydraulic conductivity measured at the 
typical field effective stress existing in a test pad 
(assumed to be 10 kPa), and α, β, and δ are 
parameters.  For KFT greater than 10-7 cm/s, α = 
0.018 kPa-1, β = 0.0027 kPa-1, and δ = 0.4.  
Otherwise, α = 0.0059 kPa-1, β = 0.0017 kPa-1, and 
δ = 0.8. 
 
ASTM standards now exist for the various methods 
used to determine field hydraulic conductivity.  
ASTM D 5093 and 6391 are used for the SDRI and 
TSB tests, respectively.  Block specimens are 
collected following ASTM D 4220 and tested using 
ASTM D 5084.  
 
 
2.1.3 Compaction Specifications 
 
The negative consequences of excessively high field 
hydraulic conductivity (typically > 10-7 cm/s) 
prompted research into mechanisms controlling 
field hydraulic conductivity and how specifications 
can be written to ensure that low field hydraulic 
conductivity can be obtained.  Benson and Boutwell 
(1992, 2000) found that the key factor influencing 
the field hydraulic conductivity is the compaction 
condition relative to the line of optimums.  Clay 
liners compacted wet of the line of optimums 
typically are comprised of microscale pores and are 
devoid of interconnected macropores (Fig. 11).  As 
a result, the field hydraulic conductivity (KF) of clay 
liners compacted wet of the line of optimums is 
typically low and comparable to the hydraulic 
conductivity measured on small laboratory-scale (76 
mm diameter) specimens (KL).  In contrast, clay 
liners compacted dry of the line of optimums 
typically contain numerous macropores that are not 
captured in small laboratory-scale specimens 
(Benson and Daniel 1990, Shackelford and Javed 

1991).  As a result, KF >> KL for clay liners 
compacted dry of the line of optimums. 
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Fig. 11. Schematic diagram showing size of pores 

conducting flow relative to the size of a 
typical thin-wall sampling tube (adapted 
from Benson and Boutwell 2000). 

 
Benson and Boutwell (1992, 2000) analyzed data 
from 51 sites throughout North America and 
determined that the ratio KF/KL could be related to 
the percentage of the compaction data (i.e., 
measurements of water content and dry unit weight 
made during construction) falling wet of the line of 
optimums (Po).  This relationship is shown in Fig. 
12. For Po > 85%, KF ~ KL. 
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Fig. 12. Ratio KF/KL vs. percentage of compaction 
data falling wet of the line of optimums 
(Po). Graph adapted from Benson and 
Boutwell (2000). 

 
A similar analysis on data from 85 sites by Benson 
et al. (1999) showed that requiring a high Po is 
likely to yield low KF.  In particular, Benson et al. 
(1999) found no sites with KF > 10-7 cm/s when Po 
was greater than 90%  (Fig. 13). 
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Fig. 13. Field hydraulic conductivity measured with 

an SDRI vs. percentage of compaction data 
falling wet of the line of optimums (Po).  
Graph is adapted from Benson et al. (1999). 

 
Based on these findings, Benson et al. (1999) and 
Benson and Boutwell (2000) recommend that 
compaction specifications for compacted clay liners 
be written in a manner that ensures compaction is 
wet of the line of optimums.  Specifications 
following this recommendation appear as shown in 
Fig. 14.  Methods to develop this type of 
specification are described in Daniel and Benson 
(1990) and Benson (1994). 
 
 
2.2 Geomembranes and Composite Liners 
 
Geomembranes are thin polymeric sheets having a 
thickness between 1 and 3 mm.  They are used alone 
or in conjunction with soil as a liner.  

Geomembranes are also known as ‘flexible 
membrane liners’ or FMLs.  The latter terminology 
is infrequently used today, but exists in many 
regulations and government-issued guidance 
documents.  A variety of polymers have been used 
for geomembranes, but nearly all geomembranes 
today are made of high-density polyethylene 
(HDPE), linear low-density polyethylene (LLDPE), 
polypropylene (PP), or polyvinyl chloride (PVC).   
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Fig. 14. Modern compaction specification that 
ensures compaction wet of the line of 
optimums (adapted from Benson et al. 
1999a). 

 
 
2.2.1 Polymers 
 
Research in the 1980s showed that HDPE is highly 
resistant to degradation by nearly all chemicals and, 
for all practical purposes, is impervious to water 
(August and Tatzky 1984, Haxo et al. 1985, 
Matrecon 1988, Haxo and Lahey 1988). HDPE is 
also used by a variety of industries for storage of 
chemicals and is a common material used for fuel 
tanks.  These factors, combined with ease by which 
HDPE can be welded and the relatively low cost of 
the polymer, are reasons why HDPE geomembranes 
are so common.  Manufacturers of HDPE 
geomembrane have also been very effective in 
marketing their product, which has contributed to 
HDPE’s large market share. 
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One disadvantage of HDPE is its potential for stress 
cracking, which is the sudden and unexpected 
rupture of a plastic caused by a tensile stress lower 
than its short-term tensile strength (Halse et al. 
1990).  Stress cracks occur after extended loading at 
lower stresses due to breakdown of tie molecules in 
the polymer.  These tie molecules are normally 
responsible for the ductile stress-strain behavior of 
HDPE.  Stress cracking is normally prevented by 
selecting HDPE resins that have a ductile-to-brittle 
transition time in excess of 200 hr (Daniel and 
Koerner 1993), as measured in a notched constant 
load test (e.g., ASTM D 5397).  The 100-hr criterion 
is empirical and is based primarily on an analysis of 
case histories where stress cracking has occurred. 
 
LLDPE geomembranes are used in applications 
where a more flexible material is necessary.  
LLDPE can undergo much greater strain before 
failure than HDPE.  Thus, LLDPE is used in 
applications where additional puncture resistance is 
required.  LLDPE is often used in covers where 
distortion is more likely to exist and for lining 
storage piles where frequent traffic places additional 
stress on the lining system. 
 
PP geomembranes are more flexible than HDPE 
geomembranes, but less flexible than LLDPE 
geomembranes.  PP also has good chemical 
resistance, although it is not as resistant as HDPE.  
PP is welded as easily as HDPE and is used when it 
is less costly or when a slightly more flexible 
geomembrane is needed.    
 
PVC geomembranes are used far less frequently 
than HDPE geomembranes.  One reason for the less 
frequent use of PVC is that these geomembranes 
typically contain a plasticizer that makes the 
polymer flexible.  This plasticizer slowly evaporates 
over time, and the geomembrane becomes more 
brittle and likely to crack.  Recently the use of PVC 
has increased due to changes in the polymer 
characteristics that make it more durable.  Also, use 
of thermal welding, as opposed to solvent welding 
used in the past, has made installation of PVC 
geomembranes easier and more palatable. 
 
 
2.2.2 Leakage Rates 
 

Geomembranes are essentially impervious when 
devoid of holes or tears.  Water can move through 
geomembranes by diffusion, but the water 
transmission rates are very low.  ‘Effective 
hydraulic conductivities’ corresponding to water 
diffusion are on the order of 10-12 to 10-15 cm/s for 
most geomembranes (Giroud and Bonaparte 1989).  
 
Even though recent advances such as conductive 
geomembrane, leak location surveys, and spark 
testing have improved geomembrane installations, 
geomembranes are almost never installed without 
holes (Darilek et al. 1989, Giroud and Bonaparte 
1989, Brennecke and Corser 1998, Rollin et al. 
1999).  Based on an analysis of case histories, 
Giroud and Bonaparte (1989) indicate that the 
frequency of holes ranges between 2.5 to 25 
holes/ha. For design calculations, they recommend 
using holes having a diameter of 11 mm (area = 100 
mm2).  The author typically uses a hole frequency of 
12 holes/ha and 11-mm-diameter holes for design. 
 
Leakage from holes in a geomembrane can be 
calculated using Bernoulli’s equation (Giroud and 
Bonaparte 1989, Benson et al. 1995a) provided the 
geomembrane is placed on a permeable subgrade.  
Bernoulli’s equation is 
 
 wB gd2aCQ =  (2) 
 
where Q is the leakage rate per hole, CB is a 
dimensionless coefficient, a is the cross-sectional 
area of the hole, g is the gravimetric acceleration, 
and dw is the depth of liquid on top of the 
geomembrane.  Benson et al. (1995a) conducted a 
series of tests with various geomembranes to 
determine typical values of CB.  A variety of 
different holes were considered, ranging from 
precise circular holes to punctures caused by rocks 
and screwdrivers.  Analysis of all the data showed 
that CB typically ranges between 0.5-0.9, and on 
average is about 0.6. 
 
Typical leakage rates from a geomembrane liner can 
be computed using Eq. 2.  If the number of holes 
ranges between 2 and 12 holes/ha, each hole has a 
diameter of 11 mm, and the depth of leachate is 300 
mm, then the leakage rate is 24,000–143,000 l/ha-
day!  Thus, geomembranes with a typical number of 
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holes may transmit very high leakage rates when 
placed on a permeable subgrade.  Consequently, 
geomembranes are normally used in ‘composite 
liners’ where a layer of fine-grained soil is placed 
directly beneath the geomembrane. 
 
 
2.2.3 Leakage Rates from Composite Liners 
 
Composite liners leak appreciably less than 
geomembrane liners on permeable subgrade or 
compacted clay liners because composite liners 
exploit the desirable characteristics of the 
geomembrane and soil components. The 
geomembrane component reduces the area of flow 
to a very small value (i.e., the area of the flaws) and 
the soil liner provides hydraulic impedance.   
 
Several methods are available to estimate leakage 
rates from composite liners (Foose 1997).  The most 
common method is to use an equation proposed by 
Giroud et al. (1989): 
 
 74.0

s
9.0

w
1.0 Kda15.1Q =  (3) 

 
where a is the area of the hole (m2), dw is the depth 
of leachate (m), Ks is the saturated hydraulic 
conductivity of the soil liner (m/s), and Q is the 
leakage rate per hole (m3/s).  Eq. 3 is empirical.  
Thus, the specified units must be used.  Foose 
(1997) shows that more rigorous methods to 
compute leakage rates yield values lower than those 
predicted using Eq. 3.  Thus, predictions made with 
Eq. 3 tend to be conservative.   
 
Leakage rates for compacted clay liners, 
geomembrane liners, and composite liners are 
compared in Fig.  15.  The holes were assumed to 
have a cross-sectional area of 100 mm2, the depth of 
leachate was assumed to be 300 mm, and the clay 
component was assumed to be 600 mm thick.  All 
factors being equal, composite liners leak 
appreciably less than geomembrane or compacted 
clay liners.  For this reason, composite liners are 
used in many waste containment applications in the 
US today. 
 
 
2.2.4 Slope Stability 

 
When geomembranes and other geosynthetic 
components are incorporated into waste 
containment systems, planes of weakness are 
introduced that pose stability problems.  These 
planes of weakness are caused by the slippery 
interfaces that exist between the soils and 
geosynthetics and the geosynthetics themselves.  
The small displacements required to mobilize peak 
strengths exacerbate the stability issue because 
displacements larger than those that mobilize peak 
strength occur during construction and filling of a 
waste containment facility (Stark and Poeppel 
1994). 
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Fig. 15. Leakage rates for composite, compacted 

clay, and geomembrane liners calculated 
using Eqs. 2-3. 

 
 
The massive slope failure at the Kettleman Hills 
hazardous waste landfill is an example of problems 
that can arise when the shear strength of the 
interface between the geomembrane and compacted 
clay (or other interfaces) are not accounted for 
properly in slope stability analyses (Seed et al. 1990, 
Stark and Poeppel 1994).  The slide at the 
Kettleman Hills landfill occurred along the interface 
between the compacted clay and a smooth 
geomembrane.  A careful analysis of the failure by 
Stark and Poeppel (1994) resulted in important 
design recommendations.  They suggest that the 
factor of safety against slope failure for composite 
lined facilities should be at least 1.0 when the 
analysis is based completely on residual strengths 
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and exceed 1.0 when the base of the landfill is 
assumed to be at peak strength and the side slope is 
assumed to be at residual strength. 
 
The compaction conditions used to minimize 
hydraulic conductivity (i.e., compaction wet of the 
line of optimums) tend to result in the lowest 
interface strengths between the compacted clay and 
geomembrane.  For example, Seed and Boulanger 
(1991) evaluated how the friction angle at large-
displacement (δLD) for the clay-geomembrane 
interface at the Kettleman Hills facility was 
influenced by the compaction condition of the clay 
liner.  Their results are shown in Fig. 16.  The 
lowest interface friction angles are obtained for 
conditions that normally yield the lowest field 
hydraulic conductivities (i.e., Zones I and II in Fig. 
16).  Thus, the designer must carefully weigh the 
relative advantages of lower hydraulic conductivity 
and shear strength when designing a composite 
lined landfill. 
 

 
 
Fig. 16. Interface friction angle at large 

displacement (δLD) for the Kettleman Hills 
composite liner in the as-compacted 
condition (adapted from Seed and 
Boulanger 1991).  Note: 1 lb/ft3 = 0.157 
kN/m3 and 1000 lb/ft2 = 48 kPa. 

 
 
2.3 Geosynthetic Clay Liners 
 
Geosynthetic clay liners (GCLs) are thin 
prefabricated clay liners consisting of sodium 

bentonite (~7.5 kg/m2) encased between two 
geotextiles or glued to a geomembrane.  A 
schematic of the common GCLs is shown in Fig. 17.  
The low saturated hydraulic conductivity to water 
(~10-9 cm/s in deionized water) and high swelling 
capacity of the sodium bentonite makes GCLs 
appear as an attractive alternative to compacted 
clay.  However, the high activity and low drained 
shear strength of sodium bentonite can pose special 
problems, notably chemical incompatibility and 
slope stability.  The latter issue is discussed in Sec. 
3.3.3. 

 

Clay+adhesive

Clay

Clay+adhesive or clay

Upper geotextile

Upper geotextile

Upper geotextile

Stitch bonded in rows

Needle punched 
fibers throughout

Clay+adhesive
Lower or upper 
geomembrane

Lower geotextile

Lower geotextile

Lower geotextile

(a) adhesive bound clay to upper and lower geotextiles

(b) stitch-bonded clay between upper and lower geotextiles

(c) needle-punched through upper and lower geotextiles 

(d) adhesive-bound clay to geomembrane  
 
Fig. 17. The four common types of GCLs: (a) 

adhesive bonded with geotextile 
encasement, (b) stitch-bonded with 
geotextile encasement, (c) needle-punched 
with geotextile encasement, and (4) 
adhesive bonded to a geomembrane. 

 
 
Shackelford et al. (2000) contains a recent review of 
the literature on chemical compatibility of GCLs.  
Their review points to three key issues in the 
assessment of chemical compatibility: (i) type of 
permeant liquid, (ii) the influence of ‘prehydration,’ 
and (iii) the need to ensure that chemical 
equilibrium is established before terminating 
chemical compatibility tests. 
 
 
2.3.1 Permeant Liquid 
 

δLD 
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The type, strength, and pH of the permeant liquid 
have a significant effect on the hydraulic 
conductivity of GCLs.  Both inorganic liquids and 
organic liquids can adversely affect the hydraulic 
conductivity of GCLs.  For inorganic liquids, the 
cation valence and concentration are particularly 
important (Petrov and Rowe 1997, Jo 1999, 
Katsumi et al. 1999, Shackelford et al. 2000).  
Discussion of organic liquids is in Sec. 2.3.2. 
 
Katsumi et al. (1999) and Jo (1999) report that the 
hydraulic conductivity of initially air dry (‘non-
prehydrated’) GCLs becomes very sensitive to 
concentration for solutions with predominantly 
divalent or trivalent cations when the concentration 
exceeds about 0.01 M (Fig. 18).  For solutions with 
predominantly monovalent cations, a steep increase 
in hydraulic conductivity occurs when the 
concentration exceeds 0.1 M.  Hydraulic 
conductivities between 10-5 and 10-4 cm/s are 
obtained at high concentrations (≥ 1 M) regardless 
of species. 
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Fig. 18. Hydraulic conductivity of non-prehydrated 

GCLs permeated with single-species 
solutions (adapted from Jo 1999). 

 
 
The hydraulic conductivity of GCLs is not 
particularly sensitive to pH unless the pH is very 
low.  Jo (1999) and Katsumi et al. (1999) report on 
GCLs permeated with solutions having various pH 
that were prepared with deionized water and HCl or 
NaOH.  Results of these tests are shown in Fig. 19.  

The hydraulic conductivity is virtually unaffected by 
pH unless the pH is 1.  Ruhl and Daniel (1997) 
found similar results, although they found that the 
hydraulic conductivity was also high when the pH 
was 13.  Jo (1999) attributed the large increase in 
hydraulic conductivity at pH 1 to dissolution of 
alumina in the montmorillonite based on elevated 
concentrations of aluminum found in the effluent of 
specimens permeated at pH 1. 
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Fig. 19. Hydraulic conductivity of non-prehydrated 

GCLs permeated with solutions of various 
pH prepared with deionized water and HCl 
(low pH) or NaOH (high pH).  Data from 
Jo (1999). 

 
 
2.3.2 Influence of Prehydration 
 
Prehydration refers to the degree of hydration that 
occurs with water having low ionic strength (herein 
referred to simply as ‘water’) before the GCL is 
permeated with the solution it is to retain.  GCLs 
may be fully prehydrated (saturated and in 
equilibrium with water), partially prehydrated 
(moist and in equilibrium with water, but not 
saturated), or non-prehydrated (air dry).  The fully 
prehydrated case is an unlikely field scenario.  
Partial prehydration is likely to occur when GCLs 
are placed against compacted subgrade.  The 
prehydration water content depends on the water 
content of the subgrade and the time of contact prior 
to permeation with the chemical solution (Daniel et 
al. 1993, Bonaparte et al. 1996).  Typical 
prehydration water contents fall between 50-150%. 
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Daniel et al. (1993) evaluated how prehydration 
water content affected the hydraulic conductivity of 
GCLs permeated with organic chemicals.  Results of 
their tests are shown in Fig. 20.  They found that the 
hydraulic conductivity to organic chemicals 
exceeded 10-5 cm/s when the prehydration water 
content was 50% or less.  For water contents ≥ 
100%, hydraulic conductivities less than 10-7 cm/s 
were obtained, and more often the hydraulic 
conductivities were less than 10-8 cm/s.  Based on 
these results, a general rule-of-thumb used by 
designers in the US is that GCLs are unaffected by 
chemical permeant liquids if the prehydration water 
content exceeds 100%.  As will be shown 
subsequently, however, there is no cut-off water 
content beyond which chemical compatibility is 
ensured.   
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Fig. 20. Hydraulic conductivity of partially 

prehydrated bentonite from a GCL with an 
adhesive bonded geomembrane.  Organic 
liquids were used as the permeant liquids 
(adapted from Shackelford et al. 2000). 

 
Vasko (1999) evaluated how prehydration water 
content affects the hydraulic conductivity of GCLs 
permeated with divalent salt solutions. Only calcium 
chloride was used based on results reported by Jo 
(1999) showing that species has little effect on the 
hydraulic conductivity of GCLs provided the 
valence is the same (e.g., see Fig. 18).  Vasko’s data 
are shown in Fig. 21. 
 

Comparison of Fig. 18 and 21 indicates that 
prehydration had essentially no effect on the 
hydraulic conductivity of GCLs permeated with 
0.01 or 0.025 M CaCl2 solutions, regardless of the 
prehydration water content.  For higher 
concentrations (0.1 or 1 M), prehydration water 
content affected the hydraulic conductivity, with 
lower hydraulic conductivities being obtained at 
higher prehydration water contents.  However, none 
of the specimens permeated at higher concentrations 
had low hydraulic conductivity (i.e., < 10-7 cm/s), 
even when the specimens were fully prehydrated 
(i.e., water contents >200%).  Thus, the ‘100% 
water content rule’ appears to be unique to the data 
reported by Daniel et al. (1993) and should not be 
applied generally.  In fact, at a prehydration water 
content of 100%, some of Vasko’s specimens had 
hydraulic conductivity near 10-5 cm/s (Fig. 21). 
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Fig. 21. Hydraulic conductivity of partially 

prehydrated GCLs permeated with CaCl2 
solutions (data from Vasko 1999). 

 
 
2.3.3 Importance of Chemical Equilibrium 
 
Shackelford et al. (2000) indicates that many of the 
data reported on chemical compatibility of GCLs 
are from tests that were terminated before chemical 
equilibrium was established.  As a result, many 
conclusions drawn regarding chemical compatibility 
of GCLs may be incorrect.   
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Shackelford et al. (2000) recommends that 
compatibility tests be continued until the chemistry 
of the influent and effluent are the same, which may 
require many pore volumes of flow and a long test 
time.  Based on theory developed by Shackelford et 
al. (1999), Shackelford et al. (2000) shows that 
equilibrium is established when the influent and 
effluent have the same electrical conductivity (EC) 
and pH.  In particular, Shackelford et al. (2000) 
recommends that the ratio of effluent to influent pH 
and effluent to influent EC both fall between 1.0 ± 
0.1 before terminating compatibility tests. 
 
The test data in Fig. 22 illustrate how misleading 
conclusions can be drawn if compatibility tests are 
terminated too early.  Hydraulic conductivity tests 
were conducted on two identical GCL specimens.  
One specimen was permeated with DI water 
whereas the other was permeated with 0.0125 M 
CaCl2.  Neither specimen was prehydrated. 
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Fig. 22. Hydraulic conductivity of GCL specimens 

permeated with DI water or 0.0125 M 
CaCl2.  Data for the test with 0.0125 M 
CaCl2 were initially reported by Lin (1998).  
Data for the specimen permeated with DI 
water were initially reported by Jo (1999).  
Both tests are still being conducted.  Recent 
data courtesy of H-Y Jo. 

 
 
Under typical conditions, the test using the CaCl2 
solution would have terminated before 100 days had 
elapsed.  By this time, the hydraulic conductivity 

was steady, inflow equaled outflow, and more than 
five pore volumes of flow had passed through the 
specimen.  At 100 days, the hydraulic conductivity 
of the GCL to the CaCl2 solution was essentially 
equal to the hydraulic conductivity to DI water.  
This similarity continued until about 250 days, when 
the hydraulic conductivity to the CaCl2 solution 
began to increase.  The hydraulic conductivity 
continued to increase until about 500 days elapsed.  
The final hydraulic conductivity was 25 times 
higher than the hydraulic conductivity at 100 days. 
Examination of the pH and EC data showed that the 
effluent had much higher pH and EC than the 
influent at day 100, and that the influent and effluent 
did not have similar pH and EC until about 600 days 
elapsed (Shackelford et al. 2000).  
 
 
2.4 Performance-Based Liner Design 
 
Perhaps the biggest shift in design of waste 
containment systems is the current trend towards 
performance-based design.  To date, most designs 
have been prescriptive, an approach referred to by 
the author as ‘regulatory engineering.’ Regulations 
stipulate a product-based design where properties of 
the materials are prescribed (e.g., hydraulic 
conductivity and thickness of a clay liner). 
However, the advent of better methods to analyze 
contaminant transport in lining systems has lead to 
growing interest in performance-based design.   
 
The paradigm shift towards performance-based 
design is healthy for engineers, since it provides 
them with the opportunity to truly design a waste 
containment system that protects the environment in 
a cost-effective manner.  Depending on the 
performance criteria and geological setting, a 
performance-based design may be more 
comprehensive or less restrictive than a prescriptive 
design.   
 
An example of a performance-based design is the 
hazardous waste landfill at the US Army’s Rocky 
Mountain Arsenal in Denver, Colorado, USA.  
Contaminant transport analyses showed that a triple 
composite liner was necessary to protect 
contaminant concentrations in groundwater beneath 
the landfill from exceeding health-based criteria. 
This design was more rigorous than that of a typical 
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hazardous waste landfill. US regulations prescribe 
only a double composite liner for hazardous waste 
landfills.  At other sites where wastes are less toxic, 
recharge is very low, and groundwater is very deep, 
performance-based design may show that no liner is 
necessary.   
 
Katsumi et al. (2000) provides a review of the 
approaches that can be used in performance-based 
design.  In most cases, the design process consists of 
three steps: (i) determining acceptable groundwater 
quality standards (e.g., health-based limits on 
concentrations), (ii) determining the maximum mass 
loading (Mmax) that can be discharged to 
groundwater without exceeding the health-based 
concentrations, and (iii) selecting a liner with mass 
discharge (M) that is less than Mmax.  
 
Determining exact values for M is difficult given the 
complexity of solute transport in modern lining 
systems.  However, conservative estimates of M can 
be made using simplified methods that can be 
implemented using a spreadsheet application such as 
Microsoft Excel®. The simplified approach 
described here is from Katsumi et al. (2000). 
 
 
2.4.1 Geomembrane Liners 
 
There are two primary mechanisms for contaminant 
transport through geomembranes: "leakage" through 
holes and molecular "diffusion" through the intact 
geomembrane (Fig. 23). Inorganic compounds are 
transported primarily by advection through the 
holes.  Organic compounds flow through the holes 
by advection and through the intact geomembrane 
via diffusion (Haxo et al. 1985, Haxo and Lahey 
1988, Rowe et al. 1997, Park et al. 1996, 
Mandelkern and Alamo 1999). 
 

Geomembrane

Organic
Diffusion

Inorganic or Organic
Advection

Subgrade or
Clay Liner

Organic
Diffusion

Hole

 
 
Fig. 23. Mechanisms of advective and diffusive 

transport in a geomembrane placed on 
subgrade or a clay liner (adapted from 
Foose 1997). 

 
The mass flux due to leakage through holes, Ja, is 
calculated using 
 
 lha QCNJ =  (4) 
 
where Q is the leakage rate (defined using Eq. 2), Nh 
is the number of the holes per unit area in  
geomembrane, and Cl is the solute concentration in 
the leachate.   
 
Diffusive transport through geomembranes is more 
complex than advection through the holes.  The 
transport mechanisms controlling diffusion are 
illustrated in Fig. 24. An organic chemical having 
concentration Cl first partitions into the 
geomembrane (KgCl), then diffuses downward 
through the geomembrane, and finally partitions 
back into the pore water at the base of the 
geomembrane (Ce).  Diffusion then occurs through 
the underlying soil, which may be subgrade or 
compacted clay. 
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Fig. 24. Concentration profile for organic solute 

diffusing across a geomembrane (adapted 
from Foose 1997). 

 
Since geomembranes are thin enough such that 
steady-state conditions are quickly reached, the 
concentration gradient across the geomembrane can 
be assumed to be constant, and the mass flux of the 
organic chemical, Jd, can be expressed as: 
 

 








 −
=

g

elg
gd t

CCK
DJ  (5) 

 
where Dg is the diffusion coefficient for the 
geomembrane, Kg is partition coefficient between 
the organic compound and the geomembrane, and tg 
is the thickness of the geomembrane.  Conservative 
computations can be made using Eq. 5 by setting Ce 
= 0.  Foose (1997) and Rowe (1998) summarize 
diffusion and partition coefficients for several 
organic chemicals and geomembranes. 
 
 
2.4.2 Clay Liners 
 
Since most clay liners have hydraulic conductivity 
in the range of 10-8 to 10-7 cm/s (Benson et al. 
1999a), transport in clay liners is both advective and 
diffusive. Advective-diffusive transport is described 
by the solute transport equation.  For clay liners, the 
one-dimensional form of the solute transport 
equation is adequate:  
 

 
z
Cv

z
CD

t
C

n
K

1 s2

2
pd

∂
∂−

∂
∂=

∂
∂





 ρ
+  (6) 

 
where C is the concentration of the solute at position 
z and time t, ρd is the dry density of the clay, n is the 
porosity, KP is the solute-clay partition coefficient, 
D is the diffusion coefficient, and vs is the seepage 
velocity. The vertical coordinate Z is positive 
downward with origin at the surface of the liner. 
The term (1 + ρd KP/n) in Eq. 6 is called the 
retardation factor, R. 
 
Clay liners placed above the groundwater table are 
generally unsaturated. However, assuming the clay 
liner is saturated is conservative.  Also, if seepage is 
assumed to be steady-state, suction at the bottom of 
the liner is ignored, the soil properties (i.e., ρd, n, 
KP, D) are assumed to be homogenous and time 
invariant, and no chemical reactions occur, an 
analytical solution for Eq. 6 can be obtained in 
terms of the total mass flux at the bottom of the 
liner, J, at time, t.  This solution is (Ogata and Banks 
1961, Shackelford 1990): 
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where 
 

 
RL

tv
T s

R =  (8) 

and 
 

 
D

Lv
P s

L =  (9) 

 
In Eqs. 7-9, L is the thickness of the clay liner, TR is 
the time factor, and PL is the Peclet number 
(Shackelford 1990). Eq. 7 is obtained by solving Eq. 
6 assuming C(z=0, t)=Cl, C(z>0, t=0)=0, and 
∂C(z=∞,t)/∂x=0. Eqs. 7-9 can be readily 
programmed into a spreadsheet  where the error 
function is available, such as Microsoft Excel®. 
Shackelford and Daniel (1991) and Foose (1997) 
summarize diffusion and partition coefficients for a 
variety of chemicals and soils.  Edil et al. (1995) and 
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Foose (1997) provide partition coefficients and 
diffusion coefficients for VOCs. 
 
 
2.4.3 Composite Liners 
 
The advective and diffusive modes of transport in 
geomembranes also apply to composite liners.  
Since the clay barrier impedes flow and provides for 
a greater distance across which diffusion occurs, 
steady-state conditions cannot be assumed.  
Moreover, transport through defects in the 
geomembrane and underlying clay occurs three-
dimensionally (3-D), which makes the analysis 
more complex.  
 
An exact analysis of inorganic and organic solute 
transport through composite liners requires complex 
3-D numerical models of coupled flow and 
transport. However, a conservative approximation 
can be obtained by simplifying the 3-D system into 
a 1-D uniform system (Foose 1997). 
 
For inorganic solutes, transport only occurs through 
defects in the geomembrane.  In this case, the 
simplification consists of assuming that a 1-D 
uniform system acts over an equivalent area of 
transport, Ae. The equivalent area of transport is 
assumed to equal the average area of flow for an 
equivalent 1-D system having flow rate Q from a 
defect in the geomembrane.  The flow rate is 
obtained from Eq. 3.  Darcy’s Law is then applied to 
obtain Ae from Q: 
 

 
Ki
QAe =  (10) 

 
where K is the saturated hydraulic conductivity of 
the underlying clay liner and i is the average one-
dimensional gradient (i.e., i = 1 + dw/L).   
 
The mass flux from the area Ae is obtained from Eq. 
7 using transport parameters for the clay liner.  The 
seepage velocity is calculated using Darcy’s law, the 
saturated hydraulic conductivity of the clay liner, 
the average one-dimensional gradient, and the total 
porosity of the clay liner.  Total porosity is used 
instead of effective porosity based on the findings of 
Kim et al. (1997).  They show that the effective 
porosity equals the total porosity for compacted 

clays. The total mass flux, J, for the liner is then 
obtained as:  
 
 ehe ANJJ =  (11) 
 
For organic chemicals, the contribution of leakage 
through defects in the geomembrane to the total 
mass flux through the composite liner is negligible. 
Molecular diffusion through the geomembrane is far 
more significant (Foose 1997).  Thus, a one-
dimensional analysis can be  used.  This analysis is 
straightforward if the geomembrane is assumed to 
have no effect on diffusive transport but completely 
eliminates advective transport. That is, vs in Eq. 7 is 
assumed to be zero and all other properties (D, R) 
are assumed to correspond to those of the clay. 
 
Foose et al. (1999) compared predictions made 
using this simplified method to those obtained from 
an exact 3-D finite difference model.  An example 
of his comparisons are shown in Fig.  25 for organic 
solutes.  The approximate method tends to over-
predict the mass flux, with greater errors associated 
with thicker liners.  
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Fig. 25. Mass flux obtained using simplified 

method and numerical model: (a) thick 
composite liner with 610 mm clay barrier 
and (b) thin composite liner with GCL 
(adapted from Foose et al. 1999). 

 
 
3 COVERS 
 
3.1 Compacted Clay Covers 
 
The first covers for waste containment systems 
consisted of a compacted clay barrier overlain by a 
vegetated surface layer (Fig. 26).  The low saturated 
hydraulic conductivity of the compacted clay layer 
(10-6 to 10-8 cm/s) was expected to limit deep 
percolation of water and enhance runoff and 
evapotranspiration.  Use of compacted clay covers 
was coincident with the onset of incorporating 
compacted clay liners in waste containment 
systems. The compacted clay cap was believed to 
prevent the “bathtub” effect.  That is, the cover was 
anticipated to leak no more than the liner and thus 
water would not accumulate within the waste 
containment unit.  Compacted clay covers are still 
widely used today. 
 
 

Vegetated Surface Layer (150 mm)

Clay Liner (> 600 mm)

 
Fig. 26.  Schematic of compacted clay cover. 

 
 
3.1.1  Frost Damage and Desiccation 
 
Deleterious impacts of desiccation and frost action 
were not considered when compacted clay covers 
were conceived.  The pedogenetic effects associated 
with these factors include cracking of the compacted 
clay, which results in large increases in saturated 
hydraulic conductivity (Corser and Cranston 1991, 
Benson and Othman 1993, Othman et al. 1994). 
 
Frost-related damage to compacted clay barriers is 
caused by desiccation induced as the freezing front 
moves downward and by the formation of ice lenses 
(Benson and Othman 1993).  Hydraulic gradients 
driving flow to the growing lenses cause desiccation 
of the underlying clay, which results in vertically 
oriented shrinkage cracks.  Horizontal cracks are 
created as ice lenses form.  The horizontal and 
vertical cracks form a permeable network 
responsible for the increase in hydraulic 
conductivity.  An example of cracks formed by ice 
lenses is shown in Fig. 27.  This photograph was 
taken by backlighting a frozen thin section trimmed 
from a larger frozen specimen.  Ice lenses are the 
thin white features that are nearly horizontal. 
 
Laboratory and field testing has shown that most of 
the damage caused by frost occurs within three to 
five freeze-thaw cycles (Fig. 28).  The magnitude of 
these changes can be predicted reasonably well 
using the standard laboratory methods in ASTM D 
6035.  The laboratory data in Fig. 28 were obtained 
using D 6035.  The field data are from a test pad 
exposed to freezing and thawing that was 
constructed from the same clay as was used in the 
laboratory tests.  The field and laboratory hydraulic 
conductivities are similar. 
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Fig. 27. Ice lenses in a compacted clay (adapted 
from Othman and Benson 1994). 
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Fig. 28. Hydraulic conductivity of compacted clay 
as a function of number of freeze-thaw 
cycles (adapted from Benson et al. 1995b). 

 
Desiccation also has a severe impact on the 
hydraulic conductivity of compacted clay by 
inducing shrinkage and cracking (Albrecht 1996, 
Drumm et al. 1997).  Large-scale tests conducted by 
Drumm et al. (1997) have shown that shrinkage 
cracks in clay result in preferential flow paths and 
substantial increases in hydraulic conductivity.  
Montgomery and Parsons (1990), Corser and 
Cranston (1991), Albrecht (1996), Benson and 
Khire (1995, 1997), and Melchior (1997) have made 
similar observations in the field.  The photographs 

in Fig. 29 illustrate the type of cracking that occurs.  
Large-scale (Fig. 29a) and small-scale cracks (Fig. 
29b) form, resulting in an interconnected network of 
preferential flow paths. 
 

 
(a) 

  

(b) 
 
Fig. 29. Crack in a compacted clay barrier in a 

landfill cover in southern Wisconsin, USA  
(a) and close-up of cracks in a compacted 
clay barrier in a cover in central Wisconsin, 
USA (b)  [adapted from Albrecht (1996) 
and Benson and Khire (1997)]. 

Albrecht (1996) investigated how soil properties 
affect shrinkage during drying and the hydraulic 
conductivity of compacted clays after wetting and 
drying.  He found that shrinkage and changes in 
hydraulic conductivity are minimized by 
compacting clay close to optimum water content 
(Fig. 30a).  Albrecht (1996) also showed that 
shrinkage, cracking, and increases in hydraulic 

Ice lens 
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conductivity caused by desiccation are larger in 
more plastic clays (Fig. 30b).  
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Fig. 30. Volumetric shrinkage strain vs. compaction 

water content (a) and hydraulic 
conductivity ratio vs. number of wet-dry 
cycles (b) (adapted from Albrecht 1996).  
Hydraulic conductivity ratio is hydraulic 
conductivity after a specified number of 
wet-dry cycles (Kn) divided by the initial 
hydraulic conductivity (Ko). 

These findings suggest that the effects of 
desiccation are reduced by selecting less plastic 
clays for constructing clay barriers and compacting 
clays as close to optimum water content as practical.  
Silty clays, sandy clays, clayey silts, and clayey 
sands with low plasticity index are the most resistant 
to damage by desiccation. 
 

Soil-bentonite mixtures have been suggested as 
being less susceptible to damage caused by frost and 
desiccation (Albrecht 1996, Kraus et al. 1997).  The 
rigid matrix of the base soil reduces volume change 
and swelling of the bentonite heals any cracks that 
may form.  Also, ice segregation does not occur in 
soil-bentonite mixtures, eliminating cracking due to 
ice lenses (Kraus et al. 1997).  Laboratory data 
showing how the hydraulic conductivity of soil-
bentonite mixtures is affected by freeze-thaw and 
wet-dry cycling are depicted in Fig. 31.  The data in 
Fig. 31a are from a sand-bentonite mixture; Fig. 31b 
is for a mixture of bentonite and a well-graded 
crushed mine rock having particles ranging from 
gravel size to silt size.  Both mixtures contained 
approximately 12% bentonite. 
 
Both data sets shown in Fig. 31 indicate that frost 
and desiccation do not affect soil-bentonite 
mixtures.  Moreover, field tests conducted on the 
sand-bentonite mixture over a two-year period 
showed nearly identical results as those in Fig. 31a 
(Kraus et al. 1997).  However, caution must be used 
when interpreting these short-term results since no 
field data have been collected to demonstrate soil-
bentonite mixtures will maintain their resistance to 
damage over the long term. 
 
Another method used to limit damage to a 
compacted clay layer due to desiccation and frost is 
to thicken the surficial layer.  In the northern United 
States and Canada, protective layers up to 1 m thick 
have been used.  Nevertheless, experience has 
shown that compacted clay layers still experience 
desiccation even with thick protective layers during 
drier periods (Benson and Khire 1995, Albrecht 
1996, Khire et al. 1997).  However, thick surface 
layers are effective in preventing frost damage.  
Benson and Othman (1993) indicate that the 
thickness of frost protection should be at least the 
maximum depth of frost penetration plus an 
additional 0.3 m, the latter to account for desiccation 
ahead of the freezing front. 
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Fig. 31. Hydraulic conductivity vs. number of 

freeze-thaw cycles (a) and number of wet-
dry cycles (b) [adapted from Kraus et al. 
(1997) and Albrecht (1996)]. 

 
 
3.1.2  Differential Settlement 
 
Large settlements (5 to 30%) often occur in MSW 
landfills as the waste degrades (Edil et al. 1990).  
Heterogeneity in the waste inevitably results in 
differential settlements, which is evident in the 
undulating surface of most covers on MSW 
landfills. 
 
Differential settlement can affect the integrity of 
compacted clay barriers since compacted clays are 
brittle in tension and have low tensile strength.  
Jessberger and Stone (1991) conducted model tests 
in a geotechnical centrifuge to assess when 
differential settlement will cause cracking of a 
compacted clay barrier and whether the cracks 

would result in higher percolation rates.  A layer of 
compacted kaolinite was prepared on a table that 
contained a centrally located trap door.  The trap 
door could be opened to induce an angular 
deformation θ in the compacted kaolinite layer 
while the centrifuge was operating (Fig. 32a).  
Water covering the compacted kaolinite layer 
provided a constant head for flow.  A collection 
system was placed below the layer to collect any 
water that passed through the barrier. 
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Fig. 32. Definition of angular deformation (a) and 

flow rates measured at various angular 
deformations (adapted from Jessberger and 
Stone 1991). 

 
 
Results of centrifuge tests that were conducted to 
simulate the low effective stress typically in covers 
are shown in Fig. 32b.  Flow rate through the barrier 
was very low and remained unchanged until θ 
reached 6o. At 6o, the flow rate jumped by a factor 
of 80 and remained relatively high as θ continued to 
increase.  Examination of the clay barrier after 
testing showed that cracks formed at the point of 
maximum tensile strain and penetrated the entire 
thickness of the barrier (Fig. 8a).  

(a) 
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The practical implication of these findings is that 
differential settlements can compromise compacted 
clay barriers.  The data from Jessberger and Stone 
(1991) suggest that differential settlements resulting 
in a distortion (differential settlement ∆ ÷ length 
along the barrier, L, x 100%) greater than 9.5% will 
result in cracking of compacted clay barriers and an 
increase in percolation rate.  If distortions of this 
magnitude are likely to occur, the compacted clay 
can be reinforced or supported from below using 
geogrids or high strength woven geotextiles.  
Alternatively, the cover can be monitored and 
maintenance can be conducted once distortions 
approaching 9.5% are reached.  
 
No field data exist to confirm that differential 
settlement causes cracking or increases in 
percolation rate when compacted clay barriers 
undergo differential settlement.  However, the 
results from Jessberger and Stone (1991) are 
consistent with recommendations in LaGatta et al. 
(1997), which are based on data describing the 
tensile characteristics of clays used for cores of 
earth dams.  For the data reviewed by LaGatta et al. 
(1997), the tensile strain at failure (εtf) ranges from 
0.07% to 0.84% and averages 0.32% when data for 
bentonite are excluded (i.e., only typical compacted 
clays are considered).  Elastic theory for vertical 
differential distortion of a horizontal beam with 
rigid connections at each end shows that ∆/L is 7% 
for εtf of 0.32%, which is in reasonable agreement 
with the ∆/L of 9.5% from Jessberger and Stone 
(1991). 
 
 
3.1.3 Field Hydraulic Performance 
 
Field studies by Montgomery and Parsons (1990), 
Melchior (1997), and Khire et al. (1997) describe 
the hydraulic performance of compacted clay 
covers.  All three considered a design similar to that 
shown in Fig. 26.  Montgomery and Parsons 
conducted their study at a landfill near Milwaukee, 
Wisconsin, USA (annual precipitation ~ 1000 
mm/yr).  Melchior (1997) conducted his study at a 
landfill in Hamburg, Germany (annual precipitation 
~ 850 mm/yr).  Khire et al. (1997) conducted their 
study at landfills in Atlanta, Georgia, USA (annual 
precipitation ~ 1200 mm/yr) and Wenatchee, 

Washington, USA (annual precipitation ~ 250 
mm/yr).  Milwaukee, Hamburg, and Atlanta have 
humid climates; Wenatchee has a semi-arid climate.  
For humid climates the ratio of precipitation (P) to 
potential evapotranspiration (PET) is greater than 
0.5, whereas P/PET is less than 0.5 for semi-arid 
climates (UNESCO 1979). 
 
Montgomery and Parsons constructed two test 
sections in 1986 simulating compacted clay covers. 
The test sections were 12 m x 6 m in plan view. 
Both test sections contained a compacted clay layer 
905-mm-thick having an as-built saturated hydraulic 
conductivity less than 1x10-7 cm/s.  Low to 
moderately plastic clay was used.  Both test sections 
contained a vegetated loam surface layer.  One 
surface layer was 150 mm thick and the other was 
450 mm thick.  A lysimeter constructed with 
hypalon geomembrane was placed beneath each test 
section. 
 
Melchior (1997) constructed large test sections (10 
m x 50 m in plan view) in 1987 representing several 
different cover designs.  Each test section was 
instrumented so that all components of the water 
balance could be measured (Fig. 33).  Two test 
sections representing compacted clay covers were 
evaluated.  One test section was sloped at 20%; the 
other was at 4%. Otherwise they were identical.  
The test sections consisted of a surface layer of 
vegetated sandy loam 750 mm thick underlain by a 
gravelly sand drainage layer 25 mm thick and a 
compacted clay barrier 600 mm thick.  The low 
plasticity compacted clay had a saturated hydraulic 
conductivity of 2.4x10-8 cm/s.  Melchior and 
Meihlich (1989) provide a detailed description of 
the test sections. 
 
Khire et al. (1997) constructed their field sites in 
1992.  They consisted of 10 m x 20 m test sections 
underlain by a lysimeter constructed with high-
density polyethylene (HDPE) geomembrane.  The 
site in Atlanta contained a layer of compacted 
kaolinitic clay 900 mm thick (saturated hydraulic 
conductivity of 3.2x10-6 cm/s) overlain by a 
vegetated silty clay surface layer 150 mm thick.  At 
Wenatchee, a compacted silty clay layer 600 mm 
thick (saturated hydraulic conductivity of 2.2x10-7 
cm/s) was overlain by a vegetated sandy silt surface 
layer 150 mm thick. Benson et al. (1994b) provide a 
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detailed description of the design and construction 
of the test sections. 
 
 

 
 
Fig. 33. Schematic of test section in Melchior’s 

study (adapted from Melchior and Meihlich 
1989). 

 
 
As shown in Fig. 34, annual percolation for the 
covers spans a large range (1 to 200 mm/yr).  At 
three of the four sites (Milwaukee, Hamburg, and 
Wenatchee), the percolation rate increased by a 
factor of 4 to 17 during the monitoring period.   Test 
pits at each site showed that the compacted clay 
barrier cracked, which resulted in the increase in 
percolation rate.  These sites are in very different 
climates ranging from wet to dry; thus, cracking is 
likely to occur in most compacted clay covers.  The 
data also suggest that intact compacted clay covers 
are likely to transmit between 10 to 50 mm/yr of 
percolation in humid climates (~1 to 4% of 
precipitation) and about 1-4 mm/yr in semi-arid 
climates (~1 to 2% of precipitation).  When the clay 
barriers are cracked, compacted clay covers are 
likely to transmit about 100 to150 mm/yr in humid 
climates (10-20% of precipitation) and 30 mm/yr in 
semi-arid climates (~12% of precipitation).   Thus, 
cracking results in substantial increases in 
percolation rate.  
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Fig. 34. Annual percolation from test sections 

simulating compacted clay covers (data 
from Montgomery and Parsons 1990, 
Melchior 1997, Khire et al. 1997). 

 
 
3.2 Composite Covers 
 
Design guidance for hazardous waste landfills first 
published by the United States Environmental 
Protection Agency incorporated a composite liner 
consisting of a compacted clay layer overlain by a 
geomembrane as part of a double lining system.  
Accordingly, a composite barrier layer was included 
in final covers for hazardous waste landfills to 
prevent the bathtub effect (Lutton 1987).  A 
drainage layer was also included immediately above 
the geomembrane (Fig. 35).  This design is now 
used for MSW landfills as well, except a drainage 
layer is not always included. 
 

Vegetated Surface Layer (150 mm)

Clay Liner (> 600 mm)

Geomembrane Geocomposite Drain

 
 

Fig. 35.  Schematic of a composite final cover. 
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3.2.1 Field Performance 
 
Field data suggest that covers employing composite 
barrier are very effective at minimizing percolation 
(Melchior 1997, Dwyer 1998).  Data from 
Melchior’s (1997) site in Hamburg provide the most 
reliable information regarding the performance of 
composite covers, at least in humid climates. 
 
Percolation rates from Melchior (1997) are shown in 
Fig. 36 for two composite cover test sections along 
with data from one of his compacted clay covers 
(i.e., from Fig. 34).  The composite cover had a 
profile similar to that shown in Fig. 35.  The 
layering was the same as the compacted clay cover, 
except a textured HDPE geomembrane 1.5 mm 
thick and a sand drainage layer 300-mm thick were 
placed above the compacted clay layer. 
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Fig. 36.  Percolation data from Melchior (1997) for 
test sections representing composite and 
compacted clay covers.  

 
 
Percolation from the composite covers gradually 
increased and then leveled off between 2 and 3 
mm/yr, which is nearly two orders of magnitude less 
than percolation from the compacted clay covers (~ 
200 mm/yr).  Test pits excavated in the composite 
cover test sections showed that the geomembrane 
prevented desiccation cracking of the clay.  The 
compacted clay beneath the geomembrane was 

moist, pliable, and homogeneous even after the 
cover had been exposed to drought. 
 
Dwyer’s (1998) field study has not yet been 
conducted long enough to assess the long-term field 
performance of final covers.  Nevertheless, the data 
collected to date are interesting.  Dwyer constructed 
test sections in Albuquerque, New Mexico, USA 
(annual precipitation ~ 280 mm/yr) as part of the US 
Dept. of Energy’s Alternative Landfill Cover 
Demonstration (ALCD) project.  The test sections 
are similar to those in Melchior (1997).  Several 
different cover designs are being tested at the 
ALCD, including a compacted clay cover and a 
composite cover.  Percolation rates reported by 
Dwyer (1998) are summarized in Table 1.   
 
Percolation from the composite cover at ALCD is 
147 times lower than percolation from the 
compacted clay cover.   The high percolation rates 
obtained from the compacted clay cover are 
attributed to desiccation cracks that formed in the 
clay during construction and during subsequent dry 
periods, which are common in Albuquerque. 
 
Table 1. Percolation from test sections at the 

ALCD (from Dwyer 1998). 
Design Relative 

Cost 
Percolation 
@ 10 mos. 

(mm) 

Relative 
Percolation 

Clay Cap 0.32 10.3 147 
GCL 

Composite 
Cap 

 
0.57 

 
0.88 

 
13 

Composite 
Cap 

1.00 0.07 1 

Capillary 
Barrier 

0.59 1.24 18 

Capillary 
Barrier 

with 
Lateral 
Drain 

 
 

0.48 

 
 

0.97 

 
 

14 

Monolithic 0.47 0.12 2 
 
Corser and Cranston (1991) describe another field 
study that illustrates how geomembranes in 
composite covers protect the compacted clay layer.  
They constructed three test pads at the Kettleman 
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Hills hazardous waste landfill in southern 
California, USA, which has a semi-arid climate.  
One test pad simulated a compacted clay cover, 
another a composite cover, and the third a 
compacted clay barrier covered only with a 
geomembrane.  The profile for the composite cover 
consisted of 610 mm of vegetated fill, a 1.5-mm-
thick HDPE geomembrane, and 915 mm of 
compacted highly plastic clay.  The compacted clay 
cover had the same profile without the 
geomembrane.   
 
After six months of exposure to ambient conditions, 
test pits were excavated to examine the condition of 
the clay in each test pad.   In the compacted clay 
cover, cracks 2-6 mm wide and 25-100 mm deep 
were found in the compacted clay layer as shown in 
Fig. 37.  The water content had also dropped 6% in 
the upper 100 mm of the clay.  Cracks of similar 
size were also found in the compacted clay layer 
covered only with a geomembrane.  However, these 
cracks were located in isolated regions where a gap 
existed between the geomembrane and the 
compacted clay (Fig. 37b).  At locations where the 
geomembrane and clay were in firm contact, the 
clay was moist.  Solar heating of the geomembrane 
caused water to evaporate in regions where a gap 
existed between the clay and geomembrane.  This 
water condensed on the underside of the 
geomembrane, and flowed along the surface of the 
geomembrane to regions where the clay and 
geomembrane were in contact.  Unlike the other two 
test pads, the compacted clay barrier in the 
composite cover was devoid of cracks.  The clay 
was moist, soft, and pliable as if it had just been 
placed. 
 
Test pits were excavated again three years after 
construction. In the compacted clay cover and the 
compacted clay overlain only with a geomembrane, 
cracks existed that were 5-10 mm wide and 
penetrated the entire thickness of the clay barrier.  In 
contrast, the compacted clay in the composite cover 
was still moist and un-cracked (Patrick Corser, 
personal communication, Montgomery-Watson, 
Steamboat Springs, Colorado, USA, 1997).  
 
These findings indicate that the geomembrane in a 
composite cover is very effective in protecting the 
clay from desiccation cracking, as was reported by 

Melchior (1997).  Without a geomembrane, a 
compacted clay barrier is likely to crack and become 
very permeable.  Montgomery and Parsons (1990), 
Albrecht (1996), Benson and Khire (1997), and 
Melchior (1997) have made similar observations.  
Also, simply covering the clay with a geomembrane 
is inadequate.  A surface layer must be placed as 
soon as possible to provide a surcharge to maintain 
firm contact between the geomembrane and clay. 
 

Note: Crack width varied between 2 to 6 mm;
depth varied between 25 to 100 mm.

(a) Clay - Vegetative Cover

(b) Clay - Geomembrane

Dry

Wet
Dry

Crystaline 
Precipitate
on Surface of 
Wet
Clay

Dry

 
 

Fig. 37. Sketch of surface of clay in compacted clay 
cover (a) and compacted clay covered only 
with a geomembrane (b) (adapted from 
Corser and Cranston 1991). 

 
 
3.2.2  Drainage above the Geomembrane 
 
Stability problems can arise in composite covers 
without drainage layers or with inadequate drainage 
layers.  Since the geomembrane impedes practically 
all of the flow, positive pore water pressures can 
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develop on top of the geomembrane.  The 
corresponding reduction in effective stress causes a 
drop in interface shear strength and potentially a 
loss of stability.  Bonaparte et al. (1996) describe a 
case history where lack of  drainage resulted in a 
slide on a composite cap in Atlanta, Georgia, USA.   
 
The designer should carefully consider whether 
positive pore pressures are likely to develop and 
result in instability.  In such cases, drainage layers 
should be used to prevent stability problems. To be 
effective, drainage layers must have adequate 
capacity and a freely flowing outlet.  Inadequate 
capacity or a poor outlet can result in stability 
problems more significant than those caused by not 
incorporating a drainage layer. 
 
A conservative check on how the drainage layer 
affects stability can be made using an infinite slope 
analysis.  In this case, the factor of safety (Fs) 
against sliding is 
 

 
β
δ









γ

−β=
sin
tan

Z
u

cosF i

a

i
s  (12) 

 
where β is the slope angle, δi is the interface friction 
angle of the ith interface above the geomembrane, γa 
is the weighted average unit weight of soil and 
geosynthetics above the interface, ui is the pore 
water pressure at the interface, and Z is the total 
thickness of material above the interface.  Normally 
the interface between the geomembrane and 
drainage layer is critical, but all interfaces above the 
geomembrane should be checked.  For simplicity, γa 
can be assumed to equal the saturated unit weight of 
the surface layer, which results in a more 
conservative factor of safety. 
 
For static conditions, the slope will be stable if Fs 
computed with Eq. 12 is greater than 1.3-1.5. 
However, if Fs is less than 1.3-1.5, the slope still 
may be stable.  In the latter case a less conservative 
analysis that accounts for the toe buttress should be 
conducted.  Long (1995) provides charts that 
account for the toe buttress.  Alternatively, a slope 
stability program can be used (e.g., WinSTABL, 
Bosscher 1999a, www.uwgeosoft.org) to conduct a 
more sophisticated analysis. 
 

The pore water pressure at the surface of the 
geomembrane can be computed using 
 

 
β

γ
=

tanK2
pL

u
d

ws  (13) 

 
provided p/Kd < 0.25 tan2β.  Eq. 13 is adapted from 
Giroud et al. (1992). In Eq. 13, p is the 
“impingement rate” (i.e., rate of inflow into the 
drain), Kd is the hydraulic conductivity of the drain, 
and Ls is the length of the slope being drained.  The 
impingement rate is often assumed to be one-half 
the maximum precipitation rate or the saturated 
hydraulic conductivity of the surface layer, 
whichever is larger.  The pore water pressure at any 
interface can be computed assuming hydrostatic 
conditions above the geomembrane.  Alternatively, 
a water balance computer program (e.g., HELP, 
Schroeder et al. 1994) can be used to determine the 
saturated thickness above the geomembrane, from 
which ui can be computed. 
 
 
3.3 Geosynthetic Clay Liners as a Replacement 

for Clay Barriers in Covers 
 
Difficulty in compacting clay on compressible 
waste, the high cost of clay at some locations, and 
the aforementioned problems with compacted clay 
covers has resulted in increasing use of geosynthetic 
clay liners (GCLs) as a replacement for compacted 
clay in compacted clay covers and composite 
covers. This application is the most common use of 
GCLs today.   
 
 
3.3.1  Frost Damage 
 
Kraus et al. (1997) conducted laboratory and field 
studies to determine if freezing and thawing affect 
the hydraulic conductivity of GCLs.  Laboratory 
tests were conducted on 150-mm-diameter 
specimens of three types of GCLs that were 
repeatedly permeated, frozen, thawed, and then re-
permeated.  Field tests were conducted in square 
(1.3 m x 1.3 m) HDPE test pans that contained a 
double-ring drainage system beneath the GCL.  The 
outer ring of the drainage system was used to check 
whether preferential flow occurred between the 
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GCL and the test pan.  GCLs in the test pans were 
overlain with a layer of gravel and exposed to two 
winters of weather.  After the thaw each spring, 
water was placed on top of the GCLs and the 
outflow was measured to calculate the hydraulic 
conductivity. 
 
Typical results of the laboratory tests are 
summarized in Fig. 38.  Essentially no change in 
hydraulic conductivity occurred.  Similar results 
were obtained for all but one of the field tests. The 
field test that performed differently was for a GCL 
containing no additional bentonite in the seam.  The 
hydraulic conductivity of this GCL increased by a 
factor of 25.  Dye testing showed that preferential 
flow through the seam was responsible for the 
increase in hydraulic conductivity rather than 
damage to bentonite in the GCL.   Nearly identical 
results were obtained in a bench-scale study 
conducted by Hewitt and Daniel (1997). 
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Fig. 38. Results of laboratory tests to assess how 
freeze-thaw cycling affects the hydraulic 
conductivity of GCLs (adapted from Kraus 
et al. 1997). 

 
Kraus et al. (1997) indicate that GCLs are not 
damaged by frost because the hydrated bentonite is 
soft, and readily consolidates around ice lenses and 
other defects during thawing.  Their findings along 
with those of others, suggest that GCLs are 
undamaged by freeze-thaw cycling provided that the 
seams contain additional bentonite.  However, a 
word of caution: no field tests have been conducted 

to determine the long-term performance of GCLs in 
cold regions.   
 
 
3.3.2 Desiccation 
 
GCLs have been suggested as a superior alternative 
to compacted clay because cracks that form in a 
GCL during desiccation should swell shut during 
hydration due to the high swell potential of 
bentonite.  However, mixed results have been 
obtained regarding the effect that desiccation has on 
the hydraulic conductivity of GCLs.  
 
Boardman and Daniel (1996) conducted large-scale 
laboratory tests on a GCL in a tank 2.4 m long, 1.2 
m wide, and 0.9 m deep.  The GCL was placed in 
the bottom of the tank on top of a drainage layer.  
Clamps were placed around the perimeter of the 
GCL to seal it against the edges of the tank, even 
during drying.  Gravel was placed on top of the 
GCL to simulate a leachate collection layer.  Pipes 
were installed in the gravel to route heated air for 
drying the GCL. Electrical resistance probes were 
installed in the GCL to determine when it ceased 
losing water during drying. 
 
Tap water was initially placed in the tank to hydrate 
the bentonite and to determine the initial hydraulic 
conductivity of the GCL.  Afterwards, the water was 
drained and hot air was circulated through the gravel 
until probes in the GCL indicated the water content 
was no longer decreasing.  The tank was then re-
filled with tap water for permeation to define the 
hydraulic conductivity after drying.  Results of the 
tests showed that the GCLs initially were very 
permeable, having a saturated hydraulic 
conductivity of approximately 10-3 cm/s.  However, 
the hydraulic conductivity gradually dropped and 
after two days it returned to its value before drying 
(~10-8 cm/s). 
 
Melchior (1997) and James et al. (1997) describe 
case histories where GCLs apparently were 
damaged by desiccation.  In both cases, GCLs 
buried in covers began to leak excessively.  
Exhumation revealed that the GCLs contained fine 
cracks that apparently formed during desiccation.  
Tests on bentonite from the exhumed GCLs showed 
that the exchange complex was primarily calcium 
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and magnesium, which are the predominant cations 
in natural pore waters.  Apparently sodium ions 
initially in the exchange complex were replaced by 
calcium and magnesium cations as pore water 
hydrated the bentonite.  As a result the swell 
potential of the bentonite decreased.  After calcium-
for-sodium exchange, cracks that formed in the 
bentonite during dry periods did not swell shut when 
the bentonite was subsequently re-hydrated.  
Percolation from the covers increased due to 
preferential flow through these cracks. 
 
The findings of Melchior (1997) and James et al. 
(1997) prompted Lin and Benson (2000) to conduct 
a series of laboratory tests under controlled 
conditions to assess how GCLs are affected by 
desiccation and re-hydration with waters having 
concentrations of divalent cations typical of humid 
climates. Results of swell and hydraulic 
conductivity tests they conducted are shown in Fig. 
39.  Bentonite subjected to wet-dry cycling using 
deionized water (DI) water as the hydrating liquid 
showed no change in swell or hydraulic 
conductivity even after seven wet-dry cycles.  In 
contrast, swell decreased when 0.0125 M CaCl2 
solution was used for re-hydration and, after four 
wet-dry cycles, the hydraulic conductivity increased 
by a factor of 4000.  Desiccation cracks that did not 
close during re-hydration were the cause of the 
increase in hydraulic conductivity.  Lin and Benson 
(2000) also suggest that Boardman and Daniel 
(1996) did not see an increase in hydraulic 
conductivity since they conducted only a single 
drying cycle and used water having a concentration 
of divalent cations below that typical of natural pore 
waters. 
 
The results reported by Lin and Benson (2000) 
confirm the case histories reported by Melchior 
(1997) and James et al. (1997).  That is, exchange of 
divalent cations in natural pore waters for sodium in 
the bentonite ultimately results in the bentonite 
being unable to swell sufficiently to close cracks 
that form during desiccation.  As a result, GCLs that 
are exposed to wet-dry cycling are likely to fail in 
the long term unless cation exchange can be 
prevented.  From a practical perspective, these 
findings suggest that GCLs should not be used in 
covers unless they will be placed directly beneath a 
geomembrane.  
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Fig. 39. Swell (a) and hydraulic conductivity (b) of 

GCL subjected to wet-dry cycling using DI 
water and 0.0125 M CaCl2 solution 
(adapted from Lin and Benson 2000). 

 
 
3.3.3  Shear Strength and Stability 
 
Covers employing GCLs are prone to instability 
because the drained friction angle of fully hydrated 
sodium bentonite is approximately 4o (Olson 1974).  
Consequently, reinforced GCLs (see Fig. 17) are 
used in nearly all cover applications.  Daniel et al. 
(1998) conducted a field study for USEPA to 
investigate the operative shear strength of GCLs in 
final covers.  Fourteen test sections were 
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constructed on 2:1 and 3:1 slopes using various 
GCLs and arrangements of soil and geosynthetic 
layers.  A schematic of a typical test section is 
shown in Fig. 40.  After construction, the 
geosynthetics at the top of the slope were cut, 
resulting in an infinite slope condition.  The test 
sections were monitored for two years, during which 
three test sections failed.  None of the failures were 
due to internal failure of the GCL reinforcement.  
Rather, failures occurred on the geosynthetic 
interfaces.   
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Fig. 40. Test section used to assess stability in field 

study conducted by Daniel et al. (1998). 
 
 
Direct shear tests were conducted on all of the 
interfaces in a large-scale (300 mm x 300 mm) 
direct shear machine following methods in ASTM D 
5321.  Friction angles corresponding to peak shear 
strength (τp) and the shear strength at a large (50 
mm) displacement (τld) were used to back-calculate 
factors of safety for each test section using an 
infinite slope analysis.  Eight of the test sections that 
were stable had Fs > 1.3 based on τp and Fs > 1.0 
based on τld.  All of the test sections that failed had 
Fs ≤ 1.0 based on τp and Fs  < 0.9 based on τld.  
Based on these results, a reasonable 
recommendation for design is to ensure that all 
slopes have a static factor of safety greater than 1.3 
based on peak strength and 1.0 based on the large-
displacement strength measured using D 5321.  
However, some practitioners prefer that the factor of 
safety based on the large-displacement strength be 
at least 1.3. 
 

An important point is that the strength at large 
displacement measured in D 5321 is not the residual 
strength.  Displacements greater than 1 m are 
required to obtain fully residual conditions in GCLs 
and for geosynthetic interfaces (Stark and Poeppel 
1994, Eid et al. 1999).  Displacements this large 
cannot be induced using D 5321. 
 
 
3.4 Alternative Earthen Final Covers 
 
The high cost associated with composite final 
covers (~$400,000 to 500,000/ha) and the frequent 
failure of compacted clay covers has led to interest 
in alternative earthen final covers (AEFCs) in drier 
regions.  AEFCs are earthen covers designed on 
water storage principles that perform equally as well 
as their prescriptive counterpart (i.e., composite or 
compacted clay covers), have greater durability, or 
lower cost (Table 1).  In addition, AEFCs are 
perceived to be more harmonious and congruent 
with nature.  AEFCs can be as simple as a 
monolithic layer of vegetated finer-grained soil or as 
complex as a multilayer anisotropic capillary barrier 
(Benson and Khire 1995, Stormont 1995, Gee and 
Ward 1997).  AEFCs are receiving significant 
attention in North America, particularly in western 
regions that have semi-arid and arid climates.   
 
AEFCs are designed like a sponge (Fig. 41).  They 
store water during periods of elevated precipitation 
and limited evapotranspiration as a dry sponge 
stores water that is wiped from a countertop.   
Stored water subsequently is released to the 
atmosphere during drier periods with higher 
evapotranspiration as does a sponge when not in 
use.  In a similar manner as a sponge drips water 
when its storage capacity is exceeded, percolation 
from an AEFC occurs when the total water storage 
(S) exceeds its storage capacity (Sc). 
 
AEFCs are suitable in drier regions where PET far 
exceeds precipitation, and can be designed to have 
sufficient storage capacity to retain water during wet 
periods without transmitting appreciable 
percolation.  A variety of designs are being 
considered for AEFCs, but most can be classified as 
monolithic barriers or capillary barriers. 
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Fig. 41. Sponge principle for design of AEFCs 
(adapted from Chen 1999). 

 
 
3.4.1  Monolithic Covers 
 
Monolithic AEFCs consist of a thick vegetated layer 
of finer textured soil that has high water storage 
capacity.  A monolithic cover is made sufficiently 
thick so that water contents near the base of the 
cover remain fairly low.  Under this condition, 
percolation from the base of the cover can be small 
enough to meet target percolation rates. 
 
The target percolation rate is selected based on the 
percolation rate associated with the prescriptive 
cover that the monolithic cover is to replace.  The 
Alternative Cover Assessment Program (ACAP) 
sponsored by the USEPA has defined target 
percolation rates for humid climates and semi-arid 
(or drier) climates that correspond to compacted 
clay and composite covers.  These percolation rates 
are summarized in Table 2. 
 
Chen (1999) describes a method to select the 
thickness (Lc) of a monolithic cover using site-
specific meteorological data and soil water 
characteristic curves (SWCCs) for the soil.  The 
method is based on a series of unsaturated flow 
simulations that were conducted to identify the most 
critical meteorological years for use in design. 
 

Table 2. Equivalent percolation rates for 
prescriptive final covers for USEPA’s 
ACAP Program (Benson 1999). 

Maximum Annual 
Percolation (mm/yr) 

 
Type of 

Prescriptive 
Cover 

Semi-Arid & 
Drier 

(P/PET ≤ 0.5) 

Humid 
(P/PET > 

0.5) 
Compacted 

Clay (or 
Lesser) 

 
10 

 
30 

Composite 3 3 
 
 
The first step in Chen’s method is to examine the 
existing meteorological record for the site and 
determine the wettest year on record and the 
snowiest year on record, the latter only being 
relevant at colder sites.  Total precipitation (Ptw or 
Pts, respectively) and total precipitation outside the 
growing season (Pow or Pos, respectively) are 
recorded for these two years.  Two parameters 
describing the storage capacity of the soil layer are 
then computed: the cover field capacity (Sf) and the 
cover storage capacity (Sc).  The cover field 
capacity equals the field capacity of the cover soil 
(θf) multiplied by the cover thickness (i.e., Sf = θfL).  
Chen (1999) used the traditional definition of field 
capacity (θ at suction of 33 kPa) which is obtained 
from the SWCC.  Alternatively, flux-based 
definitions of field capacity can be used (Meyer and 
Gee 1999). The cover storage capacity, Sc, is 
defined as: 
 
 cwfc L)(S θ−θ=  (14) 
 
where θw is the wilting point of the cover soil.  The 
wilting point is estimated as the water content at a 
suction of 1500 kPa.  This estimate is conservative 
since plants in semi-arid and arid regions can 
usually extract water from the root zone at suctions 
higher than 1500 kPa (Meyer and Gee 1999).   
 
Six estimates of the required thickness of the cover 
are then made using Eqs. 15: 
 

 
cf

tw
fftw L/S2

P
FL =  (15a) 
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cf

ts
ffts L/S2

P
FL =  (15b) 

 
and Eqs. 16: 
 

 
cc

tw
cctw L/S2

P
FL =  (16a) 

 
cc

to
ccow L/S2

P
FL =  (16b) 

 
cc

ts
ccts L/S2

P
FL =  (16c) 

 
cc

os
ccos L/S2

P
FL =  (16d) 

 
The functions Ff and Fc in Eqs. 15 and 16 are related 
to the target percolation rate (P) and were defined 
empirically by Chen (1999) based on an analysis of 
results from unsaturated flow simulations.  Function 
Ff is 
 

 
f

f
f

Plog
F

κ
−α

=  (17a) 

and Fc is 
 

 
c

c
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Plog
F

κ
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The parameters αc, αf, κf, and κc in Eqs. 17 are 
summarized in Table 3.  The preliminary design 
thickness (Lp) is selected as: 
 
   [ ]coscftscowctwftsftwp L,L,L,L,L,LmaxL =  (18) 
 
A monolithic cover with thickness Lp is then 
simulated using a suitable unsaturated flow model 
(e.g., WinUNSAT-H, Bosscher 1999b, see 
www.uwgeosoft.org).  Wilson et al. (1999) provide 
guidance on selecting an appropriate model.  
Meteorological data for the wettest year on record 
and the snowiest year on record five years back-to-
back are used to conduct two simulations. The 
percolation rates obtained from these simulations 
are compared to the target percolation rate.  Based 
on this comparison, the cover thickness is adjusted 
if necessary to tighten or loosen the design.  The 

thickness defined after any adjustments is the final 
design thickness, Ld. 
 

 
Table 3. Parameters for functions Ff and Fc (for P 

and precipitation in mm/yr). 
For use with Eq. No. αc or αf  κc or κf 

4a, 4b 10 8 
5a, 5c 2 2.9 
5b, 5d 3.3 3.2 

 
 
3.4.2 Capillary Barriers 
 
Capillary barriers employ a contrast in texture (e.g., 
silt layer overlying a sand layer) to form a capillary 
break that impedes downward flow until the finer 
soil becomes nearly saturated.  A break exists at the 
interface because, at the same matric potential, 
coarse soils typically have lower unsaturated 
hydraulic conductivity (Kψ) than finer soils (e.g., 
Fig. 42b).  The degree of saturation of the finer layer 
at which breakthrough into the coarser layer occurs 
depends on the SWCCs of each layer (Stormont and 
Anderson 1999, Khire et al. 1999).   
 
Breakthrough occurs when the matric suction at the 
interface between the layers reaches a value 
corresponding to the sharp bend in the SWCC of the 
coarser soil near residual water content (Khire et al. 
1999), referred to as ψB (Fig. 42a).  For the sandy 
silt and pea gravel in Fig. 42a, ψB is 25 cm.  The 
volumetric water content of the finer layer (θBF) at 
which breakthrough into the coarser layer occurs is 
0.34.  The volumetric water content of the coarser 
layer at ψB is approximately 0.02.  At ψB, Kψ of the 
coarser layer is 10-7 cm/s, which is lower than that 
of the finer layer. 
 
The thickness of the finer layer (Lf) is sized to have 
sufficient water storage capacity to store water 
during cooler and wetter months while limiting 
percolation to below a prescribed threshold 
(Stormont and Morris 1998, Khire et al. 2000). The 
storage capacity of the finer layer is computed as: 
 

 fw

L

0
zc LdzS

f

θ−θ= ∫  (18) 
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where z is the distance above the interface 
(Stormont and Morris 1998).  The function θz is 
defined by the SWCC and θBF.  At z = 0, θz = θBF. 
For z > 0, θz equals the water content on the soil 
water characteristic curve corresponding to suction 
ψ = ψB+z (Khire et al. 2000).  This calculation 
implicitly assumes that a unit hydraulic gradient 
exists immediately prior to breakthrough across the 
interface, as demonstrated experimentally by 
Stormont and Anderson (1999). 
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Fig. 42. Soil water characteristic curves (a) and 

unsaturated hydraulic conductivity 
functions (b) for a silty sand and gravel 
(from Khire et al. 2000). 

 
 
The required storage capacity conservatively is 
assumed to equal the amount of precipitation 
received outside the growing season during the 
wettest year on record and the snowiest year on 
record (e.g., Pow or Pos, respectively, as for 

monolithic covers).  Thickness of the finer layer, Lf, 
is then computed by setting Sc in Eq. 18 equal to Pow 
or Pos and solving for Lfw and Lfs 
 

 fww

L

0
zow LdzP

fw

θ−θ= ∫  (19a) 

 fsw

L

0
zos LdzP

fs

θ−θ= ∫  (19b) 

 
The larger of Lfw and Lfs is used as the preliminary 
design thickness, Lfp.  Then, as for monolithic 
covers, simulations are conducted using an 
unsaturated flow model to verify that Lfp is suitable.  
Adjustments are then made to the final cover 
thickness, if necessary, to define the final design 
thickness, Lfd, of the finer layer. 
 
Thickness of the coarser layer is not nearly as 
important as that of the finer layer since the coarser 
layer provides little storage capacity.  The coarser 
layer only needs to be thick enough to provide a 
good working platform for placement of the finer 
layer.  A layer 300-mm thick is generally adequate 
(Khire et al. 2000). 
 
 
3.4.3  Site-Specific Design 
 
An aspect of AEFC design that differs from the 
design of prescriptive covers is that the cover profile 
is a function of meteorological conditions and 
vegetation.  Thus, the cover thickness varies with 
location.  For example, Winkler (1999) conducted a 
modeling study evaluating how the thickness of 
monolithic covers varies with location throughout 
the western United States.  He used site-specific 
meteorological data and vegetative properties in his 
analysis.   
 
Some findings of Winkler’s study are shown in Fig. 
43, which is a contour map of the thickness of silt 
loam required to achieve an annual percolation rate 
of 10 mm/yr.  The silt loam had a saturated 
hydraulic conductivity of 10-5 cm/s.  The map 
indicates that very thin covers can be used in the 
desert southwest (e.g., Arizona, Nevada, New 
Mexico) whereas much thicker covers are required 
in the cool deserts where significant snowfall occurs 
(e.g., Montana, Wyoming, North Dakota). 

WRITTEN STATEMENTS (not from Hearing)



Proc. Fourth Kansai Intl. Geotechnical Forum, Creation of a New Geo-Environmental, Japanese Geotechnical Society, Kyoto, Japan, May 24-26, 2000, 1-40 

 33 

 

 
 
Fig. 43. Contour map of the western US showing 

required thickness (m) of silt loam 
monolithic cover required to meet a target 
percolation rate of 10 mm/yr (adapted from 
Winkler 1999). 

 
 
3.4.4 Suitable Soil Properties and Placement 

Conditions 
 
Vegetation plays an important role in the 
performance of AEFCs since vegetation facilitates 
removal of stored water (Fayer et al. 1996).  
Although evaporation from the soil surface can 
remove water, transpiration by plants is necessary in 
all but the driest regions if percolation is to be 
limited to very small amounts (e.g., less than 3 
mm/yr).  Consequently, soils that are suitable for 
vegetation should be used for construction of the 
portion of AEFCs where vegetation will be 
established.  In addition, soils that have low 
potential for desiccation cracking and frost damage 
should be used so that preferential flow will not be 
problematic.  Soils meeting these criteria normally 
classify as silty sands, silts, silty clayey sands, 
clayey silty sands, and similar materials.  Erosion of 
these soils can be problematic in some cases.  Thus, 
vegetation should be established as soon as possible 
after construction is complete and nurtured to 
maturity.  Maturation normally requires three to five 
years. 
 

Since the soil is intended to be a medium for 
growth, only modest compaction should be used.  
Compaction specifications for AEFCs typically 
stipulate that the finer layer be compacted to 
approximately 85% and at most 90% of maximum 
dry unit weight based on standard Proctor (RMA 
1997, Benson et al. 1999b).  This level of 
compactive effort can usually be delivered using 
rubber-tire construction equipment.  Modest 
compaction also ensures that the pore structure of 
the soil is not prone to large changes caused by 
shrinking and swelling or frost action; i.e., the pores 
are reasonably large after compaction and thus 
pedogenesis is unlikely to cause a major change in 
pore size. 
 
 
3.5  Special Applications 
 
Some applications of final covers require special 
considerations beyond those used for solid waste 
facilities or capping of contaminated soils.  These 
applications include facilities for mine wastes (e.g., 
sulphidic mine rock and tailings or uranium mill 
tailings) and low-level radioactive wastes (LLRW).    
 
 
3.5.1  Reactive Mine Wastes 
 
Covers for reactive mine waste must preclude 
ingress of water and oxygen to minimize oxidation 
of the underlying waste.  Traditional principles can 
be used to design covers that will limit percolation.  
However, limiting oxygen transport requires special 
considerations.   
 
Oxygen transport can be limited by including a 
barrier layer that impedes oxygen diffusion (Kim 
and Benson 1999).  Soil layers with high degree of 
saturation can limit oxygen diffusion since the 
liquid-phase diffusion coefficient for oxygen is 
orders of magnitude lower than the gas-phase 
diffusion coefficient.  In particular, oxygen diffusion 
decreases as the degree of saturation increases 
(Reardon and Moddle 1985, Yanful 1993)  
 
Maintaining a layer with high degree of saturation 
can be challenging in a cover constructed only with 
soil.  One method is to employ a “reverse” capillary 
barrier where a coarse layer is placed over a nearly 
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saturated layer of fine textured soil. The capillary 
break between the layers limits upward movement 
of water in the liquid phase.  However, the capillary 
break does not preclude drying since water can still 
move upward in the vapor phase (Simms and Yanful 
1999).  Another approach is to use a fine textured 
material that has a very high affinity for water as the 
fine textured layer. Cabral et al. (1999) report that 
paper residuals, a byproduct of wastewater 
treatment in paper production, can serve this 
function. 
 
Incorporating a geomembrane is a more direct 
method to limit oxygen transport.  Polymeric 
materials have very low diffusion coefficients for 
oxygen (10-20 cm2/s, Rogers 1985, Mandelkern and 
Alamo 1999).  Thus, oxygen diffusion only occurs 
through holes in the geomembrane, which comprise 
a very small portion of the areal extent of a cover.  
Kim and Benson (1999) used a finite element model 
to simulate oxygen fluxes from the base of two 
covers.  One cover was constructed only with soil 
and included a compacted clay layer.  The other 
cover was similar, except it included a composite 
barrier. 
 
Results of their simulations are shown in Fig. 44.  
For each cover, two conditions of the soils above the 
barrier layer were simulated: wet soils (85% 
saturation) and dry soils (40% saturation).  The 
barrier layer and underlying soils were assumed to 
have a degree of 85% in all simulations.  For the 
cover with a composite barrier, the geomembrane 
was assumed to contain 12 circular holes/ha with 
each hole having a cross-sectional area of 100 mm2.   
 
The curves in Fig. 44 show that incorporating a 
geomembrane reduces the oxygen flux by at least an 
order of magnitude.  Also, the curves show that 
higher fluxes are obtained when soils above the 
barrier layer are drier because drier soils have higher 
oxygen diffusion coefficients.  
 
Comparison of Figs. 44 and 15 shows that adding a 
geomembrane results in a reduction in oxygen flux 
that is smaller than the corresponding reduction in 
percolation rate.  In particular, incorporating a 
geomembrane reduces the percolation rate by at 
least two orders of magnitude (Fig. 15) whereas the 
reduction in oxygen flux is about one order of 

magnitude (Fig. 44).  The reduction in oxygen flux 
is smaller since oxygen spreads more readily than 
water under the geomembrane, which results in a 
larger area for transport. 
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Fig. 44. Oxygen fluxes for covers constructed only 

with soil and soil with a geomembrane 
(adapted from Kim and Benson 1999). 

 
The principles used to limit oxygen transport into 
reactive mine wastes can also be used to limit the 
egress of radon gas from capped piles of uranium 
mill tailings (Waugh and Richardson 1997).  A wet 
finer grained barrier layer is as effective in limiting 
outward diffusion of radon as it is at limiting inward 
diffusion of oxygen.  Adding a geomembrane will 
limit radon diffusion even further.  The efficacy of 
geomembranes is evident in new caps being used to 
close piles of uranium mill tailings in the United 
States.  These facilities incorporate a geomembrane 
on top of a fine-grained barrier layer (Waugh and 
Richardson 1997).  
 
 
3.5.2  Low-Level Radioactive Waste Facilities 
 
Covers for LLRW facilities are similar to those used 
for reactive mine wastes with additional 
consideration regarding biota intrusion.  Intrusion of 
plants and animals must be minimized because they 
can transport radionuclides over large distances.  
Animals that ingest LLRW distribute radionuclides 
in their feces.  Plants that root in LLRW distribute 
radionuclides directly through plant litter and 
indirectly by ingestion in animals.  
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Incorporating layers that preclude burrowing of 
animals into the barrier layer and the underlying 
waste limits the intrusion of animals.  Albrecht and 
Benson (1997) summarized the small amount of 
information available regarding design methods for 
barriers to animal intrusion and provide design 
guidance.  Albrecht and Benson (1997) indicate that 
the first step is identifying the design animal and its 
burrowing habits.  Then a barrier material needs to 
be selected that will preclude burrowing.  Granular 
protection layers should have a particle diameter 
greater than the breadth of the design animal, since 
animals will not excavate particles that cannot be 
pushed out of their burrow.  Pores in the media 
should also be sufficiently small to preclude 
interparticle burrowing. 
 
A coarse layer can also limit plant intrusion since 
coarse layers generally have little water storage and 
roots are attracted to water.  However, root barrier 
layers are more effective.  Root barrier layers are 
light non-woven geotextiles to which plastic nodules 
containing herbicide are attached.  The herbicide 
slowly diffuses into the geotextile where it prevents 
roots from penetrating (Benson et al. 1999b).  Root 
barrier layers typically have a design life of about 
20 yr. 
 
 
4 SUMMARY 
 
This paper has reviewed the technology associated 
with liners and covers used for waste containment 
systems.  Emphasis has been placed on factors 
influencing the performance of liners and covers 
and methods to design liners and covers to meet a 
performance criterion. 
 
The discussion of liners included compacted clay 
liners, geosynthetic clay liners, geomembrane liners, 
and composite liners.  Issues such as chemical 
compatibility, scaling from laboratory to field, 
stability issues, and suitable specifications have 
been discussed. A method for performance-based 
design of liners was also summarized. 
 
The discussion of covers primarily focused on 
environmental factors that affect hydrologic 
performance in the context of laboratory data and 

field performance data.  Covers employing a soil 
barrier with low saturated hydraulic conductivity 
(compacted clay or GCL) as the primary impedance 
to flow have been shown to perform poorly due to 
the effects of desiccation and frost action.  Covers 
with a composite barrier layer or alternative earthen 
covers designed based on water balance principles 
appear to have better long-term performance.  
Procedures to design alternative covers were 
summarized.  Other issues such as controlling gas 
diffusion and biota intrusion were also described. 
 
The most important issues in liner and cover design 
to consider in the future are performance-based 
design and analysis of field performance data.  
Performance-based design permits the engineer to 
truly design a facility to meet performance criteria, 
while considering the geological setting and 
economics.  More extensive use of performance-
based design requires that additional field 
performance data be collected that can be used to 
assess design methods.  The existing database on 
field performance is meager, especially considering 
the large quantity of research that has been 
conducted on waste containment systems and the 
volume of regulations that have been promulgated 
throughout the world during the last 20 years. 
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1 

 

Introduction
 

The primary purpose of this audit was to evaluate whether the Office of Conservation 
(OC) effectively regulated oil and gas wells.1  OC’s Oil and Gas Regulatory Program regulates 
oil and gas operators and wells through its permitting, monitoring and enforcement processes.   
Effective regulation is important for ensuring that wells are operating in compliance with 
regulations and that environmental and public safety risks, such as contamination of ground and 
surface water, are identified and addressed.   

 
Effective regulation is also 

important in preventing operators 
from abandoning their wells.  If 
operators abandon their wells or 
cannot maintain their wells in 
compliance with regulations, OC 
will orphan all of the operators’ 
wells.  Exhibit 1 shows current oil 
and gas wells (in grey) and 
orphaned wells (in red) in 
Louisiana.    
  

                                                 
1 We only evaluated oil and gas wells used for production; we did not evaluate regulation over disposal wells or 
injection wells used to dispose of waste from oil and gas production. 

Exhibit 1 
Current Oil 

and Gas Wells 
and Orphaned 

Wells 

Orphaned wells are abandoned 
oil and gas wells for which no 

responsible operator can be 
located or such operator has failed 

to maintain the well site in 
accordance with state regulations.    

Source: Office of Conservation  
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As of July 2013, there are 2,846 orphaned wells that have not been plugged. From fiscal 
years 2008 through 2013, OC plugged an average of 952 orphaned wells each year even though 
an average of 170 additional wells were orphaned each year.   Because of Louisiana’s growing 
population of orphaned wells, we also evaluated whether OC has effectively managed the 
population of wells already orphaned.   

 
To evaluate OC’s regulation of oil and gas wells and management of currently orphaned 

wells we analyzed data from DNR’s Strategic Online Natural Resources Information System 
(SONRIS) from fiscal years 2008 through 2013.3  The objectives of this audit were as follows: 

 
Objective 1:  Has OC effectively regulated oil and gas wells to ensure that operators 
comply with regulations? 
 

Overall, we found that OC has not always effectively regulated oil and gas wells to 
ensure operators comply with regulations.  Specifically, OC’s current regulations, unlike other 
states, do not require that all operators provide financial security.  In addition, OC’s financial 
security amounts, when required, are not sufficient to cover the cost to plug all wells. OC also 
does not sufficiently monitor wells to determine if they are in compliance with regulations and 
does not always take enforcement action when it identifies noncompliance.   As a result, 
operators are not always maintaining their wells in compliance with regulations and these wells 
may ultimately be orphaned. In addition, we determined that the state currently has a significant 
population of inactive wells potentially at risk of becoming orphaned. 

 
Objective 2:  Has OC effectively managed the current population of orphaned wells? 
 

Overall, we found that OC has not always effectively 
managed the current orphaned well population.  In addition, 
because it changed its focus to plug urgent and high priority 
wells, OC is unable to reduce the total population of orphaned 
wells.  Therefore, the legislature should consider increasing 
funding or identifying additional sources of funding to address 
and reduce the state’s current population of orphan wells.   

 
Appendix A contains OC’s response to this report and 

Appendix B contains our scope and methodology.  Appendix C 
provides more detailed background information on oil and gas 
regulatory activities and orphaned wells. 
  

                                                 
2 Beginning in fiscal year 2011, OC shifted its plugging strategy to focus on urgent and higher priority orphan wells 
that pose the most environmental and public safety risks; however, as a result of this shift in focus, the number of 
wells plugged each fiscal year has decreased to an average of 33 wells from fiscal years 2011 through 2013. 
3 This was the scope for most of the analysis; however, some analysis included longer timeframes to establish 
historical trends. 

Exhibit 2 
Example of an Orphaned Well 
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Objective 1: Has the Office of Conservation effectively
regulated oil and gas wells to ensure that operators comply

with regulations?
 

OC did not always effectively regulate oil and gas wells to ensure that operators comply 
with regulations.  We found the following:    

 
Unlike other states we reviewed, OC’s current regulations do not require that all 
operators provide financial security on their oil and gas wells.  Financial security 
is important as it provides funds that the state can use to plug a well in the event 
that the operator abandons the well.  Currently, 25% of all current oil and gas 
wells are required to be covered by financial security and 55% of orphaned wells 
that were subject to financial security requirements were exempt from financial 
security. 

OC’s financial security amounts outlined in regulations are not sufficient to cover 
the cost of plugging most wells.  Not requiring sufficient financial security 
amounts may provide an incentive for operators to abandon their wells since 
forfeiting the financial security may be more economical than paying plugging 
costs.  

OC did not conduct routine inspections in accordance with timeframes established 
by the Commissioner of at least 26,828 (53%) of 50,960 oil and gas wells at least 
once every three years from fiscal years 2008 through 2013. In addition, 12,702 
(25%) were not inspected at all during this timeframe.  Conducting these 
inspections is important for identifying non-compliant wells and wells that are no 
longer producing.  OC also cannot identify the number or type of violations cited 
on inspections because it does not capture the information in a format that can be 
easily quantified.   

OC has not developed an effective enforcement process that sufficiently and 
consistently addresses noncompliance and deters operators from committing 
subsequent violations. Specifically,  

OC did not consistently or timely address violations cited on inspections.  
Of the 7,665 routine inspections that failed from fiscal years 2008 to 2013, 
1,179 (15%) did not receive a compliance order to correct the violation.  
According to OC, some of the violations cited on these inspections were 
not major and did not warrant a compliance order.  In other cases, OC said 
that compliance orders were issued but none of these orders were in 
SONRIS. 

From fiscal years 2008 to 2013, OC did not conduct re-inspections on 
1,116 (16%) of 6,827 wells with compliance orders to ensure that 
operators corrected violations.  
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OC did not consistently issue penalties after re-inspections found that 
operators with compliance orders still had not corrected violations.  Out of 
918 compliance orders with uncorrected violations, 507 (55%) were not 
issued a penalty.  In many of these cases, operators were given extensions 
to comply instead of being penalized. 

Although OC has the authority to impose civil penalties, it does so 
infrequently.  Since fiscal year 2008, OC has only issued an average of 
$150,468 in penalties each year for inspection violations and violations for 
not submitting required reports, such as well tests.  In addition, OC did not 
always issue penalties when it could have as we identified approximately 
$471,200 in penalties that could have been assessed to 589 operators who 
did not submit required well tests during fiscal years 2011 through 2012. 

OC’s enforcement actions may not be deterring noncompliance.  For 
example, of the 1,027 operators with at least one failed inspection from 
fiscal years 2008 through 2013, 649 (63%) failed multiple inspections. 
The 10 operators with the most failed inspections had between 97 and 255 
each over the six years we reviewed.   

OC’s current process does not effectively identify inactive wells.   Because OC’s 
current regulations do not require operators to report actual production by well, an 
individual well’s production amounts cannot be verified to ensure the well is still 
active.  

Although OC uses two methods to identify inactive wells, neither of these 
methods is effective.  For example, OC can identify inactive wells through 
well test reports.  However, we found that although regulations require 
that all producers submit well tests, OC allows operators of certain wells 
to be exempt.  According to OC, it does not require that stripper lease 
wells or incapable gas wells in the Monroe Field submit well tests.  In 
fiscal year 2012, approximately 25,000 of these wells were exempt from 
well tests.  However, these exemptions are not included in the regulations 
and OC could not provide any official policy or other documentation that 
these exemptions are allowed.  

We also found that operators did not submit well test reports on 3,492 
(13.5%) of 25,802 wells during fiscal years 2011 and 2012.  In addition, 
OC allowed operators to submit fewer well tests than what is required in 
regulations.  

OC did not consistently ensure that inactive wells designated as having no future 
utility were plugged within 90 days as required by state regulations.   During 
fiscal years 2008 through 2013,  OC did not issue compliance orders for 416 
(86%) of 482 wells designated as having no future utility that were not plugged by 
their responsible operator.  In addition, while OC issued compliance orders to 
operators to plug 2,323 wells during this period, it did not always ensure that 
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wells were actually plugged as ordered. As of June 30, 2013, only 591 (25%) of 
these wells were plugged and 634 (27%) gained compliance through other means.  
The remainder were either not yet plugged, orphaned, or were in the process of 
being orphaned. 

OC does not have sufficient regulations regarding inactive wells with future 
utility.  For example, current regulations do not specify how long a well can 
remain in future utility status.  As a result, wells can be placed in this status for 
extended periods of time to avoid being plugged and are at a higher risk of 
becoming orphaned.  We identified 5,239 (46.5%) of 11,269 wells in future utility 
status that have been in that status for over 10 years.  We also found that 1,982 
(22.8%) of 8,682 wells that were ultimately orphaned were in future utility status 
prior to becoming orphaned. 

Because OC did not always identify and effectively regulate inactive wells, the 
current orphaned well population may grow in the future.   

These issues are summarized in more detail below. 
 
 
Unlike other states, OC’s current regulations do not require 
that all operators provide financial security.  Currently, 
25% of oil and gas wells are required to be covered by 
financial security.
 

Since July 1, 2000, OC regulations require that certain operators provide financial 
security when receiving a permit to drill an oil or gas well or if operators transfer already 
permitted wells.   Wells drilled prior to 2000 were grandfathered in and therefore not subject to 
these financial security requirements.   Since November 2001, OC regulations also require that 
certain operators with amended permits provide financial security.  Financial security is similar 
to insurance in that it provides the state with funds that it can use to plug the well if the operator 
abandons the well.  If an operator abandons a well without financial security, OC is authorized to 
use funds from the Oilfield Site Restoration (OSR) fund to plug the well and remediate the site.   
Types of financial security allowed include a certificate of deposit, a performance bond, or a 
letter of credit from a financial institution.  Louisiana was one of the last states to require 
financial security as most states developed these requirements in the 1940s and 1950s.  

 
However, Louisiana, unlike other states we reviewed,4 does not require that all operators 

provide financial security on their wells.  Other states we reviewed require that all operators 
provide financial security or some form of financial assurance5 on all of their wells.  OC only 
requires that operators who meet the following criteria provide financial security:   
                                                 
4 We reviewed the nine states that were listed as top oil and gas producers in October 2013 by the U.S. Energy 
Information Administration.  These states include Texas, North Dakota, California, Alaska, Oklahoma, New 
Mexico, Pennsylvania, Wyoming, and Colorado.   
5 Oklahoma requires that operators provide financial security for the first three years.  After that, operators must 
provide financial assurance by showing that they have net assets of at least $50,000. 
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Operators who have been an operator less than 48 months (4 years) 

Operators who are associated or have officers associated with an orphaned well 
for 48 months immediately preceding the permit date of the well 

Operators who have not exhibited a record of compliance for 48 months 
immediately preceding the permit date of the well6   

Currently, 14,432 (25%) of Louisiana’s 57,819 oil and gas wells7 are covered by financial 
security totaling $49,498,657.  Of these 57,819 wells, 24,462 (42%) were exempt because they 
met the criteria above, and 18,925 (33%) were exempt because they received a permit prior to 
financial security requirements and have not been transferred since November 2001.  However, 
if these wells are transferred to another operator they would be subject to the financial security 
requirements.  Requiring that operators provide financial security on all wells would help ensure 
that the state has funds to plug the well in the event that the operator abandons the well.   Of the 
716 wells8 that have ultimately been orphaned since financial security became a requirement,  
397 (55%) were exempt from financial security.    

 
According to OC, regulations do not require that all wells have financial security because 

it would not be profitable for certain operators of low producing (marginal) wells to operate the 
wells if they were required to provide financial security for them.  However, when an operator 
receives a permit to drill a well or an amended permit to operate an existing well, the operator 
must comply with all regulations and these regulations require that the operator properly plug the 
well when it is at the end of its useful life.  Therefore, if operators cannot afford to pay financial 
security, then they likely will not be able to pay to plug the well and perhaps should not receive a 
permit to operate a well as they are demonstrating that they cannot afford to comply with the 
established regulations. 

 
Recommendation 1:  OC should consider revising its current regulations and require 
that all operators provide financial security or some type of financial assurance on newly 
permitted wells or wells with amended permits.   
 
Summary of Management’s Response:  The Office of Conservation (OC) agrees 
with this recommendation.  See Appendix A for OC’s full response. 
 

 

                                                 
6 However, regulations also state that a compliance order and/or civil penalty which has been timely satisfied shall 
not cause an operator to be considered a non-compliant operator.   
7 Since financial security was not required prior to 2000, only wells permitted on or after July 1, 2000, or transferred 
on or after November 1, 2001, are subject to financial security requirements. 
8 These only include wells permitted on or after July 1, 2000, or wells transferred on or after November 1, 2001, and 
therefore subject to financial security requirements.   

WRITTEN STATEMENTS (not from Hearing)



Oil and Gas Regulation and Orphaned Wells Office of Conservation - 
 Department of Natural Resources 

7 

OC’s financial security amounts outlined in regulations are 
not sufficient to cover the cost of plugging all wells.   
 

For operators that are not exempt from financial security, OC regulations require either 
individual or blanket financial securities.  Individual security amounts are based on the well 
depth and well location, and blanket securities, which cover multiple wells, are based on the 
number of wells and well location.   Well locations include land, inland waters (lakes, bays, etc., 
located within the coastal zone), and offshore waters (within three miles of shoreline).    

Individual Financial Security.   OC regulations require from $1.00 per foot to $12.00 
per foot depending on the location and depth of the well.   Individual financial security amounts9 
are summarized in Exhibit 3. 

 
 
 
 
 
 
 
 

 
 
 
 

However, we found that these individual financial security amounts are not sufficient to 
cover the cost to plug all wells.  We calculated the median10 cost to plug certain wells11 based on 
actual project plugging costs from fiscal years 2009 to 2013 and we found that the median cost to 
plug land wells less than 3,000 feet was $7.00 per foot and the median cost to plug wells in 
inland waters was $18.00 per foot.  However, OC regulations only require $1.00 per foot and 
$8.00 per foot, respectively.  For example, an operator with a land well with a depth of 1,700 feet 
would only be required to provide $1,700 in financial security.  However, actual plugging costs 
would be approximately $11,900, a difference of $10,200. 

 
In addition, these costs are only associated with plugging the well, not the costs 

associated with the complete remediation of the well site which OC regulations also require.  
These remediation costs vary depending on the condition of the well site. For example, OC 
plugged a well at a cost of $14,000; however, the total cost to plug and remediate the entire site 
was $18,000.  
                                                 
9 The amounts listed in Exhibit 3 are those required by OC for oil and gas wells only.  Financial security is also 
required for injection wells; however, the audit focus for this section was strictly on oil and gas wells. 
10 We used the median instead of the average cost to account for outliers.   
11 We were only able to calculate median costs for land wells less than 3,000 feet and inland water wells because 
there were not a sufficient number of other types of projects. 

Exhibit 3 
 Individual Financial Security Amounts 

Location Amount

Land
  3000':   $1.00 per foot 

3001' - 10000':  $2.00 per foot 
  10001':  $3.00 per foot 

Water (Inland) $8.00 per foot of well depth 

Water (Offshore) $12.00 per foot of well depth 

Source:  Prepared by legislative auditor’s staff using data from OC 
regulations. 
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In comparison to other states we reviewed, Louisiana has one of the lowest financial 
security amounts for land wells that are less than 3,000 feet deep.  Since the financial security 
amount for these wells is $1.00 per foot, the maximum amount in Louisiana for these wells is 
$3,000 per well.  However, other states require minimum financial security amounts per well that 
range from $4,000 in Pennsylvania to $15,000 in California to  $100,000 in Alaska.  Appendix D 
summarizes other states’ financial security requirements. 

 
Blanket Financial Security. Louisiana operators also have the option to establish a 

blanket financial security to cover several wells under one financial security instrument.   
Exhibit 4 summarizes Louisiana’s blanket financial security requirements.    

 
Exhibit 4 

Blanket Financial Security Amounts 
Location Total Number of Wells per Operator:  Amount 

Land
  10:  $25,000 

11-99:  $125,000 
  100:  $250,000 

Water (Inland) 
  10: $125,000 

11-99: $625,000 
  100: $1,250,000 

Water (Offshore) 
  10:  $250,000 

11-99: $1,250,000 
  100:  $2,500,000 

Source:  Prepared by legislative auditor’s staff using data from OC 
regulations. 

 
The blanket financial securities are also insufficient to plug all orphaned wells and create 

an even larger discrepancy between the financial security per well and the cost to plug the well.  
Operators, in most cases, establish blanket financial securities to save costs.  For example, if an 
operator has 10 land wells at 5,000 feet each, it is more economical for that operator to establish 
a blanket security for $25,000 ($2,500 per well), instead of establishing an individual security on 
each well at $2.00 per foot, which would bring the total security amount to $100,000, a 
difference of $75,000.  

 
Not having sufficient financial security to cover the cost to plug wells may provide an 

incentive for operators to orphan wells instead of plugging the well.   For example, if the 
financial security amount is too low, operators may abandon the well and forfeit the financial 
security because it is cheaper to abandon the well than to pay the actual cost to plug the well.  As 
discussed earlier, higher financial security amounts may affect an operator’s profitability.  
However, since financial security is released once operators comply with state regulations and 
properly plug their wells, higher amounts should not prevent responsible operators from doing 
business here.  In addition, as mentioned before, all other top producing states we reviewed 
require financial security and in many cases are for amounts higher than in Louisiana. 
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Recommendation 2:  OC should consider revising its current regulations to increase 
the amount for financial security to be more reflective of the costs to properly plug and 
remediate orphaned well sites.  In addition, financial security amounts should be 
periodically reviewed and adjusted to ensure they are reflective of the costs to plug and 
remediate orphan well sites. 
 
Summary of Management’s Response:  OC agrees with this recommendation.  
See Appendix A for OC’s full response. 
 

 

OC did not inspect at least 26,828 (53%) of 50,960 oil and 
gas wells in accordance with timeframes established by the 
commissioner and 12,702 (25%) were not inspected at all 
during this timeframe. 

OC Conservation Enforcement Specialists (CESs) in the three district offices conduct 
routine inspections of oil and gas wells to ensure they are operating in compliance with 
regulations outlined in Title 43 Section 29B of the Louisiana Administrative Code.  Routine 
inspections also help OC identify inactive (non-producing) and abandoned wells.   

 
OC’s inspection goal, as outlined in a memorandum from the Commissioner to district 

offices on May 15, 2007, is to inspect all wells at least once every three years.  According to this 
memo, this goal was established after legislative debates regarding allegations that OC had been 
lax in its enforcement of regulations by “allowing illegal discharges to continue for extended 
periods of time causing serious environmental damages to surrounding property.”    In response 
to these allegations, the legislature approved additional funding and positions for OC based on its 
commitment to develop an inspection strategy of inspecting every existing well on a three-year 
rotation.   

 
In fiscal year 2008, OC obtained additional funding to add 11 CES positions, increasing 

its total from 31 to 42 positions, or a 35% increase.  However, according to DNR, only eight of 
those 11 postions were filled prior to a hiring freeze during fiscal year 2008 and two of the 
remaining three positions were eliminated in fiscal year 2009 because of mid-year budget 
adjustments.  Therefore, according to OC, it never received the additional three positions needed 
to meet the three-year inspection cycle. 

 
 We found that OC did not inspect at least 26,82812 (53%) wells every three years in 

accordance with timeframes established by the commissioner and 12,702 (25%)  of these wells 
were not inspected at all during that timeframe.  The Monroe and Shreveport districts had the 
highest percentages of wells that were not inspected every three years as shown in Exhibit 5.   
 

                                                 
12 This is a conservative estimate because if a well had two or more inspections at any time during the six-year 
period, we considered it to have met the three-year target for both periods, even though it could have received 
multiple inspections in one of the three-year periods and none in the other.  
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Exhibit 5 
Wells Not Inspected According to 3-Year Goal 

Fiscal Years 2008 to 2013 

 District 
Total Number of 

Wells

Wells not Inspected 
According to 3-year 

Goal
% of Total 

Wells
Wells not 

Inspected at All 
% of Total 

Wells
Lafayette 14,448 2,794 19% 398 3% 
Monroe 11,712 6,156 53% 2,456 21% 
Shreveport 24,800 17,878 72% 9,848 40% 
     Total 50,960 26,828 53% 12,702 25% 
Source: Prepared by legislative auditor’s staff using data from OC and SONRIS.

 
According to OC, budget cuts, loss of staff and hiring freezes, hurricanes, the Haynesville 

Shale boom, and the BP oil spill all affected its ability to meet its inspection goal.  Another 
potential reason OC did not meet its inspection goal is that OC has not effectively managed the 
inspection process or monitored districts to ensure they are meeting these goals.  Although OC 
has given districts the responsibility to inspect wells, it has not developed formal inspection 
procedures for districts that would help ensure inspections are conducted consistently and 
scheduled appropriately.  In addition, we found that 11,995 (24%) of the 50,960 wells received 
three or more routine inspections in six years, with some wells receiving 20 or more.   While 
wells with compliance issues may be inspected more frequently, we found that 10,889 (91%) of 
these 11,995 wells did not fail any of the routine inspections meaning that the well was in 
compliance with regulations.     

 
OC cannot readily identify the actual number or type of violations cited on 

inspections because it does not capture the information in a format that can be easily 
quantified.  During a routine inspection, district CESs complete Lease Facility Inspection 
Reports and upload these reports into SONRIS.  When a CES identifies a violation or violations, 
he/she enters narrative comments on the nature of the violation on the form.   If violations are 
cited, SONRIS will show the inspection “failed” when the form is uploaded.  However, there is 
no way to categorize or quantify the types of violations cited on these failed inspections other 
than by reading through these narrative comments.  Without easily quantifiable information, OC 
cannot easily determine how many and what types of violations are cited across the state and 
cannot identify repeat violations.  Capturing violation information could also help OC develop a 
risk-based inspection process.  As mentioned earlier, OC was not able to meet its inspection goal 
of inspecting wells every three years.   Therefore, implementing a risk-based inspection process 
that considers compliance history as one factor in how often a well should be inspected would 
help OC devote its resources to those wells most at risk of noncompliance.  

 
Recommendation 3:  OC should develop standard inspection procedures, including 
specific frequencies for inspections and how inspections should be scheduled. 
 
Recommendation 4:  OC should monitor districts and hold them accountable for 
compliance with inspection frequencies. 
 
Recommendation 5:  OC should develop the capability in SONRIS to capture types 
of violations cited on inspections. 
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Recommendation 6:  OC should consider developing a risk-based inspection process 
that considers noncompliance as a factor in how often a well should be inspected. 
 
Summary of Management’s Response:  OC agrees with these recommendations.  
See Appendix A for OC’s full response. 
 

 

OC has not developed an effective enforcement process 
that sufficiently and consistently addresses 
noncompliance and deters operators from having 
subsequent violations. 
  

R.S. 30:4 gives the Commissioner the authority to enforce 
oil and gas rules and regulations.  State law13 also allows the 
Commissioner to issue compliance orders and civil penalties up to 
$5,000 per day for violations.  If penalties are not paid, OC can also 
suspend an operator’s ability to sell oil.  If noncompliance still 
exists, the final and strictest means of enforcement is orphaning all 
of a noncompliant operator's wells.  However, OC has not 
developed formal procedures in policy or in rule that outline the 
enforcement process.  Formalizing its process would help ensure 
that noncompliance is sufficiently, consistently, and appropriately 
addressed.  OC’s general enforcement process is summarized in 
Exhibit 6. 

 
In addition, we found that OC did not issue compliance 

orders for all violations identified on inspections, does not always 
conduct re-inspections to ensure violations have been corrected, and 
rarely issues penalties.  In addition, OC’s informal enforcement 
process does not appear to deter subsequent noncompliance and 
may be insufficient, as many operators had multiple instances of 
noncompliance.  These issues are summarized in more detail below.   

 
OC did not consistently or timely address all violations 

cited on inspections.  We reviewed 7,665 routine inspections that 
were listed as failed (i.e, had one or more violations) from fiscal 
years 2008 to 2013 and found that SONRIS did not contain 
evidence that compliance orders14 were issued in 1,179 (15%) 
instances.  OC reviewed these instances and found that some had 
compliance orders, but these orders were not in SONRIS and some 

                                                 
13 R.S. 30:6(G) and 30:18(A)(1) 
14 Because of data limitations, we could not directly link a failed inspection to a specific compliance order issued on 
the inspection, therefore, we used date logic to determine if the compliance order was issued within 60 days of the 
failed inspection. We used 60 days based on conversations with OC regarding its enforcement process since no 
criteria exists for when violations should be addressed. 

Inspection identifies a 
violation 

Compliance Order is 
issued 

Site is re-inspected to 
determine compliance 

If site still not 
compliant, a fine is 

issued 

If fine not paid, the 
operator’s authority to 
sell oil is suspended 

If site still not 
compliant, OC may 

orphan all of the 
operator’s wells 

Informal resolution of 
violation 

Exhibit 6:  General 
Enforcement Process 
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failed inspections were miscoded and were reinspections of existing compliance orders.  OC also 
found that some of these wells did not require compliance orders because they were ultimately 
orphaned or operators reported an oil spill but were in the process of correcting the violation.  In 
addition, although no criteria exists for when compliance orders should be issued after violations 
are identified, 382 (32%) of the 1,179 were issued over 60 days from the date the inspection was 
submitted to SONRIS.  Addressing violations in a timely manner is important to ensure that 
compliance is corrected as quickly as possible. 

 
Another reason these violations were not always addressed with compliance orders is 

that, according to OC, some violations, such as not posting required well signs, are not 
considered major violations and do not warrant a compliance order.  Other violations, such as 
casing pressure, were determined to be a field condition and not considered a violation.  In 
addition, district CESs stated that they have different methods of gaining compliance from 
operators.  For example, some CESs cite violations on 
a failed inspection report, while others work with the 
well operator to gain compliance and pass the 
inspection report without citing the violation.  

 
However, although OC is not required to issue 

compliance orders in all cases, many of the comments 
in these failed inspections indicate similar violations to 
those that were addressed by compliance orders in 
other cases.  For example, inspectors cited wells that 
had not been plugged as required or were improperly 
plugged, and wells that were leaking oil or gas in failed 
inspection reports but did not have compliance orders 
issued on the well.  Exhibit 7 depicts a well that was 
cited on an inspection report for an oil leak; however, 
the operator was not issued a compliance order for this violation.  Since these violations are 
considered more serious and were addressed by orders in other instances, they should have been 
addressed with a compliance order.  Providing specific criteria on what violations should result 
in compliance orders would help districts cite violations consistently for all operators. 

   
OC did not always conduct re-inspections on 1,116 (16%) of 6,82715 wells with 

compliance orders to ensure violations were corrected. Although no formal policy exists, OC 
said that CESs are required to conduct re-inspections on wells with compliance orders to ensure 
that violations have been corrected.  Compliance orders give a specific date by which wells must 
comply with regulations.   This date is generally 30 days after the compliance order issue date for 
regulatory violations and 90 days after the issue date for orders to plug the well.  However, we 
found that of the 6,827 wells that required re-inspection due to a compliance order issued 
between July 1, 2007 and March 22, 2013,16 1,116 (16%) were not re-inspected as of June 30, 
2013.   In addition, we found that some re-inspections that were conducted were not done timely.  

                                                 
15 This total is not reflective of the 165 wells that were issued a compliance order and then were ultimately orphaned 
by their operators and according to OC personnel did not need a re-inspection. 
16 A 100-day cushion was allowed prior to the end of the analysis scope (June 30, 2013) in order to allow time for 
wells issued compliance orders toward the end of the scope to be re-inspected. 

Exhibit 7 
Well Cited for Leaking Oil with No 

Compliance Order Issued 
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Of the 5,711 wells with compliance orders that were re-inspected, 2,326 (41%) of those re-
inspections occurred more than 30 days beyond the timeframe allowed for compliance.   

 
Similar to routine inspections, OC has not developed any procedures for re-inspections.  

Standardized procedures that outline when and under what circumstances re-inspections should 
be conducted would help ensure that CESs understand what is required of them.  We reviewed 
documentation for some cases where re-inspections were not performed and, in some instances, 
an explanation for why the well was not inspected was provided.  For example, one case 
included documentation of a plug and abandon report that the CES signed instead of conducting 
a re-inspection.  However, without standardized procedures that outline criteria for re-
inspections, OC cannot ensure that they are done appropriately and consistently among the 
districts. 

 
OC did not consistently issue penalties after a re-inspection found that operators 

with compliance orders still had not corrected violations. According to OC, penalties are 
primarily assessed when a re-inspection shows that an operator has not corrected violations cited 
in a compliance order.  Of the 5,711 wells that were re-inspected, 1,452 (25%) wells cited in 
1,066 compliance orders17 also failed the re-inspection.  Of these 1,066 compliance orders, 148 
involved wells that were eventually orphaned and, according to OC, did not require a penalty.  
However, OC did not issue a penalty for 507 (55%) of the 918 remaining orders.  We reviewed 
several of these cases and found that instead of penalties, OC often granted multiple extensions 
for these wells to give the operator time to bring the well into compliance.  The example below 
illustrates one of these cases. 

 
OC conducted a routine inspection on August 1, 2007, and found an abandoned 
well site that according to production data had not produced since 1998.  The 
inspector recommended that the operator plug the well and on August 29, 2007, 
OC issued a compliance order requiring the operator to do so.    

On December 28, 2007, the inspector conducted a re-inspection and found that the 
well was not plugged.   

On January 10, 2008, OC issued an extension until March 2008 for the operator to 
plug the well.  

On April 22, 2009, OC issued another letter granting an extension until July 1, 
2009, for the operator to plug the well.  On May 19, 2009, OC received a letter 
from the operator noting that she had not received the compliance order timely 
because of an address change and advised that she would take care of the issues 
immediately.   

On June 2, 2009, OC sent another letter reiterating that the well must be plugged 
by July 1, 2009.  OC performed an inspection on August 24, 2009, and found that 
the well was still not plugged.   

                                                 
17 Compliance orders can contain multiple wells.  
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On October 20, 2009, OC orphaned the well, as well as 78 other wells owned by 
this operator, and as of May 2014 the well is not yet plugged.  

Although OC has the authority to impose civil penalties, it does so infrequently.  
Although the Commissioner is authorized to impose civil penalties of not more than $5,000 a day 
for each day of violation, OC developed a penalty matrix which is used as a guide in assigning 
penalties as one-time amounts.  This penalty matrix includes penalties ranging from $200 to 
$5,000 for noncompliance with regulations depending on the severity of the violation.18  For 
example, operators who fail to file well test reports may receive a $200 penalty per report not 
filed, whereas contamination of a groundwater aquifer may receive a $5,000 penalty per 
occurrence.   

 
Since fiscal year 2008, OC has issued only an average of $150,468 in penalties each year 

for violations identified on inspections or violations from not submitting required reports, such as 
well tests.19  Exhibit 8 summarizes the amount of penalties issued each year since fiscal year 
2008. 

 
 
To test whether OC issued penalties appropriately, we calculated how many operators 

failed to submit well tests in fiscal years 2011 and 2012.20  According to OC’s penalty matrix, 
failure to file required well tests may result in a $200 penalty per report not submitted.  However, 
we found 589 operators that did not submit their required well test reports on their 3,492 wells. 
Each operator should have submitted four reports over the two-year period, which equals 2,356 

                                                 
18 However, the penalty for perforating too close to a unit line can be from $50,000 to $100,000.   
19 This amount does not include 23 penalties totaling $1.2M for perforating too close to a unit line which is usually 
self-reported by the operator or from looking at directional surveys in permitting.   
20 More detailed information on well tests and who did not submit is found on page 17. 
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Source:  Prepared by legislative auditor’s staff using data from OC and SONRIS. 
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reports not submitted.  Given that the civil penalty amount for not submitting these reports is 
$200 per report, a total of $471,200 in penalties were not assessed.   

OC’s enforcement process does not appear to deter operators from having 
subsequent violations. As stated earlier, OC does not always issue penalties when it identifies 
violations on inspections.  It will only issue a penalty if an operator fails to comply with a 
compliance order upon re-inspection.  As a result, if OC identifies violations, operators simply 
have to fix their error(s) and they are not penalized.  For example, only a small percentage of 
total violations eventually resulted in a penalty.  From fiscal years 2008 to 2013, OC identified at 
least 7,93021 violations on routine inspections.  However, OC issued only 849 (10.7%) 
inspection-related civil penalties for these violations.  Because of OC’s inconsistent enforcement 
process, we identified operators with multiple violations, multiple compliance orders, and 
additional failed inspections after receiving a compliance order.  Specifically, we found the 
following: 

 
Of the 1,027 operators with at least one failed inspection from fiscal years 2008 
through 2013, 649 (63%) failed multiple inspections. The 10 operators with the 
most failed inspections had between 97 and 255 each.  

Of the 1,227 operators who received compliance orders, 677 (55%) received more 
than one order from fiscal year 2008 through 2013. The 10 operators with the 
most orders had between 48 and 177 each.  

Of the 844 operators with compliance orders that received at least one routine 
inspection after its initial compliance order, 602 (71%) received at least one more 
failed routine inspection after the order.  

OC may also prohibit non-compliant operators from profiting from production by 
suspending the operator’s authority to transport oil or by keeping revenue for natural gas sold in 
escrow.  However, like compliance orders, this action only encourages operators to come into 
compliance. As soon as operators correct outstanding violations, their profits are released to 
them and they are allowed to continue normal operations. These actions also do not appear to 
deter future noncompliance. For example, of the 120 operators who received this type of action, 
82 (68%) received a subsequent compliance order for additional violations.  

 
Recommendation 7:  OC should develop formal enforcement procedures outlining 
what types of violations should be addressed by what enforcement actions.   
 
Recommendation 8:  As part of its enforcement procedures, OC should include 
criteria for when and under what circumstances re-inspections should be conducted. 
 
Recommendation 9:  OC should increase its use of civil penalties, especially for 
operators with multiple instances of noncompliance.  
 

                                                 
21 This is a conservative estimate as there were 7,930 total failed routine inspections of oil and gas wells. Each failed 
inspection contains at least one violation, but could contain multiple. 
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Summary of Management’s Response:  OC agrees with these recommendations.  
See Appendix A for OC’s full response. 
 

 

OC’s current process does not effectively identify inactive 
wells.  
 

OC does not have an effective process for 
identifying inactive wells. Identifying wells that are 
inactive and no longer producing oil or gas is 
important because these wells are at higher risk of 
becoming abandoned.   Once a well is no longer 
producing, it can either be placed into future utility 
status if the operator has future use of the well, such 
as converting the well into a service well, or if the 
well has no future utility, it must be plugged by the 
operator within 90 days, in accordance with OC 
regulations.  

 
OC’s current regulations do not require operators to report actual production by well and 

therefore cannot monitor to identify if a well becomes inactive.  The most accurate way for OC 
to identify inactive wells is to require that operators report production by well; however, OC 
regulations do not require this.  OC requires that operators report production amounts through 
monthly production reports that are used to calculate mineral royalties and severance taxes owed 
to the state.  However, these reports show production amounts on a lease or unit basis which 
usually consists of multiple wells.  According to OC personnel, production reports showing total 
monthly production by an operator on a particular lease or unit cannot be used to determine how 
much a well produces because production is not reported on a well by well basis.  Most of the 
other states we surveyed monitor production on 
individual wells.  According to OC, to monitor 
production by individual well, operators would 
have to install flow meters on wells which are 
currently not required and would be expensive.   
OC did require that gas be reported on a per well 
basis, but eliminated this requirement in 2000.   

 
According to OC, routine inspections are 

the primary method OC currently uses to monitor 
wells to identify whether a well is still producing.  
However, as stated previously, OC did not 
always complete its required routine inspections.   
Without monitoring an individual well’s 
production, OC cannot identify a well that is no 
longer producing and therefore in need of being 
plugged by the operator or placed in future 
utility.  

Inactive wells are classified as either: 
1) Future Utility - wells currently not 

producing but may have some use in 
the future (i.e., as a saltwater disposal 
well or be placed back into production) 

2) No Future Utility - non-producing 
wells that are not expected to have any 
further use.  OC regulation requires 
that operators plug these wells within 
90 days.   

Exhibit 9 
Abandoned Inactive Well Still in Active 

Status in SONRIS 
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OC’s additional methods are insufficient for identifying inactive wells.   Inactive 
wells may also be identified on two different periodically submitted reports.  According to OC 
regulations, operators must indicate their inactive wells on both inactive well reports and well 
test reports and identify the well as having either future utility or no future utility.  However, 
inactive well reports are not used by OC because they are not submitted electronically and are 
therefore ineffective at identifying inactive wells. Well test reports also require the operator to 
identify their wells as inactive, and also include the results of well tests showing a well’s 
potential daily rate of production.  According to OC, it reviews these well test reports, ensures 
that all operators have submitted them timely, and updates all well status changes in SONRIS.   
However, this method is not effective for identifying inactive wells because of the following:   

 
Although regulations require that all producers submit well tests, OC allows 
operators of certain wells to be exempt.  According to OC, it does not require 
that stripper lease wells or incapable gas wells in the Monroe Field submit well 
tests.  Stripper lease wells are wells that produce less than an average of 10 barrels 
of oil per day and are part of a lease. Incapable gas wells are wells that are 
incapable of producing an average of 250,000 cubic feet of gas per day.  In fiscal 
year 2012, there were approximately 17,000 stripper lease wells and 8,000 
incapable gas wells in the Monroe Field exempt from well tests.  However, these 
exemptions are not included in the regulations and OC could not provide any 
official policy or other documentation that these exemptions are allowed.  
However, because these wells are low producing wells they have a higher risk of 
becoming inactive.  Therefore, exempting these types of wells makes it 
impossible for OC to effectively monitor and identify when wells become 
inactive. 

Although regulations require that well test reports for oil wells be submitted 
six times per year, OC only requires them twice a year.  OC changed this 
requirement to semiannually through correspondence to all operators on  
August 21, 2000, in an effort to reduce reporting requirements on the regulated 
industry and OC staff workload.  However, regulations have not been updated to 
reflect this change. 

Even though it reduced the number of well tests required, OC did not ensure 
that operators submitted required well test reports twice a year.  As of July 1, 
2010, there were 25,802 wells that should have had a well test report submitted by 
the well's operator.  However, operators did not submit well tests reports on 3,492 
(13.5%) of these 25,802 wells during fiscal years 2011 and 2012.  In addition, of 
the 22,310 wells that did have well test reports submitted, 3,899 (17.5%) of the 
wells did not submit the required number of reports (four reports) over the two 
fiscal years.   

Operators may not be reporting wells as inactive once they are no longer 
producing. Of the 18,476 wells that submitted all four well test reports in fiscal 
years 2011 through 2012, 6,027 (32.6%) had no production potential reported on 
the well during this timeframe.  Of those wells with no production potential, 238 
wells were listed as active by their operators.  Since these wells had no production 
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potential reported on them over a two-year period, this could indicate that they 
may no longer be active, producing wells and therefore need to be plugged or 
placed into future utility. 

Although OC regulations do not require that operators report production by well, the 
Louisiana Department of Revenue (LDR) requires that operators of incapable and stripper wells 
report production by well. As mentioned earlier, incapable wells produce less than an average of 
25 barrels of oil a day and stripper wells produce less than an average of 10 barrels per day.  
Both types of wells pay reduced severance taxes because of their low production.  In order to 
accurately determine whether these wells continue to be eligible for reduced severance taxes, 
LDR requires that operators report production by well every month.  We used LDR production 
data to determine whether wells with no production during fiscal years 2010 to 2012 were listed 
as active in OC’s SONRIS and found that 349 (37%) of 954 wells were listed as active 
producing wells.  The fact that these wells did not produce any oil during this timeframe may 
indicate that these wells are inactive.   

 
Because current regulations do not require that operators report production by well and 

OC does not use the operator submitted inactive well reports or ensure that operators submit 
required well test reports, its process is insufficient to identify wells that are no longer producing. 
Therefore, OC cannot ensure that inactive wells are properly acted upon by the operators in a 
timely manner, which may increase the likelihood that they are abandoned and ultimately 
orphaned by the state.     

 
Recommendation 10: OC should develop a reliable and efficient method to identify 
inactive wells, which may include requiring operators to report production on a well basis 
or periodically obtaining production data on low producing wells from LDR.   
 
Recommendation 11:  OC should ensure that operators submit all well test reports 
as required by regulations.   If OC continues to allow operators to submit two well test 
reports instead of the six currently required by regulations, it should revise the regulations 
to reflect current practice. 
 
Recommendation 12:  If OC continues to allow stripper lease wells and incapable 
gas wells in the Monroe Field to be exempt from well tests, it should formalize this 
exemption in the regulations. 
 
Recommendation 13:  OC should develop a method for operators to submit 
electronic inactive well reports so that OC can use these reports to identify inactive wells. 
 
Summary of Management’s Response:  OC agrees with these recommendations.  
See Appendix A for OC’s full response. 
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OC did not consistently ensure that inactive wells identified 
as having no future utility were plugged as required by state 
regulations.

OC regulations require that all wells classified as having no future utility be plugged by 
the operator within 90 days unless the Commissioner approves the well being placed on a 
plugging schedule or grants an extension.  Inactive wells with no future utility that are not 
properly plugged pose environmental and public safety risks and may eventually become 
orphaned.  However, as illustrated below, we found that OC did not always ensure that inactive 
wells were plugged as required by regulations.  We used wells identified by their operators as 
inactive on well test reports that were submitted in fiscal years 2008 through 2013 to determine if 
OC addressed inactive wells with no future utility and found the following:    

 
OC is not always issuing compliance orders to plug inactive wells with no 
future utility. During fiscal years 2008 through 2013, 747 wells were self-
reported on well tests as having no future utility.  Of these, 482 (64.5%) were not 
properly plugged by their operator as required by state regulations.  If an inactive 
well with no future utility is not addressed by the operator within 90 days, OC has 
the authority to issue a compliance order requiring that the operator plug the well.  
However, of the 482 wells listed as having no future utility on well test reports 
submitted during fiscal years 2008 through 2013, but not plugged by the well’s 
operator, OC did not issue compliance orders on 416 (86.3%) as of June 30, 2013.  
As a result, OC is not always holding operators accountable for plugging their 
wells.   

OC did not always ensure wells were properly plugged or were plugged 
timely after ordering the operator to do so through compliance orders.  
During fiscal years 2008 through 2013, OC ordered 2,323 wells to be plugged 
through compliance orders.22  As of June 30, 2013, SONRIS indicated that 1,225 
(53%) wells were compliant with the order as the well had either been plugged by 
the operator, placed into future utility status, or placed back into production.  
When comparing these wells to other records, we determined that 591 of these 
wells were actually plugged, but only 129 were plugged within the 90-day 
timeframe, as directed by OC.  According to OC regulations, a well may be 
plugged within a timeframe greater than 90 days if it is included in a schedule of 
abandonment or granted an extension of time by the Commissioner.  Of the 
remaining 1,098 wells that were not in compliance, 663 were in a "pending" 
status and had not been addressed by the operator, and 435 were orphaned or were 
pending being orphaned.  Exhibit 10  summarizes the timeframe and outcome of 
the wells ordered plugged through compliance orders from fiscal years 2008 
through 2013.  

                                                 
22 This figure is higher than the number of wells that were reported as having no future utility because OC can also 
issue orders to plug for wells in other statuses (e.g., future utility, active, etc.). 
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Exhibit 10 
Outcome of Wells Ordered Plugged During Fiscal Years 2008-2013 

As of June 30, 2013
Outcome Wells Percent 
Plugged 591 25.4% 

     Within 90 Days 129 21.8% 

     Greater than 90 Days 462 78.2% 

Compliant through Other Means 634 27.3% 
Pending Plugging 663 28.5% 
Orphaned or Pending Orphaned 435 18.7% 
Total Wells Ordered Plugged 2,323 100.0% 
Source: Prepared by legislative auditor’s staff using SONRIS data.

 
As the exhibit shows, there are 663 wells that were pending being plugged.   Although 

the wells in this status may have been approved for an extension, none of the extension requests 
were in SONRIS because OC does not upload compliance orders and associated documents in 
SONRIS until the well is in compliance.  We reviewed the 663 in pending status to see how long 
ago they were ordered to be plugged and found that 323 (48%) were ordered to be plugged three 
or more years ago.  As stated earlier, OC can approve extensions.  However, OC needs to begin 
tracking these extensions electronically so it can better monitor inactive wells and ensure that 
those with no future utility are plugged in a timely manner. 

 
Recommendation 14:  OC should ensure that wells identified as having no future 
utility are plugged within 90 days as required by regulations.   
 
Recommendation 15:  OC should ensure that when it issues a compliance order to 
plug a well, the operator plugs the well in a timely manner. 
 
Recommendation 16:  OC should develop a method to track when a schedule of 
abandonment or an extension is granted. 
 
Summary of Management’s Response:  OC agrees with these recommendations.  
See Appendix A for OC’s full response. 

OC does not have sufficient regulations regarding inactive 
wells with future utility.  As a result, wells can be placed in 
this status for extended periods of time to avoid being 
plugged and are at a higher risk of becoming orphaned.

In accordance with regulations, once operators place their inactive wells under future 
utility status, they must specify if the well will be placed back into production or be used for 
alternative purposes (such as a service well or saltwater disposal well).  Although regulations 
require that OC district managers periodically review all wells in future utility status, OC does 
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not have any provisions that require operators to specify the timeframe in which the well will be 
put back into production or to limit the amount of time that an inactive well can be kept in future 
utility status.  As a result, operators may be “hiding” inactive wells under this status to avoid 
plugging the well and may eventually abandon the well.   

 
As of June 30, 2013, there were 11,269 inactive wells listed in future utility status, 

according to OC’s SONRIS.  Of these 11,269 wells, 5,239 (46.5%) were listed as being in future 
utility status for over 10 years.  Exhibit 11 summarizes the length of time these wells have been 
in future utility status as of June 30, 2013.   

 
Exhibit 11 

Future Utility Wells 
As of June 30, 2013

Years in Status # Wells Percent 
0 - 3 Years 2,741 24.3% 
3.1 - 5 Years 1,090 9.7% 
5.1 - 10 Years 2,199 19.5% 
10.1 - 25 Years 3,275 29.1% 
25.1 - 50 Years 1,535 13.6% 
50.1+ Years 429 3.8% 
Grand Total 11,269 100.0% 
Source:  Prepared by legislative auditor’s using data 
from SONRIS.

 
Unlike Louisiana, most states we reviewed specify a timeframe for how long wells can be 

kept in future utility.  These timeframes range from one year to five years with provisions for 
extensions.   Exhibit 12 summarizes timeframes and extensions for the states we reviewed.   
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Exhibit 12 
Timeframes for Inactive Wells* 

State Initial Period Extensions
Alaska Indefinite No specific time period 

California
None, but require that operators with idle wells not covered by an 
indemnity bond put $5,000 in escrow, file an indemnity bond for 
$5,000, or pay annual fees ranging from $100 to $500 per well 

Colorado 1 year 1 year, unlimited number 

Louisiana No time limit N/A 

New Mexico 5 years 4 years, unlimited number 

North Dakota 1 year 1 year, unlimited number 

Oklahoma 5 years 2 years, unlimited number 

Pennsylvania 5 years Year to year, unlimited number 

Texas 1 year 1 year, 4 times; unlimited number for 
bonded wells 

Wyoming 2 years 2 years, unlimited number 
*States have different terminology for inactive wells, such as idle wells and 
temporarily abandoned.
Source:  Prepared by legislative auditor’s staff using IOGCC information and 
information from state websites. 

 
Wells in future utility may be at a higher risk of becoming orphaned.  We also found 

that many orphan wells were classified as having future utility prior to being orphaned. We 
analyzed 8,682 wells that were ever in an orphan status to determine the well’s status prior to 
being orphaned and found that 1,982 wells (22.8%) were listed in future utility status prior to 
being orphaned which was the second most frequent status.23  Of the 1,982 wells listed in future 
utility prior to becoming orphaned, 1,774 (89.5%) were in this status for longer than three years.  
This may indicate that the longer an inactive well is listed in future utility status, the higher the 
risk that the well may be orphaned.   

 
To address the risk of future utility wells becoming orphaned, five of the nine states we 

reviewed require that operators provide additional financial security on wells in future utility 
status.  Having financial security on the well would allow the state to use it to plug and abandon 
the well should the operator orphan the well.  For example,  

 
Colorado requires additional financial security ranging from $10,000 to $20,000 
depending on the well depth. 

                                                 
23 Future utility was second behind “Active - Producing” wells which made up 48% of well statuses immediately 
prior to a well being orphaned.  However, as stated in this report, OC does not effectively monitor oil and gas wells 
to ensure that inactive wells that are no longer producing are identified. Therefore, it is likely that many of those 
active wells should have had either a future utility or no future utility status prior to orphaning. 
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Texas may require additional financial security for the amount it costs to plug all 
of the operator’s inactive wells or $2 million, whichever is less.   

California requires operators to place $5000 per inactive well in escrow or pay 
annual idle well fees ranging from $100 to $500 per well per year. 

Currently, OC regulations state that the Commissioner or his agent may require “the 
posting of a reasonable bond with good and sufficient surety in order to secure the performance 
of the work of proper abandonment” but the Commissioner has never required this for all future 
utility wells.  Of the 11,269 wells listed in future status as of June 30, 2013, 8,554 (75.9%) were 
not covered by financial security. 

Recommendation 17:  OC should develop a specific timeframe for how long an 
inactive well can remain in future utility status, including how often and under what 
circumstances extensions will be granted.   
 
Recommendation 18:   OC should consider requiring additional financial security or 
charging a yearly fee for wells in future utility status because the longer a well is in this 
status, the higher the likelihood that it will be abandoned. 
 
Summary of Management’s Response:  OC agrees with these recommendations.  
See Appendix A for OC’s full response. 

 
 

Because OC has not always identified and effectively 
regulated inactive wells, the current orphaned well 
population may grow in the future.
 

As of July 2013, there were 2,846 known orphaned wells in Louisiana.  However, 
because OC has not always identified and effectively regulated inactive wells, the current 
orphaned well population may grow.  For example, because OC does not have an effective 
process to identify inactive wells, many of these unidentified inactive wells may already be 
abandoned by their operators, but have not yet been orphaned.  In addition, since OC does not 
have sufficient regulations over inactive wells, which have a high risk of becoming orphaned, 
many of these wells may also become orphaned.  As of June 30, 2013, there were 12,181 oil and 
gas wells in an inactive status (both future and no future utility status), which represents 21% of 
the total oil and gas well population.  Of these, 8,528 wells have been classified as having future 
utility for greater than three years and 887 wells have been in no future utility status for longer 
than 180 days.   Both of these populations of wells (9,415 in total) can be considered at risk of 
being orphaned.   

 
Exhibit 13 shows a map of the current population of orphaned wells (in red) with all the 

inactive wells (in blue) that are at risk of being orphaned. 
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Exhibit 13 
Wells At Risk of Becoming Orphaned 

As of June 30, 2013 

Source:  Prepared by legislative auditor’s office using SONRIS data. 
 
Implementing and enforcing stronger regulations may result in an increase in the current 

population of orphan wells, as many operators may not be able to afford to plug all of their 
inactive wells or may have already abandoned the well. However, if implemented, better 
methods will ultimately help to reduce the number of orphaned wells in the long-run.  For 
example, inactive wells will be identified sooner through routine inspections and through better 
monitoring of a well’s production.  In addition, better enforcement would result in operators 
being required to take action once their well goes off production when the likelihood of the 
operator having the financial capabilities to address the well are higher.  In addition, stronger 
regulations to require that all operators provide financial security in an amount sufficient to cover 
the cost to plug the well will provide the state with the funding necessary in the event it is 
orphaned.   
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Objective 2: Has the Office of Conservation effectively
managed the current population of orphaned wells?

 
OC has not always effectively managed the current population of orphaned wells.  

According to OC, it is unable to keep pace with the growing population of orphaned wells. 
During fiscal years 2008 through 2013 OC was only able to annually plug an average of 95 
orphaned wells even though an average of 170 additional wells were orphaned each year.  
Overall, we found the following:  

 
Because it changed its focus to plug urgent and high priority orphaned wells, OC 
is not able to reduce the total population of orphaned wells.  Because of the 
increased costs associated with plugging higher risk wells, OC has reduced the 
number of wells plugged each year.  Although focusing on urgent and high 
priority wells helps ensure that wells that pose a greater risk are addressed first, 
this focus has reduced the number of wells plugged from 177 in fiscal year 2010 
to 42 in fiscal year 2013. 

OC did not always conduct required inspections of orphaned wells.  Of the 270 
wells orphaned from September 2010 to April 2013, OC did not inspect 124 
(46%) of 270 orphaned wells within 90 days and 87 (70%) of these 124 were not 
inspected at all as of July 2013.  In addition, OC did not conduct routine 
inspections of 1,630 (76%) of 2,156 orphaned wells every three years in 
accordance with timeframes established by the Commissioner.  Conducting 
inspections is important to ensure that wells are appropriately prioritized for 
plugging and that conditions at the well site do not pose a risk to the environment. 

OC has not used $1.5 million in financial security collected from operators whose 
wells were orphaned.  Although OC has collected financial security on 208 
orphaned wells, it has not yet used these funds to plug the wells because they are 
waiting on a legal interpretation on how to transfer these funds. 

OC does not routinely recover costs from operators who abandoned wells but 
does seek recovery costs from previous operators.  Since 1993, OC has recovered 
$3.6 million from 13 previous operators of orphaned wells. 

Increasing production fees and identifying other sources of funds, such as permit 
fees, civil penalties, and inactive well fees, would help generate additional 
funding to help reduce the current population of orphaned wells. 

  

WRITTEN STATEMENTS (not from Hearing)



Oil and Gas Regulation and Orphaned Wells Office of Conservation - 
 Department of Natural Resources 

26 

Because OC changed its focus to plug urgent and high 
priority orphaned wells, OC is unable to reduce the 
total population of orphaned wells.   
 

OC uses a priority system to determine when to plug 
orphaned wells.  This system ranks well sites from one (urgent) 
to four (low) depending on various risk factors, including 
whether the well is leaking, whether the well is a navigational 
hazard, and whether the well is within a certain distance of a 
public water supply.  Since 2011, OC has focused on plugging 
urgent and high priority wells since these wells pose the most 
environmental and public safety risks.  OC shifted its priority 
when a barge collided into an orphaned oil well in Barataria 
Bay, causing a discharge of oil into the surrounding 
environment, as shown in Exhibit 14.
 

While this focus helps ensure that OC addresses the riskier wells first, it has significantly 
decreased the total number of wells OC is able to plug each fiscal year (an average of 33 wells 
since 2011) due to the increased costs associated with plugging higher priority wells (an increase 
from $26,000 to $163,000 per well average).  Exhibit 15 summarizes the number of wells added 
to the orphaned population each year versus the number of orphaned wells plugged. 

Exhibit 15 
Orphan Wells Added Versus Total Plugged 

FY 1996 to 2013 
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Exhibit 14 
Barataria Bay Accident Which 

Changed Plugging Focus 

Source:  Prepared by legislative auditor staff using information provided by OC. 
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As a result of the decrease in the number of wells plugged each year, the total population 
of orphaned wells remained at near constant levels since fiscal year 2011, or slightly over 2,800 
wells as shown in Exhibit 16. 

 
Exhibit 16 

Number of Orphaned Wells 
Fiscal Year 1996 to 2013 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

OC did not always conduct required inspections of 
orphaned wells. 
  

According to a September 21, 2010 memorandum, district Conservation Enforcement 
Specialists (CESs) are required to inspect orphaned wells within 90 days of orphaning.  CESs are 
also required to conduct routine inspections of orphaned wells at least once every three years.  
However, we found that OC did not always conduct these required inspections as detailed below. 

  
Initial Inspections.  The purpose of initial orphan inspections is to assign a priority 

rating to the orphaned well.  However, of the 270 wells orphaned from September 2010 to April 
2013, OC did not inspect 124 (46%) of 270 orphaned wells within 90 days and 87 (70%) of these 
124 were not inspected at all as of July 2013.  The amount of time these 87 wells had been 
orphaned ranged from 130 to 953 days.  Conducting these inspections is important to ensure that 
wells are prioritized for plugging appropriately.  

 
Routine Inspections.  The purpose of routine inspections is to monitor the well site to 

determine if the priority rating of the well should be increased if the condition of the well 
deteriorates.  However, we found that OC did not inspect 1,630 (76%) of 2,156 orphaned wells at 
least once every three years in accordance with timeframes established by the Commissioner.   
Conducting inspections of orphaned wells is important because if conditions at the well site 
deteriorate, the cost of remediating the site would likely increase.  In addition, because these 
orphaned wells do not have any operator to monitor and maintain the site or to report incidents, it 
is important that the state properly inspect and monitor the condition of these wells. 
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Recommendation 19:  OC should ensure that it conducts inspections to prioritize 
orphaned wells within 90 days as required.   
 
Recommendation 20:  OC should ensure that it conducts routine inspections as 
required by the Commissioner. 
 
Summary of Management’s Response:  OC agrees with these recommendations.  
See Appendix A for OC’s full response. 

 
 

OC has not used $1.5 million in financial security collected 
from operators who orphaned wells.    
 

As discussed earlier, some operators are required to provide financial security when 
issued a permit to drill oil and gas wells.  Financial security provides the state with funds to plug 
wells in the event that the operator abandons the well.   Since financial security went into effect 
in July 2000, 208 wells that had financial security in place have been orphaned.  Because 
financial security was in place, the state was able to collect $1.5 million to plug these wells.  OC 
placed this money it collected on financial securities into an escrowed account.  However, OC 
has not used any of this money to plug the associated orphaned wells because it is waiting on a 
legal interpretation on how to transfer these funds.  OC could use this money to enter into 
additional projects to plug these orphaned wells and further reduce the total population.  As 
shown in Exhibit 17, some of these wells that had financial security collected on them have been 
orphaned for over 10 years.   

 
Exhibit 17 

Orphaned Wells with Financial Security 
Fiscal Year 2001 - 2013

Years Orphaned Number of Wells Percent 
0 - 1 14 6.7% 
1 - 3 88 42.3% 
3 - 5 70 33.7% 

5 - 10 24 11.5% 
Over 10 12 5.8% 
Total 208 100% 

Source:  Prepared by legislative auditor’s staff using data from 
SONRIS. 

 
Recommendation 21: OC should use available funds from its escrow account to 
plug the orphaned wells that had financial security.   
 
Summary of Management’s Response:  OC agrees with this recommendation.  
See Appendix A for OC’s full response. 
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OC does not routinely recover costs from operators who 
orphaned wells but does seek recovery costs from previous 
operators.    
 

According to a October 21, 2009 memo from the Commissioner to a previous DNR 
Secretary, because orphaning wells involves the determination that either no responsible party 
can be found or the responsible party is unable to undertake actions ordered by the 
Commissioner, recovery from the last responsible party is “inherently unlikely.”  Therefore, 
although 160 orphaned wells have been plugged voluntarily by operators who orphaned them, 
DNR stated that it does not routinely seek recovery costs from responsible parties.   

 
According to the memo, OC does not seek recovery costs from operators who orphaned 

wells because OC cannot always identify who the responsible parties are or who their officers or 
interest owners are. OC cannot identify these individuals because it does not require that 
companies submit detailed information on their annual organization reports.  OC requires that all 
operators submit an organizational report each year that provides information on owners, 
directors, and officers.  However, OC does not require social security numbers or other unique 
identification information, such as driver’s license numbers, which would help OC better locate 
individuals who are associated with orphaned wells.  OC also does not seek recovery costs 
because, according to OC, when an operator cannot perform site restoration activities ordered 
through compliance orders, it is nearly always due to a lack of financial capability.  

 
Although OC does not routinely seek to 

recover costs from operators who orphaned 
wells, it has sought recovery costs from 
previous operators.  R.S. 30:93 only allows 
DNR to seek recovery costs from prior 
operators of orphaned wells when the cost of 
site restoration exceeds $250,000.24  According 
to OC, it is rare for a site restoration project to 
exceed this amount.  Since 1993, there have 
been a total of 13 individual cost recoveries 
from previous operators totaling $3,604,209.  
Exhibit 18 shows an example of a site 
restoration project.   

 
Voluntary site specific trust accounts 

(SSTAs) help ensure operators pay for site restoration costs. According to OC, many 
orphaned wells may result from larger companies selling low producing wells to smaller 
companies because decreased well production may no longer support overhead costs and profit 
margins for the larger company.  The smaller companies may then abandon these wells once they 
are no longer producing because they do not have the funds to properly plug them.   Of the total 
population of wells (8,682) that have ever been orphaned, 6,537 (75%) were transferred at least 
once prior to the orphaned date.   
                                                 
24 This amount was raised by Act 225 in 2004 from $200,000 to $250,000 at the request of industry. 

Exhibit 18 
Site Restoration Project 
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Because OC has sought cost recovery from previous operators, some operators who sell 
their wells are establishing SSTAs.   R.S. 30:88 allows operators selling wells to other operators 
to establish voluntary SSTAs to provide a source of funds for plugging wells and restoring sites.  
These accounts are usually established because the previous operators do not want to be held 
liable for costs in the event the operator purchasing the wells later abandons them.  In most 
cases, these accounts are funded by the operator purchasing wells, but both parties may also 
contribute.  The amount of funding needed for the SSTA is based on a site assessment conducted 
by an outside contractor who estimates the cost of restoring the site.   Once the SSTA is fully 
funded25 the party transferring the wells and prior owners will not be held liable by the state for 
any restoration costs regardless of the total cost. OSR currently manages approximately 56 
SSTAs involving 1,004 wells totaling over $66,870,193.   

 
According to OC, no wells with SSTAs have ever been orphaned.  Therefore, since a 

high percentage of orphaned wells were transferred prior to the orphan date and no wells 
associated with SSTAs have ever become orphaned, the legislature should encourage more 
operators to establish these voluntary accounts by reducing the minimum site restoration 
recovery cost from $250,000 to a lower amount that is more in line with what actual site 
restoration costs are estimated to be.   

 
Matter for Legislative Consideration:  To encourage operators to enter into 
voluntary SSTAs, the legislature should consider decreasing the minimum site restoration 
recovery cost amount from $250,000 to one that is more in line with actual site 
restoration costs. 
 

Increasing production fees and identifying other sources of 
funds would generate additional funds to help reduce the 
current population of orphaned wells. 
 

R.S. 30:86 establishes the Oilfield Site Restoration (OSR) Fund to provide funds for site 
restoration and plugging costs associated with orphaned wells.  The fund was established by 
statute in 1993 and is funded primarily26 from a fee on oil and gas production in the state, paid 
quarterly by oil and gas operators.  Some wells27 are exempt from paying the fee and other wells 
pay a reduced production fee. The production fee consists of $0.015 for every barrel of oil and 
condensate produced and $0.003 for every thousand cubic feet of gas produced, equaling 

                                                 
25 Funding of the SSTA includes contributions to the account at the time of the transfer and at least quarterly 
payments to the account until it is fully funded.  The SSTA may be funded with cash or bonds in a form and of a 
type acceptable to the commissioner.  When transfers of well sites occur subsequent to the SSTA but prior to the end 
of the economic life, the commissioner and acquiring party redetermine the cost and agree upon a funding schedule.   
26 Other revenue sources are possible such as private contributions, interest earned on the fund, civil penalties or 
costs recovered from responsible parties for site restoration, grants, donations, and sums allocated from other 
sources.  However, according to OC, the primary source is the production fee. 
27 Wells that are exempt from severance taxes are also exempt from this fee.  Incapable and stripper wells pay a 
reduced production fee.  These exemptions and reduced fees resulted in approximately $4.4 million in lost revenue 
to the fund. 
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approximately $4.8 million in fiscal year 2013, or 0.03% of total oil and gas revenue for that 
year.28  Exhibit 19 summarizes the amount collected in the OSR Fund since fiscal year 1996. 

 
Exhibit 19 

Amount Collected in OSR Fund29 in Millions 
Fiscal Years 1996 to 2013 

 
 

 
 
 
 
 
 
 
 
 
 

o 
 

As the exhibit shows, the production fee was suspended from fiscal years 1998 to 2000 
because the fund reached its cap of $10 million.  The production fee resumed in fiscal year 2000 
when the fund went below $6 million. In 2004, Act 412 increased the fee by 50%.  As a result of 
the fee increase, annual fee collections increased and, subsequently the total number of orphaned 
wells decreased to 2,709 in fiscal year 2009, a decrease of 29%.   Despite this increase, the 
current production fee is not sufficient to address the current population of orphaned wells, as the 
number of wells orphaned each year exceeds the number of wells removed from the orphan list. 

 
Other sources of revenue could also help to increase funding.  In addition to 

production fees, other states use different sources of funds to plug orphaned wells.   According to 
an Interstate Oil and Gas Compact Commission (IOGCC) survey in 2008, states use the 
following four sources of funds: 

 
1. Fees, including annual fees, permit fees, civil penalties, and fees for inactive wells 

2. Public funds, including appropriations and agency operating budgets 

                                                 
28 Based on average oil and gas prices and the total amount of oil and gas produced in Louisiana during fiscal year 
2013, operators would have received approximately $16 billion in total revenues from the sale of their oil and gas. 
29The OSR Fund has been raided three times since its inception.  In fiscal year 2006, $423,566 was extracted from 
the OSR Fund, but this amount was credited back to the fund in FY 2008.  The OSR fund was also raided in FY 
2009 and FY 2012 for $277,388 and $260,854, respectively; however, according to DNR, these amounts have never 
been deposited back into the Fund’s account.  
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Source:  Prepared by legislative auditor’s office using information from OC. 
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3. Revenue, including forfeited bonds and proceeds from the sale of any equipment 
of value at the plugging site 

4. Taxes, including excise taxes and production taxes 

Exhibit 20 summarizes what sources of funds the other states we reviewed use to plug 
abandoned or orphaned wells. 

 
Exhibit 20 

Sources of Funding for Plugging Orphaned Wells in Other States
State Source(s) of Funding 

Alaska Operating budget 

California Production assessment and idle well (inactive well) fee 

Colorado Mill levy imposed on the market value of oil and gas produced 

Louisiana Production fee 

New Mexico Percentage of severance tax and forfeited bonds 

North Dakota Permit fee, civil penalties, operating budget, forfeited bonds, 
salvage 

Oklahoma Excise tax of one hundredth of one percent of the gross value of oil 
and gas produced 

Pennsylvania Permit fees and surcharges from $100 to $200 per well 

Texas Production taxes, permitting fees, organizational report filing fees 
enforcement penalties 

Wyoming Conservation tax on oil and gas revenue, bond revocations, fines 
and equipment sales 

Source:  Prepared by legislative auditor’s staff using IOGCC information. 
 
As the exhibit shows, states use a variety of sources to generate funding for plugging 

wells.  For example, Texas’s Oil and Gas Regulation and Cleanup Fund is derived from a 
combination of production taxes, permit fees, enforcement penalties and fees for filing 
organizational reports.  In fiscal year 2012, Texas’s fund received approximately $44.5 million in 
revenue.  We found that Texas charges higher fees than Louisiana for certain permits and for 
filing organizational reports because it adds a surcharge on top of the base fee amount.  For 
example, in Texas it costs $200 for a permit to drill less than 2,000 feet which is similar to 
Louisiana’s permit fee of $252 for wells 3,000 feet or less;  however, Texas adds a 150% 
surcharge on top of this permit fee to be paid into its orphan well program, which makes the total 
permit fee $500.  In addition, Louisiana charges all operators a $105 one-time fee for filing its 
organizational report, while Texas charges operators a fee of $300 to $1,000 depending on the 
operator’s number of wells.  However, with the surcharge, the total fee for filing organizational 
reports ranges from $750 to $2,500.    
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The legislature should consider other sources of funds, such as surcharges on permit fees 
and other forms, civil penalties, and fees imposed on inactive wells, to provide additional 
funding to address the orphan well population.   

Matter for Legislative Consideration: The legislature should consider increasing 
the production fee it requires operators to pay for the OSR Fund and increase the cap of 
the fund. 
 
Matter for Legislative Consideration: The legislature should consider additional 
sources of revenue for the OSR Fund, such as a surcharge on current fees, or dedicating a 
portion of other revenue, such as permit fees, civil penalties, or organizational report fees 
to the fund. 
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APPENDIX B: SCOPE AND METHODOLOGY

 
We conducted this performance audit under the provisions of Title 24 of the Louisiana 

Revised Statutes (R.S.) of 1950, as amended. We conducted this audit in compliance with R.S. 
24:522, which directs the legislative auditor to complete and publish at least one performance 
audit for each executive department agency within a seven-year period.  The purpose of this 
audit was to determine if the Office of Conservation (OC) effectively regulated oil and gas wells 
to ensure operators comply with regulations.  Specifically, we focused on OC’s permitting 
(financial security requirements), monitoring, and enforcement processes.  We also determined 
whether OC is effectively managing wells already orphaned.  We primarily used Strategic Online 
Natural Resources Information System (SONRIS) data from fiscal years 2008 to 2013.  The 
audit objectives were as follows: 
 
Objective 1:  Has OC effectively regulated oil and gas wells to ensure that operators 
comply with regulations?  

Objective 2:  Has OC effectively managed the current population of orphaned wells?   
 

This performance audit was conducted in accordance with generally accepted 
government auditing standards issued by the Comptroller General of the United States.  Those 
standards require that we plan and perform the audit to obtain sufficient, appropriate evidence to 
provide a reasonable basis for our findings and recommendations based on our audit objectives.  
We believe the evidence obtained provides a reasonable basis for our findings and 
recommendations based on our audit objectives.  To answer our objectives, we reviewed internal 
controls relevant to the audit objectives to mitigate the risk of inaccurate data and performed the 
following audit steps: 

 
Researched Louisiana Revised Statutes, Administrative Code, Executive Budget 
documents, and DNR’s website to understand OC’s legal authority, role in the 
regulation of oil/gas and orphaned wells, and policies and procedures as it relates 
to regulation of oil/gas wells and orphaned wells. 

Interviewed DNR and OC staff to obtain an understanding of the policies and 
procedures and practices related to oil and gas regulation and orphaned wells. 

Interviewed OSR Commission members and other stakeholders to understand the 
role of the Commission as it relates to orphaned wells. 

Interviewed Conservation Enforcement Specialist staff in all three districts and 
accompanied them on site visits and inspections of oil and gas wells.   

Obtained and analyzed data from DNR’s SONRIS to determine if OC adhered to 
its policies and procedures.  Assessed the reliability of this data using 
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reasonableness tests and sample testing.  Also evaluated input controls over 
SONRIS.  When we identified reliability issues with data, we either eliminated 
the unreliable data from our analysis, corroborated the data with documentation, 
or disclosed the limitations of the data. 

Evaluated OC’s financial security requirements, including comparing amounts to 
actual project costs and to other states. 

Obtained and analyzed inspection data including whether inspections and re-
inspections were conducted as required. 

Obtained and reviewed well test data to identify non-producing wells and 
reviewed OC’s processes for identifying inactive wells. 

Obtained well history data to evaluate the history of oil and gas wells over time, 
specifically the history of currently orphaned wells. 

Obtained compliance order and penalty data and determined whether compliance 
orders were issued for violations.   

Selected nine states that were listed as top oil and gas producers in October 2013 
by the US Energy Information Administration to compare their regulation of oil 
and gas and also of orphaned wells to Louisiana’s.  These states include Texas, 
North Dakota, California, Alaska, Oklahoma, New Mexico, Pennsylvania, 
Wyoming, and Colorado.  We researched and contacted these states to understand 
their policies and procedures as it relates to permitting, financial security, 
inspections, enforcement, and orphaned wells. 
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APPENDIX C: BACKGROUND

 
Office of Conservation Overview.  The Office of Conservation (OC) is created through 

Revised Statute (R.S.) 30:1 and is directed by the Commissioner of Conservation 
(Commissioner), who is appointed by the governor.  State law authorizes OC to regulate the 
exploration and production of oil, gas, and other natural resources, and thereby protect public 
health and the environment.  In fiscal year 2014, OC had 38 authorized Conservation 
Enforcement Specialist positions and a budget of $20,276,229. 

 
Orphaned Wells.  The Oilfield Site Restoration (OSR) Program was created in 1993 

within OC through the Oilfield Site Restoration law (R.S. 30:80 et seq.) to address the growing 
problem of unrestored orphaned oilfield sites in Louisiana.  Orphaned wells are abandoned oil 
and gas wells for which no responsible party can be located, or such party has failed to maintain 
the well site in accordance with state rules and regulations.  As of January 2014, there were 
2,905 orphaned wells in Louisiana.  The focus of the OSR Program is to properly plug and 
abandon orphaned wells and to restore sites to approximate pre-well site conditions.  Program 
oversight is provided by the OSR Commission, consisting of 10 members.  Funding for the OSR 
Program is entirely generated from a fee on oil and gas production in the state ($0.015 per barrel 
of oil and condensate and $0.003 per thousand cubic feet of gas produced) deposited into the 
OSR Fund.  As of January 2014, the OSR Fund contained $5,980,182. 

 
Potential Environmental Effects. Wells that are not in compliance with regulations, 

wells that are leaking, and wells that are not properly plugged and abandoned pose significant 
environmental risks, such as contamination of ground or surface water, spillage into the 
surrounding environment, contamination of other oil and gas formations, and interference with 
future agricultural use of the surrounding areas.  According to the Interstate Oil and Gas 
Compact Commission, “wells can pose both physical and environmental hazards, because 
hydrocarbons, salts, and ground water migrate.  An unplugged well creates a conduit allowing 
these materials to mingle, either contaminating underground aquifers and water wells or seeping 
to the surface to contaminate fields, waterways, or ponds.  As unplugged wells deteriorate over 
time, they can cave in on themselves or give way to unsuspecting animals or humans.”  In 
addition, unplugged and abandoned wells can be potential hazards to public safety.   For 
example, wells located in water can act as navigational hazards to boat traffic, as demonstrated in 
2010 when a barge collided with an orphaned well in Barataria Bay resulting in approximately 
7,000 gallons of oil spilled. 

 
OC Regulatory Processes. Exhibit 21 outlines how these activities are used to regulate 

oil and gas wells, including the responsibilities of OC and operators. 
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Exhibit 21 
Overview of Regulation of Oil and Gas Wells

 
 

Source: Prepared by legislative auditor’s staff using information gathered from OC.

 

Pre-Drilling 

Drilling 

Production 

 

Orphan 

Files an Organization Report with OC 
prior to the date of initial operation and 
annually thereafter. 
Applies for permit to drill through OC. 

Processes and issues permit to drill if 
application is complete 
May require financial security on well if 
operator is new or has history of 
noncompliance. 

Begins drilling operations. Inspects drilling process and is present 
when drilling tests are conducted. 
Issues a daily allowable to produce. 

Submits monthly production reports to 
OC. 
Submits production potential tests. 
Reports well on inactive report if inactive 
for 6 months. 

Routinely inspects wells to ensure 
compliance with Statewide Order 29-B.
Uses enforcement actions to gain 
compliance from non-compliant operators.
Audits production reports against 
transportation reports. 

Classifies inactive wells as either having 
future utility or no future utility. 
Plugs and abandons well within 90 days if 
no future utility.  

Must periodically review wells classified as 
having future utility. 
Inspects plug and abandonment of inactive 
well by operator. 

OC declares well site to be orphaned if 
no responsible party can be located, or 
such party has failed or is financially 
unable to undertake actions ordered by 
the Commissioner and the well either: 
o Was not plugged or maintained in 

accordance with rules and 
regulations or 

o Constitutes a danger to public 
health, the environment, or an oil 
or gas strata. 

Through the OSR Program, properly 
plugs and abandons orphan wells and 
returns them to pre-well site conditions.

End of 
Production 

Operator Office of Conservation (OC) Stage of Well 

Operator fails to maintain well in 
compliance with rules and regulations. 
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APPENDIX D: OTHER STATES’ FINANCIAL SECURITY
REQUIREMENTS

 
State 

(Date First 
Required) 

Type(s) Individual Securities Blanket Securities 

Alaska 
(1958) 

Surety Bond; Personal Bond; Performance 
Bond; Cash Deposit; Letter of credit; 

Certificate of deposit; Bid bond 

Not less than $100,000 unless the 
applicant demonstrates the cost of 

well plugging is less than $100,000 
 $200,000  for all wells 

California 
(1931) 

Indemnity bond, Certificate of Deposit, 
Cash, Surety Bond 

$15,000 < 5000 feet; 
$20,000 < 10,000 feet; 
 $30,000 > 10,000 feet 

Between $100,000 and 
$1 million; dependent 
upon number of wells 
and the number of idle 

wells 

Colorado 
(1951) 

Bond or other surety instrument, Cash, 
Letter of credit; Certificate of deposit; 

Certificate of Insurance, Escrow account or 
sinking fund; Lien or other security interest 

in real property or financial statements 

$10,000 < 3,000 feet; 
$20,000 > 3,000 feet  

If operator has excess inactive 
wells, the amount increases by 

$10,000 to $20,000 for each excess 
well.* 

$60,000 for less than 100 
wells; $100,000 for more 

than 100 wells 

Louisiana 
(2000) 

Certificate of deposit; Performance bond; 
Letter of credit 

$1 per foot < 3,000 feet; 

$2 per foot (3,001'-10,000');  

$3 per foot ( > 10,000') 

$25,000 to $2.5 million, 
dependent on number of 

wells and locations 

New Mexico 
(1935) 

Cash, Letter of credit, Security interest, 
Surety and/or performance bonds 

$5,000 plus $1 per foot of 
projected well-depth in some 

counties, $10,000 plus $1 per foot 
of well depth in others 

$50,000 for all wells 

North Dakota 
(1941) 

A surety bond, Cash bond or other form 
deemed acceptable by the commission $50,000 per well $100,000 for all wells 

Oklahoma 
(1922) 

Financial statement proving a net worth of 
over $50,000 verifiable by financial 

institutions; Surety bond; Letter of credit; 
Cash; Certificate of Deposit; Bank joint 

custody receipt; "Other approved negotiable 
instrument" 

Oklahoma does not distinguish between blanket and individual 
securities - the amount is $25,000 regardless of the number of 
wells, though this can be raised or lowered at the department's 

discretion. 

Pennsylvania 
(1985) 

Bonds (Surety, Performance, Negotiable, 
Zero Coupon); Cash; Certificates of 

Deposit; Automatically irrevocable letters 
of credit 

$4,000 or $10,000 
per well, dependent 

upon depth 

From $35,000 and up to $600,000, 
dependent upon well depth and number 
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State 
(Date First 
Required) 

Type(s) Individual Securities Blanket Securities 

Texas 
(1983) 

Performance bonds; Letters of Credit; Cash 
Deposit; Well-specific plugging insurance 

policy 

$2 per foot of well 
depth 

$25,000 - $350,000, dependent upon 
numbers and locations (the amount 

could potentially be higher if operator 
has multiple inactive wells) 

Wyoming 
(1951) 

Performance or Surety Bond; Cash; 
Certificate of deposit; Letter of credit 

$10,000 < 2000 feet; 

$20,000 > 2000 feet 

$75,000 for all wells, unless a blanket 
bond of $25,000 was posted for wells 

drilled prior to July 1, 2000 

*An operator has excess wells if its inactive well count exceeds the operator’s financial assurance amount divided by $10,000 for 
inactive wells less than 3,000 feet deep or $20,000 for inactive wells greater or equal to 3,000 feet deep.
Source:  Prepared by legislative auditor’s staff using data from other states and from GAO’s 2010 report, Oil and Gas Bonds. 
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Daniel Henry

From: Jordan, Lisa W <lwjordan@tulane.edu>
Sent: Wednesday, November 19, 2014 4:55 PM
To: LDNR Public Information
Cc: Wick, Caroline J; Marianne Cufone (mcufone@recirculatingfarms.org); Emily Posner

(eposner@recirculatingfarms.org)
Subject: Exhibits 14 to 16 of Quarles affidavit
Attachments: EXHIBIT 14.pdf; EXHIBIT 15.pdf; EXHIBIT 16.pdf

Office of Conservation:
Please receive exhibits 14 through 16 of the Quarles affidavit.  Thank you.

Lisa Jordan
Deputy Director
Tulane Environmental Law Clinic
6329 Freret Street
New Orleans, LA  70118
Direct:  (504) 314-2481
Office:  (504) 865-5789
Fax:       (504) 862-8721
Email: lwjordan@tulane.edu
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STATE WATER MANAGEMENT FOR 
ENERGY DEVELOPMENT  
 

Matthew Reonas 
Louisiana Office of Conservation 
(225) 342-1496 
matthew.reonas@la.gov  
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LAND USE IN LOUISIANA
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Major Aquifers and Systems 
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Louisiana’s Wells, 2010 

About 102,000 wells 
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Groundwater Withdrawals by Parish, 2010 
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Ground Water Management  
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Management Agencies 

4 Federal Agencies 
 
8 State Agencies 
 
2 Groundwater Conservation Districts 
 
More than 700 local entities–watershed, 
reservoir, water conservation, and sewerage 
districts; lake and waterway commissions; 
waterworks and recreational boards, etc. 
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Louisiana Water Resources Commission 

Created in 2001 as Ground Water 
Resources Commission, along 
with Ground Water Management 
Advisory Task Force 
 
Commission and Task Force 
housed in Louisiana Office of 
Conservation 
 
Managing Louisiana’s 
Groundwater Resources: An 
Interim Report to the Louisiana 
Legislature (March 2012) 

 
 
Act 471 of 2012 expanded 
Commission both to include 
surface water 
 
Expanded scope of authority to 
include ground and surface water 
resources review 
 
Expanded membership 
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Groundwater Emergency Order: South Caddo Parish 

Showing water level 
measurements in 
wells monitored by 
the Red River 
Watershed Institute 
(LSU-Shreveport) .  
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Areas of Groundwater Concern: Sparta Aquifer System 

Showing increased 
levels, 2004-2013 in 
Arkansas USGS 
monitored wells of 
the Sparta Aquifer 
system, including at 
Spencer (Union 
Parish) and Junction 
City (Claiborne 
Parish). Schrader & 
Freiwald, 2013. 
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Expanded Monitoring Network 

Showing the 
existing water-
level monitoring 
well network 
(green) and the 
expanded network 
(red), as of April 
2013. 
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Expanded Monitoring Network 

Showing the 
existing chloride 
monitoring well 
network (green) 
and the expanded 
network (red), as 
of April 2013. 
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Surface Water Management  
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Act 955 – Surface Water Mgmt. Act 

WHY WAS LEGISLATION ENACTED? 
 
In response to several requests the 
Attorney General issued a memorandum 
opining that 
  
“Under Louisiana Law, persons with the 
possible exception of riparian 
landowners, are not authorized to remove 
State owned surface water without 
obtaining the prior written approval of the 
State and without paying fair value.” 
 
In addition, in subsequent legal opinions 
the Attorney General opined that such 
waters are owned by the State in its 
capacity as a public person and holds it in 
trust for the people of the State.  

He further opined that such waters must 
be purchased pursuant to the laws 
governing the sale of State property if it is 
to be used for anything other than a public 
purpose and that La. Const. Art.VII 
Section 14 applies (State can’t donate 
property, or things of value) 
 

       The Attorney General has opined that       
       agreements for the sale of surface water   
       must: 
 

1. Be a writing in the form of a contract 
or cooperative endeavor agreement; 

2. Be approved by the Secretary of 
Natural Resources, and the Attorney 
General; 

3. And be for a fair value.   
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Act 955 – Surface Water Mgmt. Act 

PROTECTION OF THE RESOURCE 
 

DNR Secretary is required to make sure  
each withdrawal agreement provides for  
The Secretary’s authority to protect the  
resource and to maintain sustainability  
and environmental and ecological  
balance.  

 
The Secretary may take action to protect  
the resource including: 

1. Suspension or termination of the 
withdrawal of water.  

2. Other necessary actions. 

PROCESS 
 

Applicant 
•Completes Application Form 
•Develops Plan of Water Use 
•Proposes payment method 
•Submits Application 
 

LDNR 
•Review applications 
•Submits to agencies for technical review 
(LDWF, CPRA, DEQ, LSU Center for Energy 
Studies [to verify economic impact] 

•Reviews Comments and Develops 
Conditions 

•Drafts Cooperative Endeavor Agreement 
•Sends to applicant for execution 
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Act 955 of 2010 (Surface Water Management Act) 

Showing water 
withdrawal locations by 
year, under Surface 
Water Management 
Act. DNR, 2013.  
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Oil & Gas Development Overview  
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Emerging Technologies for Energy Exploration 

Showing energy exploration activity in Louisiana, 2008-2012.  
DNR/OC, 2013.  
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Emerging Technologies for Energy Exploration 

Showing yearly rig 
count average, 2008-
2012, and current rig 
count as of 4/26/2013. 
DNR/OC, 2013.  
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Matthew Reonas 
Louisiana Office of Conservation 
(225) 342-1496 
matthew.reonas@la.gov  
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Water Resources of St. Tammany Parish
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Introduction 

St. Tammany Parish, located in southeastern Louisiana 
(fig. 1), contains fresh groundwater and surface-water 
resources. In 2005, about 22.8 million gallons per day (Mgal/d) 
were withdrawn from water sources in St. Tammany Parish 
(fig. 2). Almost 100 percent (22.7 Mgal/d) was withdrawn 
from groundwater, and less than 1 percent (0.06 Mgal/d) was 
withdrawn from surface water (table 1). Withdrawals for public 

supplies accounted for 70 percent (16 Mgal/d) of the total 
water withdrawn (table 2). Withdrawals for domestic use were 
28 percent (6 Mgal/d). Generally, water withdrawals in the 
parish increased from 1960 to 1970, decreased from 1970 to 
1985, and again increased from 1985 to 2005 (fig. 2). 

This fact sheet summarizes basic information on the 
water resources of St. Tammany Parish, La. Information 
on groundwater and surface-water availability, quality, 
development, use, and trends is based on previously published 
reports listed in the references section.

Figure 1.  Location of study area, St. Tammany Parish, Louisiana.
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natural flow into rivers, leakage into underlying aquifers, and 
withdrawal from wells. 

Fresh groundwater (water with a chloride concentration 
less than 250 milligrams per liter [mg/L]) is present from land 
surface to about 3,000 to 3,500 ft below National Geodetic 
Vertical Datum of 1929 (NGVD 29) in most of northern St. 
Tammany Parish (fig. 1) and to about 2,400 to 3,200 ft below 
NGVD 29 in southeastern parts of the parish; however, some 
intermediate sands at depths less than 2,500 ft near Lake 
Pontchartrain may contain saltwater (water with a chloride 
concentration that exceeds 250 mg/L). Freshwater from aquifers 
in St. Tammany Parish is soft (less than 60 mg/L, as calcium 
carbonate [CaCO3]) and generally does not exceed the U.S. 
Environmental Protection Agency’s (EPA) 2006 Secondary 
Maximum Contaminant Levels (SMCLs)1 for drinking water for 
chloride, iron, manganese, and dissolved solids. Some aquifers 
may contain iron or manganese concentrations that exceed the 
EPA’s SMCLs. 

Well-registration records from the Louisiana Department 
of Transportation and Development (DOTD) indicate that there 
are about 10,860 active wells screened in the aquifers in St. 
Tammany Parish, including about 9,740 domestic, 650 public-
supply, 430 irrigation, and 40 industrial wells. About 23 Mgal/d 
of groundwater was withdrawn in St. Tammany Parish in 2005, 
and most was for public-supply (16 Mgal/d) and domestic (6 
Mgal/d) use. 

The Chicot Equivalent Aquifer System

The Chicot equivalent aquifer system in St. Tammany 
Parish consists of two adjacent, near-surface aquifers: the 
upland terrace aquifer in the northern half of the parish and the 
upper Ponchatoula aquifer in the southern half of the parish. 
The base of the aquifer system ranges from about 0 to 500 ft 
below NGVD 29. 

In 2005, about 26 percent (6.0 Mgal/d) of the groundwater 
used in St. Tammany Parish was withdrawn from the Chicot 
equivalent aquifer system. Most of the water was withdrawn 
from the upland terrace aquifer (3.8 Mgal/d) and the upper 
Ponchatoula aquifer (2 Mgal/d). About 5.3 Mgal/d of the total 
groundwater withdrawn in this system were for domestic use, 
and about 0.6 Mgal/d were for public-supply use. 

The base of the Chicot equivalent aquifer system ranges 
from about 0 ft below NGVD 29 in northern St. Tammany 
Parish to 500 ft below NGVD 29 in the southern parts of 
the parish. Aquifers in the Chicot equivalent aquifer system 
typically consist of 50- to 300-ft-thick units of sand and gravel. 

The Chicot equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. Aquifers in 
the system typically yield fresh water that is soft and does 
not exceed the EPA’s SMCLs (table 3). Water from aquifers 
in this system generally exceeds the SMCL for iron, and 
water from the upland terrace aquifer may exceed the SMCL 
for manganese. 

1 The SMCLs are nonenforceable Federal guidelines regarding cosmetic 
effects (such as tooth or skin discoloration) or aesthetic effects (such as taste, 
odor, or color) of drinking water. At high concentrations or values, health 
implications as well as aesthetic degradation might exist. SMCLs were 
established as guidelines for the States by the U.S. Environmental Protection 
Agency (1992).

Table 1.  Water withdrawals, in million gallons per day, by 
source in St. Tammany Parish, Louisiana, 2005 (Sargent, 2007).

Aquifer, aquifer system,  
or major water body Groundwater

Surface 
water

Chicot equivalent aquifer system 5.99

Evangeline equivalent aquifer system 12.32

Jasper equivalent aquifer system 4.39

Surface water bodies 0.06

Total 22.7 .06

Table 2.  Water withdrawals, in million gallons per day, by 
category in St. Tammany Parish, Louisiana, 2005 (Sargent, 2007). 

Groundwater
Surface 
water

Total

Public supply 15.89 0 15.89

Industrial .14 0 .14

Power generation 0 0 0

Rural domestic 6.44 0 6.44

Livestock .06 .04 .11

Rice irrigation 0 0 0

General irrigation .13 .01 .15

Aquaculture .03 0 .03

Total 22.7 .06 22.76

Figure 2.  Water withdrawals in St. Tammany Parish, Louisiana, 1960–2005.
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Groundwater Resources 
The groundwater resources of St. Tammany Parish, 

from near surface to deepest, include the Chicot equivalent 
aquifer system, the Evangeline equivalent aquifer system, and 
the Jasper equivalent aquifer system (fig. 3). Aquifers in the 
parish generally dip and thicken to the south. Recharge to the 
aquifers is from rainfall, leakage from overlying aquifers, and 
seasonal input from rivers. Discharge from the aquifers is by 
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Figure 3.  Generalized west-to-east hydrogeologic section through St. Tammany Parish, Louisiana (Griffith, 
2003). Trace of section shown on figure 1.

About 9,300 wells are screened in the Chicot equivalent 
aquifer system, and most are used for domestic (8,505), public-
supply (406), irrigation (363), or industrial (22) purposes. 
Reported well yields from wells screened in the aquifer system 
generally range from about 3 to 80 gallons per minute (gal/min). 

The Evangeline Equivalent Aquifer System

The Evangeline equivalent aquifer system underlies the 
Chicot equivalent aquifer system and in St. Tammany Parish 
consists of, from near surface to deepest, the lower Ponchatoula, 
Big Branch, Abita, Covington, and Slidell aquifers. In 2005, 
about 54 percent (12.3 Mgal/d) of the groundwater used in 
the St. Tammany Parish was withdrawn from the Evangeline 
equivalent aquifer system. Most of the water was withdrawn 
from the Slidell aquifer (6.5 Mgal/d), the Abita aquifer (2.7 
Mgal/d), and the lower Ponchatoula aquifer (2.3 Mgal/d). 
About 10.4 Mgal/d of the total groundwater withdrawn in this 
system were for public-supply, and about 1.2 Mgal/d were 
for domestic use. 

The Evangeline equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. The base of the 

aquifer system ranges from about 1,800 to possibly about 3,000 
ft below NGVD 29 south of Slidell. Aquifers in the Evangeline 
equivalent aquifer system typically consist of 50- to 200-ft-thick 
units of medium to very coarse sand. 

Freshwater from aquifers in the Evangeline equivalent 
aquifer system is typically soft and does not generally exceed 
the EPA’s SMCLs; however, some freshwater may contain 
iron and manganese concentrations that exceed those SMCLs 
(table 3). Saltwater is present in the Big Branch aquifer near 
Lacombe and the Lake Pontchartrain shoreline. 

About 10,860 wells are screened in the Evangeline 
equivalent aquifer system, and most are used for domestic 
(9,740), public-supply (654), irrigation (429), or industrial 
(38) purposes. Reported well yields from wells screened in the 
Evangeline equivalent aquifer system generally range from 
about 4 to 300 gal/min. 

Water levels in the lower Ponchatoula and Big Branch 
aquifers are about 20 to 35 ft above NGVD 29 and have 
declined by as much as about 0.3 ft per year from 1996 to 2005. 
Water levels in the Abita, Covington, and Slidell aquifers are 
about 50 to 70 ft above NGVD 29 and have declined by as 
much as about 1.3 ft per year from 1978 to 2005 (fig. 4). 
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Table 3.  Summary of selected water-quality characteristics for freshwater in the Chicot equivalent aquifer system and the Jasper and 
Evangeline equivalent aquifer systems in St. Tammany Parish, Louisiana, 1939–2007 (U.S. Geological Survey, 2008b). 

[Values are in milligrams per liter, except as noted.°C, degrees Celsius; PCU, platinum cobalt units; µS/cm, microsiemens per centimeter; SU, standard units; 
CaCO3, calcium carbonate; µg/L, micrograms per liter; NA, not applicable; SMCL, Secondary Maximum Contaminant Level established by the U.S. Environmental 
Protection Agency, 2006] 

Temperature 
(°C)

Color 
(PCU)

Specific  
conductance, 

field 
(µS/cm at  

25 °C)

pH, 
field 
(SU)

Hardness 
(as CaCO3)

Chloride,  
filtered 
(as Cl)

Iron,  
filtered 

(µg/L
as Fe)

Manganese, 
filtered  

(µg/L as Mn)

Dissolved 
solids,  
filtered

Chicot equivalent aquifer system

Median 22.4 10 256 7.1 12 6.8 165 80 171

10th percentile 21 0 40 5.4 4.7 3.1 <10 .8 43.8

90th percentile 25 50 584 8.6 24.6 27.2 1,085 170 275.6

Number of samples 46 16 41 27 48 50 18 21 17

Percentage of samples 
that meet SMCLs

NA 66 NA 45 NA 100 64 46 100

Jasper and Evangeline equivalent aquifer systems

Median 28.3 5 294.5 8.5 6 4 50 30 195

10th percentile 23 0 182.2 7 1 2.4 6 <10 145.1

90th percentile 34.6 35 634.8 9 20 25 855 190 394.4

Number of samples 100 76 108 81 104 131 66 60 72

Percentage of samples 
that meet SMCLs

NA 76 NA 48 NA 100 83 62 99

SMCLs

NA 15 NA 6.5–8.5 NA 250 300 50 500

Well: ST-563
Altitude of land surface: 10.24 ft above NGVD 29
Well depth: 2,411 ft below land surface

1950 1960 1970 1980 1990 2000 2010

W
at

er
 le

ve
l, 

in
 fe

et
be

lo
w

 N
at

io
na

l G
eo

de
tic

Ve
rti

ca
l D

at
um

 o
f 1

92
9 

(N
GV

D 
29

)  

Date

130

110

90

70

50

30

Figure 4.  Water levels in well ST-563 screened in the Slidell aquifer in St. Tammany Parish, Louisiana (see fig. 1 for well location).

The Jasper Equivalent Aquifer System

The Jasper equivalent aquifer system underlies the 
Evangeline equivalent aquifer system and in St. Tammany 
Parish consists of, from shallowest to deepest, the Tchefuncte, 
Hammond, Amite, and Ramsay aquifers. In 2005 about 19 
percent (4.4 Mgal/d) of the groundwater used in St. Tammany 

Parish was withdrawn from the Jasper equivalent aquifer 
system. Most of the water was withdrawn from the Tchefuncte 
aquifer (1.9 Mgal/d), the Hammond aquifer (2.1 Mgal/d), and 
the Amite aquifer (0.4 Mgal/d). About 4.4 Mgal/d (almost 100 
percent) was withdrawn for public supply use. 

The base of the aquifer system ranges from 2,350 ft below 
NGVD 29 in northern areas of the parish to as deep as 3,300 
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Table 4.  Summary of selected water-quality characteristics for the Tchefuncte and Bogue Chitto Rivers in St. Tammany Parish, 
Louisiana, 1953–95. 
[Values are in milligrams per liter, except as noted. °C, degrees Celsius; µS/cm, microsiemens per centimeter; SU, standard units; µg/L, micrograms per liter; 
CaCO3, calcium carbonate; NA, not applicable; SMCL, Secondary Maximum Contaminant Level established by the U.S. Environmental Protection Agency, 2006]

Specific  
conductance,  

field 
(µS/cm at 25 °C)

Oxygen,  
dis-

solved

pH, 
field 
(SU)

Hardness 
(as 

CaCO3)

Calcium,  
filtered 
(as Ca)

Magnesium,  
filtered  
(as Mg)

Sodium,  
filtered  
(as Na)

Chloride,  
filtered  
(as Cl)

Sulfate,  
filtered  
(as SO4)

Iron,  
filtered 

(µg/L  
as Fe)

Tchefuncte River below Covington1

Median 512 NA 6.5 38 6.1 2.6 53 126 16 40
10th percentile 57 NA 5.6 8 2 .3 5.3 5.9 1.8 10
90th percentile 2,102 NA 7 180 20 33 290 609.2 72 92
Number of samples 103 0 61 63 61 61 61 103 61 59
Percentage of samples 

that meet SMCLs
NA NA 55 NA NA NA NA 58 100 100

Bogue Chitto River near Bush2

Median 44 8.15 6.4 9 2 .9 4 6.1 2.1 200
10th percentile 36.9 7 5.9 7 1.6 .5 2.7 4.2 1 87.6
90th percentile 49 10 6.9 10.2 2.7 1.1 5.1 7.8 4.3 280
Number of samples 180 160 190 189 178 175 176 186 182 78
Percentage of samples 

that meet SMCLs
NA NA 45 NA NA NA NA 100 100 94

SMCLs

NA NA 6.5–8.5 NA NA NA NA 250 250 300
1Station number 07375224 (U.S. Geological Survey, 2008b; specific data at http://nwis.waterdata.usgs.gov/la/nwis/qwdata/?site_no=07375224).
2 Station number 02492000 (U.S. Geological Survey, 2008b; specific data at http://nwis.waterdata.usgs.gov/la/nwis/qwdata/?site_no=02492000).

ft below NGVD 29 near Covington. Aquifers in the Jasper 
equivalent aquifer system typically consist of 50- to 250-ft-thick 
units of fine to coarse sand and some pea gravel. 

The Jasper equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. Saltwater is 
present in some of the aquifers in the system at and to the south 
of Slidell and Lacombe. Aquifers in the system typically yield 
freshwater that is soft and does not generally exceed the EPA’s 
SMCLs; however, some freshwater may exceed the SMCLs for 
pH, iron, and manganese (table 3). 

About 70 wells are screened in the Jasper equivalent 
aquifer system, and most are used for public-supply (32), 
domestic (22), or irrigation (9) purposes. Reported well yields 
from wells screened in the aquifer system generally range 
from about 90 to 1,830 gal/min. In 2006, water levels in the 
Jasper aquifer system generally ranged from about 100 ft above 
NGVD 29 in the northern part of the parish to about 70 ft above 
NGVD in the southern part of the parish. 

Surface-Water Resources 

Lake Pontchartrain and the Pearl, West Pearl, Tchefuncte, 
and Bogue Chitto Rivers are the primary sources of surface 
water in St. Tammany Parish. In 2005, about 0.06 Mgal/d of 
surface water was withdrawn in St. Tammany Parish; about 

0.04 Mgal/d were used for livestock, and about 0.01 Mgal/d 
were used for general irrigation. Other surface water resources 
in the parish include the Abita and Bogue Falaya Rivers. 
Although Lake Pontchartrain is a huge potential source of water 
for St. Tammany Parish, water in the lake is brackish to salty 
and would require treatment for most uses. 

The average discharge for the Pearl and West Pearl Rivers 
at the town of Pearl River was about 9,470 cubic feet per second 
(ft3/s) (6,120 Mgal/d) for the period 1964–70. Water in the Pearl 
and West Pearl Rivers is generally fresh, but during periods 
of low flow, saltwater has intruded 2 to 3 mi upstream from 
Lake Borgne. 

The average discharge for the Tchefuncte River near 
Folsom was about 159 ft3/s (103 Mgal/d) for the period 1944–
2007. Water in the Tchefuncte River is generally fresh, but 
during periods of low flow, saltwater has intruded from Lake 
Pontchartrain upstream to the City of Covington. Water in the 
Tchefuncte River generally is soft but may be moderately hard 
(61–120 mg/L as CaCO3) and slightly acidic (pH less than 6.5 
standard units) (table 4). 

The average discharge for the Bogue Chitto River near 
Bush was about 2,000 ft3/s (1,289 Mgal/d) for the period 1938–
2007. Analyses of water quality samples from the river indicate 
that the water is typically soft but may be slightly acidic and 
exceed the EPA’s SMCL for iron (table 4). 
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By Jason M. Griffith 

For additional information, contact: 

Director, USGS Louisiana Water Science Center
3535 S. Sherwood Forest Blvd., Suite 120
Baton Rouge, LA 70816
E-mail: dc_la@usgs.gov
Fax: (225) 298-5490
Telephone: (225) 298-5481
Home Page: http://la.water.usgs.gov
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a b s t r a c t

Data from around the world (Australia, Austria, Bahrain, Brazil, Canada, the Netherlands, Poland, the UK
and the USA) show that more than four million onshore hydrocarbon wells have been drilled globally.
Here we assess all the reliable datasets (25) on well barrier and integrity failure in the published liter-
ature and online. These datasets include production, injection, idle and abandoned wells, both onshore
and offshore, exploiting both conventional and unconventional reservoirs. The datasets vary considerably
in terms of the number of wells examined, their age and their designs. Therefore the percentage of wells
that have had some form of well barrier or integrity failure is highly variable (1.9%e75%). Of the 8030
wells targeting the Marcellus shale inspected in Pennsylvania between 2005 and 2013, 6.3% of these have
been reported to the authorities for infringements related to well barrier or integrity failure. In a separate
study of 3533 Pennsylvanian wells monitored between 2008 and 2011, there were 85 examples of
cement or casing failures, 4 blowouts and 2 examples of gas venting. In the UK, 2152 hydrocarbon wells
were drilled onshore between 1902 and 2013 mainly targeting conventional reservoirs. UK regulations,
like those of other jurisdictions, include reclamation of the well site after well abandonment. As such,
there is no visible evidence of 65.2% of these well sites on the land surface today and monitoring is not
carried out. The ownership of up to 53% of wells in the UK is unclear; we estimate that between 50 and
100 are orphaned. Of 143 active UK wells that were producing at the end of 2000, one has evidence of a
well integrity failure.

� 2014 Published by Elsevier Ltd.

1. Introduction

The rapid expansion of shale gas and shale oil exploration and
exploitation using hydraulic fracturing techniques has created an
energy boom in the USA but raised questions regarding the possible
environmental risks, such as the potential for groundwater
contamination (e.g. Jackson et al., 2013; Vidic et al., 2013) and
fugitive emissions of hydrocarbons into the atmosphere (e.g. Miller
et al., 2013).

Boreholes drilled to explore for and extract hydrocarbons must
penetrate shallower strata before reaching the target horizons.

Some of the shallower strata may contain groundwater used for
human consumption or which supports surface water flows and
wetland ecosystems. Although it has been routine practice to seal
wells passing through such layers, they remain a potential source of
fluid mixing in the subsurface and potential contamination (King
and King, 2013). This can occur for many reasons, including poor
well completion practices, the corrosion of steel casing, and the
deterioration of cement during production or after well abandon-
ment. Boreholes can then become high-permeability potential
conduits for both natural and man-made fluids (e.g. Watson and
Bachu, 2009), and vertical pressure gradients in the subsurface
can drive movement of fluids along these flow paths. The potential
importance of wellbore integrity to the protection of shallow
groundwater has recently been highlighted in research papers and
reports (e.g. Osborn et al., 2011; The Royal Society & The Royal
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Academy of Engineering Report (2012); Jackson et al., 2013; King
and King, 2013). In addition to protecting ground and surface wa-
ters, effective well sealing prevents leakage of methane and other
gases into the atmosphere. This is important as methane is 86 times
more effective than CO2 at trapping heat in the atmosphere over a
20-year period and 34 times more effective over a century (IPCC,
2013). Well barrier and integrity failures can occur during dril-
ling, production, or after abandonment; in rare examples, including
in the USA, well leakage has led to explosions at the Earth’s surface
(e.g. Miyazaki, 2009).

This paper has four aims: 1) to estimate the number of onshore
hydrocarbon wells globally; 2) to explain how onshore wells are
categorised (e.g. producing, abandoned, idle, orphaned) and what
statistical data are available on the numbers of wells in these
groups; 3) to document the number of wells that are known to have
had some form of well barrier and/or integrity failure, placing these
numbers in the context of other extractive industries; and 4) to
analyse howmany onshorewells in the UK can be easily accessed to
assess for barrier and integrity failure. For well barrier and integrity
failure our approach has been to include all the reliable datasets
that are available, rather than de-select any data. This inclusive
approach has the draw-back that the data we present include wells
of different age, of different designs and drilled into different ge-
ology. Unsurprisingly there is a significant spread in the statistics
on the percentage of wells that havewell barrier or integrity failure.

The review is largely focused on North America, as it has a long
history of onshore hydrocarbon drilling (including wells drilled for
shale gas and shale oil) and the UK, which contrasts in having a
mature offshore drilling industry, but relatively little onshore dril-
ling. It mainly, but not exclusively, covers static well failure (i.e.
after drilling operations are completed), and summarises currently
available data for regulators, non-government organisations, the
public, and the oil and gas industry.

1.1. Barrier systems

Barriers are containment mechanisms within a well or at the
well head that are designed to withstand the corrosion, pressures,
temperatures and exposure times associated with the phases of
drilling, production and well abandonment. The types of barriers

used to prevent contamination of groundwater, surface water, soils,
rock layers and the atmosphere depend on whether the well is for
exploration or production, but generally include cement, casing,
valves and seals (Fig. 1). Barriers can be nested, so that a well has
several in place. They can be dynamic (e.g. a valve) or static (e.g.
cement), and may or may not be easily accessible for assessment or
monitoring (see King and King, 2013).

Drilling a well for exploration or production is a multistage
process during which the upper parts of a borehole, once drilled,
are sealed with steel casing and cemented into place. Cement was
introduced to the petroleum industry as early as 1903, when Frank
Hill of Union Oil Co. poured 50 sacks of Portland cement into a
well to seal off water-bearing strata (Smith, 1976). Cementing is
now typically carried out by pumping water-cement slurries
down the casing to the bottom of the hole, displacing drilling
fluids from the casing-rock and other annuli, leaving a sheath of
cement to set and harden (Fig. 1). The integrity of these seals is
pressure-tested before the next stage of drilling occurs. Only if the
well passes these pressure tests will drilling continue. If the well
fails the test, the casing is re-cemented before drilling continues.
The sizes and lengths of casing, and the depths at which different
casings are used depend upon the geology, the importance or
sensitivity of the groundwater that the well penetrates, and the
purpose of the well (Fig. 1). Well completion should follow stat-
utory regulations and/or industry best practice. When a well is
abandoned, cement is normally pumped into the production
tubing to form a cement plug to seal it. Commonly (e.g. in the UK),
the top of the well is welded shut.

1.2. Terminology

The terms ‘well barrier failure’ and ‘well integrity failure’ were
differentiated by King and King (2013). They used ‘well integrity
failure’ for cases where all well barriers fail, establishing a pathway
that enables leakage into the surrounding environment (e.g.
groundwater, surface water, underground rock layers, soil, atmo-
sphere). ‘Well barrier failure’ was used to refer to the failure of
individual or multiple well barriers (e.g. production tubing, casing,
cement) that has not resulted in a detectable leak into the sur-
rounding environment. The same terminology is used in this paper:

Glossary

BCF Billion Cubic Feet
BCM Billion Cubic Metres
BRGM Bureau de Recherches Géologiques et Minières, France
BDEP Brazilian Database of Exploration and Production
CA California
CO2 Carbon Dioxide
CCTV Closed-Circuit Television
DECC Department of Energy and Climate Change, UK
DEFRA Department of Environment, Food and Rural Affairs,

UK
DEP Department of Environmental Protection, USA
EIA Energy Information Administration, USA
ERCB Energy Resources Conservation Board, Canada
EUR Estimated Ultimate Recovery
GM Gas Migration
GoM Gulf of Mexico
IPCC Intergovernmental Panel on Climate Change
km2 Square Kilometres
M Metres

m3 Cubic Metres
mD Milli-Darcies
NOCS Norwegian Offshore Continental Shelf
NY New York
PA Pennsylvania
PSA Petroleum Safety Authority, Norway
RRC Railroad Commission, Texas
SCVF Surface Casing Vent Flow
SINTEF Norwegian Foundation for Scientific and Industrial

Research
TCF Trillion Cubic Feet
TCM Trillion Cubic Metres
UK United Kingdom
UKCS United Kingdom Continental Shelf
UKOGL United Kingdom Onshore Geophysical Library
UNFCCC United Nations Framework Convention on Climate

Change
US United States
USA United States of America
WFD Water Framework Directive, Europe
WV West Virginia
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‘well integrity failure’ includes cases when gas or fluids are re-
ported to have leaked into soils, rock strata or the atmosphere, and
‘well barrier failure’ includes cases where a barrier failure has
occurred but there is no information that indicates that fluids have
leaked out of the well.

1.3. Routes and driving mechanisms

For a well to leak, there must be a source of fluid (Fig. 2), a
breakdown of one or more well barriers, and a driving force for
fluid movement, which could be fluid buoyancy or excess pore
pressure due to subsurface geology (e.g. Watson and Bachu, 2009).
There are seven subsurface pathways by which leakage typically
occurs (Figs. 3, 4). These pathways include the development of
channels in the cement, poor removal of the mud cake that forms
during drilling, shrinkage of cement, and the potential for relatively
high cement permeability (e.g. Dusseault et al., 2000). There are
other mechanisms that can operate in specific geological settings.
Reservoir compaction during production, for example, can cause
shear failure in the rocks and casing above the producing reservoir
(Marshall and Strahan, 2012; route 7 marked on Fig. 3). Leaking
wells can also connect with pre-existing geological faults, enabling
leakage to reach the surface (Chillingar and Endres, 2005). A range
of fluids can leak, for instance formation fluids, water, oil and gas,
and they can move through or out of the well bore by advective or
diffusive processes (e.g. Dusseault et al., 2000). Overpressure may
be the driving force for fluid flow (e.g. the Hatfield blow-out near
Doncaster, UK; Ward et al., 2003), but hydrostatically pressured
successions can also feed leaking wells, with fluidsmigrating due to
buoyancy and diffusion.

A leak can be catastrophic, as seen in cases such as the recent
blowout of aWhiting Petroleum Corp oil well (Cherry State 31-16H)
in North Dakota (North Dakota Department of Health (2014)) and
rare examples of explosions in urban areas (Chillingar and Endres,
2005), or be at sufficiently low rates to be barely detectable. The
fluid sources can be hydrocarbon reservoirs (e.g. Macondo, Gulf of
Mexico); non-producing permeable formations (e.g. Marshall and
Strahan, 2012); coal seams (e.g. Beckstrom and Boyer, 1993;
Cheung et al., 2010); and biogenic or thermogenic gases from
shallow rock formations (e.g. Traynor and Sladen, 1997; Jackson
et al., 2013). Oil or gas emissions can seep to the surface, though
leaking methane can be oxidised by processes such as bacterial
sulphate reduction (e.g. Van Stempvoort et al., 2005). Well failures
can potentially occur in any type of hydrocarbon borehole, whether
it is being drilled, producing hydrocarbons, injecting fluid into a
reservoir, or has been abandoned.

Wells can be tested at the surface for well barrier failure and
well integrity failure by determining whether or not there is
pressure in the casing at the surface. This is referred to as sustained
casing pressure (e.g. Watson and Bachu, 2009), but does not
necessarily prove which barrier has failed or its location. Channels
in cement, which are potential leakage pathways, can be detected
by running detection equipment down the borehole. Migration of
fluids outside the well is established by inserting a probe into the
soil immediately surrounding the well bore, or by sampling
groundwater nearby, hydraulically down-gradient of the well. Poor
cement barriers can be identified by a number of methods (e.g.
ultrasonic frequency detection; Johns et al., 2011) and can be
repaired in some cases, using cement or pressure-activated sealants
(e.g. Chivvis et al., 2009).

Figure 1. Schematic diagram of typical well design, showing (A): structure of an exploration well; and (B): a production well. Depths to which different casings are used vary
according to geology and pressure regime of drill site. Well diameter exaggerated to show sections more clearly.
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2. Datasets

This paper draws on a variety of datasets, mostly published, but
in some instances sourced from online repositories or national
databases, and follows the approach of Davies et al. (2013). In that
study, the risk of induced seismicity due to hydraulic fracturing was
reviewed, and intentionally included all datasets in the public
domain that were considered to be reliable, rather than de-
selecting any data (Davies et al., 2013). This inclusive approach
has a drawback because well barrier and well integrity failure fre-
quencies are probably specific to the geology, age of wells, and era
of well construction (King and King, 2013). A wide range of failure
statistics is therefore reported, and although they are presented on
a single graph to show the spread of results (Fig. 8), this is not
intended to imply that direct comparisons between very different
datasets (i.e. size, age of wells, geology) can be made.

The sources we used do not report their findings consistently
and it is unclear in some cases whether well barrier failures have
led to leaks into groundwater, rock layers, soil or the atmosphere,

Figure 2. Schematic diagram of typical sources of fluid that can leak through a hy-
drocarbon well. 1 e gas-rich formation such as coal; 2 e non-producing, gas- or oil-
bearing permeable formation; 3 e biogenic or thermogenic gas in shallow aquifer; and
4 e oil or gas from an oil or gas reservoir.

Figure 3. Routes for fluid leak in a cemented wellbore. 1 e between cement and
surrounding rock formations, 2 e between casing and surrounding cement, 3 e be-
tween cement plug and casing or production tubing, 4 e through cement plug, 5 e

through the cement between casing and rock formation, 6 e across the cement outside
the casing and then between this cement and the casing, 7 e along a sheared wellbore.
After Celia et al. (2005) and this paper.

Figure 4. Photographic examples of leak pathways: (a) Corrosion of tubing
(Torbergsen et al., 2012); (b) Cracks in cement (Crook et al., 2003); (c) Corrosion of
casing (Xu et al., 2006).
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producing a true well integrity failure. To be as clear as possible,
well barrier and well integrity failure are distinguished in Table 3,
quoting directly from the sources used and, where possible,
providing additional information on the age of the well and when
the monitoring was carried out.

To locate hydrocarbon wells drilled onshore in the UK since
1902 (the age of the earliest well recorded by DECC), the United
Kingdom Onshore Geophysical Library (UKOGL) map of well loca-
tions was used (UKOGL, 2013), coupled with satellite imagery from
Google Earth. A visual inspection and categorisation of the locations
was carried out to assess whether the wells have a physical pres-
ence at the surface. Pollution incident data were provided by the
Environment Agency (England); these data were used to identify
incidents that occurred in close proximity to known well sites.

3. Global well inventory

As shale gas and oil exploitation has been carried out primarily
onshore to date, the global well inventory in this study reports only
the number of hydrocarbonwells drilled onshore, as this provides a
more relevant historical context. Data in the public domain were
used, sourced either from published reports or from online datasets
populated by regulatory authorities. Several comprehensive review
paperswere also utilised, particularly those addressing thepotential
of CO2 to leak upwards throughwells (e.g.Watson andBachu, 2009).

A graph of wells drilled per year since the 1930s in Australia,
Brazil,the Netherlands, Poland, the UK, and the USA shows that
some countries, such as the UK, have very modest onshore drilling
activity compared to others such as the USA (Fig. 5). Historical data
are sparse, so it is difficult to estimate the total number of onshore
hydrocarbonwells drilled globally, but in the USA alone, at least 2.6
million wells have been drilled since 1949 (EIA database). Former
Soviet countries such as Azerbaijan, where many thousands of
wells have been drilled, are not included in this study due to a lack
of access to adequate data. Nonetheless, taking into consideration
those drilled only in Australia, Austria, Bahrain, Brazil, Canada, the
Netherlands, Poland, the UK and the USA, we estimate there are at
least 4 million onshore hydrocarbon wells (Table 1).

4. Well integrity

4.1. Pennsylvania, USA

The online database collated by the Department of Environ-
mental Protection (DEP) in the US state of Pennsylvania allows oil
and gas well records to be searched by various criteria, such as well
status, operator and drilling date. The unconventional hydrocarbon
wells included in that database are those that were drilled to target
the Marcellus Shale Formation. From these data, Vidic et al. (2013)

derived a figure of 3.4% well barrier leakage for shale gas produc-
tion sites in Pennsylvania (219 violations for 6466 wells) between
2008 and 2013. Using the same database, Ingraffea (2012) argued
that 211 (6.2%) of 3391 shale gas wells drilled in Pennsylvania in
2011 and 2012 had failed. More recently, Considine et al. (2013)
identified 2.58% of 3533 individual wells as having some form of
barrier or integrity failure. This consisted of 0.17% of wells having
experienced blowouts (4 wells), venting or gas migration (2), and
2.41% having experienced casing or cementing failures. Measurable
concentrations of gas were present at the surface for most wells
with casing or cementing violations. Figure 6 shows a breakdown of
the 1144 environmental violations issues for the 3533 wells.

In this study, the search criteria used to categorise leakage in-
cidents in Pennsylvania followed the approach described by
Ingraffea (2012) and are based on code violations reported during
site inspections. Code violations that would constitute awell failure
are those likely to result in a significantly increased risk of con-
taminants reaching either the surface or potable water sources.
They include: (a) failure to case and cement the well properly; (b)
excessive casing seat pressure; (c) failure to case and cement suf-
ficiently to prevent migrations into fresh groundwater; and (d)
insufficient cement and steel casings between the wellbore and the
near-surface aquifer to prevent seepage of fluids. Using the Penn-
sylvania state database, a well barrier or integrity failure rate of
6.3% is identified for the years 2005e2013. This includes failures
noted in inspection reports that were not recorded as a violation,
following the methodology of Ingraffea (2012). Without including
these reports, the failure rate would be 5%. This is higher than the
3.4% well leakage figure reported by Vidic et al. (2013) for the
period 2008e2013, and close to the well failure rate of 6.2% re-
ported by Ingraffea (2012).

4.2. Gulf of Mexico, USA

Data from the US Minerals Management Service show that, of
15,500 producing, shut in and temporarily abandoned wells in the

Figure 5. Number of wells drilled annually since the 1930s in Australia, Brazil, Netherlands, Poland, the UK and the USA. Sources: DECC, 2013; Geoscience Australia; Geological
Survey of the Netherlands; Brazil Database of Exploration and Production (BDEP); EIA, Polish Geological Institute.

Table 1
Number of hydrocarbon boreholes drilled onshore in selected nation states.

Country Number of wells Source

UK 2152 DECC, 2013
CanadaeAlberta 316,439 Watson and Bachu (2009)
Bahrain 750 Sivakumar and Janahi (2004)
USA 2,581,782 EIA Database
Austria 1200 Veron (2005)
Netherlands 3231 Geological Survey of the Netherlands
Brazil 21,301 Brazil Database of Exploration

and Production (BDEP)
Australia 9903 Geoscience Australia
Poland 7052 Polish Geological Institute
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outer continental shelf of the Gulf of Mexico, 6692 (43%) have
sustained casing pressure on at least one casing annulus (Brufatto
et al., 2003). Of these incidents, 47.1% occurred in the production
strings, 26.2% in the surface casing, 16.3% in the intermediate cas-
ing, and 10.4% in the conductor pipe.

4.3. Offshore Norway

Vignes and Aadnøy (2010) examined 406 wells at 12 Norwegian
offshore facilities operated by 7 companies. Their dataset included
producing and injection wells, but not plugged and abandoned
wells. Of the 406 wells they examined, 75 (18%) had well barrier
issues. There were 15 different types of barrier that failed, many of
themmechanical (Fig. 7), including the annulus safety valve, casing,
cement and wellhead. Issues with cement accounted for 11% of the
failures, whilst issues with tubing accounted for 29% of failures.

The PSA has also performed analyses of barrier failures and well
integrity on the Norwegian continental shelf. Its analysis showed
that, in 2008, 24% of 1677 wells were reported to have well barrier
failures; in 2009, 24% of 1712 wells had well barrier failures; and in
2010, 26% of 1741 wells had well barrier failures. It is unclear
whether the samewells were tested in successive years or whether
surveys targeted different wells (Vignes, 2011). A study of 217 wells
in 8 offshore fields was also carried out by SINTEF (see Vignes,
2011). Between 11% and 73% of wells had some form of barrier
failure, with injectors 2 to 3 times more likely to fail than producers
(Vignes, 2011).

At the 20th Drilling Conference in Kristiansand, Norway, in 2007,
Statoil presented an internal company survey of offshore well
integrity (Vignes, 2011). This analysis showed that 20% of 711 wells
had integrity failures, issues, or uncertainties (Vignes, 2011). When
subdivided into production and injection wells, the survey
concluded that 17% of 526 production wells and 29% of 185 injec-
tion wells had well barrier failures.

4.4. Onshore Netherlands

The results of an inspection project carried out by the State
Supervision of Mines Netherlands were also reported by Vignes
(2011). Their inspections, carried out in 2008, included only 31
wells from a total of 1349 development wells from 10 operating
companies. Of those wells, 13% (4 of 31) had well barrier problems;
bywell type, problemswere identified in 4% of the productionwells
(1 of 26) and 60% of the injection wells (3 of 5).

4.5. Offshore and onshore UK

For offshore wells on the UKCS, Burton (2005) found that 10% of
6137 wells (operated by 18 companies) had been shut-in (valves at
the well head closed) during the last five years as a result of
‘structural integrity issues’. The total number of wells drilled on the
UKCS is 9196; exploration boreholes that did not make commercial
discoveries were not included in the Burton (2005) study.

Onshore, 2152 hydrocarbon wells have been drilled in the UK
between 1902 and 2013. Although the onshore sedimentary suc-
cession is not thought to be overpressured, hydrocarbons could still
migrate upwards because of their buoyancy relative to pore water
or the fluid in a borehole (e.g. the Hatfield blow-out near Doncaster,
UK;Ward et al., 2003). Pollution incident datawere reviewed for all
incidents reported within 1 km of wells in England between 2001
and 2013 (the only time period for which data are available). These
data were filtered for those indicating a release of crude oil to the
environment. These incidents were described as pipe failures above
or below ground and could be related to the well or pipelines
connected to the wells. To act as a control to this data, pollution
incidents within a 5 km radius of the well were also examined to
assess whether there was a broader issue of hydrocarbon pollution
incidents that should be considered and taken into account.

The number of wells active prior to the period covered by the
pollution records was also calculated. Based on data provided by
DECC, 143 onshore oil and gas wells were producing at the start of
the year 2000. Between 2000 and 2013, the Environment Agency
records nine pollution incidents involving the release of crude oil
within 1 km of an oil or gas well (Table 7). The records are not clear
as to whether the incidents were due to well integrity failure,
problems with pipework linked to the well, or other non-well
related issues. In February 2014, therefore, the present-day opera-
tors of the wells at which the nine events occurred were contacted
(Perenco, IGas, and Humbly Grove Energy Ltd.). The two pollution
incidents at the Singleton Oil Field (now operated by IGas but
operated by a different company when the incidents occurred)
occurred in the early 1990s, and were caused by failure of cement

Figure 6. Breakdown of 1144 notices of violations from 3533 wells in Pennsylvania
from 2008 to 2011 (after Considine et al., 2013). Red font indicates those related to well
barrier and integrity failure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Figure 7. Causes of barrier failures for the 75 (of 406) production and injection wells
surveyed in offshore Norway that showed evidence for such failures (from Vignes,
2011).
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behind the conductor and the 9 5/8-inch casing. This was identified
as a result of five groundwater monitoring boreholes installed at
the Singleton Oil Field in 1993. The leak was from the well cellar
(cement lined cavity in which the well head sits) via the pre-
installed conductor and the 9 5/8-inch casing, both of which
appear not to have been adequately cemented in-situ in at least one
well. A thorough investigation commenced in 1997, including the
drilling of a number (>11) of additional boreholes, and the carrying
out of tracer tests and CCTV examination under the auspices of, and
in consultation with, the UK Environment Agency. The leak paths,
once identified and verified, were remediated. Monitoring has
continued since that time and the observed pollution levels have
remained below those set by the Environment Agency as requiring
further action.

The other seven pollution incidents recorded by the Environ-
ment Agency between 2000 and 2013 were not caused by well
integrity failure, but due to leaks from pipework linked to the well.
No incidents were reported at the other well sites in the UK that
were inactive or abandoned.

For context, it should be noted that there are natural, high
permeability geological pathways for the migration of buoyant
fluids, which are typically associated with structural features such
as faults and folds (Selley, 1992). Gas and oil are naturally mobile in
the UK subsurface: around 200 natural hydrocarbon seeps, mainly
of oil, are known from the onshore UK and some have been used to
initiate localised exploitation (Selley, 1992, 2012). A small number
of natural gas seeps from shales were recorded by Selley (2012),
with notable occurrences in the Weald Basin of south-east England
(Selley, 2012, Fig. 5).

4.6. Summary of well barrier and integrity failure

For the countries listed (Table 1), publicly available data were
tabulated on well type, well location, completion date, well status,
number of wells drilled and whether well barriers and integrity
failures had occurred (Table 2). Tabulation of all published and
online data on well barrier and integrity failure (Table 3, Fig. 9)
shows substantial variability in the number of wells that have
experienced both categories of failure. This probably relates to the
fact that the sizes of the datasets are variable; the included wells
were drilled over a period of more than a century, using different
well designs and technology; were targeting unconventional and
conventional hydrocarbons; and were drilled in diverse geological
settings. The most recent dataset from the Marcellus Shale (Penn-
sylvania, USA), which includes several thousand wells, has some of
the lowest well barrier and failure rates (Fig. 9). In Table 3 we have

been careful to provide the exact wording from the published
source as to the nature of the failure, and to discriminate between
well barrier and well integrity failures.

5. Orphaned, abandoned or idle wells

5.1. Definitions

The terms ‘abandoned’, ‘idle’ and ‘orphaned’ are used to
describe the state of a well that did not locate economic hydro-
carbons or a well at the end of its production lifecycle. The USA has
the most established and comprehensive definitions of such terms,
although their meaning can vary at state and federal levels.

A review of the various state regulatory practices regarding idle
wells in the USAwas conducted by Thomas (2001) and defined idle
wells as those not currently being used for production or injection,
but which have not yet been plugged and abandoned. In California,
Hesson and Glinzak (2000) and Evans et al. (2003) defined idle
wells as those that have been non-producing and non-injecting for
six consecutive months.

In the USA, the definition of an orphaned well depends largely
on the state regulatory body. Thomas (2001) defined orphaned
wells as those in which the operator has gone out of business or is
insolvent, such that the company that operated the well is no
longer responsible for it. Based on Californian practices, Hesson
(2013) defined orphaned wells as those where the operator is
defunct, or where the state regulatory body has determined, based
on certain criteria, that a well is orphaned. Such criteria include a
well having been idle for 25 years or more, without being in
compliance with idle well requirements. In Texas, the oil and gas
regulatory bodye the RRCe defines orphanedwells as thosewhich
have, without permit, been inactive for a year or more. In Penn-
sylvania, a 1992 amendment to the 1984 Oil and Gas Act defined an
orphaned well as one which was abandoned prior to April 1985,
which has not been operated by the present owner, and for which
the present owner has received no economic benefit. For the UK
data in this study, we follow the definition of Thomas (2001) and
use ‘orphaned’ to describe wells where the operator is no longer
solvent.

6. USA

Thirty-two US states have reported data on orphaned oil and gas
wells (IOGCC, 2013). Fifteen of these states account for around
320,000 orphaned wells in total, with w53,000 of these wells
targeted for plugging (Table 4). The states vary greatly in how they

Table 2
Sources of data reporting well barrier and well integrity failures.

Country Region Well location Status Completion date Well type Well numbers Failure statistics Organisation

USA PA X X X X X X Department of Environmental Protection
Texas X X X X X RRC
Alabama X X X X X Geological Survey of Alabama
New York X X X X X New York Department of Environmental Conservation
Florida X X X X X Florida Department of Environmental Protection
North Dakota X X X X X X North Dakota Oil and Gas Division & North

Dakota Department of Environmental Health
W. Virginia X X X X X X West Viginia Department of Environmental Protection

UK National X X X X DECC
Canada Alberta X X X X X X Energy Resources Conservation Board (ERCB)
Australia National X X X X X Geoscience Australia
France National X X X X BRGM
Netherlands National X X X X X Geological Survey of the Netherlands
Brazil National X X X X BDEP
Norway (offshore) National X X X Norway Offshore Continental Shelf Data Access Portal
Poland National X X X X Polish Geological Institute
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Table 3
Compilation of published statistics on well barrier and well integrity failure, including information on well age, number of wells included in study, well location, and ter-
minology used to describe nature of well barrier or integrity failures.

Country Location No. Wells studied % Wells with barrier
failure or well
integrity failure

Additional information Published source

USA ONSHORE Operational wells in the
Santa Fe Springs Oilfield (discovered
w1921), California, USA

>50 75 Well Integrity failures. Leakage based
on the ‘observation of gas bubbles
seeping to the surface along well
casing’.

Chillingar and Endres (2005)

USA ONSHORE Ann Mag Field, South Texas,
USA (wells drilled 1998e2011)

18 61 Wells drilled 1998e2011. Well barrier
failures mainly in shale zones.

Yuan et al. (2013)

USA OFFSHORE Gulf of Mexico (wells drilled
w1973e2003)

15,500 43 Wells drilled w1973e2003. Barrier
failure. 26.2% in surface casing.

Brufato et al. (2003)

Offshore
Norway

OFFSHORE Norway, 8 Companies,
Abandoned Wells (wells drilled 1970
e2011)

193 38 Wells drilled 1970e2011.Well integrity
and barrier failure. 2 wells with likely
leak to surface.

Vignes (2011)

China ONSHORE Kenxi Resevoir, China (dates
unknown)

160 31.3 Well barrier failure Peng et al. (2007)

China ONSHORE Gudao Resevoir, China (wells
drilled 1978e1999)

3461 30.4 Wells drilled 1978e1999. Barrier failure
in oil-bearing layer.

Peng et al. (2007)

Offshore
Norway

OFFSHORE Norway, 8 Fields (dates
unknown)

217 25 Wells monitored 1998e2007. Well
integrity and barrier failure. 32% leaks
occurred at well head.

Randhol and Carlsen (2007)

Canada ONSHORE Saskatchewan, Canada (dates
unknown)

435 22 Wells monitored 1987e1993. Well
integrity failure: SCVF and GM

Erno and Schmitz (1996)

Offshore
Norway

OFFSHORE Internal Audit, Location
Unknown (dates unknown)

711 20 Barrier failure Nilsen (2007)

Offshore
Norway

OFFSHORE Norway, 12 Offshore
Facilities (wells drilled 1977e2006)

406 18 Wells drilled 1977e2006.Well integrity
and barrier failure. 1% had well head
failure.

Vignes and Aadnøy (2010)

China ONSHORE Daqing Field, China (wells
drilled w1980e1999)

6860 16.3 Wells drilled w1980e1999. Barrier
failure

Zhongxiao et al. (2000)

Bahrain ONSHORE Bahrain (wells drilled 1932
e2004)

750 13.1 Wells drilled 1932e2004. Failure of
surface casing with some leaks to
surface

Sivakumar and Janahi (2004)

Netherlands ONSHORE Netherlands (dates
unknown)

31 13 Barrier failure Vignes (2011)

UK OFFSHORE UK Continental Shelf (dates
unknown)

6137 10 Well integrity and barrier failure. Burton (2005)

USA ONSHORE Marcellus Shale,
Pennsylvania, USA (wells drilled 1958
e2013)

8030 6.26 Well reports 2005e2013. Well integrity
and barrier failure. 1.27% leak to
surface.

This study

China ONSHORE Gunan Reservoir, China
(dates unknown)

132 6.1 Barrier failure Peng et al. (2007)

USA ONSHORE Nationwide Gas Storage
Facilities (<1965e1988)

6953 6.1 Wells drilled <1965e1988. Well
integrity and barrier failure.

Marlow, 1989

China ONSHORE Hetan Reservoir, China
(dates unknown)

128 5.5 Barrier failure Peng et al. (2007)

USA ONSHORE Marcellus Shale,
Pennsylvania, USA (wells drilled 2010
e2012)

4602 4.8 Wells drilled 2010e2012. Well barrier
and integrity failure.

Ingraffea (2012)

Canada ONSHORE Alberta, Canada (wells drilled
1910e2004)

316,439 4.6 Wells drilled 1910e2004. Monitored
1970e2004.Well integrity failure: SCVF
and GM

Watson and Bachu (2009)

Indonesia ON/OFFSHORE Malacca Strait (wells
drilledw1980e2004)

164 4.3 Wells drilled w1980e2010. Both well
integrity and barrier failures. Further
41.4% of wells identified as high risk of
failure.

Calosa and Sadarta (2010)

USA ONSHORE Pennsylvania, USA (wells
drilled 2008e2013)

6466 3.4 Wells drilled 2005e2012.Well integrity
and barrier issues. Leak to surface in
0.24% wells.

Vidic et al. (2013)

China ONSHORE Kenli Resevoir, China (dates
unknown)

173 2.9 Barrier failure Peng et al. (2007)

USA ONSHORE Marcellus Shale,
Pennsylvania, USA (wells drilled 2008
e2011)

3533 2.58 Wells drilled 2008e2011.Well integrity
and barrier failure

Considine et al. (2013)

USA ONSHORE Nationwide CCS/Natural Gas
Storage Facilities (dates unknown)

470 1.9 Well integrity failure. Described as
significant gas loss.

IPCC (2005)

R.J. Davies et al. / Marine and Petroleum Geology xxx (2014) 1e168

Please cite this article in press as: Davies, R.J., et al., Oil and gas wells and their integrity: Implications for shale and unconventional resource
exploitation, Marine and Petroleum Geology (2014), http://dx.doi.org/10.1016/j.marpetgeo.2014.03.001

WRITTEN STATEMENTS (not from Hearing)



treat wells for which they have no data. Two decades ago, the US
EPA estimated that there were at least 1.2 million abandoned oil
and gas wells in the United States (EPA, 1987); more than 200,000
of these wells appear to be unplugged (EPA, 1987).

As the first state to produce oil commercially in the USA,
Pennsylvania illustrates the difficulty in characterizing abandoned
and orphaned wells. The state has seen around 325,000 to 400,000
oil and gas wells drilled since 1859. As of 2010, the Pennsylvania
Department of Environmental Protection (DEP) reported 8823 oil
and gas wells targeted for plugging (IOGCC 2013). The PA DEP also
reported more than 100,000 orphaned wells, but the precise loca-
tion and depth of most of these was unidentified. The number of
orphanedwells in Pennsylvania is probably closer to 180,000, being
the difference between the conservative estimate of w325,000
wells drilled in the state and the w140,000 wells listed in the PA
DEP database. These wells are mostly a legacy of the first 75e100
years of oil and gas drilling, before record keeping was common-
place. In fact, the earliest regulations on well plugging were
designed to stop water entering hydrocarbon wells, particularly
during floods, rather than to isolate oil and gas from the
environment.

Lost wells represent a different classification to abandoned or
orphaned wells. States in the USA report that somewhere between
828,000 and 1,060,000 oil and gas wells were drilled prior to a
formal regulatory system, most of which have no information
available in state databases (IOGCC, 2008). A New York state report
in 1994 estimated that, of the 61,000 oil and gas wells drilled to that
date, no records existed for 30,000 of them; Bishop (2013) referred
to these as ‘forgotten’ rather than abandoned or orphaned wells.

The growing number of unplugged wells in New York State il-
lustrates the difficulty of keeping remediation levels commensu-
ratewith the number of wells being drilled and abandoned (Bishop,
2013). Up to 2010, a total of w75,000 oil and gas wells had been
drilled in the state. Eleven thousand wells were still active at that
time, leaving 64,000 ‘abandoned’ wells (after Bishop, 2013). Of
these, 15,900 had been plugged but 48,000 remained unplugged;
thus only 25% of the abandoned wells in 2010 had been plugged,
down from 27% in 1994. More importantly, the number of un-
plugged wells had grown by 13,000 since 1994, when 35,000 such
wells existed (Bishop, 2013). This demonstrates that, in at least
some regions, the plugging of abandoned wells is not keeping pace
with the rate at which wells are being abandoned.

Some states have aggressive programmes for plugging aban-
doned oil and gas wells. Texas has one of the most ambitious,
having plugged 41,000 wells between 1991 and 2009 at a cost of
w$80 million (IOGCC, 2008). Overall, US states spent w$319
million in recent decades to plug and remediate w72,000 oil and
gas wells, at an average cost ofw$4500 per well. Based on that unit
cost, plugging 150,000 more wells would require $668 million, and
plugging all 320,000 wells estimated in Table 4 would cost $1.43
billion. In 2009, the combined balance available in all US state funds
for plugging wells was w$2.8 million, many orders of magnitude
less than that required to finish the job (IOGCC, 2008).

7. UK

In the UK a total of 2152 hydrocarbonwells were drilled onshore
between 1902 and 2013, with a peak in drilling activity during
World War II (Fig. 10). Approximately 1000 were drilled by com-
panies that still exist. Approximately 1050 were drilled by com-
panies that were subject to takeovers or mergers. For example, 543
wells were drilled by the D’Arcy company, mainly between 1941
and 1961 and D’Arcy is no longer operating.

We estimate that between 50 and 100 of the 2152 wells were
drilled by companies that no longer exist and were not bought or

merged. In the USA such wells are termed orphaned wells. Where
the company that drilled the well no longer exists, or has been
taken over or merged (up to 53% of UK wells), liability for any well
integrity failures that lead to pollution is unclear; in some cases it
may be that of the landowner. Even if a chain of ownership through
acquisition of prior licensees can be identified, the position is likely
to bemore complex as the legal mechanism used for the acquisition
may not be known. In some instances, it is possible that a company
was purchased for its assets and the liabilities were left with the
original entity.

As a case study, one of the 2152 wells listed by DECC was
examined (Fig. 11). Drilled in Sunderland in 2002, the well targeted
coal mine gas. In February 2014 the company that drilled the well
was contacted to confirm the status of thewell as either abandoned
or temporarily abandoned (suspended). No gas had been produced
due to elevated water levels and the well was temporarily aban-
doned (suspended) in 2002, pending transfer of ownership to the
Coal Authority, for water level monitoring or abandonment. The
surrounding land has since been acquired by developers and is
currently (February 2014) the site of a new residential housing
estate. As of February 2014, the well is now being abandoned
(DECC, pers. comm.).

Figure 8. (a) UK map showing locations of wells active in 1999 and crude oil dis-
charges (b) Coincidence of pollution reports with well pads in the Wytch Farm area,
southern England.
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Many wells have been drilled in areas where there are highly
productive aquifers (Fig. 12a) and there is a good spatial corre-
spondence between potential shale reservoirs and highly produc-
tive aquifers (Fig. 12b). In the USA, many shale gas wells have also
been drilled where there are active aquifers (King and King, 2013).

7.1. Surface identification of wells in the UK

A surface identification study of the 2152 UK onshore hydro-
carbonwells was carried out. 128 wells were not included because:
(a) the wells were younger than the available satellite imagery and
so could not be located using this method (114 wells); (b) the wells
were listed in the onshore well database (DECC, 2013) but were not

present on the UKOGL map (5 wells); or (c) the wells were listed as
‘offshore’ in the DECC onshore well database (9 wells).

The remaining 2024 wells were categorised as follows:

a. Cleared area of land present, consistent with site being used as
well pad; machinery present and site apparently in use;

b. Indications that well had once been present on site, but clearly
not active.

c. No well pad or machinery visible; no indication that well had
ever been present on site;

Of the well sites included in our study (Table 5), 33.7% were
clearly visible (i.e. the well pad and associated equipment could be

Figure 9. Graph of percentage of well barrier and integrity failures reported in 25 different studies around the world, with drilling dates and number of wells in each study.
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seen; Fig. 13a), 5.5% showed evidence of prior on-site drilling ac-
tivity without the current presence of drilling production, drilling
equipment or a well head (Fig. 13b), and 65.2% were not visible
(Fig. 13c). For 1.1% of sites it was unclear as to whether a well pad
existed. These sites mainly comprise industrial locations where it
could not be determined visually whether the infrastructure pre-
sent was related to a well site. It is likely that the reason that 65.2%
of wells are not visible is that UK regulations state that, after
abandonment, the well should be sealed and cut and the land
reclaimed.

8. Discussion

To provide context for the statistics on well barrier failure
reviewed above, comparative data are reported from other indus-
trial processes, primarily mining in the UK and geothermal energy
abstraction. The number of wells that may be required to produce
shale gas is also considered.

8.1. Coal mining

There are estimated to bew250,000 lost mining shafts in the UK
(Chambers et al., 2007) and many coal exploration boreholes.
During mine operation, the potential for cross-contamination be-
tween mined coal horizons and overlying potable aquifers is rela-
tively low due to the fact that mine workings are dewatered (often
at a regional scale, comprising several interconnected pits) to
facilitate access by the workforce. However, following mine

abandonment and the cessation of dewatering, groundwater
rebound occurs over 10e20 years and has the potential to
contaminate overlying aquifers. This process is driven by the hy-
draulic head in the coal workings exceeding that of the overlying
aquifer (Younger et al., 2002). In northern England, cessation of
pumping for mine dewatering in part of the Durham Coalfield led to
pollution of the overlying Magnesian Limestone aquifer, used for
public water supply. As a consequence, this led to the aquifer failing
an EU Water Framework Directive (WFD) environmental objective
for groundwater quality (Neymeyer et al., 2007). More broadly, the
2009 River Basin Management Plans, required as part of the
implementation of the EU WFD, reported that 34 out of 304
groundwater bodies in England and Wales had failed ‘good’ status
environmental objectives due to groundwater pollution by rising
waters following mine abandonment (including coal and metal
mines). In some areas, abandoned mine workings also liberate
methane, and emissions from abandoned UK coal mines were
estimated to be w14 million m3 of methane in 2008 (UNFCCC,
2010).

8.2. Geothermal energy

Environmental concerns linked to the exploitation of
geothermal energy include the mobilisation of contaminants from
the surrounding rock that could lead to the contamination of
aquifers by geothermal fluids. In the Balcova Geothermal Field in
Turkey, there has been thermal and chemical contamination of the
overlying aquifer by elements such as arsenic, antimony and boron.
Aksoy et al. (2009) recommended that regular inspection and
maintenance of geothermal wells should be carried out.

Summers et al. (1980) characterised geothermal fluids and
investigated the possible sources of well barrier and integrity fail-
ure and the potential for contamination. Based on their analysis,
they proposed a methodological framework for identifying
groundwater contamination from geothermal energy de-
velopments. Possible sources of well barrier and integrity failure of
geothermal wells include loading from the surrounding rock for-
mation, mechanical damage during well development, corrosion
and scaling from geothermal fluids, thermal stress, metal fatigue
and failure, and expansion of entrapped fluids (Southon, 2005).

The mixing of deep geothermal fluids with shallow groundwa-
ters can occur via natural mechanisms, such as natural upward fluid
convection along fault lines (e.g. within the Larderello geothermal
field, Italy; Bellani et al., 2004), and by anthropogenic activities,
including uncontrolled discharges to surface waters, faulty injec-
tion procedures (e.g. Los Azufres, Mexico: Birkle and Merkel, 2000),
and accelerated upward seepage from failed casings within wells
and boreholes. Casing failures related to inconsistencies in casing
cementation have been cited as one common cause of failure
(Snyder, 1979). The major failures of several geothermal wells on

Table 4
Estimated numbers of orphaned oil and gas wells for each U.S. state reporting at
least 1000 orphaned wells (IOGCC, 2008). Thirty-two of 50 states reported data on
orphaned wells.

State Orphaned oil or gas wells Orphaned wells targeted
by state for plugging

Pennsylvania 180,000 8823
New York 44,600 4600
Kansas 30,000 6500
Kentucky 14,880 12,800
Oklahoma 12,000 1685
Ohio 9500 524
Texas 7323 7323
Tennessee 4053 53
West Virginia 3999 1385
Illinois 3766 3766
Indiana 3000 756
Louisiana 2793 2793
Missouri 2000 2000
South Dakota 1288 NA
California 1000 181

Total 320,202 53,189

Figure 10. Graph showing number of hydrocarbon wells drilled in UK per year.
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the island of Milos, Greece, were attributed to thermal stresses on
the well casing that were exacerbated by poor cementation (Chiotis
and Vrellis, 1995). There is little published literature on failure rates
of geothermal wells, and failure rates are expected to vary due to
the wide range of geological settings from which geothermal en-
ergy can be exploited, with volcanically active regions carrying
higher levels of risk than more tectonically quiescent regions.

8.3. Number of wells for shale gas exploitation

The number of wells that could be drilled to exploit shale gas in
Europe depends on various factors, including geological conditions,
social acceptance and economics. Based on data from shale gas
plays in the USA, the estimated ultimate recovery (EUR) of a shale
gas well varies from 1.4 BCF (0.0392 BCM) to 5.9 BCF (1.652 BCM)
(Table 6; Baihly et al., 2010). If similar recoveries are assumed for
wells in European shale plays, between 169 and 714 wells would be
required for every 1 TCF (0.028 TCM) of total production. In

comparison, it has been calculated (Gluyas et al., unpublished data)
that conventional gas wells in the Rotliegend, which is a gas-
bearing sandstone reservoir in the Southern North Sea, have EURs
of between 1 and 100 times more gas per well.

8.4. Shale exploitation and water contamination

As shale reservoirs have very low permeability compared to
conventional sandstone or carbonate reservoirs (typically between
3.9 � 10�6 and 9.63 � 10�4 mD: Yang and Aplin, 2007), fluid
movement through and from shales is likely to be extremely slow.
Therefore the potential for shales at depth to be the source of
pollutants in the near-surface environment under natural condi-
tions is low. Geological timescales would be required for significant
quantities of hydrocarbons to migrate from a shale reservoir that
has not been artificially hydraulically fractured.

The drilling of wells to access gas-bearing shales requires the
penetration of geological formations close to the surface that will

Figure 11. Case study of gas exploration well abandonment in Sunderland, UK: (a) Map of the UK; (b) location of Sunderland; (c) location of new housing estate; (d) photograph of
temporarily abandoned (suspended) mine gas exploration borehole on building site of new housing estate (Grid Ref. 438260 557420). Well was completed in 2002 to a depth of
465 m.
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often contain freshwater. Where there is sufficient permeability
and storage capacity, these formations will form aquifers (Fig. 12)
that may be exploited for drinking water or industrial uses, such as
agriculture. Even where aquifers are not currently utilised, they
have the potential to be, and therefore require protection. Consid-
eration also needs to be given to protecting groundwater that
supports base flow to rivers and wetland ecosystems. Protection is
achieved through preventing hazardous pollutants or limiting non-
hazardous pollutants entering groundwater (European
Commission, 2000). Of the 2152 hydrocarbon wells drilled in the
UK, the well heads of 428 (20%) of these are located above highly
productive aquifers (likely to be exploited for public water supply)
and a further 535 (25%) are above moderately productive aquifers,
likely to be exploited for both public and private drinking water
supplies (Fig. 12a).

Evidence from conventional hydrocarbon fields shows that hy-
draulic fracturing due to the injection of fluids can, in very excep-
tional circumstances, lead to fracture propagation to the surface or
near-surface, if it takes place at relatively shallow depths. In the
Tordis Field of offshore Norway, for example, the average rate of
water injection was 7000 m3 day�1 for 5.5 months (total
volume ¼ w1,115,000 m3). Hydraulic fractures propagated from a
depth of w900 m to the surface through Cenozoic (Tertiary) strata.
The volume of fluid used in these operations, however, was more
than 120 times greater than that typically used for hydraulic frac-
ture stages in shale gas reservoirs and took place over a time period
hundreds of times longer. There are several factors in shale fracking
operations, including the relatively low volumes of fluid and the
short pumping times thatmake the upward propagation of very tall
fractures unlikely (Davies et al., 2012). To date, water contamina-
tion caused directly by the upward propagation of hydraulic frac-
tures remains unproven (Davies, 2011), although the possibility
cannot be totally ruled out.

As argued by Davies (2011) and Jackson et al. (2013), poor well
integrity is a far more likely cause of elevated concentrations of
thermogenic methane in shallow groundwater and water supplies
than pathways induced solely by hydraulic fracturing. Examples of
leaks in shale gas wells have been reported and fines imposed
(Roberts, 2010).

8.5. Implications and recommendations

As with our study, King and King (2013) addressed statistics on
well barrier and integrity failure. They compared the data with that
of other polluting activities in the USA, such as storage tanks, septic

Figure 12. (a) Map of UK showing location of onshore wells drilled for exploration or production and productive aquifers. (b) Map of UK showing location of potential shale gas and
oil reservoirs and productive aquifers. Aquifer base map reproduced with the permission of the British Geological Survey. �NERC. All rights Reserved.

Table 5
Statistics on visibility and accessibility of UK onshore wells.

Number of wells
(out of total of 2024
included in study)

Percentage

Visible 682 33.70
Not visible 1319 65.17
Unclear 23 1.14

Number of Wells
on Visible Sites

Percentage

On active sites 626 30.93
Non-active/former/

derelict sites
112 5.53

Urban 159 7.86
Urban/built over 182 8.99
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tanks and landfills, and made the point that the number of reports
of pollution from oil and gas wells was insignificant in comparison.
Nevertheless, for the more than 4 million wells drilled in Australia,
Austria, Bahrain, Brazil, Canada, Netherlands, Poland, UK and USA
alone, there is scarce published or online data on well integrity or

barrier failure. Improved monitoring is crucial for a better under-
standing of chances of hydrocarbon well barrier and integrity fail-
ure and the impact of this. There are examples of good practice. The
DEP database for Pennsylvania, USA, was used by Considine et al.
(2013) to carry out a detailed breakdown of the types of well in-
fringements and their severity. The Alberta Energy Resources Board
(ERCB) database of well integrity failure for 316,439 wells reported
by industry dating back to 1910 is not in the public domain, but the
data summary is available (Watson and Bachu, 2009). In Alberta
wells are checked for well integrity and barrier failure within 60
days of the drill rig being removed (Watson and Bachu, 2009).

In the UK there have been a small number of reported pollution
incidents associated with active wells and none with inactive
abandoned wells. This could therefore indicate that pollution is not
a common event, but one should bear in mind that monitoring of
abandoned wells does not take place in the UK (or any other
jurisdiction that we know of) and less visible pollutants such as
methane leaks are unlikely to be reported. It is possible that well
integrity failure may be more widespread than the presently
limited data show. Surveying the soils above abandoned well sites
would help establish if this is the case. In terms of monitoring,
abandoned wells could be checked 2e3 months after cement
plugging for sustained casing pressure and gas migration. If the
well has no evidence for barrier or integrity failure, it could be cut
and buried as per regulations. Soils above well sites could be
monitored every 5 years for emissions that are above a pre-
determined statutory level. As there are 2152wells in UK at present,
only 430 would need to be checked each year. Monitoring could be
intensified or scaled down based upon the results of the first
complete survey. Monitoring a proportion of future abandoned
shale gas and oil wells should also be feasible. A mechanism may
need to be established in the UK and/or Europe to fund repairs on
orphaned wells, and an ownership or liability survey of existing
wells would be timely.

9. Conclusions

Well barrier and integrity failure is a reasonably well-
documented problem for conventional hydrocarbon extraction
and the data we report show that it is an important issue for un-
conventional gas wells as well. It is apparent, however, that few
data exist in the public domain for the failure rates of onshore wells
in Europe. It is also unclear which of the datasets used in this study
will be the most appropriate analogues for well barrier and integ-
rity failure rates at shale gas production sites in the UK and Europe.
Only 2 wells in the UK have recorded well integrity failure (Hatfield
Blowout and Singleton Oil Field) but this figure is based only on
data that were publicly available or accessible through UK Envi-
ronment Agency and only out of the minority of UK wells which
were active. To the best of our knowledge and in line with other
jurisdictions (e.g. Alberta, Canada) abandoned wells in the UK are
sealed with cement, cut below the surface and buried, but are not
subsequently monitored. This number is therefore likely to be an
underestimate of the actual number of wells that have experienced
integrity failure. A much tighter constraint on the risks and impacts
would be obtainable if systematic, long-term monitoring data for
both active and abandoned well sites were in the public domain. It
is likely that well barrier failure will occur in a small number of
wells and this could in some instances lead to some form of envi-
ronmental contamination. Furthermore, it is likely that, in the
future, somewells in the UK and Europewill become orphaned. It is
important therefore that the appropriate financial and monitoring
processes are in place, particularly after well abandonment, so that
legacy issues associated with the drilling of wells for shale gas and
oil are minimised.

Figure 13. Examples of wells locations taken from UKOGL imaged with Google Earth,
illustrating range of surface manifestations of UK onshore wells: (a) cleared area of
land with appearance of being a maintained well pad; (b) cleared area of land with
appearance of poorly maintained and potentially disused well pad. (c) Location of well
drilling in which no well pad or machinery is visible.

Table 6
Estimated Ultimate Recovery (EUR) for 5 shale gas provinces in the USA (from
Baihly et al., 2010).

Shale play EUR after 30 years (TCF-0.028 BCM)

Barnett 3.0
Fayetteville 1.4
Woodford 1.7
Haynesville 5.9
Eagle Ford 3.8
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INTRODUCTION 

 
In 1990, the Interstate Oil Compact Commission (IOCC) and the U.S. Environmental Protection 
Agency (USEPA) jointly published a Study of State Regulation of Oil and Gas Exploration and 
Production Waste, which contained guidelines for the regulation of oil and gas exploration and 
production wastes by the IOCC member states (the “1990 Guidelines”).  The published 
guidelines, developed by state, environmental and industry stakeholders, provided the basis for 
the State Review Process, a multi-stakeholder review of state exploration and production (E&P) 
waste management programs against the guidelines.  The purposes of the State Review Process 
are to document the successes of states in regulating E&P wastes and to offer recommendations 
for program improvement.  In 1994, the guidelines were updated and revised (the “1994 
Guidelines) by the IOCC, now named the Interstate Oil and Gas Compact Commission 
(IOGCC). 
 
In 1999, administration of the State Review Process devolved to a non-profit, multi-stakeholder 
organization named State Review of Oil and Natural Gas Environmental Regulations, Inc. 
(STRONGER).  STRONGER again revised, expanded and updated the Guidelines, which were 
accepted by the IOGCC and published in June 2000 as Guidelines for the Review of State Oil 
and Natural Gas Environmental Regulatory Programs (the “2000 Guidelines”).  In 2005, 
STRONGER again revised, expanded and updated the Guidelines (the “2005 Guidelines”). 
 
In 2009, STRONGER formed a Hydraulic Fracturing Workgroup consisting of stakeholders to 
review issues associated with hydraulic fracturing and develop guidelines for state regulatory 
programs to address identified issues.  After several meetings and a round of public comment, 
the workgroup submitted to STRONGER a set of guidelines that represented the consensus of 
the workgroup.  In 2010, STRONGER distributed the workgroup‟s guidelines (the “2010 
Hydraulic Fracturing Guidelines”) for state regulation of hydraulic fracturing.  Those guidelines 
were used as the basis of this review. 
 
In September 2010, the Louisiana Department of Natural Resources (DNR), Office of 
Conservation volunteered to have its hydraulic fracturing program reviewed by STRONGER.  
The Louisiana oil and gas regulatory program has undergone two prior reviews.  The report of 
the initial review of the Louisiana oil and gas regulatory program was published in 1994.  A 
report of actions taken in response to recommendations from the 1994 review as well as a review 
of the program against guidelines revisions was published in 2004. 
 
The current review began with a questionnaire that was sent to the Office of Conservation.  The 
questionnaire had been prepared by the STRONGER Board.  STRONGER intended the 
questionnaire to capture the status of the Louisiana program relative to the 2010 Hydraulic 
Fracturing Guidelines. The Office of Conservation prepared a response to the questionnaire, 
which was then sent to the review team.   
 
In November 2010 to February 2011 a six-person team appointed by STRONGER conducted a 
review to evaluate the Office of Conservation program compared to the 2010 Hydraulic 
Fracturing Guidelines.  The review team consisted of three team members and three official 
observers.  The three team members were: Lori Wrotenbery, Oklahoma Corporation 
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Commission; Bruce Baizel, Earthworks Oil and Gas Accountability Project; and Jim Collins, 
Independent Petroleum Association of America.  The official observers were: Gil Bujano, Texas 
Railroad Commission; Richard Metcalf, Louisiana Mid-Continent Oil and Gas Association; and 
Doug Daigle, a Conservation Consultant from Baton Rouge. 
 
The review team conducted a meeting, the in-state portion of the review, in the conference 
facilities of the DNR in Baton Rouge, Louisiana on November 8, 2010.  Commissioner Jim 
Welsh, Chris Sandoz, Gary Ross, Blake Canfield and Gary Snellgrove of the Office of 
Conservation presented an overview of hydraulic fracturing requirements in Louisiana, and 
Professor Gary Hanson presented an overview of a partnership to address water issues in the 
Haynesville Shale.  Commissioner Welsh and the staff from the Office of Conservation and 
Jeffrey Meyers and Sam Phillips of the Louisiana Department of Environmental Quality 
responded to questions from the team members and official observers.  In addition to the 
Louisiana state government and university representatives who participated in the review and the 
review team, there were seven industry and six environmental attendees who observed the 
proceedings.  Following the meeting and after reviewing the written materials provided by the 
Office of Conservation, the team members compiled this review report. 
 
This is the report of the review of the Louisiana program against the 2010 Hydraulic Fracturing 
Guidelines of STRONGER.  Appendix A is a glossary of acronyms used in the report.  Appendix 
B contains Louisiana‟s written response to the STRONGER questionnaire. 

WRITTEN STATEMENTS (not from Hearing)



4 
 

EXECUTIVE SUMMARY 

 
 
An in-depth review of the Louisiana hydraulic fracturing regulatory program has been completed 
by a multi-stakeholder review team.  The review team has concluded that the Louisiana program 
is, over all, well-managed, professional and meeting its program objectives.  The review team 
also made recommendations for improvements in the program. 
 
 
Program Strengths 

 
During the 2010 review of Louisiana‟s regulation of hydraulic fracturing, the review team and 
observers were granted full access to Office of Conservation staff, and all questions were 
answered in a responsive and open manner.  During the review, the review team identified 
strengths of the Louisiana program, which also are noted in several of the report‟s findings.  The 
following offers an overview of some of the Louisiana program‟s strengths. 
 
 

1. Prompt review of policies and adjustment of regulations in response to Haynesville 

Shale development 
As development has occurred in the Haynesville Shale, the agency staff has worked to 
identify and respond to issues as they arose.  Following are three examples: 
 

 During the development of the Haynesville Shale, Office of Conservation 
staff recognized, through review of publications and experience, the potential 
impacts on domestic water use by use of the Carrizo-Wilcox aquifer for 
hydraulic fracturing purposes.  Initially nearly all water used for hydraulic 
fracturing in the Haynesville Shale was groundwater.  Hydraulic fracturing 
accounts for nearly 90 percent of the water demand for E&P purposes.   

 
The Red River Alluvial is a source of groundwater of lower quality that is 
suitable for hydraulic fracturing purposes.  There are also several surface 
water sources available in the area of the Haynesville Shale, including the Red 
River, Toledo Bend Reservoir, and other lakes and bayous.  Both the Toledo 
Bend reservoir and the Red River have yield capacities that far exceed 
projected demand for hydraulic fracturing purposes in the Haynesville Shale. 

 
In response to the impacts on domestic water use of the Carrizo-Wilcox 
aquifer, in 2008 the Office of Conservation advised operators to use 
alternative sources of water for hydraulic fracturing.  The advisory stated: 

 
“… Therefore, if ground water must be used for drilling or hydraulic 
fracturing stimulation purposes, it is recommended that the Red River 
Alluvial aquifer be utilized for these purposes, where feasible, as the 
source of ground water supply in lieu of the Carrizo-Wilcox aquifer.  …  
The Commissioner further encourages oil and gas operators to use the 
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available surface water resources or other acceptable alternative water 
sources in Northwest Louisiana where practical and feasible. …”   

 
 

 The Office of Conservation issued Order No. U-HS effective August 1, 2009.  
The order establishes practices, safeguards and regulations relating to the 
exploration and production of gas from the Haynesville Shale in urban areas.  
The order addresses issues such as well setbacks from buildings, fencing, site 
maintenance, dust, vibration, odors, site lighting, muffled exhaust, venting and 
flaring of gas, activities limited to daytime hours, noise, water and road use. 

 
 Until recently, Office of Conservation rules did not allow the recycling of 

flowback fluids.  Recent changes encourage source reduction and recycling of 
produced water, rainwater, and drilling, workover, completion and stimulation 
fluids for frac supply purposes (e.g., LAC 43:XIX.313.J). 

 
 

2. Water resource use monitoring and reporting 

 
In addition to advising operators to use sources of water other than the Carrizo-Wilcox 
aquifer, in a separate letter to operators, the Commissioner instituted the requirement that: 
 

“… the water source and associated volume must be reported on page two (2) of 
the „Well History and Work Resume Report‟ (Form WH-1) which must be filed 
within twenty days after completion or recompletion operations.  The water 
sources must be identified by either the water well number or water body name, 
as appropriate.  Separate water volumes for rig supply use and stimulation 
operation use must be provided.”   
 

As a result of those actions, water demand for the year from October 1, 2009 to 
September 30, 2010 was met primarily (78 percent) by surface water.  Through these 
actions, the Office of Conservation is confident that long-term adverse impacts to the 
Carrizo-Wilcox aquifer have been prevented. 

 
 

3. Actions to increase recycling opportunities 

The use of alternate sources of water and recycling of E&P waste fluids for hydraulic 
fracturing in the Haynesville Shale are encouraged.  Until recently, Office of 
Conservation rules did not provide specific regulatory protocol for offsite (commercial) 
waste treatment and disposal facility operators to recycle flowback.  Regulatory changes 
have been adopted to further streamline permitting of commercial waste fluid treatment 
and reclamation operations for frac water supply purposes (LAC 43:XIX.565). 
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4. Public education/outreach   

The Office of Conservation has a good public outreach program in place that includes 
participation in industry meetings, workshops for the public, and the DNR web site. 
The Office of Conservation has been involved in a number of local meetings and forums 
on well construction, water use, and hydraulic fracturing operations.   
 
The agency web site includes a dedicated page providing up-to-date information on the 
Haynesville Shale.  The web site includes a link to an API video that demonstrated the 
hydraulic fracturing process as well as memos, advisories, notices of rulemaking and 
presentations prepared by the Office of Conservation.  The site also includes maps and 
spreadsheets with well information. 
 
 

 
Program Recommendations 

 
The following are the primary areas where recommendations are made by the review team for 
improvements of the Louisiana hydraulic fracturing program. Discussion and findings for these 
recommendations can be found in the various sections of the report.  Readers are encouraged to 
review the specific discussion and finding for each recommendation 
 
 

1. Review of casing and cementing standards, including surface casing requirements 

 

The minimum depth of surface casing is based on the total depth of the well.  In the 
Haynesville Shale area, wells may be drilled through the underground sources of drinking 
water (USDW) and through at least one known productive zone before surface casing is 
set. 
 
The Office of Conservation has contracted with the Louisiana State University to assist in 
the review of well construction standards.  

 
The review team recommends that, in order to protect groundwater, the Office of 
Conservation should consider the depth of the USDW and the depths of any saline or 
productive zones, in addition to the total depth of the well, in setting surface casing 
requirements.  The review team recommends that the Office of Conservation develop  
casing standards to meet anticipated pressures and protect other resources (including 
treatable groundwater) and the environment.   
 
 

2. Immediate reporting of problems and subsequent reporting of volumes, pressures, 

and materials used 

 
After completion of the well, a Well History and Work Resumé Report (WH-1) is 
required to be submitted.  This report summarizes the work performed on the well.  The 
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report includes cement returns to the surface which are witnessed by the field inspector or 
an offset operator.  Information including the origin and volume of water used is 
required.  Aggregate volumes of fracturing fluids, proppant types and pressures are 
usually included on the DM-4-R and/or the WH-1.  Hydraulic fracturing materials used, 
aggregate volumes of fracturing fluids and proppant used, and fracturing pressures are 
not required to be reported to the DNR. 

 
The review team recommends that reporting should include the identification of materials 
used, aggregate volumes of fracturing fluids and proppant used, and fracture pressures 
recorded.  (STRONGER Guidelines Section 9.2.2.) 
 

 

3. Structured training for field inspectors   

 

Professional technical staff (geologists and engineers) receives training through technical 
workshops and seminars.  Field staff training usually occurs during quarterly meetings, 
and is usually in a discussion format concerning issues raised by field staff.  More 
structured training for field staff is being developed. 
 
The review team recommends that field staff should receive more structured training to 
stay current with new and developing hydraulic fracturing technology. 

 

 

4. Spill Prevention and Control Plan 

DEQ regulations (LAC 33:IX. Subpart 1, Chapter 9) require the development and 
implementation of a Spill Prevention and Control plan.  The regulations require the 
operator to prepare the plan within 180 days after the facility becomes operational and to 
be fully implemented within one year after the facility begins operation.  Consequently, 
there is a gap in time between the drilling and hydraulic fracturing of a well and the time 
that the Spill Prevention and Control Plan is required. 

The review team recommends that the State of Louisiana develop contingency planning 
and spill risk management procedures for hydraulic fracturing that meet the requirements 
of Section 4.2.1 of the STRONGER guidelines. 
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HYDRAULIC FRACTURING 

 
 

I. BACKGROUND 

 

Oil and gas have been produced commercially in Louisiana since the drilling of an oil gusher on 
the Evangeline Salt Dome near Jennings in southern Louisiana in 1901.  However, since much of 
southern Louisiana is covered with marshy terrain, future development was concentrated in 
northern Louisiana where the Caddo and Monroe fields were discovered in 1906 and 1916 
respectively. 

More recently, the Haynesville Shale has become a target of interest.  The Haynesville Shale lies 
more than 10,000 feet below the surface.  It is a consistent 500-foot thick layer underlying an 
area approximately 80 miles south to north by 60 miles east to west across the Louisiana – Texas 
border.  It contains an estimated 251 TCF of recoverable natural gas.  As of October 28, 2010, 
there were 1,691 permitted wells in the Haynesville.  It is estimated that about 10,000 wells will 
be needed to produce all of the recoverable gas from the Haynesville Shale. 

More than 220,000 wells have been drilled in all of Louisiana.  Hydraulic fracturing has been 
conducted in Louisiana since the 1960s.  Wells in the Haynesville Shale must be fractured to be 
commercially productive.  The State of Louisiana has not identified any instances where 
hydraulic fracturing has harmed groundwater. 

The Louisiana Commission for Conservation of Natural Resources was created in 1908 to 
address the conservation of oil and gas.  In 1912 the Conservation Commission (renamed in 
1910), was reorganized and given the authority to adopt regulations to protect state resources.  
Some of the early regulations required drilling permits to be filed along with maps of well 
locations, required the use of surface casing and cement, and required the plugging of abandoned 
wells. 

In 1916 the Louisiana Department of Conservation was created.  The Department of 
Conservation conducted its duties under the supervision of the Commissioner of Conservation.   

Legislation enacted in 1924 made it illegal to pollute the waterways of the state with salt water, 
oil, and other substances.  In 1940 additional conservation legislation was enacted that was 
subsequently adopted as Title 30 of the Revised Statutes of 1950.  Comprehensive regulations 
were promulgated in1943 as Statewide Order No. 29-B.  Saltwater disposal well regulations 
were added in 1961.  The first regulations concerning commercial facilities were promulgated in 
1980. The rules were amended to include language necessary for EPA approval of the 
Underground Injection Control (UIC) Program in 1982.  The first pit rules were added in 1986. 

In 1976 the state government in Louisiana was reorganized and the Department of Natural 
Resources (DNR) was formed.  The Office of Conservation was placed in the DNR .  The Office 
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of Conservation retained much of its jurisdiction over the oil and gas industry.  That jurisdiction 
includes the drilling and production of oil and gas wells and disposal of oil and gas exploration 
and production waste. 

 

 

II. GENERAL 

 

The Department of Natural Resources, Office of Conservation is responsible for the regulation 
and conservation of oil, gas, lignite, and other natural resources.  The Commissioner of 
Conservation oversees all activities involving the conservation and development of the natural 
and mineral resources of the state. 

The Executive Division within the Office of Conservation administers and coordinates the 
functions of the office, including administrative and technical matters.  The Commissioner 
oversees five technical divisions: Engineering, Geological Oil and Gas, Environmental, Injection 
and Mining, and Pipeline.  The Engineering Division is responsible for the conservation of oil 
and gas located underground, in storage and in transportation, and is responsible for the 
protection of property rights related to oil and gas exploration and production.  The Geological 
Oil and Gas Division prevents the drilling of unnecessary wells, protects individual property 
rights and conserves the state‟s natural resources in a geologically approved manner.  The 
Environmental Division is responsible for exploration and production waste management, 
abandoned site remediation and ground water resources.  The Injection and Mining Division 
permits underground injection wells, the surface mining of coal and lignite, and commercial 
exploration and production waste storage, treatment and disposal facilities.  The Pipelines 
Division is responsible for pipeline safety and pipeline operations. 

The Office of Conservation rules are contained in Title 43 of the Louisiana Administrative Code.  
The Division of Administration, Office of the State Register, is the official authority responsible 
for Executive Orders issued by the Governor, the Louisiana Administrative Code, and the 
monthly Louisiana Register.  The State Register posts Office of Conservation rules on its Web 
site. 

The Department of Environmental Quality (DEQ) is generally responsible for environmental 
protection through its regulatory programs protecting air, land and water.  The DEQ is organized 
into 17 divisions.  It is responsible for 24 programs and initiatives.  DEQ activities related to 
hydraulic fracturing include spill mitigation and clean-up and radiation protection.  DEQ rules 
are contained in Title 33 of the Louisiana Administrative Code.   
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STANDARDS 

 

The Louisiana Office of Conservation has developed regulatory standards that relate to hydraulic 
fracturing.  These standards are found in various sections of the Louisiana Administrative Code.  
They include standards developed to prevent groundwater contamination (LAC 43:XIX.303.C). 

The Office of Conservation requires that a work permit application (DM-4-R) be filed and 
approved before the beginning of well construction operations, including hydraulic fracturing.  
When an operator applies for a Work Permit, the application includes a plan for the construction 
and stimulation of the well.  The Work Permit is reviewed for adequacy and approved in the 
district office.  It is issued by the Conservation District Manager. 

The Office of Conservation issued Order No. U-HS effective August 1, 2009.  The order 
establishes practices, safeguards and regulations relating to the exploration and production of gas 
from the Haynesville Shale in urban areas.  The order addresses issues such as well setbacks 
from buildings, fencing, site maintenance, dust, vibration, odors, site lighting, muffled exhaust, 
venting and flaring of gas, activities limited to daytime hours, noise, water and road use. 

Standards are in place for the placement and pressure testing of casing and cement (LAC 
43:XIX.109). The minimum surface casing depth is based on the total depth of the well.  District 
managers can require more than minimum casing based on the regional or local geology and 
other factors.  A minimum of 1,800 feet of surface casing is required for Haynesville Shale 
wells. 

Operators are required to provide at least 12-hours notice to the district office prior to hydraulic 
fracturing operations (LAC 43:XIX.105.A).  This provides the opportunity for the state to 
witness the activity.   

If an unanticipated operational or mechanical problem is identified, the operator is required to 
notify the district manager.  Compliance orders are issued as appropriate to assure that the 
problem is investigated, assessed and remedied.  Office of Conservation staff were aware of one 
compliance order being issued in response to a question about a possible hydraulic fracturing or 
casing/cementing failure. 

The majority of fluids used in hydraulic fracturing are stored in tanks.  Some impoundments are 
built for fresh water storage.  Flowback from hydraulic fracturing activities must be stored in 
tanks or in lined pits.  Flowback from hydraulic fracturing is defined in Louisiana as E&P Waste, 
Waste Type 04, Completion workover and stimulation fluids (LAC 43:XIX.501).  Pit standards, 
including requirements for siting above the 100-year flood level, construction, liners, levee or 
berm adequacy, freeboard and closure are in place (LAC 43:XIX.307.A.1).  Pits used for 
temporary containment during well drilling and completion must be closed within six months. 

Standards for soil testing before and after pit closure ensure the protection of surface water and 
groundwater (LAC 43:XIX.311 and 313).  The primary parameter of concern when testing is 
salinity.  Documentation pertaining to testing and closure is maintained by the operator for at 
least three years.  Closure data is routinely requested by the Office of Conservation. 
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Waste generators are responsible for the transportation of waste disposed at commercial or 
centralized facilities (LAC 43:XIX.503.D).  Waste characterization includes, but is not limited 
to, testing for metals, Total Petroleum Hydrocarbons (TPH), electrical conductivity, chlorides 
and pH (LAC 43:XIX.503.A).  A manifest system is in place to document each waste shipment 
(LAC 43:XIX.545) 

Until recently, Office of Conservation rules did not allow the recycling of flowback fluids.  
Recent changes encourage source reduction and recycling of produced water, rainwater, and 
drilling, workover, completion and stimulation fluids for frac supply purposes (e.g., LAC 
43:XIX.313.J). 

Complaints related to hydraulic fracturing are tracked in the DNR database (SONRIS).  Most 
complaints received by the Office of Conservation are associated with groundwater withdrawal.  
The number of complaints have been reduced over the last two years as a result of actions taken 
(discussed in the Water and Waste Management section of this report) to shift from use of the 
Carrizo-Wilcox aquifer to primarily surface water resources as the source of water for hydraulic 
fracturing.  People registering complaints receive copies of all correspondence related to the 
complaint. 

The Office of Conservation provided funding for a study by Louisiana State University to 
investigate any needed rule changes related to oil and gas well construction.  Recommendations 
are currently being considered. 

DEQ regulations (LAC 33:IX. Subpart 1, Chapter 9) require the development and 
implementation of a Spill Prevention and Control Plan.  The regulations require the operator to 
prepare the plan within 180 days after the facility becomes operational and to be fully 
implemented within one year after the facility begins operation.   

Spills and releases are reported to the Louisiana State Police hotline.  The Louisiana State Police 
are the lead agency in incident response while the DEQ has the lead in mitigation and clean-up.  
The Office of Conservation involvement in spill and release incident response is in a supporting 
role. 

DEQ also is responsible for radiation protection, including Naturally Occurring Radioactive 
Materials (NORM) that may be associated with E&P.  Commercial facilities that receive solids 
must test for NORM.  Readings above action levels trigger refusal and notification requirements.  
If levels are found to be above action levels, the facility must conduct surveys for worker 
protection.  The DEQ reported that no E&P solids from the Haynesville Shale have triggered 
refusal or notification. 

 

Finding 9.2.1.1. 

The Work Permit application and approval process provides for the permitting of hydraulic 
fracturing activities. 
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Finding 9.2.1.2. 

The minimum depth of surface casing is based on the total depth of the well.  In the Haynesville 
Shale area, wells may be drilled through the underground sources of drinking water (USDW) and 
through at least one known productive zone before surface casing is set. 

Recommendation 9.2.1.2. 

The review team recommends that, in order to protect groundwater, the Office of Conservation 
should consider the depth of the USDW and the depths of any saline or productive zones, in 
addition to the total depth of the well, in setting surface casing requirements 

 

Finding 9.2.1.3. 

 
There are no specific standards or requirements for cement used in well construction. 
 
Recommendation 9.2.1.3. 

 
The review team recommends that the Office of Conservation develop cement standards to meet 
anticipated pressures and protect other resources and the environment.  (STRONGER 
Guidelines, Section 9.2.1.) 
 
 
Finding 9.2.1.4. 

 
The Office of Conservation provided funding for a study by Louisiana State University to 
investigate any needed rule changes related to oil and gas well construction.  Recommendations 
are currently being considered.  The review team commends the DNR for initiating this review. 
 
Recommendation 9.2.1.4. 

 

The review team recommends that the Office of Conservation develop casing standards to meet 
anticipated pressures and protect other resources (including treatable groundwater) and the 
environment.  (STRONGER Guidelines, Section 9.2.1.) 
 
 
Finding 9.2.1.5. 

DEQ regulations (LAC 33:IX. Subpart 1, Chapter 9) require the development and 
implementation of a Spill Prevention and Control Plan.  The regulations require the operator to 
prepare the plan within 180 days after the facility becomes operational and to be fully 
implemented within one year after the facility begins operation.  Consequently, there is a gap in 
time between the drilling and hydraulic fracturing of a well and the time that the Spill Prevention 
and Control Plan is required. 
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Recommendation 9.2.1.5. 

The review team recommends that the State of Louisiana develop contingency planning and spill 
risk management procedures for hydraulic fracturing which meet the requirements of Section 
4.2.1 of the STRONGER guidelines.  (STRONGER Guidelines Section 9.2.1.) 

 

Finding 9.2.1.6. 

Operators are required to notify the district manager if an unanticipated operational or 
mechanical problem is identified during hydraulic fracturing operations.   

 

Finding 9.2.1.7. 

Compliance orders are issued as appropriate to assure that problems identified during hydraulic 
fracturing operations are investigated, assessed and remedied.   

 

Finding 9.2.1.8. 

Recent changes to the regulations encourage source reduction and recycling of produced water, 
rainwater, and drilling, workover, completion and stimulation fluids. 

 

Finding 9.2.1.9. 

Complaints related to hydraulic fracturing are tracked in the DNR database.  People registering 
complaints receive copies of all correspondence related to the complaint. 

 

 

REPORTING 

 
The Office of Conservation requires that a work permit application (DM-4-R) be filed and 
approved before the beginning of well construction operations, including hydraulic fracturing.  
After approval, the district manager must be notified at least 12 hours prior to the initiation of 
any work under the Work Permit.   
 
After completion of the well, a Well History and Work Resumé Report (WH-1) is required to be 
submitted.  This report summarizes the work performed on the well.  The report includes cement 
returns to the surface which are witnessed by the field inspector or an offset operator.  

WRITTEN STATEMENTS (not from Hearing)



14 
 

Information including the origin and volume of water used is required.  Aggregate volumes of 
fracturing fluids, proppant types and pressures are usually included on the DM-4-R and/or the 
WH-1.   
   
If the Office of Conservation needs to know the chemical constituents of hydraulic fracturing 
fluids, they have the authority to request the information from the operator.  The Louisiana State 
Police and the DEQ have authority to ensure that MSDS and other information are made 
available on-site. 
 
Louisiana has an open records law.  Most exemptions are agency-specific.  DEQ allows 
proprietary exemptions for processes or equipment, but not for chemicals or other potential 
pollutants.  DEQ has procedures for keeping proprietary formulations confidential.  In the event 
of an emergency, requests for confidential information from medical personnel would be 
channeled through DEQ. 
 

 

Finding 9.2.2.1. 

 
Operators are required to provide prior notification of hydraulic fracturing operations,  
 
 
Finding 9.2.2.2. 

 
Hydraulic fracturing materials used, aggregate volumes of fracturing fluids and proppant used, 
and fracturing pressures are not required to be reported to the DNR. 
 
Recommendation 9.2.2.2. 

 
The review team recommends that reporting should include the identification of materials used, 
aggregate volumes of fracturing fluids and proppant used, and fracture pressures recorded.  
(STRONGER Guidelines Section 9.2.2.) 
 
 
 

STAFFING AND TRAINING 

The Office of Conservation indicated that staffing levels are sufficient to address hydraulic 
fracturing and other oil and gas activities.  Field staff levels were increased prior to the 
development of the Haynesville Shale.  There is no expectation of staff cuts due to budget issues.   

There are 38 oil and gas field inspectors, ,in addition to environmental, injection, and pipeline 
inspectors. District offices of the Office of Conservation are located in Lafayette, Monroe and 
Shreveport.  There are 18 oil and gas inspectors assigned to the Lafayette District, seven to the 
Monroe district, and 13 to the Shreveport District, which includes the Haynesville Shale.  
Inspectors typically work from their homes and report to the district office once each week.  The 
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Office of Conservation is satisfied with this arrangement and the current allocation of field staff 
to each district. 

Professional technical staff (geologists and engineers) receives training through technical 
workshops and seminars.  Field staff training usually occurs during quarterly meetings, and is 
usually in a discussion format concerning issues raised by field staff.  More structured training 
for field staff is being developed. 

 

Finding 9.2.3.1. 

Inspectors visit well locations on the average of three to five times during drilling and 
completion.  

 

Finding 9.2.3.2. 

Field staff training usually occurs during quarterly meetings, and is usually in a discussion 
format concerning issues raised by field staff.   

Recommendation 9.2.3.2. 

The review team recommends that field staff should receive more structured training to stay 
current with new and developing hydraulic fracturing technology.  (STRONGER Guidelines, 
Section 9.2.3.) 
 

 

PUBLIC INFORMATION 

 

The Office of Conservation has been involved in a number of local meetings and forums on well 
construction, water use, and hydraulic fracturing operations.   

The agency web site includes a dedicated page providing up-to-date information on the 
Haynesville Shale.  The web site includes a link to an API video that demonstrated the hydraulic 
fracturing process as well as memos, advisories, notices of rulemaking and presentations 
prepared by the Office of Conservation.  The site also includes maps and spreadsheets with well 
information. 

 

Finding 9.2.4.1. 

The Office of Conservation has a good public outreach program in place that includes 
participation in industry meetings, workshops for the public, and the DNR web site. 
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III. WATER AND WASTE MANAGEMENT 

 
As mentioned above, the Office of Conservation is responsible for the regulation and 
conservation of oil, gas, lignite and other natural resources.  As such, they have responsibilities 
regarding the sources of water used in hydraulic fracturing operations.  During the development 
of the Haynesville Shale, Office of Conservation staff recognized, through review of publications 
and experience, the potential impacts on domestic water use by use of the Carrizo-Wilcox 
aquifer for hydraulic fracturing purposes.  Initially nearly all water used for hydraulic fracturing 
in the Haynesville Shale was groundwater.  Hydraulic fracturing accounts for nearly 90 percent 
of the water demand for E&P purposes.   
 
In addition to the Carrizo-Wilcox, Upland Terrace and Sparta aquifers, the Red River Alluvial is 
a source of groundwater of lower quality that is suitable for hydraulic fracturing purposes.  There 
are also several surface water sources available in the area of the Haynesville Shale, including 
the Red River, Toledo Bend Reservoir, and other lakes and bayous.  Both the Toledo Bend 
reservoir and the Red River have yield capacities that far exceed projected demand for hydraulic 
fracturing purposes in the Haynesville Shale. 
 
In response to the impacts on domestic water use of the Carrizo-Wilcox aquifer, in 2008 the 
Office of Conservation advised operators to use alternative sources of water for hydraulic 
fracturing.  The advisory stated: 
 

“… Therefore, if ground water must be used for drilling or hydraulic fracturing 
stimulation purposes, it is recommended that the Red River Alluvial aquifer be utilized 
for these purposes, where feasible, as the source of ground water supply in lieu of the 
Carrizo-Wilcox aquifer.  …  The Commissioner further encourages oil and gas operators 
to use the available surface water resources or other acceptable alternative water sources 
in Northwest Louisiana where practical and feasible. …”   
 

In addition, in a separate letter to operators the Commissioner instituted the requirement that: 
 

“… Specifically, the water source and associated volume must be reported on page two 
(2) of the „Well History and Work Resume Report‟ (Form WH-1) which must be filed 
within twenty days after completion or recompletion operations.  The water sources must 
be identified by either the water well number or water body name, as appropriate.  
Separate water volumes for rig supply use and stimulation operation use must be 
provided.”   
 

As a result of those actions, water demand for the year from October 1, 2009 to September 30, 
2010 was met primarily (78 percent) by surface water.  Through these actions, the Office of 
Conservation is confident that long-term adverse impacts to the Carrizo-Wilcox aquifer have 
been prevented. 
 
Act 955 of 2010 encourages, through environmental permitting and cooperative agreements 
approved by the DNR Office of Mineral Resources, the establishment of protocols for the use of 
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surface water bodies in the public domain.  These agreements provide information about the 
body of water and its uses.   
 
The use of alternate sources of water and recycling of E&P waste fluids for hydraulic fracturing 
in the Haynesville Shale are encouraged.  Until recently, Office of Conservation rules did not 
allow the recycling of flowback.  Recent changes allow operators to use their own E&P Waste 
fluids, including produced water, rainwater, and flowback, for frac supply purposes (LAC 
43:XIX.313.J).  Additional changes have been adopted to provide specific permitting protocol 
for off-site (commercial) waste fluid treatment and reclamation for frac water supply purposes 
(LAC 43:XIX.565). 
 
Wastes associated with hydraulic fracturing are either disposed of on-site in a manner that 
protects public health and the environment or are transported to permitted waste disposal 
facilities.  Transported waste documentation and tracking by waste type and volume from the 
point of generation to the point of disposal is required.   
 
On-site and regional offsite commercial injection wells are used for disposal of hydraulic 
fracturing wastes.  In addition, waste is transported to Texas and Arkansas for disposal.  Recently 
there has been an increase in the number of applications for disposal wells in north Louisiana as 
a result of development of the Haynesville Shale. 
 

 

 

Finding 9.3.1. 

 
The review team supports the Office of Conservation actions to protect the Carrizo-Wilcox 
aquifer and encourage the use of surface water or poorer-quality groundwater sources for 
hydraulic fracturing. 
 
 
Finding 9.3.2. 

 
There is adequate surface water available for anticipated hydraulic fracturing needs in the 
Haynesville Shale.  Both the Toledo Bend reservoir and the Red River have yield capacities that 
far exceed projected demand for hydraulic fracturing purposes. 
 
 
 

 

 

Finding 9.3.3. 

 
The use of alternate sources of water and recycling of E&P waste fluids for hydraulic fracturing 
in the Haynesville Shale are encouraged.  Recent amendments to the regulations allow E&P 
Waste fluids, including produced water, rainwater, and flowback, to be used for frac supply 
purposes.  

WRITTEN STATEMENTS (not from Hearing)



18 
 

Appendix A 

Acronyms 

 
DEQ   Department of Environmental Quality 
DNR   Department of Natural Resources 
E&P   Exploration and Production 
EPCRA  Emergency Planning and Community Right-to-Know Act 
IOCC   Interstate Oil Compact Commission 
IOGCC  Interstate Oil and Gas Compact Commission 
NORM   Naturally Occurring Radioactive Material 
RBDMS  Risk Based Data Management System 
STRONGER               State Review of Oil and Natural Gas Environmental Regulations, Inc. 
TCF   Trillion Cubic Feet 
TPH   Total Petroleum Hydrocarbons 
UIC   Underground Injection Control 
USDW   Underground Source of Drinking Water 
USEPA  U.S. Environmental Protection Agency 
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Appendix B 

Hydraulic Fracturing Questionnaire 
 

(Note: Written responses to questions should be brief (i.e., 1 paragraph in length).  Additional 
information may be requested by the review team during the in-state portion of the review.)  

 

General [X.2] 
 
Has the state evaluated potential risks associated with hydraulic fracturing, taking into 
account factors such as depth of the reservoir to be fractured, proximity of the reservoir to fresh 
water resources, well completion practices, well design, and volume and nature of fluids?  
 
Yes.  The geologic relationship in Louisiana between the freshwater aquifers and the reservoirs 
and formations that are being hydraulically fractured make potential risks extremely low.  
Typically, the freshwater aquifer is vertically separated from the reservoir/formation by at least 
one mile of sediments including massive confining (impermeable) clays that are several hundred 
feet thick.  For the Haynesville Shale, this vertical separation is approximately two (2) miles.  
These conditions make wellbores the only potential conduit for contamination of freshwater 
aquifers.  Minimum requirements for the setting and testing of casing and cement specified in 
LAC 43:XIX.109 ensure well integrity.  
 
 
Has the state developed standards to prevent the contamination of groundwater and surface 
water from hydraulic fracturing?    
 
No specific standards for hydraulic fracturing operations have been developed.  However, 
contamination of a groundwater aquifer or an Underground Source of Drinking Water (USDW) 
with E&P Waste is strictly prohibited (LAC 43:XIX.303.C).  Also, minimum requirements exist 
for the setting and testing of casing and cement to ensure well integrity (LAC 43:XIX.109).   
The storage of produced fluids and frac flowback fluids in tanks or lined production pits is also 
required to prevent possible surface water or groundwater contamination.  For earthen pits, 
minimum liner specifications are required by LAC 43:XIX.307.A.1.  Pre- and post-pit closure 
soil analytical requirements ensure that all onsite E&P Waste storage, treatment and disposal 
activities do not impact groundwater or surface water resources (LAC 43:XIX.311 & 313). 
In addition, a Spill Prevention Control and Countermeasure (SPCC) plan shall be developed and 
implemented in accordance with L.A.C. 33:IX. Subpart 1, Chapter 9, LDEQ Environmental 
Regulations. 
 
 
Hydraulic Fracturing Standards [X.2.1] 
 
Describe how state standards for casing and cementing meet anticipated pressures associated 
with hydraulic fracturing to protect other resources and the environment.    
 
Minimum requirements for the setting and testing of casing and cement ensure that well integrity 
exists prior to conducting hydraulic fracturing operations (LAC 43:XIX.109).  There are no 
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specific requirements for casing weights and grades used in hydraulic fracturing operations, but 
each Work Permit issued by the Conservation District Manager is reviewed for adequacy. 
DNR is currently funding a regulatory study by the Department of Petroleum Engineering at 
Louisiana State University to investigate potential rule changes related to oil and gas well 
construction.  The first recommendations should be provided to DNR by December 2010. 
 
 
Discuss how the program identifies and, where deemed appropriate, manages risks associated 
with potential conduits for fluid migration in the area of hydraulic fracturing.  
  
With production beginning around 1910, there has been much prior geological information 
generated for Northwest Louisiana.  This geologic information affords sufficient USDW 
protection as evidenced by the successful operation of 1,586 Class II injection wells in the 
Haynesville Shale region with no cases of USDW contamination attributed to those wells. 
 
 
Describe program requirements that address actions to be taken in response to unanticipated 

operational or mechanical changes encountered during hydraulic fracturing that may cause 
concern.   
 
Operators are issued Compliance Orders requiring investigation, assessment and remedial 
action to address any unanticipated operational or mechanical problems identified.  In addition, 
the Office of Conservation acts as a support agency to the Louisiana State Police, Louisiana 
Department of Environmental Quality and local emergency response agencies. 
 
 

 Briefly describe how surface controls associated with hydraulic fracturing, such as dikes, pits or 
tanks, meet Sections 5.5 and 5.9 of the guidelines.   

 
For protection of surface water and groundwater, E&P Waste derived from Hydraulic 
Fracturing Operations must be stored in tanks or in lined pits.  Regulations for storage of E&P 
Waste in pits include liner design specifications and requirements to ensure adequate levees and 
freeboard during operation and proper closure (see LAC 43:XIX.307.A & 311).  Pre- and post-
pit closure soil analytical requirements ensure that all onsite E&P Waste storage, treatment and 
disposal activities do not impact groundwater or surface water resources (LAC 43:XIX.311 & 
313). 
 
 
Briefly describe how contingency planning and spill risk management procedures related to 
hydraulic fracturing meet Section 4.2.1 of the guidelines.    
 
A Spill Prevention Control and Countermeasure (SPCC) plan shall be developed and 
implemented in accordance with L.A.C. 33:IX. Subpart 1, Chapter 9, LDEQ Environmental 
Regulations. 
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Briefly discuss how hydraulic fracturing waste characterization requirements, including, as 
appropriate, testing of fracturing fluids, are consistent with Section 5.2 of the guidelines. 
 
Hydraulic fracturing fluid material that returns to the surface during fracture stimulation 
operations is by definition an exploration and production waste (E&P Waste), i.e., Waste Type 
04, Completion workover and stimulation fluids, as defined in LAC 43:XIX.501.  The General 
Requirements for Generators of E&P Waste under LAC 43:XIX.503.A requires generators to be 
“familiar with the components of the E&P Waste they generate” and provides that “E&P Waste 
characterization procedures should be undertaken to determine the constituents of E&P Waste 
prior to disposal” offsite. LAC 43:XIX.503 further provides a listing of constituents for which 
E&P Waste should be tested, at a minimum, prior to offsite disposal.  
 
 
Briefly describe how the waste management hierarchy contained in Section 5.3 of the 
guidelines (source reduction, recycling, treatment and disposal), including the provisions relating 
to toxicity reduction, are promoted for hydraulic fracturing.   
 
Source reduction and recycling are encouraged by recently promulgated regulations to allow the 
use of certain E&P Wastes (produced water, rainwater, drilling, workover, completion and 
stimulation fluids) as a component in hydraulic fracturing fluids used in the Haynesville Shale 
(see LAC 43:XIX.313.J) 
 
 
Briefly describe how the tracking of hydraulic fracturing waste disposed at commercial or 
centralized facilities meets the requirements of Section 5.10.2.3 of the guidelines. 
 
LAC 43:XIX.503.D states that “the generator is responsible for the proper handling and 
transportation of E&P Waste taken offsite for storage, treatment, or disposal to assure its proper 
delivery to an approved commercial facility or transfer station or other approved storage, 
treatment or disposal facility.  Failure to properly transport and dispose of E&P Waste shall 
subject the generator to penalties provided for in R.S. 30:18.”  Each shipment must be 
documented as required by the Manifest System requirements of LAC 43:XIX.545.  
 
 
Briefly describe how procedures in place for receipt of complaints related to hydraulic 
fracturing are consistent with Section 4.1.2.1.   
 
Public complaints are given top priority by the Office of Conservation.  Information regarding 
the nature and handling of the complaint is maintained in the DNR SONRIS database.  
Complainants are copied on any agency correspondence regarding the complaint.  
 
 

 Reporting Associated with Hydraulic Fracturing [X.2.2] 
 
 Describe any required notification prior to, and reporting after completion of, hydraulic 

fracturing operations.   
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Notification is made through the filing of a work permit application (DM-4-R) prior to 
conducting hydraulic fracturing operations.  Following completion operations, a „Work Resumé 
and Well History Report‟ (WH-1) is required which summarizes the work performed on the well 
and the current well configuration. 
 
 
Is notification sufficient to allow for the presence of field staff to monitor hydraulic fracturing 
activities?   
Yes.  Pursuant to LAC 43:XIX.105.A, the Conservation District Manager must be notified at 
least 12 hours prior to beginning any operations covered by a Work Permit in order to provide 
an opportunity for the agency to witness the operations.  Additionally, copies of approved Work 
Permits are provided to field inspectors. 
 
 
Describe reporting requirements for hydraulic fracturing activities and whether they include 
the identification of materials used, aggregate volumes of fracturing fluids and proppant used, 
and fracture pressures recorded.   
 
Information regarding the origin and volume of water used for hydraulic fracturing operations is 
required from the operator.  There are no additional reporting requirements; however, operators 
typically report aggregate volumes of fracturing fluids and proppant types on the work permit 
application (DM-4-R) and/or the „Work Resumé and Well History Report‟ (WH-1). 
Conservation Commissioner Welsh is on the IOGCC Shale Gas Director‟s Committee that is 
working in cooperation with the GWPC to develop a national hydraulic fracturing fluid database 
to collect and report the contents of fracturing fluids used in shale gas wells. 
 
 

 Describe any mechanisms for disclosure of information on chemical constituents used in 
hydraulic fracturing fluids to the state in the event of an investigation or to medical personnel in 
the event of a medical emergency. 

 
 It is required that an employer using hazardous and/or regulated materials must maintain and 

make available to employees and responders the Material Safety Data Sheets for these materials 
in accordance with 29 CFR 1910.1200(g)(8 – 11), OSHA General Industry Regulations. 

 
 

Briefly describe how hydraulic fracturing information submitted that is of a confidential 

business nature, is treated consistent with Section 4.2.2 of the guidelines?  
 
No confidential information on hydraulic fracturing is required to be disclosed.   
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Staffing and Training [X.2.3] 
 
 Briefly discuss if, in addition to the personnel and funding recommendations found in Section 

4.3 of the guidelines, state staffing levels sufficient to receive, record and respond to complaints 
of human health impacts and environmental damage resulting from hydraulic fracturing.   

 
Current Conservation staffing levels have been sufficient to address the small number of 
complaints received regarding hydraulic fracturing operations.       
 
 
Describe staff training to stay current with new and developing hydraulic fracturing technology.   
 
The agency has and currently facilitates technical seminars scheduled throughout the year that 
are conducted by operators, service companies or consultants on various topics including 
reservoir evaluation, drilling optimization, and stimulation (including hydraulic fracturing).  
Licensed engineers and geologists on staff are also required to meet certain continuing 
education requirements as a condition of their licensure.  Certificates of course completion are 
issued by the Commissioner of Conservation. 
 
 

 Public Information [X.2.4] 
 

Briefly describe how the state agency provides for dissemination of educational information 
regarding well construction and hydraulic fracturing to bridge the knowledge gap between 
experts and the public as provided in Section 4.2.2.2 of the guidelines.  This is especially 
important in areas where development has not occurred historically and in areas where high 
volume water use for hydraulic fracturing is occurring.   
 
The agency has facilitated several local meetings and forums that include discussions of well 
construction requirements, water use, and hydraulic fracturing operations.  A dedicated 
Conservation web page covering the latest information on the development of the Haynesville 
Shale was created by Conservation to help educate the public.  The web page includes a link to 
an API video which demonstrates the hydraulic fracturing process and a link that allows the 
public to ask the agency questions.  In addition, it should be noted that the entire Haynesville 
Shale region in Northwestern Louisiana has been subject to extensive oil and gas development 
since about 1910. 
 
 
Water and Waste Management Associated with Hydraulic Fracturing [X.3]   
 
Fundamental differences exist from state to state, and between regions within a state, in terms of 
geology and hydrology.  Describe how the state evaluated and addressed, where necessary, the 
availability of water for hydraulic fracturing in the context of all competing uses and potential 
environmental impacts resulting from the volume of water used for hydraulic fracturing. 
 

WRITTEN STATEMENTS (not from Hearing)



24 
 

At the onset of Northwest Louisiana Haynesville Shale exploration and production activity using 
hydraulic fracture stimulation operations, the agency identified a real potential for adverse 
impacts to the Carrizo-Wilcox aquifer system due to the system‟s geophysical water withdrawal 
capacity limitations based on published literature and staff experience.  Accordingly, in the Fall 
of 2008, the Commissioner of Conservation issued a ground water use advisory encouraging 
operators to seek alternative frac water supply resources to reduce reliance upon ground water 
derived from the Carrizo-Wilcox aquifer system.  The agency is confident that: 1) issuance of the 
advisory, 2) development and implementation of an initial aggressive operator education 
campaign, 3) aggressive implementation and enforcement of water well notification 
requirements, 4) use of sound objective scientific ground water well location and use evaluation 
practices, 5) development and implementation of frac water supply water use reporting 
requirements, 6) amending E&P Waste regulations to allow for waste fluid recycling for frac 
water supply purposes, and 7) continuation of effective operator and public education activities, 
have collectively been effective in preventing both short and potentially long term adverse 
impacts to the Carrizo-Wilcox aquifer system and aquifer system users. 
Regarding surface water use, ACT 955 of 2010 provides for a means for all non-riparian surface 
water users to apply for departmental approval to withdraw running surface waters of the state 
through a environmental permitting and cooperative endeavor agreement process. 
 
 
 Describe how the availability and use of alternative water sources for hydraulic fracturing, 
including recycled water, is encouraged.   
 
The use of alternative water sources is encouraged by recently promulgated regulations to allow 
the use of certain E&P Wastes (produced water, rainwater, drilling, workover, completion and 
stimulation fluids) as a component in hydraulic fracturing fluids used in the Haynesville Shale 
(see LAC 43:XIX.313.J) 
 
 
Briefly describe how waste associated with hydraulic fracturing is managed consistent with 
Section 4.1.1. and Section 7 of the guidelines.   
 
Regulations ensure that all E&P waste associated with hydraulic fracturing is either transported 
to properly permitted waste disposal facilities or disposed of onsite in a manner which is 
protective of the public health and environment.  Certain E&P wastes may be used as a 
component in hydraulic fracturing fluids used in the development of the Haynesville Shale.  In all 
cases, documentation is developed to allow tracking of waste types and volumes from the point of 
generation to the point of disposal. 
 
 
Discuss how the state encourages the efficient development of adequate capacity and 

infrastructure for the management of hydraulic fracturing fluids, including the transportation, 
recycling, treatment and disposal of source water and hydraulic fracturing wastes.  
  
At the onset of Northwest Louisiana Haynesville Shale exploration and production activity using 
hydraulic fracture stimulation operations, the agency assessed all available surface and ground 
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water resources in the region and identified more than ample surface water resource capacity 
for the anticipated life of the Haynesville Shale play in both the Red River and Toledo Bend 
Reservoir.  The Red River Alluvial aquifer system was also identified as a prolific non-potable 
ground water resource in the area.  However, the agency identified a real potential for adverse 
impacts to the Carrizo-Wilcox aquifer system due to the system‟s geophysical water withdrawal 
capacity limitations.  Consequently, the agency issued a ground water use advisory encouraging 
operators to seek alternative frac water supply resources to reduce reliance upon ground water 
derived from the Carrizo-Wilcox aquifer system followed by implementation of both an 
aggressive operator source water education campaign and new water use reporting 
requirements. Due to the close proximity of adequate water resources, development of new 
infrastructure is expected to be minimal or temporary in nature.    
In addition to operator (onsite) Class II injection well disposal, regional commercial offsite 
waste management options are available in Louisiana, Texas and Arkansas at, to our knowledge, 
a sufficient capacity to economically keep up with demand.  However, the agency has 
experienced an increase in the number of commercial E&P Waste treatment and disposal facility 
permit applications in North Louisiana.  Should industry determine the need for additional 
capacity, the agency stands ready to address those needs with existing regulation and 
experienced staff. 
The agency further encourages both waste minimization and water conservation with; a) 
recently promulgated regulations to allow the use of certain E&P Wastes (produced water, 
rainwater, drilling, workover, completion and stimulation fluids) as a component in hydraulic 
fracturing fluids used in the Haynesville Shale (see LAC 43:XIX.313.J) and b) proposed 
commercial E&P Waste treatment facility regulations allowing for the use of these same E&P 
Waste fluids to be used as frac fluid supply at permitted hydraulic fracture stimulation 
operations. 
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Surface faults of the south Louisiana growth-fault province
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Baton Rouge, Louisiana 70803, USA

ABSTRACT

Prior to the early 1990s, nearly all surface faults recognized in south Louisi-
ana were faults of the Baton Rouge system. Since then, the number of surface fault 
 traces interpreted in the region has increased dramatically, owing to a combination of 
(1) application of traditional analysis of cues on topographic maps and aerial- 
photographic imagery over increasingly large areas, particularly in southwest Loui-
siana, (2) the employment of geophysical surveying techniques in the Holocene delta 
plain where surface scarp relief is negligible, and (3) the advent of light detection and 
ranging (LiDAR) digital elevation models (DEMs). Like faults of the Baton Rouge 
system, newly recognized surface faults of the Tepetate system show distinctive depth-
displacement relations in Quaternary and pre-Quaternary strata indicating that they 
are active and are the surface expressions of deep-subsurface older Cenozoic growth 
faults that have been reactivated following extended periods of quiescence. The dif-
ferential displacement of older relative to younger Pleistocene terrace surfaces char-
acteristic of individual Tepetate–Baton Rouge system faults also characterizes surface 
faults of the other systems, suggesting they may share similar movement histories. 
Commonplace recognition of active surface faults throughout south Louisiana now 
suggests that many of the known deep-subsurface growth-fault systems have surface 
expression refl ecting their reactivation in the late Cenozoic. The recently amplifi ed 
picture of surface faulting in this region highlights an important aspect of coastal 
tectonics in the northern Gulf of Mexico setting, and can provide useful constraints 
for modeling tectonics in this and other coastal settings characterized by reactivation 
of growth faults following lengthy intervals of quiescence.

McCulloh, R.P., and Heinrich, P.V., 2012, Surface faults of the south Louisiana growth-fault province, in Cox, R.T., Tuttle, M.P., Boyd, O.S., and Locat, J., 
eds., Recent Advances in North American Paleoseismology and Neotectonics East of the Rockies: Geological Society of America Special Paper 493, p. 37–49, 
doi:10.1130/2012.2493(03). For permission to copy, contact editing@geosociety.org. © 2012 The Geological Society of America. All rights reserved.

INTRODUCTION

Growth faults are distinguished from other normal faults 
by differential thickening of contemporaneously displaced 
strata on the downthrown blocks, increasing displacement 
with depth across their steeper-dipping proximal portions, and 
overall concave-upward confi guration of fault planes (Shelton, 

1984). The subsurface growth-fault systems of south Loui-
siana (Fig. 1) became known primarily through the explora-
tion for and production of petroleum in the deep subsurface in 
the twentieth century. They originated in connection with the 
development of depocenters and mark the extensional head-
ward limits of salt-and-sediment allochthons with compres-
sional toes (Peel et al., 1995). One of these subsurface fault 

 on November 14, 2014specialpapers.gsapubs.orgDownloaded from 

WRITTEN STATEMENTS (not from Hearing)

http://specialpapers.gsapubs.org/


38 McCulloh and Heinrich

systems, Baton Rouge, once seemed unique in south Louisiana 
in its clearly manifested surface expression and contemporary 
activity. This view was introduced by Durham and Peeples 
(1956) and noted by Murray (1961), and later chronicled in a 
thesis (Parsons, 1967), local government and academic reports 
(Smith and Kazmann, 1978; Wintz et al., 1970), and engineer-
ing consultants’ reports assessing associated structural damage 
effects (Durham, 1971, 1975; Van Siclen, 1971). A consensus 
emerged that surface faulting characteristic of the Baton Rouge 
system is indicative of Pliocene–Pleistocene reactivation owing 

to depositional loading (Durham and Peeples, 1956; Murray, 
1961; Nunn, 1985).

The years following the early 1990s brought increasing 
awareness of additional surface escarpments in south Louisiana 
(Heinrich, 1997, 2000, 2005b, 2005c) correlative with subsur-
face fault systems based on position, orientation, and reason-
able assumptions of average dip. These could be interpreted as 
fault-line scarps using surface criteria. We use the term “fault-line 
scarp” to mean a fault scarp that has been modifi ed by erosion. 
As discussed in detail in previously published papers ( Heinrich, 

Figure 1. Generalized subsurface faults in Louisiana: north Louisiana faults are from Gulf Coast Association of Geological Societies and Ameri-
can Association of Petroleum Geologists (1972); those depicted in south Louisiana are redrawn from Murray (1961) and represent fault systems 
that become younger southward, with approximate farthest up dip extents indicated by the dashed lines (adapted from McCulloh, 2001).
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2000, 2005b, 2005c; Miller and Heinrich, 2003), fault-line scarps 
referred to in this paper represent interpretation and mapping 
based on criteria typically used by geomorphologists. These sur-
face recognition criteria primarily consist of displacements of 
constructional landforms, either river channels, coastal ridges, 
terraces, other landforms, or combinations of these, where they 
are cut by individual scarps. The DeQuincy fault-line scarp 
(Heinrich, 1988, 2000) and part of the fault-line scarp of the 
Baton Rouge fault (Meyer and Rollo, 1965; Rollo, 1969; White-
man, 1979) are substantiated by displacement of beds in cross 
sections made from shallow borings. The close downdip asso-
ciation and parallelism of scarps with known faults and rollover 
structures, which are mapped in the subsurface at locations with 
appropriate strike and dip, provide clear evidence they are fault-
line scarps. Additionally, the discontinuous en echelon planform 
array with recognizable relay ramps exhibited in places by sets of 
adjacent scarps is consistent with fault-line scarps rather than ter-
race escarpments marking the hypothetical boundaries of coast-
wise terrace surfaces. Finally, damage to built structures and road 
pavements has been observed in association with interpreted sur-
face fault traces in places (Roland et al., 1981; Gagliano et al., 
2003c; Heltz, 2005). Although to date only the Baton Rouge and 
DeQuincy surface escarpments have been tied to specifi c subsur-
face faults using well log data, the continuity of constructional 

features on depositional surfaces observed across other surface 
escarpments, with and without the other listed surface criteria, is 
a strong criterion supporting an interpretation of surface faulting.

PREVIOUS INVESTIGATIONS OF SOUTH 
LOUISIANA SURFACE FAULTS

Pre–Early 1990s: Surface Faulting Seems a Special 
Characteristic of the Baton Rouge System

First imaged by Fisk (1944, his fi gure 72), the Baton Rouge 
fault was introduced by Durham and Peeples (1956) as a deep-
subsurface fault distinguished by conspicuous surface expression 
and geologically recent activity. They observed that Fisk’s (1944) 
fi gure revealed older and younger late Pleistocene units dis-
placed by different amounts—14 ft or 4.3 m versus 4 ft or 1.2 m, 
 respectively—indicating activity during late Pleistocene time and, 
by implication, some potential for contemporary activity.

Murray (1961) summarized in small-scale map format the 
principal subsurface fault systems in south Louisiana (Fig. 1). 
He viewed the Tepetate system as a western extension of the 
Baton Rouge system, and accepted surface faults of the Baton 
Rouge system (Fig. 2) as refl ecting Quaternary reactiva-
tion of Cenozoic growth faults originally active from the late 

LAKE
BORGNE

LAKE
PONTCHARTRAIN

LAKE
MAUREPAS

R
IV

E
R

MISSISSIPPI

0 10

0 10

20

20

30

30 40

40 Miles

50 60 Kilometers

BATON ROUGE

(H
O

LO
C

E
N

E
)

ALLU
VIU

M

R
IV

E
R

P
E

A
R

L

(HOLOCENE)DEPOSITS
DELTAIC

AND

ALLU
VIAL

R
IVER

M
ISSISSIPPI

DEWEYVILLE
ALLOGROUP

(PLEISTOCENE)

(PLEISTOCENE)

ALLOGROUP
PRAIRIE

INTERMEDIATE
ALLOGROUP

(PLEISTOCENE)

CITRONELLE    FORMATION    (PLIOCENE)

BR

DSS

Z

Figure 2. Surface faults depicted in south Louisiana on the state geologic map, recompiled from Durham (1982), include those of the Baton 
Rouge fault system—Denham Springs–Scotlandville (DSS) and Baton Rouge (BR) fault zones—and, farther north, the Zachary fault (Z). 
Downthrown blocks lie to the south of all faults shown (redrawn and adapted from Snead and McCulloh, 1984).
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Eocene–early Oligocene until the late Oligocene. The north-
ern limit of growth faulting recognizable at the time (Ocamb, 
1961) was constrained by drilling depths that in places did not 
go deep enough to encounter the original growth intervals asso-
ciated with faults (cf. Figs. 3C and 3D), and did not include the 
full areal extents of Murray’s (1961) fault systems. Today, the 

province likely would be extended considerably northward, to 
cover most of south Louisiana.

South Louisiana surface faults depicted on the 1984 Loui-
siana State geologic map include segments of the Baton Rouge 
system plus the Zachary fault (Fig. 2), recompiled from an 
unpublished map by Durham (1982). In continuing the Denham 
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Parish, southwestern Louisiana coastal plain (adapted from Heinrich, 2000); and (D) for the Baton Rouge fault, Mallets Bluff fi eld, 
western Livingston Parish, southeastern Louisiana (McCulloh, 2001, personal observation; beginning of reactivation corresponds 
to base Pleistocene estimated from McFarlan and LeRoy, 1988). Please note that 1 ft is equivalent to 0.3048 m.
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Springs–Scotlandville fault zone eastward along the northern 
edge of the Maurepas–Pontchartrain lake basins, Durham ampli-
fi ed faults mapped by Cullinan (1969) and interpreted several 
straight topographic escarpments (average relief 2–2.5 m or 
7–8 ft) in the study area of Campbell (1972) as traces of sur-
face faults. Baton Rouge system surface faults later were mapped 
traversing Lake Pontchartrain (Lopez, 1991) and in the greater 
Baton Rouge area at 1:24,000 scale (McCulloh, 1991). In south-
western Louisiana, Heinrich (1988) used shallow and deep well 
data to confi rm that a deep-subsurface fault of the Tepetate sys-
tem extends up section to crop out at the DeQuincy scarp.

The movement history across a Tepetate–Baton Rouge sys-
tem fault investigated by Hanor (1982) confi rmed geologically 
recent reactivation of a subsurface growth fault that had been inac-
tive since approximately the middle Oligocene (Fig. 3B). Inves-
tigations of movement rates along Baton Rouge system surface 
faults differentiated prehistoric and modern rates, which were 
found to lie within the ranges 0.025–0.06 cm (0.01–0.025 in.) 
per decade1 and 5–10 cm (2–4 in.) per decade, respectively (Dur-
ham, 1971; Smith and Kazmann, 1978; Roland et al., 1981). The 
movement was interpreted as aseismic slip or creep (Roland et al., 
1981), though a dissenting view was presented by Lopez (1991), 
who inferred that despite infl uence by geologically recent dep-
ositional loading, the faults are basement-involved and at least 
partly seismogenic. The observed acceleration in historic times 
was hypothesized to be a response to groundwater pumpage 
(Durham, 1971; Van Siclen, 1971) or to increased drainage and 
consolidation of clay-rich soils on the updip edge of the down-
thrown block in connection with engineered alterations to surface 
drainage (Durham, 1975), or to both (Roland et al., 1981).

Prior to the early 1990s, the apparent uniqueness of surface 
faults of the Baton Rouge system in south Louisiana may have 
been an artifact of human perception conditioned mainly by two 
aspects: (1) fault-line scarp landforms with relief up to ~7 m 
(~23 ft) coursing through developed and/or densely populated 
urban areas, and (2) differential movement in places along these 
landforms that caused damage to the built environment (Roland 
et al., 1981). By directly impacting the infrastructure supporting 
the state capital and its environs, these faults got the attention of 
humans, whereas indicators of the traces of other surface faults in 
more rural settings may have gone relatively unnoticed.

Post–Early 1990s: Surface Expression Appears Typical of 
South Louisiana Growth-Fault Systems

The existing perception of surface fault distribution in south 
Louisiana in the early 1990s changed because of three develop-
ments. The fi rst development was the advent of STATEMAP-
supported compilations of surface geology of 30 × 60 min quad-
rangles at 1:100,000 scale by the Louisiana Geological Survey. 

This began an ongoing program of systematic preparation of 
geologic quadrangle sheets recompiled from source mapping 
at 1:24,000 scale. Two non-STATEMAP compilations (Hein-
rich, 2005a, 2006) also were prepared. It was not feasible in the 
context of these 1-yr-duration projects to investigate in detail the 
faults interpreted in these areas, but the number and distribution 
of plausible surface fault candidates became better known.

The second occurrence leading to an increase in surface fault 
interpretations was the availability since the late 1990s of light 
detection and ranging (LiDAR) digital elevation models (DEMs) 
with unprecedented vertical precision (instrumental precision of 
0.003 m [or 0.01 ft] at a horizontal grid spacing of 5 m, and effec-
tive vertical precision of ~0.03 m [or 0.1 ft] following corrections 
for vegetation). These data offer the most dramatically improved 
resolution among techniques for surface recognition of fault-line 
scarps in the south Louisiana coastal plain, including many scarps 
with relief less than 2 m (6.6 ft). Surface faults interpreted from 
LiDAR imagery in southwestern Louisiana are principally those 
of Heinrich (2005a, 2005b, 2005c, 2006) (Fig. 4). Subsurface 
well data confi rm deep and shallow displacement across one of 
these, the DeQuincy fault (Figs. 5 and 6). Fault traces interpreted 
from LiDAR imagery in southeastern Louisiana include those 
of Gagliano (2005), Gagliano et al. (2003a, 2003b), Van Biersel 
(2006), and McCulloh (2008) (Fig. 7). As observed in southeast-
ern Louisiana, LiDAR images show that in many parts of south-
western Louisiana where faults transect adjacent younger and 
older Pleistocene units, younger units are displaced less (Fig. 8; 
Heinrich, 2005c, his fi gures 2 and 3).

The third development that increased the number of inter-
preted surface faults was the employment of geophysical sur-
veying techniques as alternative means of detection by Kuecher 
(1994) and Kuecher et al. (2001) in the extensive Holocene delta 
plain of southeastern Louisiana, where surface faults show neg-
ligible scarp relief. These authors mapped fault traces based on a 
combination of shallow seismic profi les, cone-penetrometer pro-
fi les, and surface and shallow-subsurface conductivity measure-
ments. Among Kuecher et al.’s (2001) conclusions was that shal-
low seismic data confi rm a long-suspected active surface fault 
coincident with the sharp updip edge of new areas of wetland loss 
in the Empire area of central Plaquemines Parish (Fig. 9).

The movement history of the Baton Rouge fault (Fig. 3D) 
shows a distribution comparable to that of the upper portion of 
the Tepetate fault identifi ed by Hanor (1982) (Figs. 3A and 3B), 
supporting recent reactivation. Two Tepetate system fault seg-
ments in southwestern Louisiana show similar movement history 
with reactivation since the late Pliocene, interpreted as refl ect-
ing depositional loading following voluminous sedimentation 
induced by continental deglaciation (Heinrich, 2005c; Miller and 
Heinrich, 2003; Fig. 3C). Across the Baton Rouge fault, displace-
ment of strata deposited between the original period of growth 
faulting and the recent reactivation approaches 107 m (350 ft) 
(Durham and Peeples, 1956; Murray, 1961) (Fig. 3D). Across 
the DeQuincy fault of the Tepetate system, this value is approxi-
mately 85 m (280 ft) (Fig. 3C); across the fault investigated by 

1Movement rates are converted to a per-decade format to facilitate visualization 
in terms compatible with human perception and experience in developed areas 
traversed by active surface faults.
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Figure 4. Surface faults interpreted in southwestern Louisiana (adapted from Heinrich, 2005c, his fi gure 1). Faults originally interpreted 
based on topographic cues and anomalies (Heinrich, 2000, his fi gure 1) have been amplifi ed with interpretations of light detection and rang-
ing ( LiDAR) digital elevation models (DEMs). For the DeQuincy scarp, faulting is corroborated with both shallow- and deep-subsurface 
well data (Figs. 5 and 6). Abbreviations: ch—China segment, C—Cameron Meadows salt dome, d—DeQuincy segment, H—Hackberry salt 
dome, J—Jefferson Island salt dome, Je—Jennings salt dome, mb—Marsh Bayou segment, t—Topsy segment, and V—Vinton salt dome. 
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Figure 5. Deep-subsurface cross section showing correspondence of interpreted subsurface fault with the De-
Quincy scarp in southwestern Louisiana (Heinrich, 2000). Vertical lines denote logged intervals of boreholes. 
Boreholes are identifi ed by labels above them.
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Hanor (1982), it is approximately 15 m (50 ft). Estimated move-
ment rates of Tepetate–Baton Rouge system faults since the 
early 1990s are comparable to those reported previously herein: 
0.003–0.1 cm (0.001–0.04 in.) per decade in prehistoric times 
and 2.5–10 cm (1–4 in.) per decade in modern times (Lopez et 
al., 1997; Kebede, 2002; Shen et al., 2011).

DISTRIBUTION OF INTERPRETED SURFACE 
FAULTS IN SOUTH LOUISIANA

When surface fault traces interpreted in south Louisiana 
since the early 1990s are combined with those previously inter-
preted (Fig. 10), Baton Rouge system faults are not anomalous. 
Numerous additional surface fault traces appear to be related to 
other subsurface growth-fault systems summarized by Murray 
(1961), including the Bancroft, Tepetate, Lake Arthur, Scott, 
Grand Chenier, Lake Hatch, and Golden Meadow systems. The 
northernmost fault-line scarps depicted, which lie in southern 
Rapides Parish, are not associated with any known growth-
fault trends. These scarps lie just south of the southern edge 
of mapped Cretaceous reef trends and 37 km (23 mi) north of 

the fault-line scarps associated with the Tepetate fault system 
(Heinrich, 2005c).

As noted already, faults of the Tepetate and Baton Rouge 
systems show similar depth-displacement aspects in the subsur-
face as indicated by well log data. The surface faults of the other 
systems show increasing displacement of Pleistocene terrace 
surfaces with age, as is observed across Tepetate–Baton Rouge 
system faults, suggesting that the histories of activity of these 
faults may prove similar. If this similarity holds up, it will lend 
support to the case that surface faults with geomorphic expres-
sion throughout south Louisiana represent recently reactivated 
growth faults.

PRELIMINARY IMPLICATIONS OF REVISED 
DISTRIBUTION OF FAULT-LINE SCARPS

The factors determining the location of the northernmost 
fault-line scarps in southern Rapides Parish are unclear. However, 
their location in relation to the Cretaceous reef trends suggests 
faulting occurring within sediments in front of this former conti-
nental shelf edge, behind which the presence of thick  carbonate 

Figure 6. Shallow-subsurface cross section showing correspondence of interpreted subsurface fault with the DeQuincy scarp in 
southwestern Louisiana (Heinrich, 2000). Please note that 1 mile = 1.609344 km.
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sequences stabilized correlative and overlying sediments (Hein-
rich, 2005c).

Regional subsidence rates equivalent to 10–15 cm (or 
4–6 in.) per decade are common in coastal Louisiana accord-
ing to Shinkle and Dokka (2004). Given movement rates of 
0.04 cm per decade estimated for Baton Rouge system faults 
over the past 130 k.y., and subsidence due to lithospheric fl ex-
ure estimated as less than 0.4 cm per decade during the past 
80 k.y., Shen et al. (2011) regarded fault slip as a geologically 
insignifi cant contributor to land surface subsidence relative to 
lithospheric fl exure. However, Gagliano (2005) and Gagliano 
et al. (2003a, 2003b) interpreted and mapped active surface 
faults in Pleistocene and Holocene terranes of the southeastern 
Louisiana coastal zone using a variety of techniques, includ-
ing LiDAR DEMs, and implicated them as primary contribu-
tors to coastal erosion. It is conceivable that modern human-
induced accelerated movement rates akin to those documented 
along Tepetate–Baton Rouge system surface faults to the north 

would become signifi cant for land loss in the coastal zone 
where the regional land surface slope becomes negligible. 
Gagliano (2008) and Gagliano and Haggar (2010) also keyed 
on geomorphologic cues to interpret surface fault candidates, 
notably “D-shaped depressions” that in gross aspect resemble 
the varying displacement along strike characteristic of many 
subsurface growth faults. Use of geophysical techniques such 
as those employed by Kuecher (1994) and Kuecher et al. 
(2001), especially shallow seismic imaging, would be advis-
able to further evaluate these features. Shallow seismic imag-
ing also should prove practical in upland terranes to evaluate 
the case for faulting beneath escarpments interpreted from 
surface criteria as fault related. Where faulting in these areas 
is confi rmed, desirable follow-up investigations include estab-
lishment of movement rates through dating techniques such as 
optically stimulated luminescence (OSL; Shen et al., 2011), 
mapping of subsurface fault-plane geometry, and systematic 
compilation of surface and subsurface displacement values.

Figure 7. Light detection and ranging (LiDAR) interpreted surface faults in Pleistocene terrane (Hammond alloformation, Prairie Allogroup) 
in the greater Baton Rouge area (adapted from McCulloh, 2008). 
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Figure 8. Shaded relief map, created from light detection and ranging (LiDAR) digital elevation models (DEMs), 
of an area 12.6 km (7.8 mi) southeast of DeQuincy in Beauregard Parish, Louisiana, showing fault-line scarps (f1 
and f2) displacing the surface of the Lissie Alloformation (Pil) and Prairie Allogroup (Pp), where f1 is an 8-m-high 
fault-line scarp displacing the dissected surface of the Lissie Alloformation, and f2 is a 1-m-high fault-line scarp 
displacing terrace surfaces of the Prairie Allogroup. Hua—Holocene alluvium.

Figure 9. Interpreted surface faults implicated in severe land loss in the Empire–Bastian Bay area, southeastern 
Louisiana coastal zone (see Kuecher et al., 2001, their fi gure 3; Gagliano et al., 2003a, 2003b; Gagliano, 2005, his 
fi gure 8), interpreted here on a 1999 U.S. Department of Agriculture Aerial Photography Field Offi ce mosaic of 
digital orthoquarter quadrangles. Arrows point toward the interpreted traces of the Empire (E) and Bastian Bay (B) 
faults. Note distributary channels (d) truncated by land loss at these interpreted fault traces.
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Movement histories characteristic of Tepetate–Baton Rouge 
system faults have implications for petroleum traps. Some of the 
hydrocarbon-productive rollover structures associated with the 
DeQuincy fault in southwestern Louisiana were created during 
the reactivation of the Tepetate fault system that formed its fault-
line scarp. In some of these fi elds, e.g., DeQuincy and Perkins, 
the Upper Oligocene reservoir sands accumulated after the initial 
period of growth faulting and before the reactivation of faulting 
during the Quaternary, according to Figure 3C and data from 
Autin (1952) and Geomap Company (2002a). As a result, the 
creation of structural traps and accumulation of oil and gas could 
have occurred only after fault reactivation. Thus, the tectonic 
activity responsible for creating these fault-line scarps has had 
an important infl uence on the economic geology of southwest-
ern Louisiana. A similar case may be made regarding the Baton 
Rouge fault in southeastern Louisiana and the Baton Rouge, 
Mallets Bluff (Fig. 3D), Nesser, and University fi elds, which 
produce from Middle and Upper Oligocene reservoirs in rollover 
structures associated with it (Geomap Company, 2002b).

CONCLUSIONS

Many subsurface growth-fault systems in south Louisiana 
now appear to have surface expression. Surface faults of the 

Tepetate system also show aspects characteristic of (and once 
considered unique to) faults of the Baton Rouge system. These 
include a movement history characterized by late Cenozoic 
reactivation following inactivity over tens of millions of years, 
and displacement of older and younger Quaternary surface- 
stratigraphic units by greater and lesser amounts. Newly rec-
ognized surface faults show the same increasing displacement 
of Pleistocene terrace surfaces with age as is characteristic of 
Tepetate–Baton Rouge system faults, suggesting they could have 
similar histories of activity.
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Introduction 

St. Tammany Parish, located in southeastern Louisiana 
(fig. 1), contains fresh groundwater and surface-water 
resources. In 2005, about 22.8 million gallons per day (Mgal/d) 
were withdrawn from water sources in St. Tammany Parish 
(fig. 2). Almost 100 percent (22.7 Mgal/d) was withdrawn 
from groundwater, and less than 1 percent (0.06 Mgal/d) was 
withdrawn from surface water (table 1). Withdrawals for public 

supplies accounted for 70 percent (16 Mgal/d) of the total 
water withdrawn (table 2). Withdrawals for domestic use were 
28 percent (6 Mgal/d). Generally, water withdrawals in the 
parish increased from 1960 to 1970, decreased from 1970 to 
1985, and again increased from 1985 to 2005 (fig. 2). 

This fact sheet summarizes basic information on the 
water resources of St. Tammany Parish, La. Information 
on groundwater and surface-water availability, quality, 
development, use, and trends is based on previously published 
reports listed in the references section.

Figure 1.  Location of study area, St. Tammany Parish, Louisiana.
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natural flow into rivers, leakage into underlying aquifers, and 
withdrawal from wells. 

Fresh groundwater (water with a chloride concentration 
less than 250 milligrams per liter [mg/L]) is present from land 
surface to about 3,000 to 3,500 ft below National Geodetic 
Vertical Datum of 1929 (NGVD 29) in most of northern St. 
Tammany Parish (fig. 1) and to about 2,400 to 3,200 ft below 
NGVD 29 in southeastern parts of the parish; however, some 
intermediate sands at depths less than 2,500 ft near Lake 
Pontchartrain may contain saltwater (water with a chloride 
concentration that exceeds 250 mg/L). Freshwater from aquifers 
in St. Tammany Parish is soft (less than 60 mg/L, as calcium 
carbonate [CaCO3]) and generally does not exceed the U.S. 
Environmental Protection Agency’s (EPA) 2006 Secondary 
Maximum Contaminant Levels (SMCLs)1 for drinking water for 
chloride, iron, manganese, and dissolved solids. Some aquifers 
may contain iron or manganese concentrations that exceed the 
EPA’s SMCLs. 

Well-registration records from the Louisiana Department 
of Transportation and Development (DOTD) indicate that there 
are about 10,860 active wells screened in the aquifers in St. 
Tammany Parish, including about 9,740 domestic, 650 public-
supply, 430 irrigation, and 40 industrial wells. About 23 Mgal/d 
of groundwater was withdrawn in St. Tammany Parish in 2005, 
and most was for public-supply (16 Mgal/d) and domestic (6 
Mgal/d) use. 

The Chicot Equivalent Aquifer System

The Chicot equivalent aquifer system in St. Tammany 
Parish consists of two adjacent, near-surface aquifers: the 
upland terrace aquifer in the northern half of the parish and the 
upper Ponchatoula aquifer in the southern half of the parish. 
The base of the aquifer system ranges from about 0 to 500 ft 
below NGVD 29. 

In 2005, about 26 percent (6.0 Mgal/d) of the groundwater 
used in St. Tammany Parish was withdrawn from the Chicot 
equivalent aquifer system. Most of the water was withdrawn 
from the upland terrace aquifer (3.8 Mgal/d) and the upper 
Ponchatoula aquifer (2 Mgal/d). About 5.3 Mgal/d of the total 
groundwater withdrawn in this system were for domestic use, 
and about 0.6 Mgal/d were for public-supply use. 

The base of the Chicot equivalent aquifer system ranges 
from about 0 ft below NGVD 29 in northern St. Tammany 
Parish to 500 ft below NGVD 29 in the southern parts of 
the parish. Aquifers in the Chicot equivalent aquifer system 
typically consist of 50- to 300-ft-thick units of sand and gravel. 

The Chicot equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. Aquifers in 
the system typically yield fresh water that is soft and does 
not exceed the EPA’s SMCLs (table 3). Water from aquifers 
in this system generally exceeds the SMCL for iron, and 
water from the upland terrace aquifer may exceed the SMCL 
for manganese. 

1 The SMCLs are nonenforceable Federal guidelines regarding cosmetic 
effects (such as tooth or skin discoloration) or aesthetic effects (such as taste, 
odor, or color) of drinking water. At high concentrations or values, health 
implications as well as aesthetic degradation might exist. SMCLs were 
established as guidelines for the States by the U.S. Environmental Protection 
Agency (1992).

Table 1.  Water withdrawals, in million gallons per day, by 
source in St. Tammany Parish, Louisiana, 2005 (Sargent, 2007).

Aquifer, aquifer system,  
or major water body Groundwater

Surface 
water

Chicot equivalent aquifer system 5.99

Evangeline equivalent aquifer system 12.32

Jasper equivalent aquifer system 4.39

Surface water bodies 0.06

Total 22.7 .06

Table 2.  Water withdrawals, in million gallons per day, by 
category in St. Tammany Parish, Louisiana, 2005 (Sargent, 2007). 

Groundwater
Surface 
water

Total

Public supply 15.89 0 15.89

Industrial .14 0 .14

Power generation 0 0 0

Rural domestic 6.44 0 6.44

Livestock .06 .04 .11

Rice irrigation 0 0 0

General irrigation .13 .01 .15

Aquaculture .03 0 .03

Total 22.7 .06 22.76

Figure 2.  Water withdrawals in St. Tammany Parish, Louisiana, 1960–2005.
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Groundwater Resources 
The groundwater resources of St. Tammany Parish, 

from near surface to deepest, include the Chicot equivalent 
aquifer system, the Evangeline equivalent aquifer system, and 
the Jasper equivalent aquifer system (fig. 3). Aquifers in the 
parish generally dip and thicken to the south. Recharge to the 
aquifers is from rainfall, leakage from overlying aquifers, and 
seasonal input from rivers. Discharge from the aquifers is by 
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Figure 3.  Generalized west-to-east hydrogeologic section through St. Tammany Parish, Louisiana (Griffith, 
2003). Trace of section shown on figure 1.

About 9,300 wells are screened in the Chicot equivalent 
aquifer system, and most are used for domestic (8,505), public-
supply (406), irrigation (363), or industrial (22) purposes. 
Reported well yields from wells screened in the aquifer system 
generally range from about 3 to 80 gallons per minute (gal/min). 

The Evangeline Equivalent Aquifer System

The Evangeline equivalent aquifer system underlies the 
Chicot equivalent aquifer system and in St. Tammany Parish 
consists of, from near surface to deepest, the lower Ponchatoula, 
Big Branch, Abita, Covington, and Slidell aquifers. In 2005, 
about 54 percent (12.3 Mgal/d) of the groundwater used in 
the St. Tammany Parish was withdrawn from the Evangeline 
equivalent aquifer system. Most of the water was withdrawn 
from the Slidell aquifer (6.5 Mgal/d), the Abita aquifer (2.7 
Mgal/d), and the lower Ponchatoula aquifer (2.3 Mgal/d). 
About 10.4 Mgal/d of the total groundwater withdrawn in this 
system were for public-supply, and about 1.2 Mgal/d were 
for domestic use. 

The Evangeline equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. The base of the 

aquifer system ranges from about 1,800 to possibly about 3,000 
ft below NGVD 29 south of Slidell. Aquifers in the Evangeline 
equivalent aquifer system typically consist of 50- to 200-ft-thick 
units of medium to very coarse sand. 

Freshwater from aquifers in the Evangeline equivalent 
aquifer system is typically soft and does not generally exceed 
the EPA’s SMCLs; however, some freshwater may contain 
iron and manganese concentrations that exceed those SMCLs 
(table 3). Saltwater is present in the Big Branch aquifer near 
Lacombe and the Lake Pontchartrain shoreline. 

About 10,860 wells are screened in the Evangeline 
equivalent aquifer system, and most are used for domestic 
(9,740), public-supply (654), irrigation (429), or industrial 
(38) purposes. Reported well yields from wells screened in the 
Evangeline equivalent aquifer system generally range from 
about 4 to 300 gal/min. 

Water levels in the lower Ponchatoula and Big Branch 
aquifers are about 20 to 35 ft above NGVD 29 and have 
declined by as much as about 0.3 ft per year from 1996 to 2005. 
Water levels in the Abita, Covington, and Slidell aquifers are 
about 50 to 70 ft above NGVD 29 and have declined by as 
much as about 1.3 ft per year from 1978 to 2005 (fig. 4). 
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Table 3.  Summary of selected water-quality characteristics for freshwater in the Chicot equivalent aquifer system and the Jasper and 
Evangeline equivalent aquifer systems in St. Tammany Parish, Louisiana, 1939–2007 (U.S. Geological Survey, 2008b). 

[Values are in milligrams per liter, except as noted.°C, degrees Celsius; PCU, platinum cobalt units; µS/cm, microsiemens per centimeter; SU, standard units; 
CaCO3, calcium carbonate; µg/L, micrograms per liter; NA, not applicable; SMCL, Secondary Maximum Contaminant Level established by the U.S. Environmental 
Protection Agency, 2006] 

Temperature 
(°C)

Color 
(PCU)

Specific  
conductance, 

field 
(µS/cm at  

25 °C)

pH, 
field 
(SU)

Hardness 
(as CaCO3)

Chloride,  
filtered 
(as Cl)

Iron,  
filtered 

(µg/L
as Fe)

Manganese, 
filtered  

(µg/L as Mn)

Dissolved 
solids,  
filtered

Chicot equivalent aquifer system

Median 22.4 10 256 7.1 12 6.8 165 80 171

10th percentile 21 0 40 5.4 4.7 3.1 <10 .8 43.8

90th percentile 25 50 584 8.6 24.6 27.2 1,085 170 275.6

Number of samples 46 16 41 27 48 50 18 21 17

Percentage of samples 
that meet SMCLs

NA 66 NA 45 NA 100 64 46 100

Jasper and Evangeline equivalent aquifer systems

Median 28.3 5 294.5 8.5 6 4 50 30 195

10th percentile 23 0 182.2 7 1 2.4 6 <10 145.1

90th percentile 34.6 35 634.8 9 20 25 855 190 394.4

Number of samples 100 76 108 81 104 131 66 60 72

Percentage of samples 
that meet SMCLs

NA 76 NA 48 NA 100 83 62 99

SMCLs

NA 15 NA 6.5–8.5 NA 250 300 50 500

Well: ST-563
Altitude of land surface: 10.24 ft above NGVD 29
Well depth: 2,411 ft below land surface
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Figure 4.  Water levels in well ST-563 screened in the Slidell aquifer in St. Tammany Parish, Louisiana (see fig. 1 for well location).

The Jasper Equivalent Aquifer System

The Jasper equivalent aquifer system underlies the 
Evangeline equivalent aquifer system and in St. Tammany 
Parish consists of, from shallowest to deepest, the Tchefuncte, 
Hammond, Amite, and Ramsay aquifers. In 2005 about 19 
percent (4.4 Mgal/d) of the groundwater used in St. Tammany 

Parish was withdrawn from the Jasper equivalent aquifer 
system. Most of the water was withdrawn from the Tchefuncte 
aquifer (1.9 Mgal/d), the Hammond aquifer (2.1 Mgal/d), and 
the Amite aquifer (0.4 Mgal/d). About 4.4 Mgal/d (almost 100 
percent) was withdrawn for public supply use. 

The base of the aquifer system ranges from 2,350 ft below 
NGVD 29 in northern areas of the parish to as deep as 3,300 
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Table 4.  Summary of selected water-quality characteristics for the Tchefuncte and Bogue Chitto Rivers in St. Tammany Parish, 
Louisiana, 1953–95. 
[Values are in milligrams per liter, except as noted. °C, degrees Celsius; µS/cm, microsiemens per centimeter; SU, standard units; µg/L, micrograms per liter; 
CaCO3, calcium carbonate; NA, not applicable; SMCL, Secondary Maximum Contaminant Level established by the U.S. Environmental Protection Agency, 2006]

Specific  
conductance,  

field 
(µS/cm at 25 °C)

Oxygen,  
dis-

solved

pH, 
field 
(SU)

Hardness 
(as 

CaCO3)

Calcium,  
filtered 
(as Ca)

Magnesium,  
filtered  
(as Mg)

Sodium,  
filtered  
(as Na)

Chloride,  
filtered  
(as Cl)

Sulfate,  
filtered  
(as SO4)

Iron,  
filtered 

(µg/L  
as Fe)

Tchefuncte River below Covington1

Median 512 NA 6.5 38 6.1 2.6 53 126 16 40
10th percentile 57 NA 5.6 8 2 .3 5.3 5.9 1.8 10
90th percentile 2,102 NA 7 180 20 33 290 609.2 72 92
Number of samples 103 0 61 63 61 61 61 103 61 59
Percentage of samples 

that meet SMCLs
NA NA 55 NA NA NA NA 58 100 100

Bogue Chitto River near Bush2

Median 44 8.15 6.4 9 2 .9 4 6.1 2.1 200
10th percentile 36.9 7 5.9 7 1.6 .5 2.7 4.2 1 87.6
90th percentile 49 10 6.9 10.2 2.7 1.1 5.1 7.8 4.3 280
Number of samples 180 160 190 189 178 175 176 186 182 78
Percentage of samples 

that meet SMCLs
NA NA 45 NA NA NA NA 100 100 94

SMCLs

NA NA 6.5–8.5 NA NA NA NA 250 250 300
1Station number 07375224 (U.S. Geological Survey, 2008b; specific data at http://nwis.waterdata.usgs.gov/la/nwis/qwdata/?site_no=07375224).
2 Station number 02492000 (U.S. Geological Survey, 2008b; specific data at http://nwis.waterdata.usgs.gov/la/nwis/qwdata/?site_no=02492000).

ft below NGVD 29 near Covington. Aquifers in the Jasper 
equivalent aquifer system typically consist of 50- to 250-ft-thick 
units of fine to coarse sand and some pea gravel. 

The Jasper equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. Saltwater is 
present in some of the aquifers in the system at and to the south 
of Slidell and Lacombe. Aquifers in the system typically yield 
freshwater that is soft and does not generally exceed the EPA’s 
SMCLs; however, some freshwater may exceed the SMCLs for 
pH, iron, and manganese (table 3). 

About 70 wells are screened in the Jasper equivalent 
aquifer system, and most are used for public-supply (32), 
domestic (22), or irrigation (9) purposes. Reported well yields 
from wells screened in the aquifer system generally range 
from about 90 to 1,830 gal/min. In 2006, water levels in the 
Jasper aquifer system generally ranged from about 100 ft above 
NGVD 29 in the northern part of the parish to about 70 ft above 
NGVD in the southern part of the parish. 

Surface-Water Resources 

Lake Pontchartrain and the Pearl, West Pearl, Tchefuncte, 
and Bogue Chitto Rivers are the primary sources of surface 
water in St. Tammany Parish. In 2005, about 0.06 Mgal/d of 
surface water was withdrawn in St. Tammany Parish; about 

0.04 Mgal/d were used for livestock, and about 0.01 Mgal/d 
were used for general irrigation. Other surface water resources 
in the parish include the Abita and Bogue Falaya Rivers. 
Although Lake Pontchartrain is a huge potential source of water 
for St. Tammany Parish, water in the lake is brackish to salty 
and would require treatment for most uses. 

The average discharge for the Pearl and West Pearl Rivers 
at the town of Pearl River was about 9,470 cubic feet per second 
(ft3/s) (6,120 Mgal/d) for the period 1964–70. Water in the Pearl 
and West Pearl Rivers is generally fresh, but during periods 
of low flow, saltwater has intruded 2 to 3 mi upstream from 
Lake Borgne. 

The average discharge for the Tchefuncte River near 
Folsom was about 159 ft3/s (103 Mgal/d) for the period 1944–
2007. Water in the Tchefuncte River is generally fresh, but 
during periods of low flow, saltwater has intruded from Lake 
Pontchartrain upstream to the City of Covington. Water in the 
Tchefuncte River generally is soft but may be moderately hard 
(61–120 mg/L as CaCO3) and slightly acidic (pH less than 6.5 
standard units) (table 4). 

The average discharge for the Bogue Chitto River near 
Bush was about 2,000 ft3/s (1,289 Mgal/d) for the period 1938–
2007. Analyses of water quality samples from the river indicate 
that the water is typically soft but may be slightly acidic and 
exceed the EPA’s SMCL for iron (table 4). 
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By Jason M. Griffith 

For additional information, contact: 

Director, USGS Louisiana Water Science Center
3535 S. Sherwood Forest Blvd., Suite 120
Baton Rouge, LA 70816
E-mail: dc_la@usgs.gov
Fax: (225) 298-5490
Telephone: (225) 298-5481
Home Page: http://la.water.usgs.gov
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Areas of Current & Potential Activity
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Regulatory Goals

• Resource Conservation / Sustainability 
• Waste Minimization
• Pollution Prevention
• Transparency
• Awareness / Surveillance

3
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Regulatory Processes

– Water Source Management / Evaluation
– Work Permits
– Well Construction Requirements
– Waste Management / Disposal Requirements
– Fracturing Fluid Disclosure
– Inspection & Enforcement

4
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Water Sources – Surface Water

• Use of surface water is encouraged.
• Cooperative Endeavor Agreements may be 

created through DNR – Office of Mineral 
Resources (OMR) for the use of running 
surface water. (Act 955 of 2010)

• Application process involves assessing the 
environmental/ecological impacts and 
economic benefits of surface water use.

5
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Water Sources – Ground Water

• Notice is required prior to 
installation of new wells and 
prior to a change in use of 
existing wells for evaluation 
purposes.

• Orders may be issued to 
collect information, conduct 
metering, impose well 
spacing requirements, or 
limit production.

• Information may be used to 
establish areas of 
groundwater concern.

6
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Water Sources – Other

• Certain E&P Wastes may be used as a frac 
fluid component in limited cases.

• Promotes both waste minimization and 
resource conservation.

7
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Water Sources – Reporting

• Water sources and volumes 
must be reported for wells 
that are hydraulically 
fractured.

• Reporting is accomplished 
by filing Supplemental Page 
3 of the Well History and 
Work Resumé Report (Form 
WH‐1) following well 
completion.

8
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Water Use Statistics
Reported Usage from 10/1/2009 to 2/23/2012

Source Volume 
(Gallons)

Frac Groundwater 1,230,712,693

Frac Surface Water 8,223,152,516
Drilling Rig 
Groundwater Supply 879,649,632
Drilling Rig Surface 
Water Supply 157,839,504

Other Groundwater 155,545,829

Other Surface Water, 39,007,638

Frac Stages 22,338
Total Frac Water Used 
(gallons) 9,453,865,209
Volume per Frac  Stage 
(gallons) 423,219
Average Frac Stages 
per Well 11.4
Average Water Use per 
Well (gallons) 5,454,777
Average Frac Water Use 
per Well (gallons) 4,825,863

9

Water Usage Data for 1959 Haynesville Shale Natural Gas Wells

Rig Supply 
Ground 
Water
8%

Frac Supply Ground 
Water
12%

Other Ground Water
1%

Rig Supply Surface 
Water
2%

Frac Supply Surface 
Water
77%

Other Surface Water
<0.5%
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Work Permits

• A work permit 
application (Form DM‐
4R) must be approved 
prior to conducting 
fracturing operations.

• Process allows for OC 
inspection of 
operations.

10
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Well Construction Requirements

• Use of multiple 
cemented casing 
strings

• Minimum setting 
depth to protect 
USDW

• Post‐installation 
pressure testing

11
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Waste Management

• E&P Waste regulations ensure proper disposal to 
minimize environmental impacts of resource 
development.

• Manifest and reporting systems ensure transparency 
and accountability. 

• Waste Management options include:
– Onsite disposal
– Well injection
– Commercial disposal
– Recycling in limited cases

12
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Fracturing Fluid Disclosure 

• Types and volumes (in gal.) of 
hydraulic fracturing fluid

• List of additives used 
• List of chemical ingredients 

subject to requirements of 29 
CFR 1910.1200(g)(2)

• Maximum ingredient 
concentration within the 
additive

• Ingredients and 
concentrations of proprietary 
chemicals are not required.

• Required information may be 
reported to Frac Focus 
website.

14
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Fracturing Fluid Disclosure Requirements by State

15
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Inspection & Rule Enforcement

16

• Periodic visual inspections of wells are conducted 
during all phases of development 

• Regulatory violations result in the issuance of 
Compliance Orders to the responsible party requiring 
corrective actions.

• Possible enforcement actions include
– Levy of Civil Penalties
– Suspension of authority to sell oil
– Withholding permits
– “Orphaning” Declaration 
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• STRONGER, Inc. is a nonprofit multi‐stakeholder organization which 
measures state oil and gas waste management programs against a set of 
Guidelines developed and agreed to by all the participating parties.

• A Louisiana Review focusing on hydraulic fracturing regulatory practices 
was conducted in November 2010; Findings were issued in March 2011.

• Positive Assessments of Louisiana’s Regulatory Framework:
– Proactive conservation of groundwater resource use.
– Waste water recycling program.
– Public outreach and education.
– Waste disposal regulations.

• Areas for Improvement:
– Updated Casing and Cementing Requirements. (IN PROGRESS)
– More systematic training of Inspectors.  (IN PROGRESS)
– Require the reporting of hydraulic fracturing information including component 

constituents of frac fluid.  (COMPLETED)

17

STRONGER Review

WRITTEN STATEMENTS (not from Hearing)



Potential Future Rule Changes

18

• Frac Fluid Disclosure
– Disclosure requirements tied to “Right to Know” federal 

law instead of OSHA safety communication rules.
• Casing and Cementing

– Clear design objectives
– Formation Integrity Tests
– Cement evaluation following prolonged drilling
– Liner seal testing 
– Cement top verification in limited circumstances 
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Daniel Henry

From: Jim Welsh
Sent: Friday, November 21, 2014 9:49 AM
To: Daniel Henry; John Adams (DNR); Patrick Courreges
Subject: FW: Exhibits 24-28 of Quarles affidavit
Attachments: EXHIBIT 25.pdf; EXHIBIT 26.pdf; EXHIBIT 27.pdf; EXHIBIT 24.pdf

FYI.

James H. "Jim" Welsh
Commissioner of Conservation
LA Dept. of Natural Resources
LA Office of Conservation
P.O. Box 94275
Baton Rouge, LA 70804
(225)342-5500 (O)
(225)342-3705 (F)

From: Phyllis Darensbourg On Behalf Of LDNR Public Information
Sent: Friday, November 21, 2014 9:48 AM
To: Jim Welsh; Gary Ross; Patrick Courreges
Subject: FW: Exhibits 24-28 of Quarles affidavit

From: Jordan, Lisa W [mailto:lwjordan@tulane.edu]
Sent: Wednesday, November 19, 2014 5:07 PM
To: LDNR Public Information
Cc: Wick, Caroline J; Marianne Cufone (mcufone@recirculatingfarms.org); Emily Posner (eposner@recirculatingfarms.org)
Subject: Exhibits 24-28 of Quarles affidavit

Office of Conservation:
  Please receive the last 4 exhibits to the Quarles affidavit.  Thank you.

Lisa Jordan
Deputy Director
Tulane Environmental Law Clinic
6329 Freret Street
New Orleans, LA  70118
Direct:  (504) 314-2481
Office:  (504) 865-5789
Fax:       (504) 862-8721
Email: lwjordan@tulane.edu

CONFIDENTIALITY NOTICE
This email communication may contain confidential information which also may be legally privileged and is
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intended only for the use of the intended recipients identified above. If you are not the intended recipient of this
communication, you are hereby notified that any unauthorized review, use, dissemination, distribution,
downloading, or copying of this communication is strictly prohibited. If you are not the intended recipient and
have received this communication in error, please immediately notify us by reply email, delete the
communication and destroy all copies.
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Water Resources of St. Tammany Parish
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Introduction 

St. Tammany Parish, located in southeastern Louisiana 
(fig. 1), contains fresh groundwater and surface-water 
resources. In 2005, about 22.8 million gallons per day (Mgal/d) 
were withdrawn from water sources in St. Tammany Parish 
(fig. 2). Almost 100 percent (22.7 Mgal/d) was withdrawn 
from groundwater, and less than 1 percent (0.06 Mgal/d) was 
withdrawn from surface water (table 1). Withdrawals for public 

supplies accounted for 70 percent (16 Mgal/d) of the total 
water withdrawn (table 2). Withdrawals for domestic use were 
28 percent (6 Mgal/d). Generally, water withdrawals in the 
parish increased from 1960 to 1970, decreased from 1970 to 
1985, and again increased from 1985 to 2005 (fig. 2). 

This fact sheet summarizes basic information on the 
water resources of St. Tammany Parish, La. Information 
on groundwater and surface-water availability, quality, 
development, use, and trends is based on previously published 
reports listed in the references section.

Figure 1.  Location of study area, St. Tammany Parish, Louisiana.
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natural flow into rivers, leakage into underlying aquifers, and 
withdrawal from wells. 

Fresh groundwater (water with a chloride concentration 
less than 250 milligrams per liter [mg/L]) is present from land 
surface to about 3,000 to 3,500 ft below National Geodetic 
Vertical Datum of 1929 (NGVD 29) in most of northern St. 
Tammany Parish (fig. 1) and to about 2,400 to 3,200 ft below 
NGVD 29 in southeastern parts of the parish; however, some 
intermediate sands at depths less than 2,500 ft near Lake 
Pontchartrain may contain saltwater (water with a chloride 
concentration that exceeds 250 mg/L). Freshwater from aquifers 
in St. Tammany Parish is soft (less than 60 mg/L, as calcium 
carbonate [CaCO3]) and generally does not exceed the U.S. 
Environmental Protection Agency’s (EPA) 2006 Secondary 
Maximum Contaminant Levels (SMCLs)1 for drinking water for 
chloride, iron, manganese, and dissolved solids. Some aquifers 
may contain iron or manganese concentrations that exceed the 
EPA’s SMCLs. 

Well-registration records from the Louisiana Department 
of Transportation and Development (DOTD) indicate that there 
are about 10,860 active wells screened in the aquifers in St. 
Tammany Parish, including about 9,740 domestic, 650 public-
supply, 430 irrigation, and 40 industrial wells. About 23 Mgal/d 
of groundwater was withdrawn in St. Tammany Parish in 2005, 
and most was for public-supply (16 Mgal/d) and domestic (6 
Mgal/d) use. 

The Chicot Equivalent Aquifer System

The Chicot equivalent aquifer system in St. Tammany 
Parish consists of two adjacent, near-surface aquifers: the 
upland terrace aquifer in the northern half of the parish and the 
upper Ponchatoula aquifer in the southern half of the parish. 
The base of the aquifer system ranges from about 0 to 500 ft 
below NGVD 29. 

In 2005, about 26 percent (6.0 Mgal/d) of the groundwater 
used in St. Tammany Parish was withdrawn from the Chicot 
equivalent aquifer system. Most of the water was withdrawn 
from the upland terrace aquifer (3.8 Mgal/d) and the upper 
Ponchatoula aquifer (2 Mgal/d). About 5.3 Mgal/d of the total 
groundwater withdrawn in this system were for domestic use, 
and about 0.6 Mgal/d were for public-supply use. 

The base of the Chicot equivalent aquifer system ranges 
from about 0 ft below NGVD 29 in northern St. Tammany 
Parish to 500 ft below NGVD 29 in the southern parts of 
the parish. Aquifers in the Chicot equivalent aquifer system 
typically consist of 50- to 300-ft-thick units of sand and gravel. 

The Chicot equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. Aquifers in 
the system typically yield fresh water that is soft and does 
not exceed the EPA’s SMCLs (table 3). Water from aquifers 
in this system generally exceeds the SMCL for iron, and 
water from the upland terrace aquifer may exceed the SMCL 
for manganese. 

1 The SMCLs are nonenforceable Federal guidelines regarding cosmetic 
effects (such as tooth or skin discoloration) or aesthetic effects (such as taste, 
odor, or color) of drinking water. At high concentrations or values, health 
implications as well as aesthetic degradation might exist. SMCLs were 
established as guidelines for the States by the U.S. Environmental Protection 
Agency (1992).

Table 1.  Water withdrawals, in million gallons per day, by 
source in St. Tammany Parish, Louisiana, 2005 (Sargent, 2007).

Aquifer, aquifer system,  
or major water body Groundwater

Surface 
water

Chicot equivalent aquifer system 5.99

Evangeline equivalent aquifer system 12.32

Jasper equivalent aquifer system 4.39

Surface water bodies 0.06

Total 22.7 .06

Table 2.  Water withdrawals, in million gallons per day, by 
category in St. Tammany Parish, Louisiana, 2005 (Sargent, 2007). 

Groundwater
Surface 
water

Total

Public supply 15.89 0 15.89

Industrial .14 0 .14

Power generation 0 0 0

Rural domestic 6.44 0 6.44

Livestock .06 .04 .11

Rice irrigation 0 0 0

General irrigation .13 .01 .15

Aquaculture .03 0 .03

Total 22.7 .06 22.76

Figure 2.  Water withdrawals in St. Tammany Parish, Louisiana, 1960–2005.
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Groundwater Resources 
The groundwater resources of St. Tammany Parish, 

from near surface to deepest, include the Chicot equivalent 
aquifer system, the Evangeline equivalent aquifer system, and 
the Jasper equivalent aquifer system (fig. 3). Aquifers in the 
parish generally dip and thicken to the south. Recharge to the 
aquifers is from rainfall, leakage from overlying aquifers, and 
seasonal input from rivers. Discharge from the aquifers is by 
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The Tchefuncte, Hammond, Amite, and Ramsay 
aquifers are not shown on this section.
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Figure 3.  Generalized west-to-east hydrogeologic section through St. Tammany Parish, Louisiana (Griffith, 
2003). Trace of section shown on figure 1.

About 9,300 wells are screened in the Chicot equivalent 
aquifer system, and most are used for domestic (8,505), public-
supply (406), irrigation (363), or industrial (22) purposes. 
Reported well yields from wells screened in the aquifer system 
generally range from about 3 to 80 gallons per minute (gal/min). 

The Evangeline Equivalent Aquifer System

The Evangeline equivalent aquifer system underlies the 
Chicot equivalent aquifer system and in St. Tammany Parish 
consists of, from near surface to deepest, the lower Ponchatoula, 
Big Branch, Abita, Covington, and Slidell aquifers. In 2005, 
about 54 percent (12.3 Mgal/d) of the groundwater used in 
the St. Tammany Parish was withdrawn from the Evangeline 
equivalent aquifer system. Most of the water was withdrawn 
from the Slidell aquifer (6.5 Mgal/d), the Abita aquifer (2.7 
Mgal/d), and the lower Ponchatoula aquifer (2.3 Mgal/d). 
About 10.4 Mgal/d of the total groundwater withdrawn in this 
system were for public-supply, and about 1.2 Mgal/d were 
for domestic use. 

The Evangeline equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. The base of the 

aquifer system ranges from about 1,800 to possibly about 3,000 
ft below NGVD 29 south of Slidell. Aquifers in the Evangeline 
equivalent aquifer system typically consist of 50- to 200-ft-thick 
units of medium to very coarse sand. 

Freshwater from aquifers in the Evangeline equivalent 
aquifer system is typically soft and does not generally exceed 
the EPA’s SMCLs; however, some freshwater may contain 
iron and manganese concentrations that exceed those SMCLs 
(table 3). Saltwater is present in the Big Branch aquifer near 
Lacombe and the Lake Pontchartrain shoreline. 

About 10,860 wells are screened in the Evangeline 
equivalent aquifer system, and most are used for domestic 
(9,740), public-supply (654), irrigation (429), or industrial 
(38) purposes. Reported well yields from wells screened in the 
Evangeline equivalent aquifer system generally range from 
about 4 to 300 gal/min. 

Water levels in the lower Ponchatoula and Big Branch 
aquifers are about 20 to 35 ft above NGVD 29 and have 
declined by as much as about 0.3 ft per year from 1996 to 2005. 
Water levels in the Abita, Covington, and Slidell aquifers are 
about 50 to 70 ft above NGVD 29 and have declined by as 
much as about 1.3 ft per year from 1978 to 2005 (fig. 4). 
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Table 3.  Summary of selected water-quality characteristics for freshwater in the Chicot equivalent aquifer system and the Jasper and 
Evangeline equivalent aquifer systems in St. Tammany Parish, Louisiana, 1939–2007 (U.S. Geological Survey, 2008b). 

[Values are in milligrams per liter, except as noted.°C, degrees Celsius; PCU, platinum cobalt units; µS/cm, microsiemens per centimeter; SU, standard units; 
CaCO3, calcium carbonate; µg/L, micrograms per liter; NA, not applicable; SMCL, Secondary Maximum Contaminant Level established by the U.S. Environmental 
Protection Agency, 2006] 

Temperature 
(°C)

Color 
(PCU)

Specific  
conductance, 

field 
(µS/cm at  

25 °C)

pH, 
field 
(SU)

Hardness 
(as CaCO3)

Chloride,  
filtered 
(as Cl)

Iron,  
filtered 

(µg/L
as Fe)

Manganese, 
filtered  

(µg/L as Mn)

Dissolved 
solids,  
filtered

Chicot equivalent aquifer system

Median 22.4 10 256 7.1 12 6.8 165 80 171

10th percentile 21 0 40 5.4 4.7 3.1 <10 .8 43.8

90th percentile 25 50 584 8.6 24.6 27.2 1,085 170 275.6

Number of samples 46 16 41 27 48 50 18 21 17

Percentage of samples 
that meet SMCLs

NA 66 NA 45 NA 100 64 46 100

Jasper and Evangeline equivalent aquifer systems

Median 28.3 5 294.5 8.5 6 4 50 30 195

10th percentile 23 0 182.2 7 1 2.4 6 <10 145.1

90th percentile 34.6 35 634.8 9 20 25 855 190 394.4

Number of samples 100 76 108 81 104 131 66 60 72

Percentage of samples 
that meet SMCLs

NA 76 NA 48 NA 100 83 62 99

SMCLs

NA 15 NA 6.5–8.5 NA 250 300 50 500

Well: ST-563
Altitude of land surface: 10.24 ft above NGVD 29
Well depth: 2,411 ft below land surface
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Figure 4.  Water levels in well ST-563 screened in the Slidell aquifer in St. Tammany Parish, Louisiana (see fig. 1 for well location).

The Jasper Equivalent Aquifer System

The Jasper equivalent aquifer system underlies the 
Evangeline equivalent aquifer system and in St. Tammany 
Parish consists of, from shallowest to deepest, the Tchefuncte, 
Hammond, Amite, and Ramsay aquifers. In 2005 about 19 
percent (4.4 Mgal/d) of the groundwater used in St. Tammany 

Parish was withdrawn from the Jasper equivalent aquifer 
system. Most of the water was withdrawn from the Tchefuncte 
aquifer (1.9 Mgal/d), the Hammond aquifer (2.1 Mgal/d), and 
the Amite aquifer (0.4 Mgal/d). About 4.4 Mgal/d (almost 100 
percent) was withdrawn for public supply use. 

The base of the aquifer system ranges from 2,350 ft below 
NGVD 29 in northern areas of the parish to as deep as 3,300 

WRITTEN STATEMENTS (not from Hearing)

http://nwis.waterdata.usgs.gov/la/nwis/gwlevels/?site_no=301536089470501


Table 4.  Summary of selected water-quality characteristics for the Tchefuncte and Bogue Chitto Rivers in St. Tammany Parish, 
Louisiana, 1953–95. 
[Values are in milligrams per liter, except as noted. °C, degrees Celsius; µS/cm, microsiemens per centimeter; SU, standard units; µg/L, micrograms per liter; 
CaCO3, calcium carbonate; NA, not applicable; SMCL, Secondary Maximum Contaminant Level established by the U.S. Environmental Protection Agency, 2006]

Specific  
conductance,  

field 
(µS/cm at 25 °C)

Oxygen,  
dis-

solved

pH, 
field 
(SU)

Hardness 
(as 

CaCO3)

Calcium,  
filtered 
(as Ca)

Magnesium,  
filtered  
(as Mg)

Sodium,  
filtered  
(as Na)

Chloride,  
filtered  
(as Cl)

Sulfate,  
filtered  
(as SO4)

Iron,  
filtered 

(µg/L  
as Fe)

Tchefuncte River below Covington1

Median 512 NA 6.5 38 6.1 2.6 53 126 16 40
10th percentile 57 NA 5.6 8 2 .3 5.3 5.9 1.8 10
90th percentile 2,102 NA 7 180 20 33 290 609.2 72 92
Number of samples 103 0 61 63 61 61 61 103 61 59
Percentage of samples 

that meet SMCLs
NA NA 55 NA NA NA NA 58 100 100

Bogue Chitto River near Bush2

Median 44 8.15 6.4 9 2 .9 4 6.1 2.1 200
10th percentile 36.9 7 5.9 7 1.6 .5 2.7 4.2 1 87.6
90th percentile 49 10 6.9 10.2 2.7 1.1 5.1 7.8 4.3 280
Number of samples 180 160 190 189 178 175 176 186 182 78
Percentage of samples 

that meet SMCLs
NA NA 45 NA NA NA NA 100 100 94

SMCLs

NA NA 6.5–8.5 NA NA NA NA 250 250 300
1Station number 07375224 (U.S. Geological Survey, 2008b; specific data at http://nwis.waterdata.usgs.gov/la/nwis/qwdata/?site_no=07375224).
2 Station number 02492000 (U.S. Geological Survey, 2008b; specific data at http://nwis.waterdata.usgs.gov/la/nwis/qwdata/?site_no=02492000).

ft below NGVD 29 near Covington. Aquifers in the Jasper 
equivalent aquifer system typically consist of 50- to 250-ft-thick 
units of fine to coarse sand and some pea gravel. 

The Jasper equivalent aquifer system contains water-
bearing units throughout St. Tammany Parish. Saltwater is 
present in some of the aquifers in the system at and to the south 
of Slidell and Lacombe. Aquifers in the system typically yield 
freshwater that is soft and does not generally exceed the EPA’s 
SMCLs; however, some freshwater may exceed the SMCLs for 
pH, iron, and manganese (table 3). 

About 70 wells are screened in the Jasper equivalent 
aquifer system, and most are used for public-supply (32), 
domestic (22), or irrigation (9) purposes. Reported well yields 
from wells screened in the aquifer system generally range 
from about 90 to 1,830 gal/min. In 2006, water levels in the 
Jasper aquifer system generally ranged from about 100 ft above 
NGVD 29 in the northern part of the parish to about 70 ft above 
NGVD in the southern part of the parish. 

Surface-Water Resources 

Lake Pontchartrain and the Pearl, West Pearl, Tchefuncte, 
and Bogue Chitto Rivers are the primary sources of surface 
water in St. Tammany Parish. In 2005, about 0.06 Mgal/d of 
surface water was withdrawn in St. Tammany Parish; about 

0.04 Mgal/d were used for livestock, and about 0.01 Mgal/d 
were used for general irrigation. Other surface water resources 
in the parish include the Abita and Bogue Falaya Rivers. 
Although Lake Pontchartrain is a huge potential source of water 
for St. Tammany Parish, water in the lake is brackish to salty 
and would require treatment for most uses. 

The average discharge for the Pearl and West Pearl Rivers 
at the town of Pearl River was about 9,470 cubic feet per second 
(ft3/s) (6,120 Mgal/d) for the period 1964–70. Water in the Pearl 
and West Pearl Rivers is generally fresh, but during periods 
of low flow, saltwater has intruded 2 to 3 mi upstream from 
Lake Borgne. 

The average discharge for the Tchefuncte River near 
Folsom was about 159 ft3/s (103 Mgal/d) for the period 1944–
2007. Water in the Tchefuncte River is generally fresh, but 
during periods of low flow, saltwater has intruded from Lake 
Pontchartrain upstream to the City of Covington. Water in the 
Tchefuncte River generally is soft but may be moderately hard 
(61–120 mg/L as CaCO3) and slightly acidic (pH less than 6.5 
standard units) (table 4). 

The average discharge for the Bogue Chitto River near 
Bush was about 2,000 ft3/s (1,289 Mgal/d) for the period 1938–
2007. Analyses of water quality samples from the river indicate 
that the water is typically soft but may be slightly acidic and 
exceed the EPA’s SMCL for iron (table 4). 
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By Jason M. Griffith 

For additional information, contact: 

Director, USGS Louisiana Water Science Center
3535 S. Sherwood Forest Blvd., Suite 120
Baton Rouge, LA 70816
E-mail: dc_la@usgs.gov
Fax: (225) 298-5490
Telephone: (225) 298-5481
Home Page: http://la.water.usgs.gov
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Areas of Current & Potential Activity
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Regulatory Goals

• Resource Conservation / Sustainability 
• Waste Minimization
• Pollution Prevention
• Transparency
• Awareness / Surveillance

3
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Regulatory Processes

– Water Source Management / Evaluation
– Work Permits
– Well Construction Requirements
– Waste Management / Disposal Requirements
– Fracturing Fluid Disclosure
– Inspection & Enforcement

4
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Water Sources – Surface Water

• Use of surface water is encouraged.
• Cooperative Endeavor Agreements may be 

created through DNR – Office of Mineral 
Resources (OMR) for the use of running 
surface water. (Act 955 of 2010)

• Application process involves assessing the 
environmental/ecological impacts and 
economic benefits of surface water use.

5
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Water Sources – Ground Water

• Notice is required prior to 
installation of new wells and 
prior to a change in use of 
existing wells for evaluation 
purposes.

• Orders may be issued to 
collect information, conduct 
metering, impose well 
spacing requirements, or 
limit production.

• Information may be used to 
establish areas of 
groundwater concern.

6
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Water Sources – Other

• Certain E&P Wastes may be used as a frac 
fluid component in limited cases.

• Promotes both waste minimization and 
resource conservation.

7
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Water Sources – Reporting

• Water sources and volumes 
must be reported for wells 
that are hydraulically 
fractured.

• Reporting is accomplished 
by filing Supplemental Page 
3 of the Well History and 
Work Resumé Report (Form 
WH‐1) following well 
completion.

8
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Water Use Statistics
Reported Usage from 10/1/2009 to 2/23/2012

Source Volume 
(Gallons)

Frac Groundwater 1,230,712,693

Frac Surface Water 8,223,152,516
Drilling Rig 
Groundwater Supply 879,649,632
Drilling Rig Surface 
Water Supply 157,839,504

Other Groundwater 155,545,829

Other Surface Water, 39,007,638

Frac Stages 22,338
Total Frac Water Used 
(gallons) 9,453,865,209
Volume per Frac  Stage 
(gallons) 423,219
Average Frac Stages 
per Well 11.4
Average Water Use per 
Well (gallons) 5,454,777
Average Frac Water Use 
per Well (gallons) 4,825,863

9

Water Usage Data for 1959 Haynesville Shale Natural Gas Wells

Rig Supply 
Ground 
Water
8%

Frac Supply Ground 
Water
12%

Other Ground Water
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Rig Supply Surface 
Water
2%

Frac Supply Surface 
Water
77%

Other Surface Water
<0.5%
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Work Permits

• A work permit 
application (Form DM‐
4R) must be approved 
prior to conducting 
fracturing operations.

• Process allows for OC 
inspection of 
operations.

10

WRITTEN STATEMENTS (not from Hearing)



Well Construction Requirements

• Use of multiple 
cemented casing 
strings

• Minimum setting 
depth to protect 
USDW

• Post‐installation 
pressure testing

11
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Waste Management

• E&P Waste regulations ensure proper disposal to 
minimize environmental impacts of resource 
development.

• Manifest and reporting systems ensure transparency 
and accountability. 

• Waste Management options include:
– Onsite disposal
– Well injection
– Commercial disposal
– Recycling in limited cases

12
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Fracturing Fluid Disclosure 

• Types and volumes (in gal.) of 
hydraulic fracturing fluid

• List of additives used 
• List of chemical ingredients 

subject to requirements of 29 
CFR 1910.1200(g)(2)

• Maximum ingredient 
concentration within the 
additive

• Ingredients and 
concentrations of proprietary 
chemicals are not required.

• Required information may be 
reported to Frac Focus 
website.

14
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Fracturing Fluid Disclosure Requirements by State

15
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Inspection & Rule Enforcement

16

• Periodic visual inspections of wells are conducted 
during all phases of development 

• Regulatory violations result in the issuance of 
Compliance Orders to the responsible party requiring 
corrective actions.

• Possible enforcement actions include
– Levy of Civil Penalties
– Suspension of authority to sell oil
– Withholding permits
– “Orphaning” Declaration 
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• STRONGER, Inc. is a nonprofit multi‐stakeholder organization which 
measures state oil and gas waste management programs against a set of 
Guidelines developed and agreed to by all the participating parties.

• A Louisiana Review focusing on hydraulic fracturing regulatory practices 
was conducted in November 2010; Findings were issued in March 2011.

• Positive Assessments of Louisiana’s Regulatory Framework:
– Proactive conservation of groundwater resource use.
– Waste water recycling program.
– Public outreach and education.
– Waste disposal regulations.

• Areas for Improvement:
– Updated Casing and Cementing Requirements. (IN PROGRESS)
– More systematic training of Inspectors.  (IN PROGRESS)
– Require the reporting of hydraulic fracturing information including component 

constituents of frac fluid.  (COMPLETED)

17

STRONGER Review
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Potential Future Rule Changes

18

• Frac Fluid Disclosure
– Disclosure requirements tied to “Right to Know” federal 

law instead of OSHA safety communication rules.
• Casing and Cementing

– Clear design objectives
– Formation Integrity Tests
– Cement evaluation following prolonged drilling
– Liner seal testing 
– Cement top verification in limited circumstances 
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LOUISIANA	DEPARTMENT	OF	NATURAL	RESOURCES
Office	of	Conservation

TUSCALOOSA	MARINE	SHALE	DEVELOPMENT

September	12,	2013

Pineville, Louisiana

By
James	H.	Welsh

Commissioner	of	Conservation
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• The	T.M.S.	is	a	geologic	formation	approximately	80	Million	years	old
• Consists	of	fine‐grained	sediments:	silts	and	clays		“Shale”
• Deposited	in	marine	(ocean)	environment
• Approximately	500‐600	feet	thick	(varies	from	area	to	area)
• “Resistive”	Section	in	lower	portion	of	the	interval	(believed	to	be	the	

most	prospective	part	of	the	shale)	is	approximately	250	feet	thick
• Widespread	deposition	across	LA‐TX‐MS	“Eagle	Ford”	in	TX.	&	West	LA
• Approximately	11,000		feet	deep	in	Pineville	area
• Oil	production	(possible	gas/gas	condensate	at	greater	depths)
• Long	known	to	have	hydrocarbon	potential
• First	T.M.S.	wells	in	Louisiana	drilled	and	produced	in	the	1970’s
• Horizontal,	hydrofractured wells	currently	used	to	produce	the	T.M.S.
• Estimated	reserve	potential	7	Billion	BBLS	of	oil	(from	L.S.U.	Basin	

Research	Institute	1997	study)

Tuscaloosa	Marine	Shale

2
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Pineville

T.M.S.	Trend	in	Louisiana

3
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Tuscaloosa	Marine	Shale	Play
Lower	Smackover	“Brown	Dense”	and	Haynesville	Shale	Plays

4
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T.M.S.	Trend	Pineville	Area

5
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T.M.S.	Statewide	Activity

• 22	Total	Wells	Drilled	to	T.M.S
• 18	Wells	Producing	in	T.M.S
• 25		Units	Adopted	for	T.M.S
• Web	Address	for	Weekly	T.M.S.	Update:	

http://dnr.louisiana.gov/assets/OC/tuscaloosa_shale/TMS.pdf

6
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• Total	Cumulative	Production	for	T.M.S.	:		584,532	BO
• Last	Reported	Monthly	Production	for	T.M.S	Wells	:	1109	BO
• Total	Wells	Producing	the	T.M.S	:		18

Louisiana	T.M.S.	Production

7

Field Name Parish Well Name/Unit Name Cumulative Prod. (bbls.) Last Reported Month's Avg. Prod.(bbls./day) Total Parish Production (bbls.)
North Chipola St. Helena Weyerhaeuser No. 1 36,934 20
North Chipola St. Helena Weyerhaeuser 73H No. 1 90,091 53
North Chipola St. Helena Weyerhaeuser 60H No. 1 28,426 179
North Chipola St. Helena Weyerhaeuser 60H No. 2 28,426 178
North Chipola St. Helena TMS RA SUA; Weyerhaeuser 72H N 23,444 99
Northwest Liverpool St. Helena TMS RA SUA; Weyerhaeuser 14H N 84,915 107

St. Helena Total 292,236
Little Silver Creek Tangipahoa Winfred Blades No. 1 26,043 1
Little Silver Creek Tangipahoa TMS RA SUA                          -                                           -
Little Silver Creek Tangipahoa TMS RA SUB and SUC                          -                                           -
Northwest Wilmer fieTangipahoa TMS RA SUA and SUB                          -                                           -
Fluker Tangipahoa TMS RA SUA; Soterra 6H No. 1 28,725 27
Kentwood Tangipahoa TMS RA SUA; Thomas 38H No. 1 54,032 87

Tangipahoa Total 108,800
Richland Plantation East FelicianaRichland Plantation A No. 1 13,401 2.5
Richland Plantation East FelicianaRichland Farms Inc. 74 H No. 1 52,701 68
Beech Grove PlantaEast FelicianaBeech Grove Land Co. 68H No. 1 12,790 9
Ethel East FelicianaTMS RA SUA;Lane 64 NO. 1 76 1
Clinton East FelicianaTMS RA SUA                           -                                           -

East Feliciana Total 78,968
Bayou Twisty Avoyelles TMS RA SUA; Dupuy Land Co. 20H 40,854 131
Bayou Twisty Avoyelles TMS RA SUB; Dupuy Land Co. 30H                         -                                           -
Lake Roseau Avoyelles TMS RA SUA; Gauthier 14H No. 1 16,990 66
Vick Avoyelles TMS RA SUA; Paul 15H No. 1                          -                                           -

Avoyelles Total 57,844
Baker Creek West FelicianMurphy 63H #1 - TMS RA SUA 37,379 61
Lake Rosemound West FelicianTMS RA SUA                          -                                           -
Bayou Sara West FelicianTMS RA SUA                          -                                           -
Spillman West FelicianTMS RA SUA & SUB                          -                                           -
Northeast Spillman West FelicianTMS RA SUA                          -                                           -

West Feliciana Total 37,379
Flatwoods Rapides Bentley Lumber 34 H No. 1 6,175                                  Not Producing
Roxana Rapides Broadway H No. 1 2,344 19
Oden Lake Rapides TMS RA SUA; Lambright H No. 1                          -                                           -

Rapides Total 8,519
Burnstown Vernon Bentley Lumber 32 No. 1 786 0.5

Vernon Total 786

TOTAL CUMULATIVE LOUISIANA TMS (bbls.) 584,532
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T.M.S.	Operators

T.M.S.	Operators	in	Louisiana

Most	Recently	Active	Operators:

Encana
Devon	Energy
Goodrich	Petroleum
EOG	Resources
Indigo	II	Louisiana
Justiss Oil	Company

Prior	Operators	Since	Inception	of	Play

Texas	Pacific	Oil	Company
Callon Petroleum
Exchange	Oil	and	Gas
Encore
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T.M.S.	Fields

Rapides	Parish
Flatwoods
Roxana
Oden	lake	

Vernon	Parish
Burnstown

Avoyelles	Parish
Bayou	Twisty
Lake	Roseau
Vick
Marksville

West	Feliciana	Parish
Baker	Creek
Lake	Rosemound
Bayou	Sara
Spillman
Northeast	Spillman

East	Feliciana	Parish
Richland	Plantation
Beech	Grove	Plantation
Ethel
Clinton

Washington	Parish
Franklinton

Tangipahoa	Parish
Greenlaw
Little	Silver	Creek
Northwest	Wilmer
Fluker
Kentwood

Concordia	Parish
North	Bougere

St.	Helena	Parish
Chipola
North	Chipola
Northwest	Liverpool
Joseph	Branch
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T.M.S.	Generalized	Horizontal	Well
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Protection	of	Groundwater	Through	Well	Construction

• Construction	requirements	result	in	protection	of	
USDW	and	isolation	of	hydrocarbon	bearing	zones.
– Multiple	casing	strings
– Minimum	setting	depth
– Cement	requirements
– Pressure	testing

11
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Ground	Water	Use	Advisory
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Directive	for	Frac Water	Reporting

Due to revisions of the WH-1 form, water source and associated volumes are now reported on page 3.

13
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Waste	Management

• Exploration	&	Production	(E&P)	Wastes	primarily	include:
– Drilling	fluids
– Flowback water
– Produced	water

• E&P	Waste	regulations	ensure	proper	disposal	to	minimize	
environmental	impacts	of	resource	development.

• Manifest	and	reporting	systems	ensure	transparency	and	
accountability.	

• Waste	Management	options	include:
– Onsite	disposal	using	conservative	limiting	criteria
– Well	injection
– Commercial	disposal
– Recycling	in	limited	cases

14
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LAC	43:XIX.118

• Effective	as	of	October	20,	2011
• Must	file	application	with	and	receive	work	permit	to	hydraulically	

frack from	the	appropriate	district	office	(Lafayette,	Shreveport,	&	
Monroe)	prior	to	beginning	fracking operations.	Sec.	118.B.

• Following	completion	of	hydraulic	fracturing	the	operator	must	
file	a	Well	History	and	Work	Resume	Report	(Form	WH‐1)	in	
accordance	with	Sec.	105	&	Sec.	118.C.

• LAC	43:XIX.105	requires:
– At	least	12	hours	prior	notice	must	be	given	to	the	manager	of	
the	appropriate	district	office,	so	that	a	Conservation	
representative	may	have	a	chance	to	witness	the	fracturing	
operations.

– Within	20	days	of	completing	work	under	the	work	permit,	the	
work	must	be	described	on	the	Well	History	and	Work	Resume	
Report	and	submitted	to	the	appropriate	district	office.	

15
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What	Must	Be	Reported?

• With	the	Well	History	and	Work	Resume	Report	(Form	WH‐1),	the	
following	information	must	be	reported:
– Types	and	volumes	(in	gal.)	of	hydraulic	fracturing	fluid	used	
in	the	operation.

– A	list	by	type	of	all	additives	used	during	hydraulic	fracturing	
operations.	Specifically	list	the	following	for	each	type:
• Specific	trade	name	and	suppliers.

– List	of	chemical	ingredients	in	fracturing	fluid	subject	to	
requirements	of	29	CFR	1910.1200(g)(2)	and	their	associated	
CAS	numbers.	Also	specify	for	each	chemical	ingredient:
• Maximum	ingredient	concentration	within	the	additive	
expressed	as	a	chemical	by	mass	of	each	chemical	
ingredient;

• Maximum	concentration	of	each	chemical	ingredient	
expressed	as	a	percentage	by	mass	of	the	total	volume	of	
hydraulic	frac	fluid	used.

16
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How	to	Report?

• On	the	Work	History/Well	Resume	Report	(Form	WH‐1)	
submitted	to	the	appropriate	district	office	within	20	days	of	
completion	of	the	hydraulic	fracturing	operations.

• Frac Focus	Chemical	Disclosure	Registry	– online	accessible	
registry	sponsored	by	Groundwater	Protection	Council	and	the	
Interstate	Oil	&	Gas	Compact	Commission.
– Fracfocus.org
– Search	for	specific	well	information	by	location,	operator,	well	
name,	etc.

– Under	new	reporting	requirements,	must	report	within	20	
days	of	completion	of	hydraulic	fracturing	operations.

– Reporting	on	Frac Focus	does	not	fully	replace	WH‐1	
Requirement.

• Similar	Publicly	Available	Websites.

17
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Confidential	Information

• Like	similar	statutes	or	regulations	in	other	jurisdictions,	the	new	
fracturing	information	reporting	requirements	provide	that		
specific	chemical	ingredient	identity	and	CAS	numbers	entitled	to	
trade	secret	designation	pursuant	to	29	CFR	Sec.	1910.1200(i),	do	
not	need	to	be	reported.

• When	a	trade	secret	is	claimed	by	the	party	entitled	to	make	such	a	
claim,	then	the	following	information	must	be	provided:
– The	chemical	family	of	the	trade	secret	ingredient;	and
– A	statement	claiming	that	trade	secret	protection	is	being	
made.
• Statement	may	be	as	simple	as	stating	that	the	ingredient	is	
“privileged”,	“proprietary”	or	a	“trade	secret.”

• Despite	this	protection,	no	party	can	withhold	trade	secret	
information	from	a	health	care	professional	when	such	disclosure	
is	required	by	state	or	federal	law.	

18
WRITTEN STATEMENTS (not from Hearing)



Public	Information

• The	majority	of	information	collected	by	the	Office	of	Conservation	
is	available	to	the	public	free	of	charge	through	the	DNR	website	–
SONRIS	(www.sonris.com)
– Access	to	the	DNR	Database
– Access	to	map‐based	(GIS)	information	(Geographic	
Information	System	(GIS)

– Access	to	images	of	documents	on	file

19
WRITTEN STATEMENTS (not from Hearing)



WRITTEN STATEMENTS (not from Hearing)

lswanner
Typewritten Text
EXHIBIT 27



Leasing and Fracking the Tuscaloosa Marine Shale in St. Tammany Parish
By Wilma Subra

 The Tuscaloosa Marine Shale extends across central Louisiana and into several 
Mississippi counties. The Tuscaloosa Marine Shale under lies approximately three-fourth 
of St. Tammany Parish. The southern     one- fourth of St. Tammany Parish does not 
overlay the Tuscaloosa Marine Shale Play (see attached map of Tuscaloosa Marine 
Shale).

 The Tuscaloosa Marine Shale Play consist of recoverable natural gas, condensate 
and crude oil. The crude oil reserve consist of 7 billion barrels. The play is located under 
6.6 million acres of parts of 20 parishes in LA.

 The Tuscaloosa Marine Shale Play ranges from 10,000 feet in depth along the 
northern portion of the formation to 15,000 feet in depth along the southern portion. The 
play ranges from 500 feet in thickness in southwest Mississippi to 800 feet in thickness in 
the southern parts of the Florida parishes. In order to develop the Tuscaloosa Marine 
Shale Play, horizontal drilling and hydraulic fracturing are required.

Drilling and Hydraulic Fracturing of Shale Formation

 In the development of the Tuscaloosa Marine Shale Play, wells are drilled 
vertically down to 10,000 to13,000 feet and then directionally drilled horizontally within 
the shale formation to form a long horizontal lateral (see attached figure).

 Hydraulic Fracturing is conducted along the horizontal lateral of the casing. Holes 
are blasted in the casing followed by insertion of Hydraulic Fracturing fluid under great 
pressure to fracture the shale formation. Propping agents such as sand and ceramic beads 
contained in the fracturing fluid prop the shale fractures open and allow the crude oil and 
natural gas to flow to the surface. 

 The hydraulic fracturing process is conducted in segments along the horizontal 
lateral of 6,000 to 6,600 feet in length. Distances of approximately 250 feet are blasted 
and fractured at a time along the horizontal lateral and the process is repeated 15 to 26 
times.
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 The following oil and gas companies are leasing, drilling and/or producing in the 
Tuscaloosa Marine Shale.

 The Tuscaloosa Marine Shale Play has, as of May 11, 2014, 22 producing wells 
and 5 pre production wells. These wells are located in Vernon, Rapides, East and West 
Feliciana, St. Helena and Tangipahoa parishes (see attached DNR well activity map).

Haynesville Shale Play

 The Haynesville Shale Play is located in northwest Louisiana, southwest Arkansas 
and east Texas. The Haynesville Play has recoverable natural gas and is located at depths 
from 10,000 feet to 13,000 feet. The play is 200 to 300 feet in thickness. Natural gas 
development began in 2008. There are 2,331 producing wells and 248 wells in pre 
production (see attached DNR well activity map and Google map of density of shale 
development and production activities in the Haynesville Shale area).

Helis Oil & Gas Company Leasing

 On October 1, 2013, Helis Oil & Gas Company leased 43,000 acres of land in St. 
Tammany Parish for exploring, drilling and producing oil and gas (see attached map for 
leased areas).

   The lease agreements were with:

P& F Lumber Company 
St. Tammany Land Company 
Poitevent Interest 
PF Monroe Properties 
Markel Interest 

 The terms of the leases were 18 months from October 1, 2013 with options to 
extend the leases to October 1, 2017. 

   On October 1, 2013 Helis Oil & Gas Company also leased 640 acres from P & F 
Lumber Co., St. Tammany Land Co., PF Monroe Properties and Markel Interest for a 5 
year lease period. This property was from Eads Poitevent et al. A portion of the P & F 

Amelia Resources Comstock Resources Encana Corp Indigo M.

Goodrich Petroleum Halcon Resources Helis Oil & Gas

2
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Lumber Company lease is included in the application for the creation of a single drilling 
and production unit by Helis Oil and Gas Company.

 On February 1, 2014, Helis Oil and Gas Company leased from Abita Springs 
Timber Company, 8,249 acres. The leases were for 5 years or for 18 months with options 
to extend until February 1, 2017. A portion of this leased property is included in the 
application for the creation of a single drilling and production unit by Helis Oil and Gas 
Company.

 The total acreage leased by Helis Oil and Gas Company was 51,889 acres. Helis 
has indicated they have leases and options covering 60,000 acres in St. Tammany Parish.

Evaluation of Drill Sites Before Lease Agreements Were Signed

 C.H. Fenstermaker & Associates conducted wetlands determinations at four 
locations in St. Tammany Parish for Helis Oil & Gas Company. The field evaluations of 
proposed well pad sites were performed in June 2013 for location 3, in June and July 
2013 for location 1, and in June, July and August 2013 for locations 2 and 4 (see attached 
map).

 The Wetlands Determination Reports were submitted to the Corps of Engineers in 
August 2013 for location 3 and in September 2013 for locations 1, 2 and 4.

 Fenstermaker ‘s opinions expressed in the Wetlands Determination Reports were 
that at locations 1, 2 and 4, wetlands do exist on, beyond or near the proposed drill 
sites… and would likely be considered jurisdictional by the Corps.

 Fenstermaker’s opinion expressed in the Wetlands Determination Report for 
location 3 was that there are not wetlands or waters associated with the proposed drill 
site.

 The Corps performed evaluations of the Wetlands Determination Reports 
submitted for Preliminary Jurisdictional Determinations and performed field evaluations 
during September and October 2013 that confirmed wetlands on locations 1, 2 and 4. On 
December 10, 2013, the wetland evaluations by the Corps were canceled by the applicant 
for locations 1, 2 and 4.

 Location 3 was evaluated by the Corps from 9-11-13 through 12-19-13. A few 
days later, the Corps indicated location 3 had jurisdictional wetlands and Fenstermaker 
issued a Wetlands Determination Report to the Corps for location 3. On February 19, 
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2014, the Corps issued a letter to Fenstermaker indicating that based on the field 
inspection of December 19, 2013, “part of the property is wetlands and may be subject to 
Corps’ jurisdiction. A permit under Section 404 of the Clean Water Act will be required 
prior to the depositing or redistribution of dredge or fill material into wetlands that are 
waters of the United States.” Location 3 is the proposed site of the Helis Oil & Gas 
Company well pad which turned out to be 90% wetlands.

Helis Oil & Gas Company Unitization Application

 Helis Oil & Gas Company applied to the Office of Conservation on March 31, 
2014, to form a single drilling and production unit of 960 acres for the exploration and 
production of oil and gas in the Tuscaloosa Marine Shale. The 960 acre unit is to be 
designated as Reservoir A in the Lacombe Bayou Field in St. Tammany Parish (attached 
is a map of the unit). The unit consist of all of Section 34 and the southern portion of 
Section 27 of Range 12 East and Township 8 South. The property in the unit was leased 
from P & F Lumber Company and Abita Springs Timber Company.

 The Reservoir A zone in the Tuscloosa Marine Shale is proposed to be between 
12,615 feet and 13,175 feet in depth. The unit will have Highway 1088 going through the 
center of the unit and a portion of Log Cabin Road will be located in the unit. Lakeshore 
High School will be located adjacent to the unit. Location 3 is in the Reservoir A Unit on 
the southern portion of the unit.

Helis Oil & Gas Company

 Helis Oil & Gas Company is proposing to drill their first well in the Tuscaloosa 
Marine Shale in the Reservoir A Unit in St. Tammany Parish at location 3. Location 3 is 
north of I-12, south of LA Highway 1088, abutting Log Cabin Road and north east of 
Mandeville in St. Tammany Parish. The well pad location and Lakeshore High School 
(1.23 miles from the well site) are presented in the attached map. The well name is to be 
the Eads Poitevent No. 1 well, named after the property owner on which the well is to be 
located. Helis proposes to drill the well down to 13,000 feet in the Tuscaloosa Marine 
Shale in St. Tammany Parish and then drill a horizontal lateral if the testing results of 
bore cuttings from the vertical drill boring indicates the shale deposit is appropriate for 
development. Other wells in the Tuscaloosa Marine Shale are drilled to 10,000 to 12,000 
foot depths. If this location is not economically feasible, Helis has 945 plus additional 
acres in the Tuscaloosa Marine Shale Reservoir A Unit on which to drill for crude oil and 
natural gas as well as more than 50,000 additional acres under lease in St. Tammany 
Parish.
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 If this well is appropriate for development, Helis has indicated they are capable of 
drilling a total of 10 well bores from the proposed well pad. When the well is stimulated 
by hydraulic fracturing and crude oil and natural gas begin to flow to the surface, the 
crude oil will be captured and stored onsite in storage tanks and the natural gas initially 
will be flared.  The crude oil will be hauled off site by truck or by a future pipeline 
system.

Helis Oil and Gas Wetlands Permit Application

 Helis applied for a Section 404 Permit from the New Orleans Corps of Engineers 
and a Water Quality Certification from the Louisiana Department of Environmental 
Quality for the Eads Poitevent No. 1 well pad, location 3. The well pad is to be 10.55 
acres in size and 9.46 acres of the 10.55 acres is wetlands which will be negatively 
impacted by the discharge of 28,953 cubic yards of material to build up the well pad. The 
well pad site is 90% wetlands and will have a 2.06 acre pond (see attached figure).   Helis 
has indicated they are capable of drilling 10 well bores from the proposed pad.

 In order to address the destruction of 9.46 acres of wetlands, Helis is proposing to 
purchase credits from a Corps approved mitigation bank. The credits for wetlands 
destruction do not have to be within St. Tammany Parish. 

Critical Well Information Relative to Drilling, Stimulation and Production

 Prior to submitting an application for a permit to drill to the Office of 
Conservation, the following information  should be provided by Helix to the community 
and the community allowed to review and comment:

• Number of wells to be located on the well pad and their specific locations.
• Vertical and horizontal depth and extent of each of the wells to be constructed on the 

pad.
• Location of all units to be placed on the well pad such as compressors, storage tanks for 

crude oil, condensate, produced water and flow back water, sweetening units, 
separators, heater treaters, flares, engines, pumps, treating equipment, loading and 
unloading equipment, and pits and impoundments.

• Source or sources of water for fracking.
• Location of disposal and/or reuse and recycling of produced water and flow back water.
• Location of lines to be used to transport water to the pad.
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• Designated haul roads for water and waste water, treating chemicals, products, sand, 
equipment and supplies.

• Location of pipelines and flow lines to be used and constructed to transport products 
from the well pad.

Establishment of Background Conditions Before Well Pad Construction and 
Well Drilling is Initiated

 In order to establish background conditions before site activities begin, 
background monitoring and testing should be performed:

• Test ground water and surface water resources and soil and sediment for Volatile 
Organic Compounds, Semi-Volatile Organic Compounds, Toxic Heavy Metals, 
Chlorides and Radioactivity

• Test ambient air quality for Criteria Pollutants and Volatile Organic Compounds
• Establish Health of the Community 

It is critical to establish background levels in the area prior to shale development 
in St. Tammany Parish. 

Hydraulic Fracturing Fluids

 Hydraulic Fracking Fluids for each frack job consist of three to eight million 
gallons of water containing 60 to 160 tons of chemicals. The chemicals act as surfactants, 
friction reducers, foaming agents, biocides, scale inhibitors, corrosion inhibitors, iron 
controllers, breaker and propping agents.

 Over 750 chemicals are used in frack fluids. One of the most frequent chemical 
used is 2-Butoxyethanol, a foaming agent or surfactant. 2-Butoxyethanol is the most toxic 
component of the Corexit  formulation used as a dispersant in the early phases of 
response to the BP Deepwater Horizon disaster. 2-Butoxyethanol damages the spleen, 
liver and bone marrow.
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 Thirty plus chemicals used in fracking fluids are known or possible human cancer 
causing agents, thirteen chemicals are carcinogens. The carcinogens consist of:

 Other chemicals in fracking fluids consist of toxic volatile organic compounds, 
polynuclear aromatic hydrocarbons and heavy metals.

Flowback Water

After the hydraulic fracturing process is completed some of the hydraulic 
fracturing fluid plus contaminants from the fractured formation flow back to the surface 
and are labeled as flowback water. One of the components of the fractured formation that 
contaminate the flowback water is what is labeled as Naturally Occurring Radioactive 
Material (NORM).  NORM consist of Radium 226, Radium 228 and Uranium 238. 
Radium 226 has a half life of 1,620 years, is a bone seeker and is associated with bone 
and lung cancer.

 Flowback water is disposed of in injection/disposal wells or recycled for reuse in 
fracturing additional wells.

Produced Water

 In addition to the flowback water, produced water or brine from the production 
formation flows to the surface with the production of the crude oil and natural gas and in 
the early phases of production after fracking, the produced water flows to the surface 
mixed with flowback water. The produced water is disposed of in injection/disposal 
wells.  The produced water contains toxic chemical contaminants:

• volatile organic compounds, such as benzene, ethyl benzene, toluene and xylene
• semivolatile organic compound such as naphthalene, phenanthrene
• heavy metals such as arsenic, cadmium, chromium, lead
• sulfur containing compounds
• NORM Radioactive Radium 226, Radium 228 and Uranium 238 

Benzene Acrylamide Acetaldehyde Ethylene Oxide

Benzyl Chloride Formaldehyde Naphthalene Sulfuric Acid

Thiourea Lead Propylene Oxide Di(2-ethylhexyl)phthalate

Nitrilotriacetic Acid
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Shale Production Infrastructure

The results of drilling and fracking in shale plays for the production of crude oil 
and natural gas  require extensive infrastructure, facilities and units to support the wells 
being drilled, stimulated and developed in the shale formations.

Production Well Units
• Crude oil storage tanks 
• Condensate storage tanks
• Produced water storage tanks
• Crude oil truck loading facility
• Separators
• Heater treaters
• Flares
• Engines
• Pumps
• Compressors

Fracking Process
• Impoundments/pits
• Water lines
• Truck loading and unloading facilities
• Pumps
• Engines
• Fracking units and equipment

Processing, Treating and Transportation
• Centralized facilities
• Processing plants
• Large crude oil storage tanks
• Saltwater injection/disposal facilities
• Crude oil truck unloading
• Pipelines and compressor stations along pipeline corridors 

Toxic chemicals are released from all of these facilities and units and contaminate 
the environment. 

8

WRITTEN STATEMENTS (not from Hearing)



Dangers to the Environment as a Result of Shale Drilling, Stimulation and 
Production of Crude Oil and Natural Gas

 The drilling, stimulation/fracturing, production, storage, processing, treatment and 
transportation of shale natural gas and crude oil results in contamination of the air, soil, 
sediment, surface and ground water resources, flora and fauna and physical destruction of 
large quantities of the land surface resources. Pollutants are released into the environment 
as a result of normal operating conditions on an ongoing basis, as well as spills, leaks, 
venting, flaring, explosions, accidents and upset conditions. Pollutants are also released 
into the environment from well casings and cement failures.

 Compressors and motors on the drilling and production sites, centralized treatment 
facilities,  processing plants, injection well disposal sites and along pipelines release 
combustion products and volatile organic hydrocarbon into the air and degrade the air 
quality. These combustion products also combine with the volatile organic chemicals in 
the presence of heat and sunlight to produce ground level ozone.

 The pollutants released into the environment as a result of crude oil and natural 
gas operations consist of volatile organic compounds, semi-volatile organic compounds, 
toxic heavy metals, criteria pollutants, and radioactive constituents.

Routes of Human Exposure to Chemicals Released into the Environment as a 
Result of Shale Drilling, Stimulation and Production

Inhalation Exposure to contaminated air emissions from the drilling, stimulation and 
production units, as well as air emissions from contaminated ground water sources used 
as drinking water supplies, and soil and sediment off gassing of contaminants. Inhalation 
exposure to NORM contamination and Radon from degradation of radioactive elements 
in NORM is often overlooked.

Dermal Absorption from exposure to air emissions, contaminated soil, sediment, ground 
water and surface water resources.

Ingestion Exposure from consumption of contaminated water supplies, contaminated 
dust, soils and sediments, and contaminated organisms and vegetation.
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Chemicals Detected in the Air in Association with Shale Drilling, Stimulation, 
Production and Distribution

Chemicals Detected in the Ground Water in Association with Shale Drilling, 
Stimulation, Production and Distribution

Benzene Toluene Ethylbenzene Xylene

1,3-Butadiene 2-Butanone  n-Butyl Alcohol Carbon Disulfide

Carbon Monoxide Carbon Tetrachloride Carbonyl Sulfide Chlorobenzene

Chloromethane Diethyl Benzene 1,2-Dichloroethane Dimethyl Pyridine

Dimethyl Disulfide Dichlorodifluoromethane 1,2-Dichloroethane Ethane

Ethyl Benzene Ethylene Ethylene Oxide Methyl ethyl disulfide

Formaldehyde n-Hexane Isobutane Methane

Methyl-Methyl Ethyl 
Benzene

Methylene Chloride Methyl Pyridine Naphthalene

Nitrogen Oxide Propane Propylene Sulfur Dioxide

Tetramethyl Benzene Tetrachloroethylene Trichloroethylene 1,1,2-Trichloroethane

Trichlorofluoromethane 1,1,2-Trichloro-1,2,2-
Trifluoroethane

Trimethyl Benzene 1,2,4-Trimethyl 
Benzene

Benzene Benzoic Acid Bis(2-
Ethylhexyl)Phthalate

2,4-bis(1-Phenyl)Phenol

Bromide 2-Butoxyethanol Diethylene Glycol Dimethyl Phthalate

Ethylbenzene 2-Hexanone 5-Hydroxymethyl
dihydrofuran

Isopropanol

4-Methyl-2-Pentanone Octylphenol Phenol Tert-Butyl Alcohol

Tetraethylene Glycol Toluene Bisphenol A Terpineol

Limonene Triethylene Glycol Xylene Arsenic

Lead Strontium Nitrate Sulfate

Methanol Methane Ethane Propane

Chloride Radium 226 Radium 228 Hydrogen Sulfide
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Acute Health Impacts as a Result of Shale Development

Chronic Health Impacts as a Result of Shale Development 

• Irritation to Skin, Eyes, Nose and Throat
• Frequent Nose Bleeds
• Sinus and Respiratory Impacts
• Breathing Difficulties and Shortness of 

Breath
• Persistent Cough
• Bronchitis
• Allergies
• Decrease in Vision and Eye Impacts
• Severe Headaches
• Dizziness, Light Headedness
• Nausea, Vomiting and Persistent 

Indigestion
• Skin Rashes and Reactions
• Muscle and Joint  Aches and Pains 
• Arthritis

• Decreased Motor Skills
• Tingling in Hands
• Fatigue, Weakness and Drowsiness
• Tense and Nervous
• Difficulty in Concentrating
• Behavioral and Mood Changes
• Frequent Irritation
• Neurological Impacts
• Personality Changes
• Depression, Anxiety, Irritability, Confusion
• Memory Loss, Forgetfulness
• Sleep Disturbances and Disorders
• Hypertension
• Irregular and Rapid Heart Beat
• Strokes
• Blood Disorders and Easy Bruising 

• Damage to Liver and Kidneys
• Damage to the Lungs
• Damage to Nervous System
• Brain Disorders
• Causes Mutations

• Teratogen
• Cancer
• Cardiovascular Impacts
• Leukemia
• Changes to blood cells and blood clotting 

ability
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Shale Development Impacts

• Shale development has resulted in large quantities of Environmental Damage and 
Disruption

• Shale development has resulted in human health impacts to a large number of 
individuals living and working in the areas of shale development

• Shale development has resulted in the degradation of quality of life for those living in 
the shale development areas

• State regulatory programs are not adequate to regulate and control the rapidly 
developing shale technologies that are being implemented within the individual states 
where shale development is occurring 

• State regulatory programs lack sufficient personnel to inspect, monitor and enforce the 
existing regulations associated with shale development. Thus monitoring and 
enforcement are severely lacking.

• Monitoring and enforcement of shale activities are critical to reducing the 
environmental and human health impacts. Prevention of negative environmental and 
human health impacts is not possible. 
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19th JUDICIAL DISTRICT COURT 
PARISH OF EAST BATON ROUGE 

STATE OF LOUISIANA 

J AJ."\J BERTRAND, CHARLENE JANNISE 
AND WILMA SUBRA, 

NUMBER 587,065 SEC. "22" 

Petitioners, 

VERSUS 

JAMES H. WELSH, ASSISTAJ."\JT 
SECRETARY OF THE OFFICE OF 
CONSERV ATION, LOUISIANA 
DEP ARTMENT OF NATURAL 
RESOURCES, AND TOCE ENERGY, 
L.L.c., 
Respondents. 

~!; ,. i-} 
,; ;. 

JUDGMENT 

This Court heard this matter on Monday, August 23, 2010, on the Petition for Judicial 

Review filed by Jan Bertrand, Charlene Jannise, and Wilma Subra. 

Present were: 

Elizabeth Livingston de Calderon, attorney for Petitioners, and Roman Griffith, student 
attorney for Jan Bertrand. 

Daniel Henry, Ryan Seidemann, Megan Terrell, and J. Blake Canfield, attorneys for 
Louisiana Department of Natural Resources, Office of Conservation. 

Upon reviewing the Petition, the Record of Decision, and briefs submitted, the arguments 

of counsel, and the law, 

IT IS HEREBY ORDERED, ADJUDGED AND DECREED that Order No. IMD 

2009-09 SWD that the Department of Natural Resources, Office of Conservation ("DNR") 

issued to Toce Energy, L.L.c. regarding a proposed onsite Class II disposal well in Gueydan 

Canal Oil and Gas Field, Vermilion Parish, Louisiana, is hereby VACATED and the matter 

REMANDED to DNR for its failure to consider the "IT Questions," as set forth in Save 
:::- '-:- -." . --., ;.-..... ~-., 

, \-{Jurselvei;, Inc. v. Louisiana Envt 'I Control Comm 'n, 452 So.2d 1152 (La. 1984) and its progeny. 
n:-., -. n '-'''N' 

':):":'U~o~ t~rWand, in order to comply with La. Const. Art. IX, Sec. 1, DNR must consider the IT 

Questions. In addition, the agency has full discretion to respond to new information and to 

1111111111111111111111111111111111111111111111111111 
EBR403745 

1 FAX COpy FILED q/t/ ( 0 
ORIGINAL FILED q 1d"1 b 
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correct any deficiency concerning a permit for the proposed facility that may corne to its 

~~. J 
JUDGMENT READ, RENDERED AND SIGNED this ~ d:Y of ¥ 

2010 in Baton Rouge, Louisiana. 

. " 

\ 

\. 

'. , 

, HEf'lI£~Y CERTIFY THAT ON THIS DAY A copy OF 
i--WRtqEN REASONS FOR JUDGMENT I 

JUDG~I ORDER I WAS MAILED BY ME WITH 
~ m;~ ~STAGE AF!1X~D TO: , . ~ ~ 
~ .J I ~ C_~.z,v,-",-_ \~ 'Lt-_ \.;JL.j f b ; 14"",'"\.( _ 
00ta~~ .. ION .• (ii-::2 L\ -ill i) 

"6~~~.~;;-

2 

Petition for Judicial Review 
Case No. 587,065 
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Rule 9.5 Certification 

This certifies that a copy of this proposed judgment for Case No. 587,065 was delivered to 
opposing counsel by electronic mail on August 31, 2010, in compliance with Civil Proceedings 
in District Court Rule 9.5. The parties conferred and no opposition was received. 

By: 

!1 0/1)) _ ~~l 
Roman Griffit 
Student Attorney 
Tulane Environmental Law Clinic 
6329 Freret Street 
New Orleans, Louisiana 70118 
Phone: (504) 865-5789 
Fax: (504) 862-8721 
Counsel for Jan Bertrand 

N 

C.J 

gston de Calderon SBN: 31443 
Tulane Envi:r: nmental Law Clinic 
6329 Freret Street 
New Orleans, Louisiana 70118 
Phone: (504) 862-8819 
Fax: (504) 862-81721 
Supervising Attorney for Mr. Griffith's 
representation of Jan Bertrand and Counsel for 
Jan Bertrand, Charlene Jannise, and Wilma 
Subra 
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19TH JUDICIAL DISTRICT COURT 
PARISH OF EAST BATON ROUGE 

STATE OF LOUISIANA 

23-SEP-2010 

TO: ELIZABETH LIVINGTON DE CALDERON 
TULANE EVIRONMENTAL LAW CLINIC 
6329 FRERET ST 
NEW ORLEANS, LA 70118 

JAN BERTRAND, ETAL VS LA ST CONSERVATION OFF, ETAL 

CASE NUMBER: C587065 

JUDGE: TIMOTHY E KELLEY 

DIVISION: SECTION 22 

YOU ARE HEREBY NOTIFIED OF THE FOLLOWING ACTION FOR THE 

AFOREMENTIONED CASE: SEE ENCLOSED COpy OF JUDGMENT SIGNED 9/9/10 
REGARDING PETITION FOR JUDICIAL REVIEW HEARD ON 8/23/10 

NOTIFIED: 

Fonn4522 

PAULA DENNIS 
JUDICIAL ASSISTANT TO JUDGE 
TIMOTHY E KELLEY 
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Assessment and risk analysis of casing and cement
impairment in oil and gas wells in
Pennsylvania, 2000–2012
Anthony R. Ingraffeaa,b,1, Martin T. Wellsc, Renee L. Santorob, and Seth B. C. Shonkoffd,e

aSchool of Civil and Environmental Engineering and cDepartment of Statistical Sciences, Cornell University, Ithaca, NY 14853; bPhysicians, Scientists,
and Engineers for Healthy Energy, Ithaca, NY 14850; dPhysicians, Scientists, and Engineers for Healthy Energy, Oakland, CA 94612; and eDepartment
of Environmental Science, Policy, and Management, University of California, Berkeley, CA 94720-3114

Edited by William H. Schlesinger, Cary Institute of Ecosystem Studies, Millbrook, NY, and approved May 30, 2014 (received for review December 17, 2013)

Casing and cement impairment in oil and gas wells can lead to
methane migration into the atmosphere and/or into underground
sources of drinking water. An analysis of 75,505 compliance
reports for 41,381 conventional and unconventional oil and gas
wells in Pennsylvania drilled from January 1, 2000–December 31,
2012, was performed with the objective of determining complete
and accurate statistics of casing and cement impairment. State-
wide data show a sixfold higher incidence of cement and/or casing
issues for shale gas wells relative to conventional wells. The Cox
proportional hazards model was used to estimate risk of impair-
ment based on existing data. The model identified both temporal
and geographic differences in risk. For post-2009 drilled wells, risk
of a cement/casing impairment is 1.57-fold [95% confidence inter-
val (CI) (1.45, 1.67); P < 0.0001] higher in an unconventional gas
well relative to a conventional well drilled within the same time
period. Temporal differences between well types were also ob-
served and may reflect more thorough inspections and greater
emphasis on finding well leaks, more detailed note taking in the
available inspection reports, or real changes in rates of structural
integrity loss due to rushed development or other unknown fac-
tors. Unconventional gas wells in northeastern (NE) Pennsylvania
are at a 2.7-fold higher risk relative to the conventional wells in
the same area. The predicted cumulative risk for all wells (uncon-
ventional and conventional) in the NE region is 8.5-fold [95% CI
(7.16, 10.18); P < 0.0001] greater than that of wells drilled in the
rest of the state.

shale oil and gas | casing integrity | cement integrity | onshore wells |
wellbore integrity

Oil and natural gas production has increased substantially in
the United States in recent years, predominantly due to

innovations such as high-volume hydraulic fracturing and di-
rectional drilling in shale formations (1). Concurrent with this
increase, concerns have mounted regarding effects of this oil and
gas development process on groundwater quality, human health,
public safety, and the climate, due, in part, to subsurface mi-
gration of methane and other associated hydrocarbon gases and
volatile organic compounds. Economic development of gas and
oil from shale formations requires a high well density, at least
one well per 80 surface acres, over large continuous areas of
a play. Osborn et al. (2) and Jackson et al. (3) identified a posi-
tive relationship between the concentration of thermogenic
methane in private water wells in Pennsylvania and the proximity
of those water wells to the nearest unconventional (i.e., Mar-
cellus shale) gas production well. These studies also identified
three possible mechanisms for explaining this relationship, and
concluded that the most likely of these is subsurface migration
from leaking gas wells. Other researchers have observed ther-
mogenic and other subsurface-sourced methane in atmospheric
concentrations high above background levels near conventional
and unconventional gas development (4–6), suggesting that
leaking wells may also contribute to fugitive methane and

other associated gas emissions, with clear climatic and air
quality consequences (7).
Leaking oil and gas wells have long been recognized as a po-

tential mechanism of subsurface migration of thermogenic and
biogenic methane, as well as heavier n-alkanes, to the surface (7–
11). A leaking well, in this context, is one in which zonal isolation
along the wellbore is compromised due to a structural integrity
failure of one or more of the cement and/or casing barriers. Such
loss of integrity can lead to direct emissions to the atmosphere
through one or more leaking annuli and/or subsurface migration
of fluids (gas and/or liquid) to groundwater, surface waters, or
the atmosphere. Cement barriers may fail at any time over the
life of a well for a number of reasons, including hydrostatic
imbalances caused by inappropriate cement density, inadequately
cleaned bore holes, premature gelation of the cement, excessive
fluid loss in the cement, high permeability in the cement slurry,
cement shrinkage, radial cracking due to pressure fluctuations in
the casings, poor interfacial bonding, and normal deterioration
with age (12). Casing may fail due to failed casing joints, casing
collapse, and corrosion (13). Loss of zonal isolation creates
pressure differentials between the formations intersected by the
wellbore and the open barrier(s). The pressure gradient thus
created allows for the flow of gases or other formation fluids
between geological zones (i.e., interzonal migration) and possibly
to the surface (14–16), where it might manifest as sustained casing
pressure (SCP) or sustained casing vent flow.
Annuli are often vented, as noted in inspection records, and may

contribute to fugitive emissions from the well site. Low-pressure

Significance

Previous research has demonstrated that proximity to unconven-
tional gas development is associatedwith elevated concentrations
of methane in groundwater aquifers in Pennsylvania. To date, the
mechanism of this migration is poorly understood. Our study,
which looks at more than 41,000 conventional and unconven-
tional oil and gas wells, helps to explain one possible mechanism
of methane migration: compromised structural integrity of casing
and cement in oil and gas wells. Additionally, methane, being the
primary constituent of natural gas, is a strong greenhouse gas.
The identification of mechanisms through which methane may
migrate to the atmosphere as fugitive emissions is important to
understand the climate dimensions of oil and gas development.
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leaks may continue to be periodically bled off and monitored,
although recent studies warn that bleeding pressure to zero
may actually lead to gas migration (17). High-risk (e.g., rapid
repressuring of the annulus following bleed down) leaks must be
structurally remedied (i.e., cement squeeze, gel squeeze, use of
packers, topping off cement). State regulations (Pennsylvania
code 25 §78.86) mandate that wells with leaks that cannot be
vented or adequately repaired be permanently plugged, which
may reduce but not eliminate the interzonal flow of gases and
liquids. Leaks that continue undetected or inadequately reme-
died may lead to the contamination of shallow aquifers, accu-
mulation of explosive gases within and around residences and
other structures, and emission of methane and other associated
gases to the atmosphere.
Although not every instance of loss of zonal isolation will lead

to such events, the incidence rate of cement/casing impairments
and failures can provide some insight into the scale of current
and future problems. However, the structural integrity failure
rate of oil and gas well barriers continues to be a subject of
debate. The rates most commonly cited (from 2 to >50%) are
based upon industry reporting for offshore wells in the Gulf of
Mexico (13, 14) and Canadian onshore (mostly conventional)
wells (16). Watson and Bachu (16) note that wells drilled during
periods of rapid development activity and/or wellbores deviated
from vertical (e.g., horizontal wellbores) may be more prone to
casing vent flow and/or gas migration away from the wellhead.
Due to the lack of publicly available structural integrity

monitoring records for onshore wells from industry, more recent
studies have used data from state well inspection records to
estimate the proportion of unconventional wells drilled that
develop cement and/or casing structural integrity issues. For
instance, Considine et al. (18) analyzed Pennsylvania Depart-
ment of Environmental Protection (PADEP) notice of viola-
tion (NOV) records for 2008–2011 and found that between
1% and 2% of wells had one or more potential structural in-
tegrity issues during that time period. Vidic et al. (19), using
the 2008–2013 data from the PADEP database, found that
3.4% of all monitored unconventional wells drilled to date in
Pennsylvania might have structural integrity failures based on
NOVs related to cement/casing integrity. However, neither
study adequately accounts for non-NOV indicators of cement/
casing integrity impairment or temporal or spatial dimensions
of such impairments.
Earlier work found that the NOV count alone does not ac-

count for all incidences of cement/casing failure (20). State
regulatory agencies and the oil and gas industry monitor many of
the wells showing signs of SCP or other indicators of cement and/
or casing impairment. Remedial action is often attempted once
or many times on a monitored well, but a NOV is not issued by
the agency. Additionally, violation codes are sometimes entered
incorrectly as non-cement/casing issues and later corrected
in violation comments. By not accounting for these, previous
assessments based on PADEP inspection records (18, 19) may
underestimate the actual proportion of wells with cement and/
or casing problems in Pennsylvania.

Failure to account for temporal dimensions of the data may
also skew results. Previous studies on cement/casing impairment
have noted that wells drilled during boom periods may be more
susceptible to loss of zonal isolation because operators might cut
corners in an attempt to increase the number of wells drilled over
a short period (16). The increased risk of zonal isolation prob-
lems as wells age and the increased probability of identifying
these issues with more inspections may also create a time lag
between the date that drilling of the well commences (i.e., the
spud date) and the entry of a cement/casing issue in the in-
spection records. This time lag is due to the fact that wells drilled
in recent years have not been subject to the same duration of
analysis or number of inspections as older wells. Thus, inspec-
tion records on newer wells are incomplete relative to those of
older wells.
Here, we offer an in-depth analysis of the complete inspection

records, including NOVs, observations and corrections noted in
the inspector comments, for 32,678 oil and gas production wells
drilled in Pennsylvania between 2000 and 2012. We use a time-
dependent risk analysis model to assess the cumulative risk of
cement/casing problems for wells based on the historical occur-
rence of cementing/casing impairment events.

Results and Discussion
Comparison of state inspection and well spud reports (where the
“spud” date is the start date of drilling) indicates a loss of well
integrity in 1.9% of the oil and gas production wells spudded
between 2000 and 2012. This value agrees well with some pre-
vious estimates in the literature; however, this superficial in-
dication comes with important caveats and is an incomplete
assessment. The data suggest large differences in structural in-
tegrity issues between well types, with unconventional wells
showing a sixfold higher incidence of cement and/or casing issues
relative to conventional wells statewide (Table 1 and SI Appen-
dix, Table S14). Even within the unconventional well category,
a wide range (1.49–9.84%) of incident rates is observed among
wells spudded during different time periods and in different
regions. Unconventional wells spudded before 2009 in the
northeastern (NE) counties of the state are associated with the
highest occurrence of loss of structural integrity (9.84%). It can
be argued that this subcategory reflects a small number of
observed cases (61 wells) and the earliest industry experience
in the Marcellus play, and thus should not be used as an in-
dication of current practices. However, unconventional wells
spudded in the NE region since 2009 (2,714 wells) show
a similarly high rate of occurrence (9.18%).
As already noted, direct comparison of rates of loss of well

integrity in young wells to those of much older wells is mis-
leading. Assuming an increased risk of cement/casing issues as
the materials (cement/casing) age, it must follow that the risk of
structural integrity loss and likelihood of state inspectors iden-
tifying a cement/casing problem will increase through time as
a well accumulates additional inspections. Thus, a well spudded
3 y ago, which will ideally have a 3-y record of inspections from
which to draw observations, is more likely to have an indicator

Table 1. Percentage of wells showing loss of structural integrity by temporal (pre- and post-
2009 spuds), geographic (non-NE and NE counties), and well type (conventional and
unconventional) categories

Non-NE counties NE counties

Wells spudded Conventional Unconventional Conventional Unconventional

Pre-2009 0.73% 1.49% 5.21% 9.84%
Post-2009 2.08% 1.88% 2.27% 9.14%

Statewide, rate of loss of structural integrity for conventional and unconventional wells spudded between
2000–2012 are 1.0% and 6.2%, respectively (weighted average = 1.9%).
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of cement/casing integrity loss noted in the inspection record
than a similar well spudded only 1 y ago and associated with just
one-third of the observation time. The effects of this temporal
dependency can be seen in Fig. 1. Annual trends for wells
spudded in 2010 and 2011 show rates of incidence similar to the
cumulative unconventional rate reported in Table 1 (unconven-
tional wells make up 57.5% and 66.3% of spuds in 2010 and
2011, respectively). However, wells spudded in 2012 and subject
to an observation period ≤1 y appear to have a much lower
incidence of cement/casing issues. This raises an important
question: Are wells spudded in 2012 more sound than those
spudded in previous years, or is the apparent decline in indica-
tors in state inspection reports an artifact of an incomplete
inspection history?
Note that incomplete inspection records may also occur in

older wells that have not been regularly inspected through time.
Inspection records for modeled wells indicate an average of 2.75
inspections per well statewide, despite nearly 71.6% of wells
being >3 y old. Moreover, PADEP records indicate that of the
more than 41,000 oil and gas production wells spudded between
2000 and 2013, 24% of conventional and 4% of unconventional
well spuds have never received facility-level inspections or the
relevant inspections are not included in the PADEP online da-
tabase (8,703 wells in total). It should be noted that these wells
might have received inspections under the client- or site-level
category, which generally are carried out as part of large-scale
contamination/gas migration investigations, but these types of
inspections are not included in our analysis because the details
of such inspections often do not include a full listing of wells
of interest. Assuming that the individual wells observed in these
larger scale investigations did, in fact, receive facility-level
inspections and are included in our analysis, we would expect
a negligible impact from excluding client- and site-level inves-
tigations because the individual well inspections would have
likely been flagged by at least one of the indicators before a
large-scale contamination event. The impact of wells investigated
in the client- and site-level inspections but not receiving a facility-
level inspection (i.e., not included in this analysis) may be sig-
nificant but cannot be assessed with the data available. Not all
wells inspected in large-scale contamination investigations are
found to be leaking and, although the count of impairment
events from such wells could increase, the rate of impairment
(the number of events per wells inspected) might not.

Hazard analysis captures such temporal dependencies through
the nonparametric baseline hazard rates and hazard ratios
of the inspection count variable, thus allowing us to predict what
the incidence rate for wells might be if they were to acquire
comparable observation times and inspection counts. Results
from hazard modeling of temporal and geographic strata are
given next.

Hazard Model: Temporal Strata. Wells spudded before 2009 make
up almost 72% of the total wells modeled but just 31% of the
total count of unique wells with documented cement/casing
indicator events from the 2000–2012 modeled dataset. Un-
conventional wells make up 16.8% of the wells in this stratum.
The first unconventional well in the modeled dataset has a 2002
spud date; however, unconventional drilling activity remained
relatively low until 2009 (Fig. 2). Pre-2009 unconventional wells
show a modest but statistically insignificant increase in hazard
[1.07-fold greater risk relative to pre-2009 conventional wells,
95% confidence interval (CI) (0.18, 1.52); Table 2]. However, in
the post-2009 stratum, risk of a cement/casing event is 1.58-fold
[95% CI (1.45, 1.67); P < 0.0001] higher in an unconventional
well relative to a conventional well spudded within the same time
period (Table 2).
Fig. 3 shows estimated cumulative hazards for conventional

and unconventional wells across the state for pre- and post-2009
strata, respectively. These figures are plotted in the units of the
Nelson–Aalen estimator of the cumulative hazard function (i.e.,
the definite integral, from zero up to the indexed time, of the
hazard function). These plots are used for visually examining
differences in distributions in time-to-event data and are inter-
preted here as the fractional probability that a well will be
identified as having a cement and/or casing problem at time t,
assuming that the event has not occurred before time t. Wells
spudded after January 1, 2009, show significantly higher (P <
0.0001) predicted hazards across comparable analysis times, re-
gardless of well type, relative to pre-2009 well spuds [4.58 hazard
ratio, 95% CI (3.84–5.47)].
It is unclear whether these temporal differences reflect more

thorough inspections and greater emphasis on finding well leaks,
more detailed note taking in the available inspection reports, or
real changes in rates of structural integrity loss. The percentage
of wells inspected in the first year has risen, from an average of
76% in pre-2009 spuds to 88.7% in the post-2009 spuds (SI
Appendix, Table S3), and this may partially account for the in-
crease in documented cement/casing problems. Additionally,
more than one-half (53.2%) of the nonevent wells (i.e., no
indicator of loss of structural integrity found) lack inspector

Fig. 1. Annual trends of indicators for wells spudded in the state of
Pennsylvania, 2000–2012. The percentage of spuds with integrity issues
reflects the number of unique wells spudded in a given year for which an
indicator was found at any time within the inspection record (13 y). The rates
of incidence noted in the inspection records for pre-2009 spuds hover
around 1% for the several years before spiking in 2010. These trends may
represent differences in state emphasis on locating leaking wells following
widely publicized contamination events or actual increases in loss of struc-
tural integrity.

Fig. 2. Conventional and unconventional spud counts: 2000–2012 (Source:
PADEP, 2013).
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comments and other information necessary to determine
whether a cement/casing issue ever occurred. These wells, by
default, are modeled as nonevents. The majority of such wells
(73%) were spudded before 2009. This lack of data for older
wells may result in an underestimation of events in the pre-2009
stratum. As such, results from our modeling should be consid-
ered conservative.
Note that the full analysis time for the statewide dataset is 676

wk (13 y). Naturally, more recently spudded wells will have
a shorter analysis time (1–208 wk for wells spudded since 2009).
However, inspection records indicate that 52.9% of pre-2009
spuds have a <2-y inspection record, with an average of 2.4
inspections per well across the entire time period (SI Appendix,
Table S4). This suggests that the majority of these active, older
wells are no longer being inspected. Continued annual inspec-
tions may increase the predicted cumulative risk of structural

integrity issues for these wells beyond what is reported here,
indicating, again, that results from our analysis are conservative.
Each additional inspection in the pre-2009 stratum increases the
risk of identifying a cement or casing problem by 17.7% [1.18
hazard ratio, 95% CI (1.15, 1.20); Table 3] relative to the hazards
shown in Fig. 3. The effect of increased inspections on younger
wells (post-2009 spuds) is smaller but statistically significant [1.06
hazard ratio, 95% CI (1.05–1.07); Table 3].

Hazard Model: Geographic Strata. The NE counties of the state
(Bradford, Cameron, Clinton, Lycoming, Potter, Sullivan, Sus-
quehanna, Tioga, Wayne, and Wyoming) make up just 11% of
the total wells spudded (3,030 wells) but 54.7% of the state’s
unconventional wells and 88.8% of the cement/casing events in
unconventional wells. There are 266 total structural integrity
indicator events in the NE region, or ∼52% of events statewide.
The predicted cumulative hazard for all wells (unconventional
and conventional) in the NE region is 8.5-fold [95% CI (7.16,
10.18)] greater than that of wells drilled in the rest of the state
(Table 3). The log-rank test for this regional difference is ex-
tremely significant (P < 0.0001).
As with the statewide data, effects of covariates in the NE

counties indicate significant increases in the risk of finding an
indicator in the inspection records. Unconventional wells in the
NE region are at a 2.7-fold higher risk relative to the region’s
conventional wells [95% CI (1.43, 4.95); Table 3]. Additional
inspections in these counties have a similar effect on risk as that
found for post-2009 spuds statewide [1.06 hazard ratio, 95% CI
(1.05, 1.08); Table 3].
Figs. 4–6 reveal increased cumulative hazards for wells in the

NE counties relative to other areas of the state, as well as in-
creased cumulative hazards associated with unconventional wells
(P < 0.001) and post-2009 spudded wells (P = 0.005) in the re-
gion. These figures, like Fig. 3, are plotted in units of the cu-
mulative hazard function. Overall, NE wells show a risk of an
identified integrity issue within the first 3 to 4 y (156–208 wk) of
operation of ∼20% (Fig. 4). The cumulative hazard for un-
conventional wells in the region is predicted to increase upward
of 40% by year 7 of the analysis (364 wk; Figs. 5 and 6).

Conclusion
Pennsylvania state inspection records show compromised cement
and/or casing integrity in 0.7–9.1% of the active oil and gas wells
drilled since 2000, with a 1.6- to 2.7-fold higher risk in un-
conventional wells spudded since 2009 relative to conventional
well types. Hazard modeling suggests that the cumulative loss of
structural integrity in wells across the state may actually be
slightly higher than this, and upward of 12% for unconventional
wells drilled since January 2009. This wide range of estimates is
influenced by significantly higher rates of impairment in wells
spudded in the NE counties of the state (average of 12.5%,
range: 2.2–50%), with predicted cumulative hazards exceeding
40% (Figs. 5 and 6).
These results, particularly in light of numerous contamination

complaints and explosions (21–23) nationally in areas with high
concentrations of unconventional oil and gas development and

Table 2. Statewide data: Effects of model covariates for
pre- and post-2009 well spuds

Pre-2009 spuds
Wells spudded
2009–2012

Covariate HR 95% CI HR 95% CI

Well type 1.07 0.18 1.52 1.58 1.45 1.67
Inspection count 1.177 1.154 1.201 1.059 1.048 1.069

The hazard ratio (HR) reflects the multiplicative change in risk at any time
due to a change in the covariate. A change in well type reflects the change
from conventional to unconventional. A change in inspection count reflects
a single (+1) increase to the total inspection count for a well.

Fig. 3. Nelson–Aalen cumulative hazard for pre-2009 (A) and post-2009 (B)
spuds by well type. The vertical axis is the fractional probability of an event
occurring at a given analysis time.

Table 3. NE counties data: Effects of model covariates

Covariate HR 95% CI

Well type 2.657 1.428 4.946
Inspection count 1.065 1.047 1.083
Temporal stratum 1.580 1.152 2.167

The HR reflects the multiplicative change in risk at any time due to
a change in the covariate. A change in well type reflects the change from
conventional to unconventional. A change in inspection count reflects
a single (+1) increase to the total inspection count for a well.
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the increased awareness of the role of methane in anthro-
pogenic climate change (24), should be cause for concern. A
recent investigative report of water contamination cases con-
firmed PADEP determination letters and enforcement orders
indicating that at least 90 private water supplies across the state
were damaged due to subsurface gas migration between 2008
and 2012 (25). The NE region of Pennsylvania, in particular, has
experienced several widely publicized methane migration cases
related to loss of structural integrity of wells, including the
Dimock, Susquehanna County [Commonwealth of Pennsylvania
Department of Environmental Protection (DEP) Consent Order
to Cabot Oil & Gas, December 15, 2010] and Towanda, Brad-
ford County (Commonwealth of Pennsylvania DEP Consent
Order to Chesapeake Appalachia LLC, May 16, 2011) ground-
water contamination cases. PADEP records cite unconventional
wells spudded between 2009 and 2010 in both of these cases.
Incidence rates inferred from direct comparison of indicator
counts and the number of wells inspected in these townships as
of December 31, 2012, are 21.2% and 15.4%, respectively;
however, hazard modeling predicts a cumulative 7-y hazard for
similar wells in the region twofold higher (Figs. 5 and 6; t = 364).
Our aim in this study was to quantify the rate of barrier im-

pairment in a population of modern on-shore oil and gas wells,
and in doing so, we have noted significant temporal and spatial
differences in risk of impairment. It is beyond the scope of this
paper to explain these spatial and temporal differences. Various
biasing effects might influence these differences and are the

focus of our continuing study of this problem. Moreover, results
presented here represent a snapshot in time of an evolving sit-
uation. This study presents the state of structural integrity loss in
oil and gas wells over a 13-y period in the state of Pennsylvania as
inferred from publicly available data, while also presenting a risk
assessment model of future performance. It should be a priority
to update and validate this model with well monitoring and
evaluation data reported to the PADEP from the industry as
they are collected. Finally, although this study discusses one
possible primary mechanism of methane migration to ground-
water aquifers and fugitive emissions to the atmosphere, more
studies are needed to investigate the association between the
structural integrity loss in oil and gas wells and the incidence of
these unwanted events.

Methods
Database. The database created here is based upon spud reports from the
PADEP Office of Oil and Gas Management website for conventional and
unconventional gas, oil, combined gas and oil, and coal-bed methane wells
spudded from January 1, 2000–December 31, 2012 (www.depweb.state.pa.us/
portal/server.pt/community/oil_and_gas_reports/20297). Spud reports provide
data on well characteristics, including American Petroleum Institute (API) well
identification, spud date, well type, production type, and well location (county,
municipality, and geographic coordinate information). We exclude storage,
injection, and undetermined purpose wells to focus exclusively on oil and gas
production wells.

Compliance Reports. The compliance reports for oil and gas well inspections
carried out over the same time period (www.depweb.state.pa.us/portal/
server.pt/community/oil_and_gas_compliance_report/20299) are then cross-
referenced with the well inventory by matching API identification codes.
PADEP compliance reports provide data on inspection category (i.e., site,
client, facility), inspection type (e.g., administrative review, drilling, routine),
inspection date, violations issued, and comments noted by PADEP inspection
staff regarding the inspection and/or violation(s) issued. We exclude client
and site inspection categories, because these inspections generally reflect
multiwell, large-scale compliance assessments and rarely identify individual
wells. We also do not include construction (i.e., site clearing), asbestos pro-
gram, Chapter 94, joint external/internal, Nuclear Regulatory Commission,
and road-spreading inspection types. Construction inspections occur before
well spudding, and thus are not relevant to well integrity. The remaining
excluded inspection types are also considered not relevant to the study
question. Excluded inspections accounted for <0.5% of total inspections
carried out over the 2000–2012 time frame.

Indicators Search. Inspector comments indicate barrier remediation and/or
ongoing monitoring of annular gas or pressure (indicators of impaired
structural integrity) for numerous wells that were not issued an NOV. To
ensure that we captured these wells, we filtered both the “Inspection_
Comment” and “Violation_Comment” fields for the most common key-
words associated with failure of primary cement/casing or common
remediation measures. Keywords used in the filtering and their relevancy

Fig. 4. Nelson–Aalen cumulative hazard: NE vs. non-NE counties for com-
bined conventional and unconventional wells. The vertical axis is the frac-
tional probability of an event occurring at a given analysis time.

Fig. 5. Nelson–Aalen cumulative hazard for NE counties by well type. The
vertical axis is the fractional probability of an event occurring at a given
analysis time.

Fig. 6. Nelson–Aalen cumulative hazard for NE counties by temporal strata.
The vertical axis is the fractional probability of an event occurring at a given
analysis time.
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to impaired primary cementing and casings are presented in SI Appendix,
Table S6. Keyword filter results are then human-read thoroughly to confirm
an indication of impaired well integrity and to separate filter results that do
not indicate an integrity issue (e.g., gas meter readings = 0, nonremediation
perforations, “no visible bubbling”). A detailed discussion of the indicators
and their temporal and geographic distributions is provided in SI Appendix.

Violation codes provide a more direct indication of a potential well im-
pairment. PADEP violation codes relevant to cement and casing integrity are
listed in SI Appendix, Table S7. The compliance reports indicate multiple
misentries in the original violation code noted by an inspector, which are
later corrected in the “Violation_Comment” field. We assume that wells
with any one of the violations or a combination of violations listed in SI
Appendix, Table S7 and entered in either the “Violation_Code” or “Viola-
tion_Comment” field in inspection reports are indicative of a well with im-
paired cement and/or casing. We note that not all violations will result in
groundwater contamination events. The relative importance of key viola-
tion codes and the temporal and geographic distributions of total violation
counts are discussed in detail in SI Appendix.

Hazard Analysis. The Cox proportional hazards model (26) is a semiparametric
model that uses a multivariate regression technique to model the in-
stantaneous probability of observing an event (i.e., occurrence of a cement/
casing indicator in the inspection record) at time t, given that an observed
case (i.e., a well) has survived to time t (i.e., has not experienced an in-
spection where a cement/casing indicator was found) as a function of pre-
dictive covariates (well type and total number of inspections received). All
wells enter observation at t = 0, regardless of spud date, and observation
continues until the last known date of inspection or the occurrence of a ce-
ment/casing indicator in a well’s inspection history. Addition details and
definitions of key model terms and concepts are provided in SI Appendix.

Time of analysis of a well, as the dependent variable in the statistical
model, cannot be a null or a negative value. Wells showing no record of
inspection (8,703 wells) have null t values, and are therefore removed from
the model dataset. We also found 5,223 wells, 100 of which were associated
with comment or violation indicators, where the time since spud to first
inspection was negative. Because construction/site clearing inspections were

removed from the database in previous steps, we assume that either the
spud dates or inspection dates for these wells were entered incorrectly;
these data are also removed from the dataset. The impact of removing these
inspections from the modeled dataset is negligible, because the overall
impairment rate (1.9%) for these wells mirrors that of the statewide data.
The resulting modeled statewide dataset contains 27,455 wells that are as-
sociated with 75,505 inspections.

Multiple inspections per unique well number are mined to return only
a single set of entries per well: well characteristics (i.e., county, well type, spud
date), event status (a binary code assigned to each well stating whether an
indicator was found at any point in the life of the well: Y = 1, N = 0), date of
first inspection, date of first mention of indicator if found, date of last in-
spection (for nonevent wells), and total number of inspections carried out.

An assumption of the Cox proportional hazards model is that the hazard
ratio is constant over time. The validation of this assumption for the various
models, using the Grambsch and Therneau test (27), is presented in SI Ap-
pendix, Table S1. The proportional hazards test for individual covariates
passed for well type (P = 0.06) and inspection counts (P = 0.09) in the full
dataset. The proportional hazards model assumption also holds for the pre/
post-2009 analyses. Well type (i.e., unconventional, conventional) and in-
spection counts (i.e., number of times a well is inspected during the analysis
time) are used as covariates in these models.

Temporal and geographic (i.e., county) strata are run in separate analyses.
Interannual log-rank statistics were used to assess whether any groups of well
spuds were statistically significantly different in terms of their predicted
failure risk. We stratified the data accordingly to allow for separate
regressions of temporal period (before January 1, 2009, and after that date).
We also stratified the data by region to assess the relative geographic dis-
tributions [the NE counties (Bradford, Cameron, Clinton, Lycoming, Potter,
Sullivan, Susquehanna, Tioga, Wayne, andWyoming) compared with the rest
of the state] of wells with indications of cement/casing problems. Log-rank
tests (28) were used to assess geographic variation.

As robustness checks to the Cox proportional hazards model, parametric
Weibull and Gompertz regression models (28) were also fit to the full data
and the temporal and geographic strata, and the magnitude substantive
conclusions did not change.
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United States Department of the Interior 

HOl 0 C Nnr 03At3J3~ 

Mr. Greg Lemons 
Town of Abita Springs, LA 
P.O. Box 461 
Abita Springs, LA 70420 

D~ar Mr. Lemons: 

FISH AND WILDLIFE SERVICE 
646 Cajundome Blvd. 

Suite400 
Lafayette, Louisiana 70506 

June 26, 2014 

Please reference your May 20, 2014, letter, received in this office May 27, 2014. regarding Helis 
Oil and Gas, LLC's proposed hydraulic fracturing project located in Abita Springs, St. Tammany 
PMish, Louisiana. The Fish and Wildlife Service (Service) has reviewed the information 
provided and offers the following comments in accordance with the Endangered Species Act of 
I 'J73 (87 Stat. 884, as amended: 16 U.S.C. 1531 et seq.). 

ri he proposed project is located in an area that may be inhabited by the red-cockaded woodpecker 
(RCW, Picoides borealis), federally listed as an endangered species. RCWs inhabit open, park­
like stands of mature (i.e., greater than 60 years of age) pine trees containing little hardwood 
understory or midstory. They can tolerate small numbers of overstory hardwoods. or large 
midstory hardwoods at low densities found naturally in many southern pine forests, but they are 
not tolerant of dense hardwood midstories resulting from fire suppression. RCWs excavate roost 
and nest cavities in large living pines (i.e., I 0 inches or greater in diameter at breast height). The 
cavity trees and the foraging area within 200 feet of those trees are known as a cluster. Foraging 
habitat is defined as pine and pine-hardwood (i.e., 50 percent or more of the dominant trees are 
pine trees) stands over 30 years of age that are located contiguous to and within one-half mile of 
the cluster. 

Jf the proposed project area does not contain suitable foraging or nesting habitat, further 
coordination with the Service for the RCW wi ll not be necessary. However, if RCW foraging 
and/or nesting habitat does exist within the proposed project boundary, all suitable nesting 
h .. bitat within a one-half mile radius of this habitat within the project boundary should be 
carefully surveyed by a qualified biologist for the presence of RCW clusters in accordance with 
the RCW Recovery Plan (2003) survey protocol. If RCW clusters are found within the area 
stirveyed, further coordination with this office is recommended. We recommend that you 
provide this office with a copy of the survey report, which should include the following details: 

I. survey methodology including dates, size of survey area, .rnd transect length and 
density; 

WRITTEN STATEMENTS (not from Hearing)

lwjordan
Rounded Exhibit Stamp



2. pine stand characteristics including acreage of suitable nesting habitat, species, 
basal area, percent cover of pine trees greater than 60 years of age, species of 
dominant vegetation within each canopy layer, and understory conditions and 
species composition (photographs should be included); 

3. number of active and inactive RCW cavity trees observed, and the condition of 
the cavities (e.g., resin flow, shape of cavity, start-holes); 

4. presence or absence of RCWs; and 

5. topographic quadrangle maps which illustrate areas of adequate RCW habitat, 
cluster sites, and cavity tree locations relative to the proposed construction 
activities. 

The proposed project occurs within an area containing soils which are suitable for the threatened 
gopher tortoise (Gopherus polyphemus). In Louisiana, the gopher tortoise occurs in Washington, 
Tangipahoa, and St Tammany Parishes. The gopher tortoise is the only native tortoise found in 
the southeastern United States. This species is associated with areas that have well-drained, 
sandy soils appropriate for burrow establishment, ample sunlight for nesting, and understory 
vegetation suitable for foraging (i.e., grasses and forbs). The burrow opening is semicircular or 
"half-moon" in shape and a low mound of bare soil will be immediately in front of the mouth of 
an active burrow. Suitable soil types for gopher to11oises include Latonia and Bassfield (highly 
suitable), Cahaba, Ruston, and Smithdale (less suitable), and Abita, Malbis, Angie, and Prentiss 
(marginal). 

Gopher tortoises prefer "open" longleaf pine-scrub oak communities that are thinned and burned 
every few years. Habitat degradation (lack of thinning or burning on pine plantations), 
predation, and conversion to agriculture or urbanization have contributed to the decline of this 
species. That habitat decline has concentrated many remaining gopher to1toise populations along 
pipeline and power line rights-of-way (ROW) within their range. Tortoise burrows also can be 
found along road ROW's, and other marginal habitats; including fence rows, orchard edges, golf 
course roughs and edges, old fields, and pasturelands. Tortoises are often pushed into these areas 
due to adjacent habitat becoming unsuitable. 

If suitable gopher tortoise habitat does exist within a proposed action area, those areas should be 
surveyed by a qualified biologist for the presence of gopher tortoises and/or their burrows. 
Survey areas should be divided into consecutive '·sight-distance" strip transects, each of which 
should be traversed by walking. Transect widths may range from 10 to 50 feet, and will be 
determined by ground visibility within the site. 

We recommend that you provide this office with a copy of the survey report, which should 
include the following infonnation: 
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1. Survey methodology including dates, qualifications of survey personnel, size of survey 
area, and transect density; 

2. general soil type, understory conditions, percent canopy cover, and species 
composition (several representative photographs should be included); 

3. GPS coordinates and photographs ofburrow(s) to clarify whether the hole is for 
tortoises or some other animal (i.e. fox, armadillo); 

4. determination of burrow status as active, inactive, or old (see burrow descriptions 
below); 

5. presence or absence of gopher tortoises outside the burrow (only permitted individuals 
may videoscope burrows); 

6. determination of whether the burrow is part of tortoise colony. (For each burrow 
found, a 600 foot radius around that burrow should be surveyed for additional burrows. 
This process should be continued for each new burrow until no new burrows are found, 
and will determine the extent of the colony); and, 

7. topographic maps which illustrate areas of adequate gopher tortoise habitat, individual 
and/or colony locations, and burrow sites relative to proposed construction activities. 

All persons surveying for gopher tortoise presence/absence should be familiar with the 
appearance of this species and its associated burrow. All tortoise burrows encountered should be 
categorized according to the following scheme: 

1. Active - most likely occupied by a tortoise; as evidenced by presence of tortoise, freshly 
dug sand, tortoise tracks, or tortoise scat. 

2. Inactive - most likely not currently occupied by a tortoise; as evidenced by absence of 
above signs, debris in burrow entrance. Future use of Inactive burrows by tortoises 
occasionally occurs. 

3. Old - most likely not occupied by a tortoise for many years; as evidenced by deteriorated 
nature of burrow entrance, (i.e. collapsed, growth of vegetation, sand washed in, etc.) 
Old burrows are in such a condition that they are not considered to be good candidates for 
future use by tortoises. 

If active burrows and/or gopher tortoises are found in the surveyed area, further consultation with 
this office will be necessary. 
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.. . ~ 

We appreciate the opportunity to provide comments in the planning stages of this proposed 
project. If you need further assistance please contact Mike Sealy of this office (337-291-3123) 
regarding gopher tortoise or Amy Trahan (337/291-3126) of this office. 

Deputy Field Supervisor 
Louisiana Ecological Services Office 

cc: LDWF, Natural Heritage Program, Baton Rouge, LA 

Literature Cited 

U.S. Fish and Wildlife Service. 2003. Recovery plan for the red-cockaded woodpecker 
(Picoides borealis): second revision. U.S. Fish and Wildlife Service, Atlanta, GA. 296 pp. 
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BILLING CODE 4310–55–C 

(7) Unit 2: Harrison County, 
Mississippi. 

(i) Subunit 2A, Harrison County, 
Mississippi. From USGS 1:24,000 scale 
quadrangle map Success, Mississippi. 
Land bounded by the following UTM 
Zone 16N, NAD 83 coordinates, (E, N): 
300727, 3382207; 300749, 3381710; 
300727, 3381710; 300705, 3381710; 
300683, 3381711; 300661, 3381713; 
300639, 3381716; 300617, 3381720; 
300595, 3381724; 300574, 3381729; 

300552, 3381735; 300531, 3381742; 
300510, 3381749; 300490, 3381757; 
300469, 3381766; 300449, 3381775; 
300430, 3381786; 300410, 3381797; 
300391, 3381808; 300373, 3381821; 
300355, 3381834; 300338, 3381847; 
300321, 3381861; 300304, 3381876; 
300288, 3381892; 300273, 3381908; 
300258, 3381924; 300244, 3381941; 
300230, 3381959; 300217, 3381977; 
300205, 3381995; 300193, 3382014; 
300182, 3382033; 300172, 3382053; 

300162, 3382073; 300153, 3382093; 
300145, 3382114; 300138, 3382135; 
300131, 3382156; 300125, 3382177; 
300120, 3382199; 300116, 3382220; 
300113, 3382242; 300110, 3382264; 
300108, 3382286; 300107, 3382309; 
300106, 3382331; 300107, 3382353; 
300108, 3382375; 300110, 3382397; 
300113, 3382419; 300116, 3382441; 
300120, 3382463; 300123, 3382473; 
300125, 3382484; 300131, 3382506; 
300138, 3382527; 300145, 3382548; 
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SaveOurLake.org 

 
Environmental Concerns and Potential Direct or Indirect 
Impacts to St. Tammany Parish due to Development of 

Hydraulic Fracturing Industry to Extract Crude Oil from the 
Tuscaloosa Marine Shale - Preliminary Assessment 

May 25, 2014 
 
 

Background 
 

Helis Oil &Gas, LLC (referred to as Helis hereafter) has proposed to expand exploration 
and possible development of the Tuscaloosa Marine Shale south of the existing 
production into St. Tammany Parish, LA.  This would be the first use of hydraulic 
fracturing technology (aka “fracking”) to release oil from this geologic formation in St. 
Tammany Parish and in Louisiana’s coastal zone.  The selected site has been identified 
as wetlands.  Under current policy, state oil and gas operators can utilize this 
technology as long as appropriate permits and mitigation requirements are met 
including, at least unitization, a well permit, a Clean Water Act Section 404 wetland 
permit, and a Coast Use Permit. 
 
Helis has already applied for a wetland permit and has requested a 30-day delay to the 
unitization hearing, which had been scheduled for May 13, 2014.  Helis has not applied 
for the well permit at this time, but would likely do so soon.  Since fracking is a 
technology that has seen explosive growth in the US, and has had numerous 
allegations of environmental impacts, it is important to review the potential 
environmental impacts that may arise in general, and also for the particular local 
conditions and needs of the St. Tammany residents.  Indeed, this is the first confluence 
of fracking in wetlands, in the coastal zone, and in a parish of special significance to the 
greater New Orleans region.  The significance is heightened further when one considers 
that much of the lower coastal areas are being abandoned due to storm impacts and 
wetland loss, in part due to conventional oil and gas activities.  Populations are shifting 
northward to areas like St. Tammany where people expect a fresh start and high 
environmental quality.  It would be tragically ironic if the Oil &Gas industry again 
contributed to jeopardizing the future health and safety of coastal residents. 
 
Therefore, the Lake Pontchartrain Basin Foundation (LPBF) contends that consideration 
of potential impacts cannot be limited to the single well currently being proposed by 
Helis, but rather to the potential development of the Tuscaloosa Marine Shale within the 
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area leased by Helis and all of St. Tammany Parish (Figure 1).  If profitable, this area 
could potentially be developed not just by Helis, but also by fierce competitors who 
would surely follow in their successful footsteps to do what commercial enterprise is 
expected to do- maximize their financial returns as quickly as possible (see Figure 2).  
In short, this well could trigger a firestorm of activity that may overwhelm regulatory and 
parish officials, and utmost caution is surely warranted. 
 
Figure 1. Map of a fracking play in North Dakota overlain at the same scale as a map of 
St. Tammany Parish over the potential Tuscaloosa Marine Shale play.  If Helis initial 
well is successful most areas north of I 12 in St Tammany could be a target of drillers.  
The map illustrates the potential extent and density of wells and laterals. 

 
 
Figure 2 shows the dramatic increase in drilling in the Haynesville shale frack play  
drilling within a couple years after the first successful well (Source Jackson LSU Thesis) 
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Oil & Gas History and Geology in St. Tammany 

 
According to state documents, in evaluating over 60 years of drilling in St. Tammany 
Parish the conventional oil and gas production is very small.  The largest production 
came from the now abandoned Big Point Field in Lake Pontchartrain near Pointe Platte 
and Big Point.  Discovered in the 1940’s, field production in the Big Point Field ceased 
about ten years ago and all wells have been plugged and abandoned.  The last surface 
vestiges of this activity are the unmarked piling off Goose Point with a shell pad that is a 
popular fishing location and a couple of unmarked shell pads.  One of these shell pads 
was utilized by LPBF to create one of the artificial reefs in Lake Pontchartrain (also a 
popular fishing spot).  The geology of Big Point Field has little relevance to the geology 
of the Tuscaloosa Marine Shale that Helis has targeted.  The Big Point Field is south of 
an ancient and deep geologic feature called the Cretaceous Shelf Margin (which is 
present near the lake shoreline) and to more recent active faults present in Lake 
Pontchartrain (that have even offset the bridges in Lake Pontchartrain).  See Figure 3 
for a map of these features. 
 
The Helis proposed location for fracking is north of these features and is within a 
simpler and more stable geologic trend.  This is fairly well known because other 
exploratory wells have been drilled in St. Tammany Parish in both of these geologic 
provinces.  In addition, 2-D seismic profiles acquired by industry for decades illustrate 
the general geology; which is described by geologists as “layer cake” geology (because 
of a lack of salt domes, folds, or faults within the layered rock formations) that slopes 
southward toward Lake Pontchartrain (Figure 3).  It is also helpful that a well was drilled 
entirely through the section to be drilled by Helis just a few miles east.  What this old 
well (Hassie Hunt Trust Currie #1) does not provide; however, is a geologic core 
through the Tuscaloosa Marine Shale that can be evaluated for its potential production if 
hydraulically fractured.   
   
Figure 3.  Geologic Features of Lake Pontchartrain and St. Tammany Parish 
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Environmental Concerns 
 
Groundwater or Surface Water Use 
Helis has reported that they expect their first well to use 60,000 barrels of freshwater to 
hydraulically fracture the Tuscaloosa Marine Shale. This equates to 2.5 million gallons 
or a 1 acre pond 7.5 feet deep.  This volume is on the low range of reported water use 
for fracking.  Each trend has different requirements, but nevertheless history suggests 
the volume could be twice as great (Figure 4 below).  
 
Figure 4. Average Hydraulic Fracking Water Use of Different Shales 

 
 
Helis has reported that they will use impounded surface water and do not intend to use 
groundwater for the first well.  The first well is almost inconsequential in water use, but it 
is worth considering that the successful growth of the production will greatly increase 
water use.  For example 100 wells could use 600 million gallons of water per year.  This 
is the equivalent of 2.5 cubic feet per second, which in many areas is insignificant 
compared to stream flows.  However, in St. Tammany, the rivers/bayous drain relatively 
slow and have relatively low flows.  If surface water was to be used in fracking, the 
streams could become shallower and even slower moving, thus causing dissolved 
oxygen levels to drop in the warmer months.  St. Tammany Parish is sensitive to the 
dissolved oxygen levels in the streams- LPBF measures 32 "hotspots" on parish 
streams for dissolved oxygen.  St. Tammany has actually considered inducing flows into 
some streams to help with oxygen levels. One of these streams, Ponchitolawa Creek, 
has its headwaters in the Helis lease area.  In addition, all streams in the lease area are 
subject to increased water quality regulations under the Clean Water Act through the 
TMDL and MS4 programs described later in the paper.   
 
As for the groundwater, any withdrawal would impact the only aquifer and sole potable 
water source for the parish, the Southern Hills Aquifer.  Much of St. Tammany Parish 
contains the recharge area of this aquifer (Figure 5).  The graph below that (Figure 6) 
shows the decline in water levels in the Southern Hills Aquifer.  Although Helis has 
stated they will not use groundwater for their first well, this is not a binding arrangement.   
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Helis has not indicated what the water source for future wells might be.  Without 
safeguards in place, Helis or its competitors may look to surface water and groundwater 
for the water needed for their operations.  Also, if Helis sells their interest as they did in 
North Dakota, the next operator may choose differently.  Safeguards need to be in place 
to protect the over production of the aquifer for such an industrial use.   
 
 
Figure 5.  Southern Hills Aquifer with Possible Extent of Tuscaloosa Play Overlain 
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Figure 6.  Water Level in Southern Hills Aquifer Over Time 

 
 

  
Groundwater Contamination by Hydraulically Fractured Wells 
Wells drilled for fracking are very similar in overall design to conventional oil and gas 
wells.  Steel pipe nearly matching the drill-hole diameter is used as casing.  After the 
casing is in place, cement is pumped down the pipe end and then upward around the 
outside of the pipe to fill any voids between the pipe and side of the drill hole.  Cement 
bond logs can be run to evaluate if there are cavities between the pipe and side of the 
hole after cementing.  If there are cavities, the well may be re-cemented.  In deep holes 
two or three casing strings may be placed in the hole.  One purpose of the casing is to 
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isolate the shallow rock formation from subsequent operations (in particular any drilling 
mud, produced product, or deeper formation water which is salty).    
 
The Helis drilling plan was provided to LPBF and is shown below (Figure 7).  Note that 
there are two strings of casing and production string of pipe which would actually be 
conveying the pressurized fracturing fluids and afterward the produce crude oil.  
Therefore, there would be three layers of pipe and three cemented zones between the 
fracturing fluids or crude oil and the shallow Southern Hills aquifer.  After production 
ceases, the wellbore would be filled with cement to properly Plug and Abandon the well.  
This provides a very low chance for fluids to leak into the freshwater aquifer, and has 
been routinely done throughout coastal Louisiana.  However, there is a difference in St. 
Tammany Parish.   
 
Most of coastal Louisiana is not dependent on a large and thick freshwater aquifer as 
the potable water source.  Most US frack plays do not involve such a thick and 
unconsolidated reservoir. The use of the freshwater aquifer in St. Tammany Parish has 
already significantly lowered the pressure of the aquifer (Figure 6 above).  When fluid 
pressure is reduced within a rock formation, especially unconsolidated aquifers, they 
are likely to compress or collapse.  Although slight, the collapse of the aquifer over time 
would create enormous pressure on the rigid casing and cement, which is designed not 
to compress.  Collapse of the aquifer could crack the concrete and damage the pipe.  
The pipe is already subject to corrosion so it becomes even less of a barrier over time.  
The cracking of the concrete and damage to the casing pipe could overtime 
compromise the seals.  Deeper high pressure fluids could eventually seep upward 
through the well bore and into the aquifer.  Even very small amounts of salt water make 
a fresh aquifer unusable for a municipal potable water supply.  The chance of this 
scenario may be small, but every additional well drilled and cased through the aquifer 
adds cumulative risk.  Failure of a single well may equate to loss of the water supply to 
local communities.  In general, remediation of contaminated aquifers is difficult or 
impossible.  Alternative water supplies may need to be found and that could be 
prohibitively expensive to sustain local communities.  Loss of the water supply could 
jeopardize the very existence of the community.  The bottom line is that the casing 
failure scenario is a low risk, but a very high consequence.  
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Figure 7.  Helis Well Casing Diagram 
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Surface Impacts 
Helis is requesting a Section 404 permit for the construction of a 10.55-acre drilling well 
pad to be used for subsurface hydraulic fracturing (fracking) for future oil and gas 
exploration within St. Tammany Parish, LA. The proposed project would discharge just 
under 29,000 cubic yards of material into roughly 9.46 acres of forested wetlands.  
According to their statements, the purpose of the well is to evaluate the Tuscaloosa 
Marine Shale for oil production through fracking.  The target geologic formation is at 
13,000 feet below the surface requiring a significant surface site with significant impact 
to drill this deep well.  
 
The site that they have proposed is within wetlands and in the Bayou Cane and Bayou 
Lacombe watersheds.  Bayou Cane flows southward and, just a few miles from the well 
site, passes Fontainebleau State Park before reaching Lake Pontchartrain.  Bayou 
Lacombe flows southward passing through the Big Branch National Wildlife Refuge.  
Both are designated as “Scenic Rivers” by the Louisiana Department of Wildlife and 
Fisheries in their entirety from their headwaters to Lake Pontchartrain.  Both are also 
considered “Outstanding Natural Resource Waters” by the Louisiana Department of 
Environmental Quality and cherished for their recreational and scenic value. 
 
Helis has disclosed the full scale of their project as 68,000 acres, which includes 
additional wetlands, riparian zones, endangered species habitat, etc.  Since this 
appears to be the first fracking project that would affect the coastal zone in Louisiana 
that the local Corps office (New Orleans District) is evaluating, this is an important 
opportunity not to rush and set an inappropriate precedent, but rather to evaluate 
carefully the likely significant environmental impacts of the full project before permitting.  
 
It is the geologic nature of what the oil and gas industry refers to as “resource” plays, 
that there is a lot of lateral consistency and predictability.  That is why hydraulic 
fracturing plays have explosive drilling growth.  Once the trend is established, it is a bit 
like shooting fish in a barrel.  This is relevant to permitting since permit review requires 
alternative analyses to first avoid impacts. If there is the possibility of a 68,000 plus acre 
geologic play which contains non-wetland habitats, why does this first well need to 
impact wetlands?  It seems highly likely that, in such a regionally expansive project, a 
site could be identified which avoids the wetland impact, and it is the responsibility of 
the applicant to demonstrate that there is no alternative to avoid the wetland impact. 
  
Virtually all developed hydraulic fracturing plays across the country have resulted in 
cumulatively significant impacts.  Helis’ current permit application arbitrarily narrows the 
impact to the first of what would be many future impacts.  These other and cumulative 
impacts must be assessed to obtain an overall understanding of the environmental 
impacts of fracking in St. Tammany Parish. By Helis’ own statements, they have a 
larger project which would include many more wells.  Based on the likely well spacing 
and their proposed 960-acre unit size to the state Department of Conservation, the total 
Tuscaloosa Marine Shale project on their lease alone could include 284 additional 
lateral wellbores with approximately 71 surface locations.  If each well had the same 
wetland impact, 710 acres would be lost.  But the total area potentially drilled to the 
Tuscaloosa Marine shale within St. Tammany parish is approximately 450,000 acres, 
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which is a six-fold increase in wells and impacts if the play were fully developed in St. 
Tammany Parish.  Nearly 2,000 lateral wells could be drilled in St. Tammany Parish. 
The impact would not just be to wetlands but possibly to riparian and pine savannah 
habitats.  This would impact rare, threatened or endangered species.  The table below 
(Figure 8) shows the status of some species in St. Tammany Parish that would likely be 
impacted.   
 
Figure 8.  Endangered, Rare, and Threatened Species in St. Tammany Parish 

 
 
An additional surface impact is the acquisition of 3-D seismic.  3-D seismic is used 
ubiquitously in the oil and gas industry because of its ability to provide better definition 
of the geology between well bores.  It often improves the chances for economic 
success.  It can also reduce un-needed drilling.  3-D seismic requires a dense set of 
acquisition and survey points that blanket the countryside.  Typically points taken are 
every 100 to 200 feet, or 1,200 points per square mile.  Shallow holes are drilled and an 
explosion is set off below the ground.  An alternative to dynamite is the use of large 
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trucks that vibrate the top of the earth.  The returning sound waves are recorded at the 
surface.  This practice requires wide access by survey lines and even dense roadways 
through the country side, and creates some small, but wide spread disturbance to 
habitat quality.  If the Tuscaloosa Marine shale were productive, 3-D seismic could be 
the next step in the development of the trend (Figure 9). 
 
Figure 9.  Description of a Typical 3-D Seismic Program 

 
 
St. Tammany Parish contains much of the watershed draining into Lake Pontchartrain.  
According to the U.S. Census, the 2014 estimated population for St. Tammany Parish is 
242,333, making it the 5th most populous parish in the state.  It is also one of the fastest 
growing parishes in the state.  After decades of unplanned growth, the parish has 
become more proactive in growing smart while trying to maintain its natural character 
that attracted people to the parish.  LPBF has worked with parishes and agencies to 
clean St. Tammany’s surface waters for over a decade.  We have worked with local and 
state agencies to track down and correct sources of pollution entering the rivers and 
tributaries.  We have maintained an active Task Force with stakeholders to discuss, 
assess, and address water quality issues.  We have been successful in having fecal 
coliform water quality impairments removed from the Bogue Falaya and Tchefuncte 
Rivers.  We continue our work to clean St. Tammany rivers to this day, working with the 
parish and dedicated local and state agency stakeholders.   
 
While much success has already been achieved in restoring St. Tammany’s waterways, 
some of Tammany’s waterways remain impaired.  In particular, Bayou Lacombe and 
Cane Bayou, whose headwaters are located within the Helis lease area, are impaired 
for dissolved oxygen.  These waterways have had Total Maximum Daily Load (TMDL) 
models calculated on them and the parish and municipalities are now responsible for 
reducing oxygen-depleting loads into the streams.  Any activity that would intake water 
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from these streams could potentially exacerbate current D.O. issues by reducing flows 
and stream depth.  Other streams with headwaters in the Helis region flow into EPA-
defined Urban Areas, which are subject to Municipal Separate Storm Sewer (MS4) 
regulations.  These streams include Bayou Liberty, the Abita River and Ponchitolawa 
Creek.    
 
Infrastructure  
Success of the Tuscaloosa Marine Shale would increase traffic loads and increase 
usage by larger and heavier trucks and trailers.  Helis reports they will use 2.5 million 
gallons of water for a single well which would require 250 tanker trucks, but could be as 
much as 600 trucks. The 2000 wells to develop all of St. Tammany could require 1.2 
million truckloads of water.  Other regions having widespread hydraulic fracture play 
development have reported damage to roadways because of the additional usage.  The 
vast majority of the Helis lease in St. Tammany Parish would be serviced by state or 
parish bridges, roads or highways, and not by the Federal Highway system.  Therefore, 
the burden of repairing or maintaining the roads would be on the State or Parish.  It 
could be argued as the normal course of events that as road use increases there is 
increased road maintenance or expansion.  However, the state has in place a waiver of 
severance tax for lateral wells for a period of two years or when the well re-pays the 
driller’s investment (i.e., after payout).  Therefore, the state will not be revenue to pay 
for the damaged roads for two years.  Severance collected will increase as oil 
production increases but always lag behind due the current waiver.  After severance is 
collected, road repairs will be relegated to compete statewide for DOTD funds.  With the 
explosive growth of a successful hydraulic fracturing play in St. Tammany, the likelihood 
that road repairs would fall behind the rate of use or damage is very likely.    
 
Spills and Clean Up Technology 
Major technological advances in the oil industry have vastly improved the efficiency of 
finding new oil and gas reserves.  Through new regulations and enforcement of the oil 
industry, spill prevention has also improved.  However, there has been very little 
improvement in oil spill clean-up.  The BP spill in 2010 illustrated the ineffectiveness of 
spill cleanup in open-water.  Clean-up in wetlands often results in severe damage to 
wetlands where in direct contact with crude oil or refined product.  Wetlands are 
considered the most sensitive habitat to crude oil in general.  Helis first well would 
irrevocably damage wetlands at the well site and pose a threat to any nearby wetlands.  
 
Since there are no railroads near the proposed lease area, produced crude would likely 
be trucked.  In addition to the wear and tear on the roadways discussed earlier, their 
use in transportation increases the likelihood of spills due to accidents.  Vehicular 
transport is considered one of the riskiest modes of transportation for hazardous 
materials such as crude oil, and the rate of accidents is increasing (Figure 10).  If the 
Tuscaloosa Marine Shale play is economically productive the volume of crude oil 
transported on state and local roads would increase dramatically, and spills will occur. 
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Figure 10.  Oil/Petroleum Products Barrels Spilled by Various Transportation Methods  

 
 
 
Incompatible Use 
According to the U.S. Census, the 2014 estimated population for St. Tammany Parish is 
242,333, making it the 5th most populous parish in the state.  It is also one of the fastest 
growing parishes in the state.  After decades of unplanned growth, the parish has 
become more proactive in growing smart while trying to maintain its natural character 
that attracted people to parish. 
 
While St. Tammany is growing rapidly, it is also trying to maintain a high quality of life 
for its citizens. 

o St. Tammany West Chamber of Commerce (from website)- “The 
Chamber's Executive Committee and Board of Directors are made up of 
local business professionals who are passionate about smart growth and 
quality of life in west St. Tammany. “ 

o St. Tammany Economic Development Foundation (from website)- “The 
entire parish is renowned by outdoor enthusiasts, gourmands, golfers and 
art-lovers and adored by locals for its 'quirks' and commitment to 
purposeful planning.” 
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St. Tammany touts its many outdoors and recreational accommodations including riding 
on the Tammany Trace, visiting several state and federal parks and preserves, fishing 
in its wetlands, bird watching, swamp tours, boating, swimming, and more.  The 
Louisiana’s Northshore website says, “St. Tammany Parish is your one-stop for all 
things outdoors.” 
 
Each well drilled for fracking in the land parcel in question would necessitate drilling 
through the Southern Hills Aquifer.  This aquifer is the sole potable water source for the 
entire parish of St. Tammany (nearly a quarter of a million people), as no potable water 
is taken from the surface streams.  Each additional well that is drilled through the 
aquifer raises the risk of unforeseen issues to arise immediately or years to decades 
into the future. 
 
Development of a hydraulic fracturing trend within St. Tammany Parish will use some of 
the precious remaining green space and reduce the environmental quality.  Even if air 
emissions were strictly enforced, the air would smell if the wind is blowing the right 
direction.  St. Tammany has a legacy of clean air which residents enjoy and expect to 
continue.  Hydraulic fracturing would be a light industrialization that would be nestled 
into the remaining green space and would begin to compete with future plans for the 
parish.  Without preplanning for the fracking oil boom in St. Tammany, roads will 
deteriorate more quickly than otherwise and there will be limited recourse to fund the 
additional costs.  
 
LPBF has worked with St. Tammany and agencies to clean the parish’s surface waters 
for over a decade.  We have worked with local and state agencies to track down and 
correct pollution sources entering the rivers and tributaries.  We have maintained active 
partnerships with stakeholders to discuss, assess, and address water quality issues.  
We have been successful in having fecal coliform water quality impairments removed 
from Bogue Falaya and Tchefuncte Rivers.  We continue our work to clean St. 
Tammany rivers to this day, working with the parish and dedicated local and state 
agency stakeholders.  LPBF has also worked to help St. Tammany Parish and other  
parishes in the Lake Pontchartrain Basin to grow and prosper in a way that is planned, 
purposeful, and helps to maintain or restore our environment.  We always take to heart 
the Basin’s location in a wetland coastal environment and all of the challenges and 
opportunities that go with that location.  Since its inception in 1989, the LPBF’s mission 
has been to act as the public’s independent voice for restoring and preserving the water 
quality, coast, and habitats of the entire Pontchartrain Basin.  
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Hydraulic Fracturing Industry to Extract Crude Oil from the 
Tuscaloosa Marine Shale - Preliminary Assessment 
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Background 
 

Helis Oil &Gas, LLC (referred to as Helis hereafter) has proposed to expand exploration 
and possible development of the Tuscaloosa Marine Shale south of the existing 
production into St. Tammany Parish, LA.  This would be the first use of hydraulic 
fracturing technology (aka “fracking”) to release oil from this geologic formation in St. 
Tammany Parish and in Louisiana’s coastal zone.  The selected site has been identified 
as wetlands.  Under current policy, state oil and gas operators can utilize this 
technology as long as appropriate permits and mitigation requirements are met 
including, at least unitization, a well permit, a Clean Water Act Section 404 wetland 
permit, and a Coast Use Permit. 
 
Helis has already applied for a wetland permit and has requested a 30-day delay to the 
unitization hearing, which had been scheduled for May 13, 2014.  Helis has not applied 
for the well permit at this time, but would likely do so soon.  Since fracking is a 
technology that has seen explosive growth in the US, and has had numerous 
allegations of environmental impacts, it is important to review the potential 
environmental impacts that may arise in general, and also for the particular local 
conditions and needs of the St. Tammany residents.  Indeed, this is the first confluence 
of fracking in wetlands, in the coastal zone, and in a parish of special significance to the 
greater New Orleans region.  The significance is heightened further when one considers 
that much of the lower coastal areas are being abandoned due to storm impacts and 
wetland loss, in part due to conventional oil and gas activities.  Populations are shifting 
northward to areas like St. Tammany where people expect a fresh start and high 
environmental quality.  It would be tragically ironic if the Oil &Gas industry again 
contributed to jeopardizing the future health and safety of coastal residents. 
 
Therefore, the Lake Pontchartrain Basin Foundation (LPBF) contends that consideration 
of potential impacts cannot be limited to the single well currently being proposed by 
Helis, but rather to the potential development of the Tuscaloosa Marine Shale within the 
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area leased by Helis and all of St. Tammany Parish (Figure 1).  If profitable, this area 
could potentially be developed not just by Helis, but also by fierce competitors who 
would surely follow in their successful footsteps to do what commercial enterprise is 
expected to do- maximize their financial returns as quickly as possible (see Figure 2).  
In short, this well could trigger a firestorm of activity that may overwhelm regulatory and 
parish officials, and utmost caution is surely warranted. 
 
Figure 1. Map of a fracking play in North Dakota overlain at the same scale as a map of 
St. Tammany Parish over the potential Tuscaloosa Marine Shale play.  If Helis initial 
well is successful most areas north of I 12 in St Tammany could be a target of drillers.  
The map illustrates the potential extent and density of wells and laterals. 

 
 
Figure 2 shows the dramatic increase in drilling in the Haynesville shale frack play  
drilling within a couple years after the first successful well (Source Jackson LSU Thesis) 
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Oil & Gas History and Geology in St. Tammany 

 
According to state documents, in evaluating over 60 years of drilling in St. Tammany 
Parish the conventional oil and gas production is very small.  The largest production 
came from the now abandoned Big Point Field in Lake Pontchartrain near Pointe Platte 
and Big Point.  Discovered in the 1940’s, field production in the Big Point Field ceased 
about ten years ago and all wells have been plugged and abandoned.  The last surface 
vestiges of this activity are the unmarked piling off Goose Point with a shell pad that is a 
popular fishing location and a couple of unmarked shell pads.  One of these shell pads 
was utilized by LPBF to create one of the artificial reefs in Lake Pontchartrain (also a 
popular fishing spot).  The geology of Big Point Field has little relevance to the geology 
of the Tuscaloosa Marine Shale that Helis has targeted.  The Big Point Field is south of 
an ancient and deep geologic feature called the Cretaceous Shelf Margin (which is 
present near the lake shoreline) and to more recent active faults present in Lake 
Pontchartrain (that have even offset the bridges in Lake Pontchartrain).  See Figure 3 
for a map of these features. 
 
The Helis proposed location for fracking is north of these features and is within a 
simpler and more stable geologic trend.  This is fairly well known because other 
exploratory wells have been drilled in St. Tammany Parish in both of these geologic 
provinces.  In addition, 2-D seismic profiles acquired by industry for decades illustrate 
the general geology; which is described by geologists as “layer cake” geology (because 
of a lack of salt domes, folds, or faults within the layered rock formations) that slopes 
southward toward Lake Pontchartrain (Figure 3).  It is also helpful that a well was drilled 
entirely through the section to be drilled by Helis just a few miles east.  What this old 
well (Hassie Hunt Trust Currie #1) does not provide; however, is a geologic core 
through the Tuscaloosa Marine Shale that can be evaluated for its potential production if 
hydraulically fractured.   
   
Figure 3.  Geologic Features of Lake Pontchartrain and St. Tammany Parish 
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Environmental Concerns 
 
Groundwater or Surface Water Use 
Helis has reported that they expect their first well to use 60,000 barrels of freshwater to 
hydraulically fracture the Tuscaloosa Marine Shale. This equates to 2.5 million gallons 
or a 1 acre pond 7.5 feet deep.  This volume is on the low range of reported water use 
for fracking.  Each trend has different requirements, but nevertheless history suggests 
the volume could be twice as great (Figure 4 below).  
 
Figure 4. Average Hydraulic Fracking Water Use of Different Shales 

 
 
Helis has reported that they will use impounded surface water and do not intend to use 
groundwater for the first well.  The first well is almost inconsequential in water use, but it 
is worth considering that the successful growth of the production will greatly increase 
water use.  For example 100 wells could use 600 million gallons of water per year.  This 
is the equivalent of 2.5 cubic feet per second, which in many areas is insignificant 
compared to stream flows.  However, in St. Tammany, the rivers/bayous drain relatively 
slow and have relatively low flows.  If surface water was to be used in fracking, the 
streams could become shallower and even slower moving, thus causing dissolved 
oxygen levels to drop in the warmer months.  St. Tammany Parish is sensitive to the 
dissolved oxygen levels in the streams- LPBF measures 32 "hotspots" on parish 
streams for dissolved oxygen.  St. Tammany has actually considered inducing flows into 
some streams to help with oxygen levels. One of these streams, Ponchitolawa Creek, 
has its headwaters in the Helis lease area.  In addition, all streams in the lease area are 
subject to increased water quality regulations under the Clean Water Act through the 
TMDL and MS4 programs described later in the paper.   
 
As for the groundwater, any withdrawal would impact the only aquifer and sole potable 
water source for the parish, the Southern Hills Aquifer.  Much of St. Tammany Parish 
contains the recharge area of this aquifer (Figure 5).  The graph below that (Figure 6) 
shows the decline in water levels in the Southern Hills Aquifer.  Although Helis has 
stated they will not use groundwater for their first well, this is not a binding arrangement.   
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Helis has not indicated what the water source for future wells might be.  Without 
safeguards in place, Helis or its competitors may look to surface water and groundwater 
for the water needed for their operations.  Also, if Helis sells their interest as they did in 
North Dakota, the next operator may choose differently.  Safeguards need to be in place 
to protect the over production of the aquifer for such an industrial use.   
 
 
Figure 5.  Southern Hills Aquifer with Possible Extent of Tuscaloosa Play Overlain 
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Figure 6.  Water Level in Southern Hills Aquifer Over Time 

 
 

  
Groundwater Contamination by Hydraulically Fractured Wells 
Wells drilled for fracking are very similar in overall design to conventional oil and gas 
wells.  Steel pipe nearly matching the drill-hole diameter is used as casing.  After the 
casing is in place, cement is pumped down the pipe end and then upward around the 
outside of the pipe to fill any voids between the pipe and side of the drill hole.  Cement 
bond logs can be run to evaluate if there are cavities between the pipe and side of the 
hole after cementing.  If there are cavities, the well may be re-cemented.  In deep holes 
two or three casing strings may be placed in the hole.  One purpose of the casing is to 
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isolate the shallow rock formation from subsequent operations (in particular any drilling 
mud, produced product, or deeper formation water which is salty).    
 
The Helis drilling plan was provided to LPBF and is shown below (Figure 7).  Note that 
there are two strings of casing and production string of pipe which would actually be 
conveying the pressurized fracturing fluids and afterward the produce crude oil.  
Therefore, there would be three layers of pipe and three cemented zones between the 
fracturing fluids or crude oil and the shallow Southern Hills aquifer.  After production 
ceases, the wellbore would be filled with cement to properly Plug and Abandon the well.  
This provides a very low chance for fluids to leak into the freshwater aquifer, and has 
been routinely done throughout coastal Louisiana.  However, there is a difference in St. 
Tammany Parish.   
 
Most of coastal Louisiana is not dependent on a large and thick freshwater aquifer as 
the potable water source.  Most US frack plays do not involve such a thick and 
unconsolidated reservoir. The use of the freshwater aquifer in St. Tammany Parish has 
already significantly lowered the pressure of the aquifer (Figure 6 above).  When fluid 
pressure is reduced within a rock formation, especially unconsolidated aquifers, they 
are likely to compress or collapse.  Although slight, the collapse of the aquifer over time 
would create enormous pressure on the rigid casing and cement, which is designed not 
to compress.  Collapse of the aquifer could crack the concrete and damage the pipe.  
The pipe is already subject to corrosion so it becomes even less of a barrier over time.  
The cracking of the concrete and damage to the casing pipe could overtime 
compromise the seals.  Deeper high pressure fluids could eventually seep upward 
through the well bore and into the aquifer.  Even very small amounts of salt water make 
a fresh aquifer unusable for a municipal potable water supply.  The chance of this 
scenario may be small, but every additional well drilled and cased through the aquifer 
adds cumulative risk.  Failure of a single well may equate to loss of the water supply to 
local communities.  In general, remediation of contaminated aquifers is difficult or 
impossible.  Alternative water supplies may need to be found and that could be 
prohibitively expensive to sustain local communities.  Loss of the water supply could 
jeopardize the very existence of the community.  The bottom line is that the casing 
failure scenario is a low risk, but a very high consequence.  
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Figure 7.  Helis Well Casing Diagram 
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Surface Impacts 
Helis is requesting a Section 404 permit for the construction of a 10.55-acre drilling well 
pad to be used for subsurface hydraulic fracturing (fracking) for future oil and gas 
exploration within St. Tammany Parish, LA. The proposed project would discharge just 
under 29,000 cubic yards of material into roughly 9.46 acres of forested wetlands.  
According to their statements, the purpose of the well is to evaluate the Tuscaloosa 
Marine Shale for oil production through fracking.  The target geologic formation is at 
13,000 feet below the surface requiring a significant surface site with significant impact 
to drill this deep well.  
 
The site that they have proposed is within wetlands and in the Bayou Cane and Bayou 
Lacombe watersheds.  Bayou Cane flows southward and, just a few miles from the well 
site, passes Fontainebleau State Park before reaching Lake Pontchartrain.  Bayou 
Lacombe flows southward passing through the Big Branch National Wildlife Refuge.  
Both are designated as “Scenic Rivers” by the Louisiana Department of Wildlife and 
Fisheries in their entirety from their headwaters to Lake Pontchartrain.  Both are also 
considered “Outstanding Natural Resource Waters” by the Louisiana Department of 
Environmental Quality and cherished for their recreational and scenic value. 
 
Helis has disclosed the full scale of their project as 68,000 acres, which includes 
additional wetlands, riparian zones, endangered species habitat, etc.  Since this 
appears to be the first fracking project that would affect the coastal zone in Louisiana 
that the local Corps office (New Orleans District) is evaluating, this is an important 
opportunity not to rush and set an inappropriate precedent, but rather to evaluate 
carefully the likely significant environmental impacts of the full project before permitting.  
 
It is the geologic nature of what the oil and gas industry refers to as “resource” plays, 
that there is a lot of lateral consistency and predictability.  That is why hydraulic 
fracturing plays have explosive drilling growth.  Once the trend is established, it is a bit 
like shooting fish in a barrel.  This is relevant to permitting since permit review requires 
alternative analyses to first avoid impacts. If there is the possibility of a 68,000 plus acre 
geologic play which contains non-wetland habitats, why does this first well need to 
impact wetlands?  It seems highly likely that, in such a regionally expansive project, a 
site could be identified which avoids the wetland impact, and it is the responsibility of 
the applicant to demonstrate that there is no alternative to avoid the wetland impact. 
  
Virtually all developed hydraulic fracturing plays across the country have resulted in 
cumulatively significant impacts.  Helis’ current permit application arbitrarily narrows the 
impact to the first of what would be many future impacts.  These other and cumulative 
impacts must be assessed to obtain an overall understanding of the environmental 
impacts of fracking in St. Tammany Parish. By Helis’ own statements, they have a 
larger project which would include many more wells.  Based on the likely well spacing 
and their proposed 960-acre unit size to the state Department of Conservation, the total 
Tuscaloosa Marine Shale project on their lease alone could include 284 additional 
lateral wellbores with approximately 71 surface locations.  If each well had the same 
wetland impact, 710 acres would be lost.  But the total area potentially drilled to the 
Tuscaloosa Marine shale within St. Tammany parish is approximately 450,000 acres, 
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which is a six-fold increase in wells and impacts if the play were fully developed in St. 
Tammany Parish.  Nearly 2,000 lateral wells could be drilled in St. Tammany Parish. 
The impact would not just be to wetlands but possibly to riparian and pine savannah 
habitats.  This would impact rare, threatened or endangered species.  The table below 
(Figure 8) shows the status of some species in St. Tammany Parish that would likely be 
impacted.   
 
Figure 8.  Endangered, Rare, and Threatened Species in St. Tammany Parish 

 
 
An additional surface impact is the acquisition of 3-D seismic.  3-D seismic is used 
ubiquitously in the oil and gas industry because of its ability to provide better definition 
of the geology between well bores.  It often improves the chances for economic 
success.  It can also reduce un-needed drilling.  3-D seismic requires a dense set of 
acquisition and survey points that blanket the countryside.  Typically points taken are 
every 100 to 200 feet, or 1,200 points per square mile.  Shallow holes are drilled and an 
explosion is set off below the ground.  An alternative to dynamite is the use of large 
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trucks that vibrate the top of the earth.  The returning sound waves are recorded at the 
surface.  This practice requires wide access by survey lines and even dense roadways 
through the country side, and creates some small, but wide spread disturbance to 
habitat quality.  If the Tuscaloosa Marine shale were productive, 3-D seismic could be 
the next step in the development of the trend (Figure 9). 
 
Figure 9.  Description of a Typical 3-D Seismic Program 

 
 
St. Tammany Parish contains much of the watershed draining into Lake Pontchartrain.  
According to the U.S. Census, the 2014 estimated population for St. Tammany Parish is 
242,333, making it the 5th most populous parish in the state.  It is also one of the fastest 
growing parishes in the state.  After decades of unplanned growth, the parish has 
become more proactive in growing smart while trying to maintain its natural character 
that attracted people to the parish.  LPBF has worked with parishes and agencies to 
clean St. Tammany’s surface waters for over a decade.  We have worked with local and 
state agencies to track down and correct sources of pollution entering the rivers and 
tributaries.  We have maintained an active Task Force with stakeholders to discuss, 
assess, and address water quality issues.  We have been successful in having fecal 
coliform water quality impairments removed from the Bogue Falaya and Tchefuncte 
Rivers.  We continue our work to clean St. Tammany rivers to this day, working with the 
parish and dedicated local and state agency stakeholders.   
 
While much success has already been achieved in restoring St. Tammany’s waterways, 
some of Tammany’s waterways remain impaired.  In particular, Bayou Lacombe and 
Cane Bayou, whose headwaters are located within the Helis lease area, are impaired 
for dissolved oxygen.  These waterways have had Total Maximum Daily Load (TMDL) 
models calculated on them and the parish and municipalities are now responsible for 
reducing oxygen-depleting loads into the streams.  Any activity that would intake water 
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from these streams could potentially exacerbate current D.O. issues by reducing flows 
and stream depth.  Other streams with headwaters in the Helis region flow into EPA-
defined Urban Areas, which are subject to Municipal Separate Storm Sewer (MS4) 
regulations.  These streams include Bayou Liberty, the Abita River and Ponchitolawa 
Creek.    
 
Infrastructure  
Success of the Tuscaloosa Marine Shale would increase traffic loads and increase 
usage by larger and heavier trucks and trailers.  Helis reports they will use 2.5 million 
gallons of water for a single well which would require 250 tanker trucks, but could be as 
much as 600 trucks. The 2000 wells to develop all of St. Tammany could require 1.2 
million truckloads of water.  Other regions having widespread hydraulic fracture play 
development have reported damage to roadways because of the additional usage.  The 
vast majority of the Helis lease in St. Tammany Parish would be serviced by state or 
parish bridges, roads or highways, and not by the Federal Highway system.  Therefore, 
the burden of repairing or maintaining the roads would be on the State or Parish.  It 
could be argued as the normal course of events that as road use increases there is 
increased road maintenance or expansion.  However, the state has in place a waiver of 
severance tax for lateral wells for a period of two years or when the well re-pays the 
driller’s investment (i.e., after payout).  Therefore, the state will not be revenue to pay 
for the damaged roads for two years.  Severance collected will increase as oil 
production increases but always lag behind due the current waiver.  After severance is 
collected, road repairs will be relegated to compete statewide for DOTD funds.  With the 
explosive growth of a successful hydraulic fracturing play in St. Tammany, the likelihood 
that road repairs would fall behind the rate of use or damage is very likely.    
 
Spills and Clean Up Technology 
Major technological advances in the oil industry have vastly improved the efficiency of 
finding new oil and gas reserves.  Through new regulations and enforcement of the oil 
industry, spill prevention has also improved.  However, there has been very little 
improvement in oil spill clean-up.  The BP spill in 2010 illustrated the ineffectiveness of 
spill cleanup in open-water.  Clean-up in wetlands often results in severe damage to 
wetlands where in direct contact with crude oil or refined product.  Wetlands are 
considered the most sensitive habitat to crude oil in general.  Helis first well would 
irrevocably damage wetlands at the well site and pose a threat to any nearby wetlands.  
 
Since there are no railroads near the proposed lease area, produced crude would likely 
be trucked.  In addition to the wear and tear on the roadways discussed earlier, their 
use in transportation increases the likelihood of spills due to accidents.  Vehicular 
transport is considered one of the riskiest modes of transportation for hazardous 
materials such as crude oil, and the rate of accidents is increasing (Figure 10).  If the 
Tuscaloosa Marine Shale play is economically productive the volume of crude oil 
transported on state and local roads would increase dramatically, and spills will occur. 
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Figure 10.  Oil/Petroleum Products Barrels Spilled by Various Transportation Methods  

 
 
 
Incompatible Use 
According to the U.S. Census, the 2014 estimated population for St. Tammany Parish is 
242,333, making it the 5th most populous parish in the state.  It is also one of the fastest 
growing parishes in the state.  After decades of unplanned growth, the parish has 
become more proactive in growing smart while trying to maintain its natural character 
that attracted people to parish. 
 
While St. Tammany is growing rapidly, it is also trying to maintain a high quality of life 
for its citizens. 

o St. Tammany West Chamber of Commerce (from website)- “The 
Chamber's Executive Committee and Board of Directors are made up of 
local business professionals who are passionate about smart growth and 
quality of life in west St. Tammany. “ 

o St. Tammany Economic Development Foundation (from website)- “The 
entire parish is renowned by outdoor enthusiasts, gourmands, golfers and 
art-lovers and adored by locals for its 'quirks' and commitment to 
purposeful planning.” 
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St. Tammany touts its many outdoors and recreational accommodations including riding 
on the Tammany Trace, visiting several state and federal parks and preserves, fishing 
in its wetlands, bird watching, swamp tours, boating, swimming, and more.  The 
Louisiana’s Northshore website says, “St. Tammany Parish is your one-stop for all 
things outdoors.” 
 
Each well drilled for fracking in the land parcel in question would necessitate drilling 
through the Southern Hills Aquifer.  This aquifer is the sole potable water source for the 
entire parish of St. Tammany (nearly a quarter of a million people), as no potable water 
is taken from the surface streams.  Each additional well that is drilled through the 
aquifer raises the risk of unforeseen issues to arise immediately or years to decades 
into the future. 
 
Development of a hydraulic fracturing trend within St. Tammany Parish will use some of 
the precious remaining green space and reduce the environmental quality.  Even if air 
emissions were strictly enforced, the air would smell if the wind is blowing the right 
direction.  St. Tammany has a legacy of clean air which residents enjoy and expect to 
continue.  Hydraulic fracturing would be a light industrialization that would be nestled 
into the remaining green space and would begin to compete with future plans for the 
parish.  Without preplanning for the fracking oil boom in St. Tammany, roads will 
deteriorate more quickly than otherwise and there will be limited recourse to fund the 
additional costs.  
 
LPBF has worked with St. Tammany and agencies to clean the parish’s surface waters 
for over a decade.  We have worked with local and state agencies to track down and 
correct pollution sources entering the rivers and tributaries.  We have maintained active 
partnerships with stakeholders to discuss, assess, and address water quality issues.  
We have been successful in having fecal coliform water quality impairments removed 
from Bogue Falaya and Tchefuncte Rivers.  We continue our work to clean St. 
Tammany rivers to this day, working with the parish and dedicated local and state 
agency stakeholders.  LPBF has also worked to help St. Tammany Parish and other  
parishes in the Lake Pontchartrain Basin to grow and prosper in a way that is planned, 
purposeful, and helps to maintain or restore our environment.  We always take to heart 
the Basin’s location in a wetland coastal environment and all of the challenges and 
opportunities that go with that location.  Since its inception in 1989, the LPBF’s mission 
has been to act as the public’s independent voice for restoring and preserving the water 
quality, coast, and habitats of the entire Pontchartrain Basin.  
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Abstract   

Background:  Unconventional  natural  gas  drilling operations  (UNGDO) (which  includes  

hydraulic  fracturing  and horizontal  drilling) supply an energy  source  which is potentially   cleaner 

than  liquid or solid fossil-fuels   and  may  provide a route    to energy independence.  However,  

significant  concerns  have  arisen due  to the lack  of  research on  the public   health impact  of  

UNGDO.   

Objectives:  Environmental  Health Sciences  Core  Centers  (EHSCCs) funded by the  National  

Institute  of  Environmental  Health Sciences  (NIEHS)  formed  a  working group  to review  the  

literature  on the potential   public  health  impact  of  UNGDO  and to make  recommendations  for  

needed research.    

Discussion:  The  Inter-EHSCC Working  Group concluded  that  a  potential  for water and 

air pollution exists  which  might  endanger public  health, and  that   the social  fabric   of  

communities could   be impacted  by the rapid  emergence  of drilling operations.  The  

working group recommends  research t o inform how potential risks could be mitigated.    

Conclusions:  Exposure  and health outcomes  research  related to UNGDO  is  urgently needed and 

community engagement is essential in the design of  such studies.   
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Introduction  

Unconventional natural gas drilling operations (UNGDO) (which includes the process of 

hydraulic fracturing and horizontal drilling) in tight shale formations to extract natural gas 

creates jobs, provides a potential route to energy independence, and may increase national 

security through less dependency on foreign oil (Global Insight 2011). The burning of natural 

gas produces less nitrogen oxides and carbon dioxide than the burning of coal or oil and 

produces negligible amounts of sulfur dioxide and mercury and thus is a cleaner fossil fuel (see, 

United States Environmental Protection Agency (US-EPA) Clean-Energy-Gas 

http://www.epa.gov/cleanenergy/energy-and-you/affect/natural-gas.html and US-EPA Clean-

Energy-Coal http://www.epa.gov/cleanenergy/energy-and-you/affect/coal.html). Concurrently, 

concerns have been raised about the environmental and public health impacts of UNGDO (Union 

of Concerned Scientists 2013). The industry describes the technology as being well-established 

and safe (American Petroleum Institute 2014). By contrast some advocacy groups have serious 

environmental health concerns and suggest that that a moratorium on UNGDO should exist until 

we learn more (e.g. Physicians for Social Responsibility 2012). 

UNGDO have concentrated where large formations of shale exist e.g., Barnett Shale in Texas, 

Utica Shale in Ohio, and the Marcellus Shale in PA (United States Geological Survey (USGS), 

2013). Together, these and other shale gas resources have provided a significant energy resource. 

For example, the Marcellus Shale contains >84 trillion ft3 of natural gas which would be 

sufficient to meet the energy needs of the US for a 2-4 year period (Coleman et al. 2011). 

However, in areas where UNGDO have occurred there have been incidents of water 

contamination (Jackson RB et al. 2013), worker exposure to levels of silica dust that exceed the 

OSHA standards (Esswein et al. 2013), and reports of health impacts among community 

4
 

WRITTEN STATEMENTS (not from Hearing)



 
 

          

          

 

            

   

         

   

         

      

          

               

          

      

     

       

       

        

         

       

        

     

residents (Bamberger and Oswald 2012; McKenzie et al. 2014). Because of these issues some 

states e.g. NY have a moratorium on UNGDO while other state legislatures have considered 

passing strict regulations on the industry (Pless 2011). 

In addition, the need for crystalline silica (frac sand) used in the hydraulic fracturing process has 

expanded mining operations in the upper Mississippi watershed (Wisconsin, Minnesota, and 

Iowa) and has become a contentious issue in communities due to environmental degradation, lost 

income from tourism, and risk to respiratory health (State of Wisconsin, 2012). 

Based on the level of drilling activity in the Marcellus Shale the Center of Excellence in 

Environmental Toxicology (CEET), an Environmental Health Sciences Core Center (EHSCC) at 

the University of Pennsylvania, felt an obligation to address the public health impact of UNGDO 

on PA citizens. CEET recognized that UNGDO will be part of the energy landscape of the future 

but that credible science is needed to determine its safety so that there can be evidence-based 

decision making. CEET realized that the environmental health concerns related to UNGDO 

could best be addressed by scientists with complementary expertise working together. 

Concurrently, several Community Outreach and Engagement Cores (COECs) of the EHSCCs 

identified the growing concerns of citizens and the lack of health-related information. This led to 

the formation of the Inter-EHSCC working group (see Appendix 1). PubMed citations using the 

search term “hydraulic fracturing” identified 111 citations during the writing of this article. Only 

a handful were peer reviewed studies on environmental health and many are cited in this article. 

In addition, reports by government and health agencies, non-profits and reports from the gas and 

oil industry were considered. This lead to the unanimous recommendations discussed below. 
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Discussion  

Recommendations for research on w  ater contamination  

Groundwater could become polluted due to casement failures and infiltration from soil and 

surface water during UNGDO. Surface water has the potential to be contaminated by leakage 

from waste-water impoundments, by incidents during the transport of waste-water and 

inappropriate discharge from waste-water treatment plants (US-EPA 2011a; Warner et al. 2013). 

Waste-water consists of the initial flow-back water and the produced-water, which itself is a 

mixture of spent hydraulic fracturing chemicals as well as contaminants including: total 

dissolved solids (TDS) that exceed levels found in sea water; aromatic hydrocarbons; heavy 

metals; and naturally occurring radioactive materials (NORM) that may leach from the shale 

(Ferrar et al. 2013b; International Association of Oil & Gas Producers, 2002; Rowan et al. 2011). 

In Pavillion, Wyoming in 2009, the US-EPA found evidence of groundwater contaminated with 

benzene, xylenes, gasoline range organics, diesel range organics, and total volatile hydrocarbons 

in shallow wells that lie above 169 gas-producing wells that were hydrofractured. The pollution 

was attributed to the thirty-three nearby surface pits used to store drilling waste water (Jackson 

RE et al. 2013; US-EPA 2011b). The USGS re-sampled the area and confirmed these findings 

(Wright et al. 2012). However, there were still disputes about whether UNGDO were the source 

of groundwater contamination because of the lack of baseline water quality measurements 

(American Petroleum Institute 2012). Thus base-line ground water quality data should be taken 

before drilling begins and be monitored over the life-time and abandonment of the gas-

producing well. 

Lack of detailed information about the chemicals injected into the shale formations and the 

composition of the flow-back water makes it difficult to determine whether water quality is 
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affected. A complete inventory of chemical usage, which can exceed >80 additives (Stringfellow 

et al. 2014) is currently unavailable. The FracFocus web-site (http://fracfocus.org/), a voluntary 

data-base of chemicals used in the hydraulic fracturing fluid (HF) established by the industry, 

provides necessary data to map chemical usage by some wells but not all. This represents the 

first step in determining whether water quality may be affected on a well-by-well basis. 

Unfortunately, many of the chemicals in use are proprietary and the flow-back and produced 

water can also contain other contaminants such as polycyclic aromatic hydrocarbons (PAH) and 

NORM. In the Marcellus formation the level of radioactivity in the produced water was many 

times higher than allowable for discharge to the environment (Rowan et al. 2011). To determine 

whether UNDGO affects water quality full disclosure of the chemicals used in the hydraulic 

fracturing process must take place so that they can be correlated with measurements of ground 

and surface water pollutants. The composition of the HF and the produced water must also be 

analyzed for hazard identification. 

There is a need for sensitive and specific early warning indicators that the ground water has been 

contaminated. Such indicators would allow researchers and site managers to predict whether 

UNGDO impacts water quality. Suitable indicators would be chemicals derived from UNGDO 

that have fast rates of transport, and can be detected easily in field settings. Candidate indicators 

are methane, ethane, propane, chloride, the sodium to chloride ratio, and the chloride to bromide 

ratio. Jackson RB et al. 2013 reported that concentrations of methane, ethane and propane in the 

Marcellus region of PA were higher in homes located < 1 km from drilling sites than in homes 

farther away. Distance to gas wells was found to be a significant determinant of hydrocarbons in 

drinking water. However, in some private wells, levels of methane in the drinking water were 

elevated prior to fracturing (Vidic et al. 2013; Warner et al. 2012); thus methane levels may not 
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be the best indicator. An increase in the ratio of ethane to methane, propane to methane, and 

chloride to other major anions (e.g. nitrate) could be used as warning indicators of ground water 

contamination. Alternatively, a unique inert tracer could be added to the HF. The Inter-EHSCC 

working group recommends that a validated specific and sensitive indicator of early ground 

water contamination be identified and universally adopted. 

Knowledge of the fate and transport of pollutants and ground water hydrology under the 

influence of pressure changes during and after hydraulic fracturing is required to determine 

whether pollutants can migrate to private or public drinking wells, to identify early warning 

indicators, and to estimate the transit time of target pollutants and identify suitable remediation 

strategies. Interaction between the pollutant and particle phase determines the speed of pollutant 

transport and whether the pollutants can reach drinking-water wells. Groundwater moves slowly, 

typically in the range of meters per year, depending on characteristics of the aquifer and 

hydraulic gradients (USGS circular 1186, 2013). Pollutants that can travel to wells within the 

span of years are those that are persistent, have high solubility and are less-particle reactive. 

Pollution of surface water (e.g., spills of HF and discharge from waste-water plants) would move 

faster (in meters per second) and can be affected by reactions between pollutants and the particle 

phase (USGS, 2007). Research should be performed to elucidate the fate and transport of 

ground and surface water pollutants under hydraulic fracturing conditions. 

Assessment of effluent contaminants from waste-water treatment plants discharging Marcellus 

Shale waste in PA showed that barium, strontium, bromides and chlorides, and TDS exceeded 

the maximum contaminant level for drinking water (Ferrar et al., 2013b). In 2011, Pennsylvania 

Department of Environmental Protection (PA-DEP) requested that drilling companies stop 

disposing waste-water by this method at 15 facilities (PA-DEP 2011). These findings suggest 
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that municipal waste-water treatment plants are unable to deal with contaminants from the 

produced-water and that water quality from these plants needs to be monitored if these plants are 

to be used for this purpose (Ferrar et al. 2013b). The Inter-EHSCC working group recommends 

that the effluent from a range of waste-water treatment plant technologies be assessed to 

determine the effectiveness of the technology. 

There is a lack of knowledge of the toxicological properties of the hydraulic fracturing chemicals 

alone or in complex mixtures. However, the proprietary nature of these chemicals indicates that 

this may never be known. Knowledge of the chemical additives would enable risk 

characterization i.e., the identification of no-observed adverse effect levels (NOAEL’s), lowest 

observed adverse effect levels (LOAEL’s) for each chemical and reference doses that must be 

exceeded in order to cause harm in humans. However, because the chemicals are used in a 

complex mixture, toxicological studies will be required on the mixture itself. The mixture will 

also have to be fractionated to determine which chemicals or group of chemicals are the most 

harmful. In this approach compounds can be grouped by chemical similarity or similarity in 

toxicological effects (European Commission Scientific Committee on Consumer Safety 2011; 

World Health Organization 2011). Sub-fractions could be triaged using high throughput cell-

based screens for genotoxicity, mutagenicity, cytotoxicity and endocrine disrupting properties. 

Components identified for further study could then be used in acute, intermediate and chronic 

exposure studies in rodents to identify toxic end-points. Fundamental research on the toxicology 

of the individual constituents of HF and the resultant complex mixture should thus be performed. 

Recommendations for research on air pollution    

Hazardous air pollutants related to UNGDO include: silica dust from sand-mining, handling, 

transport and disposition (Esswein et. al. 2013); diesel emissions from delivery trucks, 
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compressor stations, power generators, and drill-rigs (Benbrahim-Talla et al. 2012); VOCs in the 

flow-back and produced water and their reaction with NOx to increase ground level ozone 

(Kemball-Cook et. al. 2010); and fugitive gas emissions during the production phase and from 

well ruptures (Allen et al. 2013). Increased local and regional ambient air pollution has been 

associated with intensive gas extraction regions (Eaton, 2013; Kargbo et al. 2010; Petron et al. 

2012). However, the spatial and temporal release of these pollutants is not well-characterized and 

will depend on the intensity of the various sources (emission rates) and their locations (e.g., frac 

sand mines, frac sand transfer stations and truck transport routes to and from the well pad; and 

the proximity of well pads, produced water containment ponds and waste impoundments to each 

other and affected communities) and need to be addressed. Ambient and occupational air-quality 

should thus be measured at active drilling sites and be compared with base-line measurements in 

adjacent areas without UNGDO. 

PM2.5 in diesel exhaust (from > 2,200 trucks per drill head) can exacerbate respiratory illness and 

chronic diesel exhaust exposure may increase the risk of lung cancer (Benbrahim-Tallaa et al. 

2012). Lung cancer risk was assessed on diesel exhaust emissions that pre-date the 2007 new 

emission standards. It is unknown how many of the diesel emissions associated with UNGDO 

meets these new standards, and this should be determined. Diesel pollutants could be related to 

truck traffic patterns using GIS modeling in order to identify local hot spots and regional impacts 

that could be mitigated. The impact of diesel emissions on local air quality should be determined. 

Airborne emissions containing ambient pollutants from UNGDO may impact indoor residential 

air quality when they penetrate indoor environments. Data on indoor as well as outdoor 

UNGDO-related pollutant concentrations are thus needed. Residential air quality for people 

living adjacent to frac sand transfer stations, or those living adjacent to truck transport routes 
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should be compared to those living away from such sources so that base-line data are available. 

Residential indoor air quality data for homes potentially impacted by UNGDOs should be 

compared with those homes not impacted. 

Coal-fired power plants can emit green-house gases, CO2, as well as SOx, NOx, products of 

incomplete combustion such as PAH, mercury and trace metals. (US-EPA-Clean Energy Coal; 

http://www.epa.gov/cleanenergy/energy-and-you/affect/coal.html). However, few studies exist to 

compare levels of air-pollution produced by these plants versus what is produced by a field of 

natural gas wells. Only when these measurements are made will it be possible to evaluate the 

potential health risks and benefits of UNDGO compared to the use of coal. The impact of 

UNGDO on air pollution should be compared to emissions produced by coal-fired power plants. 

Recommendations for epidemiologic research    

Prospective longitudinal epidemiological studies to measure the association between health 

effects with proximity to UNGDO can only be conducted if the health end-point is known. 

Health outcomes/utilization data from national and local databases to associate illness and health 

care encounters with proximity to UNGDO would be a starting point. The working group 

recognized that baseline data in control communities by census block in which UNGDO is not 

occurring is key to identifying differences that could become end-points in a prospective 

epidemiologic study. Using health outcomes data an association between well density and 

proximity of natural gas wells within a 10-mile radius of maternal residence with prevalence of 

congenital heart defects in new-borns was observed (Mckenzie et al. 2014). Epidemiologic 

studies should also include environmental sampling and/or biomonitoring of exposures to 

demonstrate that there is a dose or exposure dependent association with the end-point(s) being 
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measured. Studies should include occupational exposure and vulnerable populations e.g., 

pregnant women, children the elderly and asthmatics. 

An epidemiologic study linking water pollution from UNGDO to health effects is problematic 

since the contaminants are not fully known and because of the variability of drinking water 

sources, pre-existing water quality, chemicals used, temporal relationships, and underlying 

hydrology. Exposure assessment would require measurement of water quality in communities in 

which UNGDO is occurring and in adjacent communities where there is no activity to obtain 

base-line data. Water should be analyzed for suspected contaminants. Biomarkers of exposure to 

water contamination could rely on measuring blood levels of heavy metals e.g., lead, and 

biomarkers of VOC’s e.g., benzene metabolites. These will be short-lived but measurement of 

longer-lived biomarkers e.g. serum albumin-benzoquinone adducts is an alternative (Rappaport, 

et al. 2011). To support a causal relationship between water pollution and health effects a 

plausible mode-of -action would need to be identified. An environmental epidemiology study 

should be performed to determine whether an association exists between health outcomes data 

and water-quality in private drinking wells in communities with and without hydraulic 

fracturing. 

An epidemiologic study linking air pollution to health effects is less problematic than those 

related to water pollution since the air pollutants are known and disease end points are 

recognized. Recent studies by the National Institute for Occupational Safety and Health 

(NIOSH) have documented excessive crystalline silica exposures at UNGDO sites (Esswein et 

al. 2013). In addition, McKenzie et al. (2012) estimated that the increased exposures to airborne 

hydrocarbons in Garfield County, CO results in a small increased cumulative cancer risk of 10 

new cases in one million individuals living within a 0.5 mile of gas-producing wells. Short-, 
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intermediate- and long-term exposures of workers and residents to air pollutants resulting from 

UNDGO and exacerbation of underlying respiratory illness (e.g., asthma and COPD) and 

cardiovascular disease (e.g., ischemic heart disease, dysrhythmias, heart failure, and cardiac 

arrest) may be more sensitive indices of adverse health effects than cancer incidence (Pope et al. 

2004). An environmental epidemiological study should be performed to determine whether air 

pollution associated with UNDGO increases the incidence of respiratory illness and 

cardiovascular disease. 

 Recommendations on integrating community perspectives in environmental health  

research  

Health impacts and stressors are perceived to exist in communities with UNGDO (Bamberger 

and Oswald 2012, Ferrar et al. 2013a). Given that elements of a property owner’s control may 

cease once UNGDO begins, these perceptions are consistent with an involuntary risk model, 

based on a lack of control of an unknown hazard with little opportunity for independent 

verification of safety (Sjoberg 2000; Slovic 1987;). UNGDO also raises similar issues for 

impacted communities as other industrial operations in early stages of development: limited data 

on health indicators and health impacts make it difficult to identify and track health effects, and 

the latency of effects. Limited to no baseline or monitoring data makes it challenging to track 

environmental health impacts over time. 

Community-based participatory research (CBPR) provides a framework for engaging community 

members in research and has been effectively applied to a number of environmental health 

problems (Minkler et al. 2002; O’Fallon and Dearry, 2002). CBPR goes beyond just sharing 

research results with community members to creating meaningful opportunities for community 

participation in all stages of research (i.e., project scoping, data collection, analysis and 
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dissemination). CBPR principles should be embraced in designing and conducting studies on 

environmental and health impacts of UNGDO so that a range of community perspectives are 

addressed. All stakeholders (individual/community/industry/advocacy groups/decision makers) 

should be engaged early to foster multi-directional communication and accountability. 

CBPR requires that study results are communicated in a timely manner to the communities 

(Chen et al. 2010). A “Community First Communication Model”, which shares research findings 

with the affected community before publishing them in scientific literature, to empower the 

community by reducing information disparities, is recommended (Emmett et al. 2009). 

Communities should be engaged in determining the most effective ways to disseminate research 

findings and there should be timely and transparent dissemination and access to aggregated 

data. 

Because the potential exists for lower income communities to bear a greater burden of any 

negative outcomes of UNGDO, it is important to engage those whose health and environment 

may be disproportionately impacted by this activity (Adams, 2012). Thus health disparities due 

to UNGDO should be addressed in the design of human studies. 

Impacted communities demand transparency in the research process, especially with respect to 

who is funding the research. This in part stems from mistrust of industry and efforts to limit 

access to either information on chemicals used in hydraulic fracturing or on-site environmental 

testing results (Golden Rules Report 2012). The sources of funding for research on the 

environmental health impacts of UNGDO need to be openly disclosed. 

In two small, rural communities in Pennsylvania and New York, Brasier et al. (2011) reported 

that the infrastructure and social services were overwhelmed by the onset of UNGDO and the 
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concomitant population influx. In addition, in a review of medical issues related to UNGDO 

Saberi (2013) described barriers faced by family physicians, which often are unable to counsel 

their patients about the effects of environmental exposures related to hydraulic fracturing, due to 

limited training in occupational and environmental medicine. The impact on public health and 

healthcare services of rapid industrialization and training needs of providers should be 

evaluated. 

Communities have identified a need to understand the regulations that govern UNGDO. Only six 

states allow health care providers access to proprietary chemical constituents, and four of the six 

require the health care provider to sign a confidentiality agreement restricting disclosure to 

others (McFeeley 2012). Denying health care providers access to chemical information for 

patient care purposes is unprecedented, as is restricting disclosure to individuals who are 

exposed. Research should be conducted on how existing regulations impact reporting of 

environmental health consequences of UNGDO to enable the development of more health-

protective regulations. 

Risk perceptions encompass cognitive evaluations of the likelihood of harm as well as emotional 

responses. Risks that are most feared are those that are unknown, experienced involuntarily, 

potentially catastrophic, and risky for future generations, all factors which are in play with 

UNGDO (Sjoberg 2000; Slovic 1987 ). Having an understanding of the nature of community 

perceptions on UNGDO will inform risk communication and risk management. It will also 

identify whether credible sources of information are being used to set view points and will 

identify critical information gaps. Research should be conducted on risk perception, including 

the impacts on community polarization. 
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Conclusions   

The research recommendations of the inter-EHSCC working group are similar to those proposed 

by others (Union of Concerned Scientists 2013; Goldstein et al, 2014; Shonkoff et al 2014) with 

one significant difference in that we advocate for an CBPR approach in communities affected by 

UNGDO. Implementation of these recommendations would inform the debate on the potential 

environmental health impacts of UNGDO and lead to decisions by individuals, communities, 

agencies and industry that would protect human health. Implementation requires dedicated 

funding sources that are insulated from conflict-of-interest so that the science generated is 

trustworthy. Funding by federal agencies with research being conducted at academic institutions 

is one trusted model. Oversight by a single organization would avoid duplication of effort and 

unnecessary expenditure of resources. There should be harmonization of study designs, data 

collection and analytical procedures, which may require a data coordination center that could 

also assess data quality and missing data There should also be a publically available data-

repository so that all stakeholders can access data including industry and communities, and 

appropriate firewalls and limited access should be in place when it comes to patient or 

population based health data. Implementation of these recommendations would permit a risk 

assessment of UNDGO, enabling decision makers to identify and reduce the most serious 

environmental health threats. 
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Appendix 1. Inter-EHSCC Working Group Members. 

Name Affiliation 
Working Group Members 

Regina Santella, PhD 
Steven Chillrud, PhD 
Beizhan Yan, PhD 

Columbia Mailman School of Public Health 

Douglas Dockery, PhD 
Ann Backus, MS 

Harvard School of Public Health 

John Groopman, PhD 
Patrick Breysse, PhD 

Johns Hopkins Bloomberg School of Public Health 

David Johnson, MD MD-Anderson Cancer Center 
Max Costa, PhD New York University 
Joseph Beckman, PhD 
Kim Anderson, PhD 

Oregon State University 

Helmut Zarbl, PhD Rutgers University 
Suk-mei Ho, PhD 
Erin Hayes, DPh 

University of Cincinnati 

Peter Thorne, PhD 
David Osterberg, PhD 

University of Iowa 

David Petering, PhD 
Jeanne Hewitt, PhD, RN 

University of Wisconsin - Milwaukee 

James Swenberg, PhD 
Kathleen Gray, MSPH 

University of North Carolina at Chapel Hill 

Trevor M. Penning, PhD 
George Gerton, PhD 
Marilyn Howarth, MD 
Rey Panettieri, MD 
Poune Saberi, MD 

University of Pennsylvania 

Tom Gasiewicz, PhD 
Katrina Korfmacher, PhD 
David Rich, ScD, MPH 

University of Rochester 

Frank Gilliland, PhD 
Andrea Hricko, MPH 

University of Southern California 

Cornelius Elferink, PhD 
Sharon Petronella, MS, PhD 
John Sullivan 

University of Texas Medical Branch 

Terry Kavanaugh, PhD University of Washington 
Affiliate Member 

Lias Mckenzie, PhD, MPH University of Colorado School of Public Health 
Ex-Offico Members 

Leslie Reinlib, PhD Program Director, NIEHS 
Liam O’Fallon, MA Program Analyst, NIEHS 
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CEMVN-OD-SE 
 

August 19, 2014 
Memorandum for Record 
  
1.  Subject:   Geological Review (GR) findings for the Helis Oil &Gas Company 
(Helis) application Corps file # MVN-2013-02952-ETT currently under review. 

 
2.  Proposed Site Location:  North of Interstate-12, east of LA Highway 1088, 
abutting the west side of Log Cabin Road, at Latitude: 30.38806, Longitude -
89.97917, in St. Tammany Parish, Louisiana. 
 

3.  Authority:  Section 404 of the Clean Water Act (33 U.S.C. 1344). 
 
4.  Basic Project Purpose:  Subsurface hydraulic fracturing of the Tuscaloosa 
Shale Play for exploration and future development of oil and gas.  
 
5.  Public Notice (PN):  A PN was issued on April 14, 2014, with two subsequent 
time extensions to the comment period. Comment period ended June 16, 2014. 
 
6.  PN Description of Work:  Clear, grade, excavate, and fill to construct a 
10.55 acre drilling well pad to be used for subsurface hydraulic fracturing for the 
exploration and potential future extraction of oil and gas. As proposed the project 
would discharge approximately 28,953 cubic yards of materials into + 9.46 acres 
of wetlands.  The applicant proposes to compensate for unavoidable wetland 
impacts that would result from this proposal by purchasing the appropriate credits 
from a Corps approved mitigation bank. 
 
7.  GR Meeting:  On July 29, 2014, at the request of the Corps of Engineers, 
New Orleans District (CEMVN) the Louisiana Geological Survey’s (LGS) John 
Johnston facilitated a meeting for the purpose of discussing and assessing the 
Helis proposed project site, referenced above, as a viable exploratory and 
production site requiring the +9.46 acres of direct to wetland impacts. In 
attendance were representatives from the Louisiana Department of Wildlife and 
Fisheries (LDWF), Louisiana Department of Environmental Quality (DEQ) and 
US Environmental Protection Agency (EPA via phone) along with representatives 
for Helis and CEMVN.  Mr. Johnston analyzed the data presented by Helis at that 
meeting and determined (with agreement from Helis representatives) that the site 
had no more than a 50% chance of becoming a viable production site.  Based on 
that finding the LGS recommended that Helis submit revised plans for a reduced 
footprint fill pad that would allow Helis to drill an exploratory vertical well for the 
purpose of collecting samples and data for further assessing the viability of the 
site for oil and gas production. The LDWF, DEQ, EPA and CEMVN all agreed 
with the LGS recommendation.  
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CEMVN-OD-SE 
MVN-2013-02952-ETT  2 

 

 

8.  CEMVN 404 Assessment of Current Facts:  CEMVN has determined that in 
light of the expert analysis and recommendation provided by the LGS that 
proceeding with a 404 review of the proposed project as a production site 
requiring +9.46 acres of wetland impacts rather than an exploratory site requiring 
3.2 acres of wetland fill would be speculative and not in accordance with the 404 
(b) (1) Guidelines of the Clean Water ACT. Authorization of the full production fill 
pad would also not comply with the Corps Regulatory Guidance i.e. 33 CFR 
Parts 320-332.  CEMVN determined the project purpose to be “installation of an 
exploratory/vertical well to determine viability of the project site as a gas and oil 
production site”.  

 
Status/Conclusion: In consideration of the GR findings CEMVN requested that 
the applicant submit revised plans for only an exploratory well with a maximum 
3.2 acres of fill for a well pad as recommended by the LGS. To date revised 
plans have not been received by this office. Upon receipt of revised plans 
CEMVN will republish a PN with the revised plans and project purpose. The data 
and samples to be collected with the exploratory well will require a follow up GR 
with LGS, Helis, the other interested agencies and CEMVN in order to proceed 
with analysis of any further wetland impacts beyond the 3.2 acres for the 
exploratory well.  
 
 
 

Prepared by: 
 

 
Robert Tewis 

Biologist/Project Manager 
of MVN-2013-02952-ETT 
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Daniel Henry

From: Jordan, Lisa W <lwjordan@tulane.edu>
Sent: Wednesday, November 19, 2014 4:46 PM
To: LDNR Public Information
Cc: Wick, Caroline J; Marianne Cufone (mcufone@recirculatingfarms.org); Emily Posner

(eposner@recirculatingfarms.org)
Subject: Exhibits M through R to Helis comments
Attachments: Exhibit M.pdf; Exhibit N.pdf; Exhibit O.pdf; Exhibit P.pdf; Exhibit Q.pdf; Exhibit R.pdf

Office of Conservation:
Please receive exhibits M through R of Abita Springs and CCST’s comments.  Thank you.

Lisa Jordan
Deputy Director
Tulane Environmental Law Clinic
6329 Freret Street
New Orleans, LA  70118
Direct:  (504) 314-2481
Office:  (504) 865-5789
Fax:       (504) 862-8721
Email: lwjordan@tulane.edu
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St. Tammany Parish Government 

Pat Brister 
Parish President 

TO: Neil Hall 

INTEROFFICE MEMORANDUM 

Assistant District Att@rney 

FROM: Sidney Fontenot, AIC 
Planning Director 

DATE: May 22, 2014 

Department of Planning 
P. 0. Box 628 

Covington, LA 70434 
Phone: (985) 898-2529 

Fax : (985) 898-3003 
e-mail: planning@stpgov.org 

RE: Zoning of Helis Oil and Gas Site - Proposed Eads Poitevent No.1 Well 

As per your request, I have reviewed the zoning of the property identified as an approximately 10 acre 
proposed drill site by Ellis Oil and Gas Company for the proposed Eads Poitevent No.1 Well, as per 
attached exhibits by Fenstermaker - Sheet 1of4 and 3 of 4 both with a revised date of 3/26/16. 

As demonstrated by the map below, the property is classified A-3 Suburban District. 

If you require any additional assistance, please do not hesitate to ask. 

WRITTEN STATEMENTS (not from Hearing)

lwjordan
Rounded Exhibit Stamp



/XI Wetland =c::J 

NOTE: 
ll1E COllTENTS OF lHESE PlANS ARE 1"1TENOED 
EXCWSIVELY FOR 'THE ~POSE OF OBTAIN&'«J 
ENVIRONMENTAL COMPUANCE PERMITS 

Eads Poitevent No. 1 WeM 
(NAD27) 
X= 2,426,973 
Y= 628,406 
(NAD83) 
LAT. 30"23'17" 
LONG. 89"58'45" 

VICINITY MAP 

HELIS OIL & GAS COMPANY 
PROPOSED DRILLSITE & STRUCTURES 

Eads Poitevent No. 1 Well 
Section 34, T7S-R12E 

St. Tammany Parish, Louisiana 

10~._ - - -J 
- ~-~le: 1"= 1000' 

5QO' 

Lafayette New Orleans Houston DRA\f\/N BY: SC 
135 Regency Sq. Larayel!e, LA 70508 

REVISED: 3/14/2014 

3/2612014 
DATE: 1/1512014 

Ph. 337-237-2200 Fax. 337-232-3299 PROJ. MGR.: RLL SHEET 1 OF 4 SHEETS 
www. fe n s te rm a k e r . com l--------"----------L...-----------11 

FILENAME: T:201J\21309801DWG\HELIS OIL & GAS_COE PLANS.dwg 

WRITTEN STATEMENTS (not from Hearing)



Wetland= CJ 

NOTE: 
THE CONTl!NTS OF THESE Pl.ANS ARE INTEHOED 
EXCl.IJSIVELY FOR THE ~lMl'OSE OF OBTAINING 
ENlllRONMENTAl COMFllANCE PERMITS 

PLAN VIEW 

HELIS OIL & GAS COMPANY 
PROPOSED DRILLSITE & STRUCTURES 

Eads Poitevent No. 1 Well 
Section 34, T7S-R12E 

St Tammany Parish, Louisiana 

2~ - ~- -J 1QO' 

- ~-s:1e: 1· = 200' 

DRAWNBY: SC REVISED: 3/14/2014 

-------~3/26/2014 
DATE: 1/15/2014 

200' 
I 

Lafayette New Orleans Houston 
135 Ragency Sq. L.afayetts, LA 70508 
Ph. 337-237-2200 Fax. 337-232-3299 
www.fenstermaker.com 

PROJ. MGR~ RlL SHEET 3 OF 4 SHEETS 

I FILENAME: T:2013\2130980\DWG\HEL!S OIL & GAS_COE PLANS.dWg 

WRITTEN STATEMENTS (not from Hearing)



NOTC: 

Eads Poltevent No. 1 Well 
(NAD27) 
X= 2,426,973 
Y= 628,406 
(NAD83) 
LAT. 30' 23'17" 
LONG. 89°58'45' 

Wetland= C=1 

THE CONTENTS OF THESE Pl.ANS l\RE INTENDED 
EXCLUSl\/tLY FOR THE PUill'OSE OF OBTl\INING 
EIWIRONMENT AL COMPLlllNCE PERMITS 

PLAN VIEW 

HELIS OIL & GAS COMPANY 
PROPOSED DRILLSITE & STRUCTURES 

Eads Poitevent No. 1 Well 
Section 34, T7S-R12E 

St. Tammany Parish, Louisiana 

2~ -~- -J 1QO' 
~~-s:1e: 1" = 200' 

DRAWNBY: SC 
REVISED: 3114/2014 

t----------13/26/2014 
DATE: 1115/2014 

200' 
I 

Lafayette New Orleans Houston 
135 Regency Sq. Latilyelte, LA 70508 
Ph. 337-237-2200 Fax. 337-232-3299 
www. fen ate rmaker.com 

PROJ. MGR.: RLL SHEET 3 OF 4 SHEETS 

FILENAME: T:2013\2130980\DWG\HELIS OIL & GAS_COE PL.ANS.dwg 

WRITTEN STATEMENTS (not from Hearing)



Section 5.08 A-3(D) Suburban District - Density (amended 12/03/09 OCS#09-2169)  

 

5.0801 Purpose 

 

The A-3(D) Suburban District is intended to provide a single-family residential 

environment on moderate sized lots which are served by central utility systems and other 

urban services. The A-3(D) District is located in areas appropriate for urbanized single 

family development in areas convenient to commercial and employment centers.  To 

protect the intention of the District, permitted activities are limited to single-family 

dwellings and utility uses.  All strictly commercial uses are prohibited in the A-3(D) 

District. Planned Unit Development Overlays may be used in the A-3(D) Suburban 

District. 

 

5.0802 Permitted Uses 

 

Only the following permitted uses shall be allowed in the A-3(D) Suburban District and 

no structure or land shall be devoted to any other use other than a use permitted 

hereunder with the exception of uses lawfully established prior to the effective date of 

this ordinance or accessory uses in compliance with the provisions of this section. 

 

A. Residential Uses 

1. One Single Family Dwelling 

 

B. Accessory Uses 

1. Private Garages and Accessory Structures 

2. Garage Apartment or Guest House under 1000 square feet of habitable 

floor space when the subject lot, parcel or tract is no less than one acre in 

area. 

 

C. Miscellaneous Uses 

1. Community Central Water Treatment, Well, and Storage Facilities 

2. Household Agriculture 

 

D. Similar & Compatible Uses 

 Other uses which are similar and compatible with the allowed uses of the A 4 

Single-Family Residential District as determined by the Director of Planning 

acting in the capacity of Zoning Administrator. 

 

5.0803 ADMINISTRATIVE PERMITS 

 

The purpose of an Administrative Permit is to provide for a Staff review of certain uses 

The following uses  are prohibited unless application for the use has been processed by 

the Department of Planning and are in conformance with the minimum standards for that 

use as outlined in Section 8.01 - Minimum Standards: 

 

A. Home Office provided the area for the use does not exceed 600 sq. ft. and the 

proposal is in accordance with Section 8.01 Minimum Standards. 

 

B. Roadside Stands under 200 square feet adjacent to an existing agricultural use. 

 

C. On Site Real Estate Sales Offices under 600 square feet. 

WRITTEN STATEMENTS (not from Hearing)

lwjordan
Rounded Exhibit Stamp



D. Subdivision Entrance Signs may be reviewed for appropriate location, size and 

construction methods. 

 

E. Fairs, festivals and assemblies associated with churches, schools public lands or 

non-profit organizations. 

1. Fairs, festivals and assemblies are limited to a maximum three days 

period annually 

2. Total building area is limited to 5,000 square feet. 

3. No more than 200 vehicle trips per day are permitted. 

 

F. Signs (Section 7.02 applies) 

 

G. Private Cultural and Recreational Uses Associated with Subdivisions: 

1. Parks 

2. Botanical Gardens 

3. Playgrounds 

4. Nature Preserves and Sanctuaries 

5. Stables 

6. Tennis Courts 

7. Swimming Pools 

8. Golf Courses and Related Uses 

 

H. Agricultural and decorative ponds utilized exclusively by the resident and in 

which neither the excavated material is removed from the site nor commercial 

excavation occurs. 

 

I. Agricultural Uses when subject property is located within a Rural Overlay 

District or located north of the Urban Growth Boundary. (amended 03/07/13 ZC13-01-002 

OCS#13-2910) 
1. Agricultural Buildings and Structures 

2. Cultivation of Garden Crops  

3. Farms 

4. Wholesale Greenhouses and Nurseries 

5. Roadside Farm Stands over 200 square feet adjacent to an existing 

agricultural use 

 

J. Community Homes for handicapped persons as defined in L.R.S. 28:477. 

 

K. Public Utility Surface Structures 

1. Electrical Substations 

2. Telephone Relay Facilities 

3. Utility Substations 

4. Waste-Water Treatment Facilities 

5. Utility Distribution Systems 

6. Storm water Pumping Stations 

7. Potable Water Pumping Stations 

 

L. Temporary Plants and related Construction Facilities for a single development  

 

M. Day Care Home (amended 12/03/09 OCS#09-2169) 
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N. Other administrative uses which are similar and compatible with the permitted 

uses of this District as determined by the Director of Planning acting in the 

capacity of Zoning Administrator.  

 

5.0804 Site and Structure Provisions 

 

A.  Maximum Density/Minimum Lot Area  

1. Residential Uses – The maximum net density permitted on shall be two 

(2) units per acre. 

2. Non-Residential Uses - The lot area of each zoning lot shall not be less 

than forty thousand (40,000) square feet, except that public utility 

facilities may be located on lots of lesser area with administrative 

approval.  

 

B. Minimum Area Regulations 

1. Minimum Lot Width - The width of each zoning lot shall not be less than 

one hundred (100) feet.  There shall be no minimum lot width in the A-

3(D) District if the standards of the Planned Unit Development Overlay 

are met. 

2. Front Yard - Front building lines shall conform to the average building 

lines established in a developed block, in all cases, this front building 

line shall be set back a minimum of thirty (30) feet from the front 

property Line.  

3. Side Yard - There shall be two (2) side yards, one on each side of the 

building, having a minimum width of ten (10) feet each, plus one (1) 

additional foot for each one (1) foot in building height over twenty (20) 

feet above Base Flood Elevation.   

4. Rear Yard - There shall be a rear yard having a depth of not less than 

twenty five (25) feet, plus one (1) additional foot for every one (1) foot 

in building height over twenty (20) feet above Base Flood Elevation.  

 

C. Maximum Lot Coverage 

1. Residential Uses - The lot coverage of all principal and accessory 

buildings on a zoning lot shall not exceed fifty (50) percent of the total 

area of the lot.  For Single Family Cluster Developments, (Zero Lot 

Line), the lot coverage of all principal and accessory buildings on a 

zoning lot shall not exceed seventy (70) percent of the total area of the 

lot.  

2. Non-Residential Uses - The Lot coverage of all principal and accessory 

buildings on a zoning lot shall not exceed forty (40) percent of the total 

area of the lot.  

 

D.  Height Regulations 

1. No building or dwelling for residential or business purposes shall exceed 

thirty-five (35) feet in height above the natural grade of the property at 

the location of the structure or base flood elevation as established in 

Flood Ordinance 791, which every is higher.  

 

E. Off-Street Parking and Loading Requirements 

 Off-street parking and loading shall be provided as put forth in Section 7.07. 
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5.0805 District Standards  

 

All uses of land and structures in the A-3(D) Suburban District area subject to the general 

standards and regulations of this ordinance.  In addition, all uses located in the A-3(D) 

District shall be subject to the following standards: 

 

A. Environmental Quality 

1. Flood Zones - Construction of any structures or alteration of land which 

occurs in the 100-year flood zone as established by the Federal 

Emergency Management Agency shall require approval from the Parish 

Engineer prior to issuance of a building permit. 

2. Tree Preservation, Landscaping and Screening shall be subject to the 

provisions of Section 7.01. 

 

B. Signs, Lighting and Landscaping     

1. Landscaping shall be subject to the provisions of Section 7.01 

2. Signs shall be subject to the provisions of Section 7.02. 

3. Lighting shall be subject to the provisions of Section 7.03. 

 

C.  Utilities 

1. Water and Sewer - Residential and Non-Residential Uses - Central water 

and sewerage facilities shall be provided where applicable as per St. 

Tammany Subdivision Regulations Ordinance No. 499.  

 

5.0806 Fee Schedules 

 

Fees for site plan review shall be as required by the St. Tammany Parish Code of Ordinances 

Section 2-009.00, Parish Fees and Service Charges 
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                                   ST.       TAMMANY      PARISH    COUNCIL 

                                                ORDINANCE 

ORDINANCE    CALENDAR    NO.    3232    As    Amended      ORDINANCE    COUNCIL    SERIES    NO.      06-1270 
COUNCIL         SPONSOR     MR.     GOULD               PROVIDED       BY       LEGAL         COUNSEL

INTRODUCED    BY            MR    GOULD                 SECONDED    BY              MR.  BAGERT

ON    THE    2ND    DAY    OF    FEBRUARY 2006 

        ORDINANCE     ADOPTING     THE     FOUR     (4)     COMPLETED     ELEMENTS,     TO     DATE, OF 
        THE      PROPOSED      NEW      DIRECTIONS      2025       COMPREHENSIVE      PLAN      FOR ST. 
        TAMMANY      PARISH,      LOUISIANA,       WHICH       WERE      PREVIOUSLY      ADOPTED     BY 
        SEPARATE      RESOLUTIONS,      TO      BE      MADE      A      PART      OF      THE EXISTING 
        COMPREHENSIVE     PLAN      OF      ST.      TAMMANY      PARISH,  LOUISIANA. 

        WHEREAS,  by  ordinance  made  effective  on  January  1,  1972,  and in accordance with state law, the 
St.  Tammany  Parish  Police  Jury,  after  receiving  the  report  and  recommendations  of the Parish Planning 
Commission,  adopted  a  Comprehensive  Plan,  referred  to  as  "St.  Tammany  Parish  Land  Use Ordinance No. 
523,"  and  specifically  Section  12,  which  has  been  amended many times over the years and continues to be 
part  of  the  overall  comprehensive  plan  of St. Tammany Parish, Louisiana; and 

        WHEREAS,  in  the  year  1999  the  St.  Tammany  Parish  Police  Jury initiated preparation of the New 
Directions  2025  Comprehensive  Plan  to be utilized as a guide for the future development of the Parish in an 
orderly,  sustainable  manner; and 

        WHEREAS,  the  work  program  envisioned  that  ten  (  ] 0) elements would comprise the New Directions 
2025   Comprehensive   Plan;  and 

        WHEREAS,  St.  Tammany  Parish,  by  separate  resolutions  ofthe  Planning  Commission, and the Police 
Jury  or  Parish  Council,  has  adopted  the  following  elements  and  small  area  plans  of me proposed New 
Directions  2025  Comprehensive  Plan  for  St.  Tammany  Parish:  (1)  Resolution  P.J.S. No. 99-9447, adopted 
December   8,1999,   ApprovingtheNewDirections   2025-Vision   Element,   and   Parish   Council Resolution No. 
C-005,  ratifying  resolution  P.J.S.  No.  99-9447;  (2) Resolution C-0973, adopted December4, 2003, approving 
the  New  Directions  2025  -  Land  Use  Element  -  Phase  1;  (3)  Resolution C-1084, adopted April 1, 2004, 
approving  the  New  Directions  2025   Strategic  Plan  for  Economic  Development  Element; (4) Resolution C- 
1241,  adopted  September  2,  2004,  approving  the  New  Directions  2025  Critical and Sensitive Ele enq (5) 
Resolution   C-1299,   adopted   December   2,   2004,   approving   the   New  Directions 2025 Special Area and 
Corridor  Plan  for  the  FremauxfU.S.  190B  Corridor;  (6) Resolution C-1441, adopted July 7, 2005, approving 
the  New  Directions  2025  La.  21  Corridor  and  South  HalfofWord I Small Area Plan; (7) Resolution C-1486, 
adopted  August  4,  2005,  approving  the  New  Directions  2025 Small Area and Corridor Plan for the Northern 
Half  of  Ward 1; and 

        WHEREAS,   in   conjunction  with   the  ND   2025   Land   Use Element, the ND 2025 Steering Committee 
created  theND  2025  Future  Land  Use Map(s). The map(s) depicts generalized areas designated for future land 
uses,   by   broad   category.   Neither  the  Map   nor  the  NO   2025 Land Use Element document constitutes a 
"zoning"  map  or  policy, nor do they indicate - except broadly- levels of intensity of use. Efforts that will 
follow  adoption  by  the  Parish  Council  of  the  ND  2025  Land  Use Plan and Policy Statement will develop 
detailed zoning and other parish policies (such as, capital improvement, incentives, and regulatory) that will, 
in  effect,"implement"the  plan.  The  statements  contained  in  the ND 2025 Land Use Policy and Principles we 
intended  to  ensure  consistency  with  the  Plan  in  zoning  and  other  related  ordinances to be developed 
subsequently.  Such  ordinances  will  effectively"implement"the  Plan,  but the statement should be considered 
as an interim guide for residents, property owners, developers, parish officials and other public agencies; and 

        WHEREAS,  Louisiana  State  Law  defines  a  "Master  Plan"  or  "Comprehensive  Platt"  as a statement 
of  public  policy  for  the physical development of a parish or municipality adopted by the parish or municipal 
planning  commissions,  which  plan  or  plans  are  for the general purpose of guiding mid accomplishing a co- 
ordinated,  adjusted,  and  harmonious  development  of  the parish or municipality, as the case may be; and 
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REGION6 

IN THE MA ITER OF 

Helis Oil & Gas Company, LLC 
Willow Cove Facility 

CWA SECTION 311 CLASS I 
CONSENT AGREEMENT 
AND FINAL ORDER 

St. Martin Parish, LA UNDER 40 CFR § 22.13(b) 

Respondent Docket No. CW A-06-2013-4815 

LEGAL AUTHORITY 

1. This Consent Agreement is proposed and entered into under the authority vested in the 

Administrator of the U.S. Environmental Protection Agency ("EPA") by Section 311 (b)( 6)(B)(i) 

of the Clean Water Act ("Act"), 33 U.S.C. § l32l(b)(6)(B)(i), as amended by the Oil Pollution 

Act of 1990, and under the authority provided by 40 CFR §§ 22.13(b) and 22.18(b)(2). The 

Administrator has delegated these authorities to the Regional Administrator of EPA, Region 6, 

who has in turn delegated them to the Director of the Superfund Division of EPA, Region 6, who 

has, by his concurrence, re-delegated the authority to act as Complainant to the Associate 

Director Prevention and Response Branch in Region 6, Delegation No. R6-2-51, dated February 

13, 2008 ("Complainant"). 

CONSENT AGREEMENT 

Stipulations 

The parties, in their own capacity or by their attorneys or other authorized 

representatives, hereby stipulate: 

Docket No. CWA-06-2013-4815 
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2. Section 311G)(1)(C) of the Act, 33 USC§ 1321(j)(1)(C), provides that the President 

shall issue regulations "establishing procedures, methods, and equipment and other requirements 

for equipment to prevent discharges of oil from onshore or offshore vessels and from onshore or 

offshore facilities, and to contain such discharges." 

3. Initially by Executive Order 11548 (July 20, 1970), 35 Fed. Reg. 11677 (July 22, · 

1970), and most recently by Section 2(b)(l) of Executive Order 12777 (October 18, 1991), 56 

Fed. Reg. 54757 (October 22, 1991 ), the President delegated to EPA his Section 311(j)(l)(C) 

authority to issue the regulations referenced in the preceding Paragraph for non-transportation­

related onshore and offshore facilities. 

4. Through Executive Order 12777 (October 18, 1991), 56 Fed. Reg. 54757 (October 22, 

1991), the President delegated to DOl, responsibility for spill prevention and control, 

contingency planning, and equipment inspection activities associated with offshore facilities. 

Subsequently, pursuant to section 2(i) ofE.O. 12777, the Secretary of the Interior re-delegated, 

and the Administrator of EPA agreed to assume (MOU published as Appendix B to 40 CFR Part 

112), responsibility for non-transportation-related offshore facilities located landward of the 

coast line. 

5. EPA promulgated the Spill Prevention Control & Countermeasure (SPCC) regulations 

pursuant to delegated statutory authorities, and pursuant to its authorities under the Clean Water 

Act, 33 USC§ 1251 et seq., which established certain procedures, methods and other 

requirements upon each owner and operator of a non-transportation-related onshore or off-shore 

facility, if such facility, due to its location, could reasonably be expected to discharge oil into or 

upon the navigable waters of the United States and their adjoining shorelines in such quantity as 

Docket No. CWA-06-2013-4815 
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EPA has determined in 40 CFR § 110.3 may be harmful to the public health or welfare or the 

environment of the United States ("harmful quantity"). 

6. In promulgating 40 CFR § 11 0.3, which implements Section 311 (b)( 4) of the Act, 33 

USC§ 1321(b)(4), EPA has determined that discharges of harmful quantities include oil 

discharges that cause either (1) a violation of applicable water quality standards or (2) a film, 

sheen upon, or discoloration of the surface of the water or adjoining shorelines, or (3) a sludge or 

emulsion to be deposited beneath the surface of the water or upon adjoining shorelines. 

7. Respondent is a firm conducting business in the State of Louisiana, with a place of 

business located at 228 St. Charles Ave. Suite 912 and is a person within the meaning of 

Sections 311(a)(7) and 502(5) of the Act, 33 U.S.C. §§ 132l(a)(7) and 1362(5), and 40 CFR § 

112.2. 

8. Respondent is the owner within the meaning of Section 311(a)(6) of the Act, 33 USC 

§ 1321(a)(6), and 40 CFR § 112.2 of an oil production facility, Willow Cove, located in St. 

Martin Parish, Louisiana ("the facility"). The approximate coordinates of the facility are 

29.8830° Nand -91.3011 oW. Drainage from the facility travels to an unnamed canal; thence, 

the Atchafalaya River; thence the Gulf of Mexico. 

9. The facility has an aggregate above-ground storage capacity greater than 1320 gallons 

of oil in containers each with a shell capacity of at least 55 gallons. Facility capacity is 

approximately 823,643 gallons. 

10. The Atchafalaya River and the Gulf of Mexico are navigable waters ofthe United 

States within the meaning of 40 CPR§ 112.2. 

11. Respondent is engaged in drilling, producing, gathering, storing, processing, refining, 
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transferring, distributing, using or consuming oil or oil products located at the facility. 

12. The facility is a non-transportation-related facility within the meaning of 40 CFR § 

112.2 Appendix A, as incorporated by reference within 40 CFR § 112.2. 

13. The fucility is an offshore facility within the meaning of Section 3ll(a)(l0) of the 

Act, 33 USC§ 1321(a)(11), 40 CFR § 112.2, and 40 CFR § 112 Appendix B. 

14. The facility is therefore a non-transportation-related offshore facility which, due to 

its location, could reasonably be expected to discharge oil to a navigable water of the United 

States or its adjoining shorelines in a harmful quantity ("an SPCC-regulated facility"). 

15. Pursuant to Section 311Q)(1)(C) of the Act, E.O. 12777, and 40 CFR § 112.1 

Respondent, as the owner of an SPCC-regulated facility, is subject to the SPCC regulations. 

16. The facility began operating on or prior to November 10, 2011. 

Allegations 

17. 40 CFR § 112.3 requires that the owner or operator of an SPCC-regulated facility 

must prepare a SPCC plan in writing, and implement that plan in accordance with 40 CFR § 

112.7 and any other applicable section of 40 CFR Part 112. 

18. On February 27, 2013 EPA inspected the facility and found that Respondent had 

failed to fully implement its SPCC plan for the facility. Respondent failed to fully implement 

such an SPCC plan for the facility as follows: 

a. Facility failed to conduct inspections and tests in accordance with written 
procedure, failed to keep written records and tests signed by the 
appropriate supervisor or inspector and failed to keep them with the SPCC 
Plan for a period of three years. Specifically the facility tank inspection 
forms are not for individual tanks, the inspection forms are generic with 
missing required information and the facility is not inspecting the 
interstitial space in accordance with 40 CFR § 112.7(e). 
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b. Facility failed to designate a person as accountable for discharge 
prevention at the facility that reports to facility management in accordance 
with 40 CFR § 112.7(f)(2). 

c. Facility failed to provide a discussion on brittle fracture evaluation of 
field-constructed aboveground containers conducted after tank repair, 
alterations, reconstruction, or change in service that might affect the risk 
of a discharge in accordance with 40 CFR § 112.7(i). 

d. Facility failed to discuss in plan the handling of dump vales that are apart 
of separators and treaters to equip facility to prevent discharge of oil in 
accordance with 40 CFR § 112.11(d) 

e. Facility failed to discuss in plan suitable corrosion protection for 
containers. Specifically, the plan only discusses corrosion protection for 
piping and not the containers in accordance with 40 CPR § 112.11 (g). 

f. Facility failed to discuss in plan and to conduct testing and inspection of 
pollution prevention equipment and systems conducted on a scheduled 
periodic basis commensurate with the complexity, conditions, and 
circumstances of the facility and any other applicable regulations. 
Additionally, the facility failed to discuss in plan and conduct simulated 
discharges used for testing and inspecting human and equipment pollution 
control and countermeasure systems. Specifically, the facility failed to 
discuss the testing of the sump system and the facility failed to keep 
records on testing in accordance with 40 CFR § 112.ll(i). 

g. Facility failed to discuss in plan how records are maintained regarding the 
method of activation or control, such as pressure differential, change in 
fluid or flow conditions, combination of pressure and flow or manual or 
remote control mechanisms. The facility failed to discuss in plan how 
records are maintained for the pressure safety valve (PSV) test in 
accordance with 40 CPR § 112.11G). 

h. Facility failed to discuss in plan blowout prevention assembly and well 
control system installation before drilling below casing string and during 
work over operations, and failed to discuss if blowout prevention assembly 
and well control system was capable of controlling any well-head pressure 
that maybe encountered while on the well in accordance with 40 CFR § 
112.ll(k). 

i. Facility failed to discuss in plan adequate protection of sub-marine piping 
against environmental stresses. Specifically, the plan failed to discuss 
how submerged piping and appurtenances are protected in accordance 
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with 40 CFR § 112.1 I ( o ). 

j. Facility failed to discuss in plan and failed to conduct periodic inspections 
or tests, at a regular schedule on sub-marine piping and appurtenances for 
failure prevention and failed to maintain records of inspections or tests in 
accordance with 40 CFR § 1!2.11(p). 

19. Respondent's failure to fully implement its SPCC plan for the facility violated 40 

CFR § 112.3, and impacted its ability to prevent an oil spill. 

Waiver of Rights 

20. Respondent admits the jurisdictional allegations set forth above and neither admits 

nor denies the other specific violations alleged above. Respondent waives the right to a hearing 

under Section 31l(b)(6)(B)(i) of the Act, 33 U.S.C. § 132l(b)(6)(B)(i), and to appeal any Final 

Order in this matter under Section 3ll(b)(6)(G)(i) of the Act, 33 U.S.C. §!321(b)(6)(G)(i), and 

consents to the issuance of a Final Order without further adjudication. 

Penal tv 

21. The Complainant proposes, and Respondent consents to, the assessment of a civil 

penalty of $12,100.00. 

Payment Terms 

Based on the forgoing, the parties, in their own capacity or by their attorneys or 

authorized representatives, hereby agree that: 

21. Within thirty (30) days of the effective date ofthe Final Order, the Respondent shall 

pay the amount of $12,100.00 by means of a cashier's or certified check, or by electronic funds 

transfer (EFT). The Respondent shall submit this Consent Agreement and Final Order, with 

original signature, along with documentation of the penalty payment to: 
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OP A Enforcement Coordinator 
U. S. Environmental Protection Agency 

Region 6 (6SF-PC) 
1445 Ross Avenue 

Dallas, Texas 75202-2733 

- If you are paying by check, pay the check to "Environmental Protection Agency," 

noting on the check "OSTLF-311" and docket number CW A-06-2013-4815. If you use the 

U.S. Postal Service, address the payment to: 

U.S. Environmental Protection Agency, Fines & Penalties 
P.O. Box 979077, St. Louis, MO 63197-9000 

- If you use a private delivery service, address the payment to: 

U.S. Bank 
1005 Convention Plaza, Mail Station SL-MO-C2GL 

St. Louis, MO 63101 

- The Respondent shall submit copies of the check (or, in the case of an EFT transfer, 

copies of the EFT confirmation) to the following person: 

Lorena Vaughn 
Regional Hearing Clerk (6RC) 

U.S. Environmental Protection Agency 
Region 6 

1445 Ross Avenue 
Dallas, TX 75202-2733 

22. Failure by the Respondent to pay the penalty assessed by the Final Order in full by 

its due date may subject Respondent to a civil action to collect the assessed penalty, plus interest, 

attorney's fees, costs and an additional quarterly nonpayment penalty pursuant to Section 

31!(b)(6)(H) of the Act, 33 USC §1321(b)(6)(H). In any such collection action, the validity, 

amount and appropriateness of the penalty agreed to herein shall not be subject to review. 
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General Provisions 

23. The Final Order shall be binding upon Respondent and Respondent's officers, 

directors, agents, servants, employees, and successors or assigns. 

24. The Final Order does not constitute a waiver, suspension or modification of the 

requirements of Section 311 of the Act, 33 USC §1321, or any regulations promulgated 

thereunder, and does not affect the right of the Administrator or the United States to pursue any 

applicable injunctive or other equitable relief or criminal sanctions for any violation oflaw. 

Payment of the penalty pursuant to this Consent Agreement resolves only Respondent's liability 

for federal civil penalties for the violations and facts stipulated to and alleged herein. 

Helis Oil & Gas Company, LLC 

U.S. ENVIRONMENTAL PROTECTION AGE 

Date: '/} 10/cX0/5 aganR. Boyles 

Associate Director 
Prevention & Response Branch 
Superfund Division 
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FINAL ORDER 

Pursuant to Section 3ll(b)(6) of the Act, 33 USC § l32l(b)(6) and the delegated authority 

of the undersigned, and in accordance with the "Consolidated Rules of Practice Governing the 

Administrative Assessment of Civil Penalties, Issuance of Compliance or Corrective Action 

Orders, and the Revocation, Termination or Suspension of Permits," codified at 40 CFR Part 22, 

the forgoing Consent Agreement is hereby approved and incorporated by reference into this 

Final Order, and the Stipulations by the parties and Allegations by the Complainant are adopted 

as Findings in this Final Order. 

The Respondent is ordered to comply with the terms of the Consent Agreement. 

Date: --'---2,1--'--/ I o--/--/.1-="-IJ_ ·~IJ..rir., 
Carl Edlund, PJf." ~Q 
Director 
Superfund Division 

Docket No. CWA-06-2013-4815 
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CERTIFICATE OF SERVICE 

I certify that the original and one copy of the foregoing "Consent Agreement and 
Final Order," issued pursuant to 40 C.F.R. 22.13(b), was filed on 7- I o , 2013, with 
the Regional Hearing Clerk, U.S. EPA Region 6, 1445 Ross Avenue, Dallas, TX 75202-
2733; and that on the same date a copy of the same was sent to the following, in the 
manner specified below: 

NAME: Daniel McKnight 
ADDRESS: 228 St Charle Ave, Suite 912 

New Orleans, LA 70130 

~~';)\~ 
Frankie Markham 
OPA Enforcement Administrative Assistant 
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