
December 27, 2023 

Stephen H. Lee, Director 
Louisiana Department of Natural Resources 
Injection and Mining Division 
617 N. 3rd Street 
Baton Rouge, Louisiana 70802 

Re:  Third Response to 3rd Supplement to Compliance Order No. IMD 2022-027 
Westlake US 2, LLC – Well 6X (SN 57788) & Well 7B (SN 67270) 

Dear Mr. Lee, 

This response letter is submitted on behalf of Westlake US 2, LLC (“Westlake”) who 
received the 3rd Supplement to Compliance Order No. IMD 2022-027 on October 25, 2023. 
The order listed certain findings of fact, and orders requiring responses at various due dates. 

• The First Response was submitted on November 27, 2023.
• The Second Response was submitted on December 1, 2023.
• This is the Third Response to satisfy certain Orders as presented below.
• Additional Reponses will be submitted at later dates.

Orders & Responses: 
3. Westlake must as soon as possible, but in no event later than thirty (30) days

after receipt of this Supplement, submit all of the following to IMD:
a. An identification of the potential path(s) of migration for liquids

from within Cavern 6 and 7 to the outside of the salt stock;
Westlake Response: 

Westlake submitted an official response to this Order on December 1, 2023. 

e. A plan to install tiltmeters on all accessible Westlake cavern
wellheads by the end of the calendar year 2023, including
specifications of the tiltmeters used and a data reporting schedule;

Westlake Response: 
See Attachment A. 

5. Westlake must as soon as possible, but in no event later than sixty (60) days
after receipt of this Supplement, submit all of the following to IMD:

a. An assessment for the use of an alternate source of freshwater,
such as surface water, in lieu of withdrawing from the Chicot



 

Aquifer for Westlake’s operations at its Sulphur Mines Salt Dome 
cavern facility -  

Westlake Response: 
See Attachment B. 

 
b. A plan for back-filling for cavern stability. 

Westlake Response: 
See Attachment C. 

 
6. Westlake must as soon as possible, but in no event later than ninety (90) days 

after receipt of this Supplement: 
a. Install artificial reflectors in areas of poor satellite point coverage 

within the boundary of the InSAR survey area; and 
Westlake Response: 

See Attachment D. 
 
Note that the anticipated timeline for procuring and installing the corner 
reflectors has a completion date of January 25, 2024.  Westlake has already 
committed to the long lead materials order to meet the proposed quantity.  If 
Westlake receives IMD approval for the planned reflector locations (Attachment 
D) by January 3, 2024 then the estimated install completion date of January 25, 
2024 can be met.  If the IMD Orders and provides justification for a quantity of 
corner reflectors in addition to what is proposed in the plan, then Westlake will 
need to provide an updated estimate for the install completion date of the 
additional reflectors. 
 
TRE Altamira provided guidance on the requirements for selecting CR locations 
and has reviewed and verified their agreement with the proposed plan. Reflectors 
were also positioned to support monitoring of the monument locations that were 
utilized in past annual level surveys. The frequency of data collection and 
reporting currently employed for the SNT and TSX/PAZ satellite sources will be 
used for monitoring of the reflector array. Note that the first report for these new 
InSAR datasets will not be available until mid-May 2024 due to the time and 
image count required for initial amplitude analysis and development of a suitable 
image stack for processing. This timing estimate applies to the higher frequency 
TSX/PAZ data collection. A longer timeline may be required for initial delivery 
of SNT reflector data. 

 
 
 
 
 
 



If there are any questions, please contact Josh Bradley (Westlake US 2, LLC), Coleman 
Hale (Lonquist Field Service, LLC), Ben Bergman P.E. (Lonquist Field Service, LLC) and 
Troy Charpentier (Kean Miller LLP). 

Sincerely, 

R. Coleman Hale 
Vice President 
Lonquist & Co., LLC 

Certified By: 
Lonquist Field Service, LLC 
Louisiana Registration No. EF-5853 

Ben H. Bergman, P.E. 
Senior Engineer 
Louisiana License No. 40184 

Date Signed: December 27th, 2023 
Houston, Texas 

Attachment List 
A. Tiltmeter & Differential GPS Plan 
B. Alternate Source of Water Plan 
C. Backfilling Feasibility Report 
D. Proposed New InSAR Reflectors Map 

12/27/2023

12/27/2023



 

 
 
 

ATTACHMENT A 
 

Tiltmeter & Differential GPS Plan 
  



Plan to monitor ground deformation  
at Sulphur Mines Salt Dome: 

Precision Tiltmeter and Differential GPS Arrays 

(LDNR Compliance Order No. IMD 2022-027) 

Dr. Sergey Samsonov, InSAR Corporation 
Julie Shemeta, MEQ Geo Inc.  

December 22, 2023 

Date Signed: December 22, 2023 
Austin, Texas

Nathaniel L. Byars, P.E. 
Principal Engineer
Louisiana License No. 40697 



Introduc�on 

An integrated surface deforma�on monitoring plan has been designed for Sulphur Mines salt dome. The 
plan combines InSAR monitoring, precision �ltmeter, and Differen�al GPS arrays. The design of the 
�ltmeter and Differen�al GPS arrays was based on a theore�cal model of deforma�on at Sulphur Mines.  

Modeling Deforma�on at Sulphur Mines. The Mogi point source model was used to create a forward 
deforma�on model for the Sulphur Mines dome (Mogi, 1958; Tiampo et al., 2000; Lisowski and Dzurisin, 
2006). This model measures the immediate response of an elas�c medium to a change in pressure or 
volume of a cavity. Elas�c models were successfully used to describe ground deforma�on prior to sinkhole 
forma�on (Atzori et al., 2015). This type of model provides the largest possible extent of the area that can 
be affected by the processes in a deep cavity and predicts where the greatest horizontal deforma�on is 
likely to occur. 

The modeling results are shown in Figure 1-4, which display the expected surface deforma�on caused by 
pressure or volume change in the source. The point source of the deforma�on was modeled at a depth of 
3000 � (h), a depth near the thinnest edge of salt for Cavern 7 to the flank, and a volume change (ΔV) of 
630,000 BBL was used as a star�ng point for the model. The volume change was chosen to provide a 
measurable displacement of at least 10 mm. A key point of this model is the shape of the ground 
deforma�on does not depend on the amount of volume change but only on the source depth. The 
magnitude of the surface deforma�on at the surface changes with volume. The deforma�on surface 
patern depends on the depth of the source. 

The equa�ons used for the model are: 
 

 
 

where Ux,y,z are the displacements in the x, y, or z directions, x and y are the distance in the x (east-west) 
and y (north-south) directions from the center of the sphere along the surface of the earth, h is the depth 
of the source from the surface, R=sqrt(x2+y2+h2), V is the amount of volume change. 
 
The modeling results are shown below, the vertical deformation in Figure 1 and the horizontal 
(Uh=sqrt(Ux2+Uy2)) in Figure 2. The maximum deformation is a downward vertical motion with ~28 mm 
deformation centered on Cavern 7 (Figure 1). The deformation pattern extends outward in a radius 
greater than 6500 ft from Cavern 7. The modeled maximum horizontal deformation of about 10 mm is 
at 0.7h=2100 ft distance from Cavern 7. The east-west and north-south modeled horizontal deformation 
are shown in Figures 3 and 4. The magnitude of the deformation will vary with the volume of the cavern 
that might be affected. The deformation pattern spatially depends on the depth of the deformation. If the 
deformation occurs at a shallower depth, the deformation pattern will retract towards the cavern. 
 
These Mogi model results form the basis for the tiltmeter and Differential GPS array designs. The sensors 
are placed in positions to optimally capture the expected deformation patterns due to processes in Cavern 



7. GPS sensors measure horizontal deformation with higher precision than vertical deformation. 
Therefore, we propose one GPS sensor right above Cavern 7, where vertical deformation is expected to 
be the largest, and four other GPS sensors in the northwest, northeast, southeast, and southwest corners 
at 0.7h distance from Cavern 7, where the model has predicted horizontal deformation to be the largest. 
The model is designed to estimate the largest possible areal extent of surface deformation. Therefore, 
tiltmeter sensors are also proposed in a greater density throughout this region to facilitate monitoring 
and definition of less extensive ground deformation patterns. 
 

 

Figure 1. Colored and contoured map of the modeled vertical deformation pattern resulting from a point source at 3000 ft depth 
at Cavern 7 as described in text. The deformation contours are 2 mm, the contours are labeled in meters. The salt geometry at 
Sulphur Mines Dome is shown by orange solid lines, the sonar of Cavern 7 is shown in yellow. A satellite photo is shown for 
reference.  



 

Figure 2. Colored and contoured map of the modeled horizontal deformation pattern resulting from a point source at 3000 ft depth 
at Cavern 7 as described in text. The deformation contours are 1 mm, the contours are labeled in meters. The salt geometry at 
Sulphur Mines Dome is shown by orange solid lines, the sonar of Cavern 7 is shown in yellow. A satellite photo is shown for 
reference.  



 

Figure 3. Colored and contoured map of the modeled north-south deformation pattern resulting from a point source at 3000 ft 
depth at Cavern 7 as described in text. The deformation contours are 1 mm, the contours are labeled in meters. The salt geometry 
at Sulphur Mines Dome is shown by orange solid lines, the sonar of Cavern 7 is shown in yellow. A satellite photo is shown for 
reference.  

 



 

Figure 4. Colored and contoured map of the modeled east-west deformation pattern resulting from a point source at 3000 ft depth 
at Cavern 7 as described in text. The deformation contours are 2 mm, the contours are labeled in meters. The salt geometry at 
Sulphur Mines Dome is shown by orange solid lines, the sonar of Cavern 7 is shown in yellow. A satellite photo is shown for 
reference. 

Tiltmeter and Differen�al GPS Array Geometry. Halliburton’s Pinnacle group has proposed 20 Tiltmeter 
sites and 6 Differen�al GPS loca�ons to monitor the micro-deforma�on at Sulphur Mines (see Appendix 1 
for full proposal by Pinnacle). The GPS system is “an�cipated to provide millimeter level 3D displacement 
sensi�vity” (excerpt from Pinnacle’s proposal), while the �ltmeters, which measure the displacement 
gradient, an angular measurement, have a precision of one billionth of a radian and results are o�en 
reported in the microradians (see Appendix A). InSAR monitoring data will be integrated with the �ltmeter 
and GPS measurements.  



The loca�on of the Tiltmeters and GPS sites are shown in Figure 6 with the ver�cal deforma�on modeling 
results. Tiltmeters will be located near the well pads for the Cavern Gallery well 4, Caverns 6, 7, 21 and 16 
(Figure 7). The �ltmeter array was placed to best measure the poten�al deforma�on patern modeled for 
a failure at Cavern 7 loca�on and depth (Figure 6).  

The GPS sta�ons are placed in a cross-patern rela�ve to Cavern 7 to capture the deforma�on patern 
(Figures 6 and 7). A GPS control point is located about 7000 � south of Cavern 7 to provide a baseline 
loca�on with no expected deforma�on related to ac�vity near the salt dome (Figure 7 inset). The details 
of the GPS and Tiltmeter arrays are described in the Pinnacle proposal (Appendix A).  

Note, the proposed �ltmeter and GPS loca�ons may shi� in posi�on during installa�on, depending on 
local field condi�ons, permi�ng, etc. The GPS sta�ons require a good line of site and may be adjusted to 
provide the highest quality data. The loca�ons shown in this proposal should be considered as tenta�ve.  

 

 

Figure 5. Pinnacle’s proposed tiltmeter (orange diamond) and GPS (white stars) locations overlain with colored and contoured 
map of the modeled vertical deformation pattern resulting from a point source at 3000 ft depth at Cavern 7 as described in text.  



 

Figure 6. Pinnacle’s proposed locations for a 20 station tiltmeter array (orange diamonds) and six station GPS array (stars) at 
Sulphur Mines salt dome. The salt contours are shown in orange and Cavern 7 sonar in purple. The inset to the right shows the 
location of the GPS Control point, south of Sulphur Mines dome.  

Tilt and GPS Learning Period and Subsequent Repor�ng. Following the installa�on of the Differen�al GPS 
and �ltmeter arrays, Pinnacle will require a month or two of deforma�on data acquisi�on to establish 
background levels of ground mo�on. This will be revisited in six months to look for longer-period 
displacement paterns. A�er the establishment of a background level of ground mo�ons, an ini�al 
anomalous displacement level will be proposed. The ground mo�ons from both �lt and GPS are reviewed 
in almost real �me, hence any large and unusual mo�ons will be noted almost immediately. A repor�ng 
method and frequency will be established with Pinnacle and Lonquist following the learning period. 
Lonquist will provide updates on the progress with the installa�on and opera�on of the arrays during 
normal regulatory mee�ngs.  
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APPENDIX A: Pinnacle Proposal for Tiltmeter and Differen�al GPS Array. 

 



 

 

December 11, 2023 
 
Coleman Hale 
Vice President / Sr. Petroleum Engineer 
U.S. & Canadian Operations 
Lonquist & Co., LLC 
1415 Louisiana St., Suite 3800 
Houston, Texas 77002  
(713) 559-9997 
 
Re: Halliburton proposal for a Pinnacle 6-station precision DGPS system and 20-site 
Precision Tiltmeter Array at the Westlake Sulphur Salt Dome near Lake Charles, 
Louisiana. 

Mr. Hale: 

Please accept Halliburton’s proposal for the sale and installation of a 6-station PinnPoint 
automated precision DGPS system.  Pinnacle’s PinnPoint system is a unique DGPS 
positioning system that provides continuous, millimeter-level, 3-axis measurements of 
position using the GPS satellite-based positioning system.  Pinnacle’s PinnPoint DGPS 
system has more than two decades of proven service in locations such as California’s 
Southern San Joaquin oilfields, gold mines in Indonesia, Superfund sites in New Mexico, 
landslides in central Mexico, and others.  The system quoted here is for the third-generation 
of DGPS system developed by Pinnacle incorporating the latest improvements in 
measurement accuracy and system reliability.  Pinnacle’s PinnPoint DGPS system is the 
only near real-time DGPS measurement system with proven accuracy of ≤ 2 mm in three 
axes (see Rutledge & Meyerholtz, Using the Global Positioning System (DGPS) to Monitor 
the Performance of Dams – attached).   

The following provides costs for the purchase, installation, and commissioning of a 5-station 
DGPS motion monitoring system (5 rover systems and one DGPS reference station) and 
rental of a 20-station Pinnacle precision tiltmeter array to be installed at Westlake Sulphur-
Salt Dome location.  Also included are the costs for Pinnacle’s reconnaissance visit to assess 
the technical requirements of the location. Pinnacle anticipates installation and 
commissioning of the system at the Westlake Sulphur Salt Dome to begin 8-12 weeks after 
the order is confirmed, which means delivery of units and installation could begin as early 
as mid-to-late January.  Lonquist’s contractors will construct the GPS support poles and 
precision tiltmeter sites at the desired locations to Pinnacle’s specifications, and 
Halliburton’s Pinnacle personnel will install the instrumentation and initiate the ongoing 
monitoring and motion detection. 

Thank you and regards, 

 

 

 	

 
 
Pinnacle, a Halliburton Service 

34722 7th Standard Rd.  

Bakersfield, CA 93314 

Phone: 661.391.6785 

Cell: 281.216.3414 

www.halliburton.com 
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Westlake Sulphur-Salt Cavern 
PinnPoint DGPS & Precision Tiltmeter Monitoring System 

 

 

Project	Location	
Installation of the PinnPoint DGPS monitoring system will take place at the Westlake Sulphur Salt Dome 
near Lake Charles, LA (Figure 1).   

Figure 1:  Location of Westlake Sulphur Salt Dome near Lake Charles, LA 
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Automated	Precision	GPS	at	select	well	pads	and	locations.		
The following provides costs for the purchase of a 6-station DGPS system consisting of fiver GPS rover 
stations and one reference station.  Each station consists of necessary DGPS sensing and processing 
equipment, cellular digital radio telemetry, solar panels, and power conditioning components, NEMA4 
enclosures, antennas, cables, batteries, and clamps configured to be bolted onto a monument support pole 
(5-inch diameter, cement-filled, steel support pole cemented to a minimum depth of 6-feet.) provided by 
Lonquist’s contractors (Figure 2). 

This proposal includes one reconnaissance visit by Halliburton to assess the technical requirements of these 
locations.  The reconnaissance will determine, among other things… 

- If cellular comms will function as anticipated, or if gateway radios 
will be necessary to serve as repeater stations to guarantee 
successful radio telemetry to/from each site. 

- Availability of full GPS constellations at station locations. 

- Solar availability. 

- Suitability of existing facilities for support functions (if needed). 

- Location and suitability of planned reference station location. 

Also included are the costs for on-demand servicing and repair visits and 
equipment replacement costs.  These GPS stations have proven extremely 
robust in locations around the world (very hot suppers and freezing 
winters), so equipment failures are rare, but they have been known to 
happen.  Lonquist personnel can be trained in battery replacement so as-
needed repair availability should be sufficient. 
 
 

	

Project	completion	should	occur	as	follows.	

 System design approved or amended to accommodate findings of site reconnaissance. 
 Lonquist approval of site locations. 
 Construction of monument supports (to spec.) completed and placed at final GPS locations ahead 

of installation. 
 Halliburton delivery of DGPS equipment to project location. 
 Delivery of GPS components to final locations for installment. 
 Attachment of DGPS, solar power, and coms equipment to support pole.   
 Initiation of the system & confirmation of position data being transmitted into Halliburton’s secure 

cloud. 
 Tuning. 
 Training of local personnel in basic site inspection and maintenance. 
 Validation of final data delivery and training of Lonquist personnel in use of measurements. 
 Method of transfer from Halliburton’s secure cloud to Lonquist solution.  TBD. 
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Halliburton will rely upon local Lonquist support for the transportation of DGPS equipment to their final 
installation locations.  Initially system measurements will pass through Halliburton’s secure cloud and then 
on to the customer.  Halliburton will eventually rely upon Lonquist IT personnel to devise the means by 
which the system measurement data will penetrate the customer’s security firewall (Figure ) to deliver the 
results to intended recipients.  Pinnacle will work with Lonquist IT personnel as much as is possible to help 
facilitate this. 

Figure 3:  Schematic of Pinnacle DGPS system proposed for installation at Lonquist location.  NOTE:  Four stations are 
shown below, but six stations are planned for this project. 

Project	Timing	
Some of Pinnacle’s specialized GPS components are manufactured on-demand by our domestic supplier.  
We anticipate that installation and commissioning of the system at the Westlake Sulphur Salt Dome might 
begin 8-12 weeks after the order is confirmed, which means delivery of units and installation could begin 
as early as mid-to-late January of 2024. 

Specifications for the support columns will be transmitted to Lonquist so that procurement of the materials 
and the drilling contractor may begin immediately and construction of the sites may be completed before 
arrival of the system components.  The target installation time at the Sulphur salt dome is thus tentatively 
late January to early February of 2024. 
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Radio	Towers	
It has been stated that this particular location possesses good cellular phone coverage by Verizon Wireless.  
If this is the case then there is an excellent chance that the cellular data system being employed at each of 
these instrumented sites will have a good cellular connection to transmit measurements to Halliburton’s 
secure cloud.  In the event that good cellular coverage is not available at this location, Halliburton will 
procure a “small” antenna tower to be installed at this Westlake project location to serve as a radio-repeater 
station and boost the cellular signal to each site.  Westlake will need to approve the location and installation 
of such a tower, should one be necessary.  At the time of this proposal the cost and supplier of a small tower 
is not known. 

 

Pinnacle	Precision	Tiltmeter	Sites.		

 

Project completion should occur as follows. 

 System design approved or amended to accommodate findings of site reconnaissance. 
 Lonquist approval of site locations. 
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 Construction of precision tiltmeter sites (to spec.) completed final Tilt locations ahead of 
installation. 

 Halliburton delivery of Precision Tiltmeter equipment to project location. 
 Delivery of tiltmeters and support equipment to final locations for installation. 
 Installation of precision Pinnacle tiltmeters into pre-constructed sites, installation of solar power, 

coms, and support equipment to the site.   
 Initiation of the system & confirmation of position data being transmitted into Halliburton’s secure 

cloud. 
 Training of local personnel in basic site inspection and maintenance. 
 Validation of final data delivery and training of Lonquist personnel in use of measurements. 
 Method of transfer from Halliburton’s secure cloud to Lonquist solution.  TBD. 

Halliburton will rely upon local Lonquist support for the transportation of DGPS equipment to their final 
installation locations.  Initially system measurements will pass through Halliburton’s secure cloud and then 
on to the customer.  Lonquist may eventually desire for system data to be transmitted directly to Lonquist 
without passing through Halliburton’s secure cloud.  Halliburton’s Pinnacle group could cooperate with 
Lonquist IT personnel as much as is possible to help facilitate this. 
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Site	Locations	
The proposed locations for the GPS and tiltmeter locations are shown in Figure 5.  These exact locations 
may be adjusted to accommodate actual field conditions encountered. 

Figure 5:  Proposed precision GPS and surface tiltmeter locations.  Yellow boxes are GPS stations and 
green triangles are tiltmeter sites.  As-built locations are subject to change as project design evolves to 
accommodate local conditions and project scope.	

Project	Timing	
Some of Pinnacle’s specialized radio communications components are manufactured on-demand by our 
domestic supplier.  We anticipate that installation and commissioning of the system at the Westlake Sulphur 
Salt Dome might begin 8-12 weeks after the order is confirmed, which means delivery of units and 
installation could begin as early as mid-to-late January of 2024. 

Specifications for the drilling and construction of the surface tiltmeter sites will be transmitted to Lonquist 
so procurement of the materials and the drilling contractor may begin immediately, and construction of the 
sites may be completed before arrival of the system components.  The target installation time at the Sulphur 
Mines salt dome is thus tentatively late January to early February of 2024. 
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Appendix	1:		Tiltmeter	Site	Construction	

Overview	of	Tilt	Site(s)	Construction:	

 

TILT SITE CONSTRUCTION OVERVIEW 

1 

PVC casing materials should be delivered on site 1-2 days 
prior to commencement of drilling operations so materials 
can be cut, prepped, and staged at each location. PVC 
material staged at each tilt site should consist of:  two (2) 
4”x 20’ID PVC joints; one (1) 8”ID x 5’ PVC joint; one (1) 4” 
end cap; and one (1) 8” end cap.  

 
Note:  All of the 20’ joints should have one belled end  

- All PVC material should be Sch. 40 wall thickness.

2 

Have the contractor drill site(s) down to the desired depth 
(approx. 20-30 feet) using a 7.78” to 12” auger.   

Air drilling is best suited for most sites.   Auger styles can 
also be used but only for soft formations (i.e., clay or sand) 

If drilling unit has no self-level, use a carpenter’s level to 
verify drilling is as close to vertical as possible. 

Note:  When drilling the sites, make note of any ground 
water and  the depth to avoide seepage into joints of PVC. 

Shovel excavated soil onto ground cloth/tarp for backfill into 
site at end of project (if site reclamation is desired). 
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3 

If necessary, after the initial hole is drilled, increase the 
diameter of the hole to 12” (2 foot depth) to accommodate 
the larger joint of PVC. If possible, use air to clean out any 
additional dirt that has fallen into the hole. 

 

Note:  After each tilt site is drilled, make sure to cover the 
hole with plywood or suitable material to prevent debris 
from falling into the hole or injury to livestock and others.  
Weigh-down the cover with rocks or other suitable means 
(to prevent blow-away) and mark appropriately with 
warning. 

 

 

 

 

 

 

 

 

 

 

4.0 

Cut one joint 4”x20’ pipe approximately 5’ from the belled 
end, flip it around and slip the belled end onto the cut 
section (no glue). 

 
It is advisable to use a battery-operated or generator-
powered reciprocating saw to cut the PVC.  This particular 
joint will be the top/surface joint.      

 

Note:  During this process, make every effort to keep PVC 
joints dry and not allow any water to seep inside the joints. 
Watch for small animals that may enter the PVC over night.

 

4.1 
5 foot surface joint flipped and reconnected (but not glued) 
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4.2 

Apply primer and then glue the 4” end cap onto the un-cut 
4” x 20’ pipe joint (opposite end of the bell)  

 
Note:   Glue should be applied very liberally as to prevent 
any water ingress through joints.  

5 

Lower the joint of pipe (with the glued cap on the bottom) 
down into the hole, securing it at the surface.   

 

The joint can be temporarily secured by (a) resting the 
collar of the joint on a fabricated casing plate that can lay 
over the hole or (b) attaching the pipe to the drilling rig latch 
line via a rope/sling 

 

 

6 

Apply primer and then glue to belled end of bottom joint to 
receive the top joint connection. 
 

Note:  Apply glue liberally in order to ensure a good bond 
between joints to prevent water ingress. 

 

. 
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7 
Prime and glue top joint of PVC pipe (smooth end).  

 

8 

Connect top and bottom glued joints.  Allow a few minutes 
for glue to set and then lower the complete assembled joint 
to the bottom of hole. 

. 

 

9 

Note:  If the drilling rig can accommodate lifting the two sections of pipe when they are glued together, you can 
disregard steps 4-8 (listed above) and simply glue the two pipes together on the ground.  Then when the glue is 
dry, the drilling rig can lower the pipe into the hole. 
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10 

Center and level the 4” PVC at the bottom of the hole as 
best as possible by turning it back and forth to move it.  
There should be approximately 1 foot of pipe above the 
ground. 

Hold the pipe to keep it in place so that it doesn’t move or 
shift to one side of the hole when you start pouring the 
concrete. 

 

 

 

11 

The cementing process is ready to begin –This step can be 
achieved by multiple options depending on terrain or 
accessibility: 

1. Neat cement grout – no aggregate. 

2. Ready-mix cement trucks are best for easy access 
sites or oil infrastructure. 

3. Using a vehicular mounted motorized cement 
mixer (shown) for hard to access. 

4. Hand mixing cement in a container. 

 

12 

Cement mixing process.  The volume and consistency of 
the cement is dependent upon the hole size.  Ensure that 
smaller diameter holes have a more fluid consistency to 
avoid cement from bridging while pouring. 
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Pour the concrete or grout into the hole to surround the 
pipe.  Move and twist the pipe to ensure complete flow 
around the pipe into the bottom of the hole.  Avoid gaps 
and voids to ensure proper coupling between the pipe and 
the surrounding soil/rock.  Continue checking to ensure that 
the pipe is as level as possible.   

Continue pouring the concrete until it comes within 10’ of 
the surface 

14 

When the cementing procedure is completed, the 
remaining open hole should be backfilled with the drill 
cuttings to within 2 ft from surface. 
Ensure proper backfilling by periodically tapping the pipe to 
keep the cuttings from bridging. 

 

15 

 

After backfilling the hole (2 ft from surface), place the 
housing (larger joint of 8” x 5’ PVC) over the smaller (inner) 
joint assembly.   
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The photo on the right is a view of the outer PVC housing – 
with the inner PVC centered within. 
 

2’ of outer PVC is below surface leaving 3’ above ground. 

 

1’ of inner PVC is above ground, leaving a 2’ area to place 
SMDM equipment. 

 

Note: Outer PVC housing is centered so there isn’t noise 
coupling that can resonate down to the tool that will be 
installed and interfere with data acquisition. 

17 

Backfill any gaps holes around the outer PVC housing with 
drill cuttings to stabilize the joint. 

 

18 

Place 8” end cap on top of PVC.  DO NOT glue the cap!  Its 
purpose is to cover/protect equipment from the elements. 
Equipment will be accessed from this cap throughout 
entirety of project. 
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Barrier/fencing around the site is optional – typically it is 
installed when there is a chance of livestock interacting and 
damaging the sites / equipment.   

 
 

 

1.0 Water and Wet Sites: 

If the sites are drilled using water or if water is encountered while drilling the sites and significantly fills the 
hole while drilling, the following additional steps may be required: 

5.1. If water is in the hole, the 4” PVC pipe will “float” as it is run in hole and during the cementing 
operations.  To prevent this, it is recommended to fill the PVC with water to neutralize the buoyancy and 
in turn, sinking the PVC to the bottom of hole. This eliminates the potential hazard of PVC buoyancy 
pushing upwards possibly causing damage or injury to nearby equipment or personnel throughout 
construction, cementing, and installation. Once site construction is complete, you can safely pump or 
bale water out of PVC for tool/equipment installation.  Note:  The inner pipe should be as dry as 
possible because if the sand holding the tiltmeter in place gets wet the Tiltmeter could easily 
become stuck.  

5.2. Sometimes when the holes are wet/muddy, they tend to cave leaving sand and clay in the bottom.  If 
this occurs, it may be necessary to “push” the pipe to bottom of the hole using a block and tackle and 
the drilling rig winch.  To accomplish this, the block and tackle is placed near the base of the site on the 
drilling rig and cable is run to a hook, which is placed in the 4” PVC pipe.  Using the rig winch the pipe is 
pushed into position.  After getting the pipe into its final position, it will be necessary to fill the pipe with 
water as outlined above. 

5.3. When cementing the 4” PVC pipe in water or wet conditions, it will not be possible to see the level of 
cement. The amount of cement must be calculated based on the hole size; it is better to overestimate the 
necessary cement ensuring the pipe is cemented to at least 15’ from the surface.  Pour the cement into 
the hole slowly allowing it to displace the water.  As the cement is poured into the hole, the displaced 
water can be channeled away using a small ditch.   

5.4. In a  hole containing  water, the cement must be tremied to the hole bottom to ensure proper water 
displacement and good cement.  Do not allow cement grout to fall through the water.  Review proper 
tremie technique and ensure drilling contractor has proper tremie pump and tube equipment available. 

5.5. In a site subjected to the risk of flooding the interior PVC casing pipe must extend above the ground 
surface an amount sufficient to place the opening well above potential flood waters.  In the Westlake Salt 
Dome area near Lake Charles periodic flood waters are believed to get as much as 5-6 feet above ground 
level.  It is thus recommended that the interior casing pipe and exterior protective pipe be sized to extend 
7-8 feet above ground level to prevent flooding of the interior or the filling of the annulus with mud. 
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Appendix	2:		Halliburton’s	PinnPoint	DGPS	System	
 

DGPS Monitoring Overview 

Initially developed by the United States 
Department of Defense, the Global 
Positioning System (GPS) is a satellite based 
system that allows for a precise determination 
of location anywhere on or above the Earth’s 
surface. There are currently 27 NAVSTAR 
satellites operating as part of the GPS 
constellation, enough to ensure that at least 
eight are in view at any given time from an 
unobstructed location. The ability of civilian 
users of GPS to process and make use of the 
system has come a long way since its inception 
and the launch of the first satellite in 1989. The 
original accuracy was crude by today’s 
standards, and was used for lower accuracy 
navigation and location purposes. GPS receivers were large, power-hungry devices that could only 
provide high accuracy by collecting and averaging thousands of measurements. In the past 15 
years, however, GPS has enjoyed an explosion in development effort, accuracy, and applications. 

Reliable cost-effective monitoring 

The Pinnacle DGPS monitoring system provides millimeter level 3-D displacement sensitivity 
with continuous, automated operation in remote, unattended locations. Unlike other DGPS systems 
on the market, Pinnacle’s system combines the low noise and stability of a double-differencing 
processing engine with Pinnacle’s own proprietary filtering technique to provide results that are 
truly optimized to measure surface 
deformation originating from sub-surface 
processes. For applications that require real-
time geotechnical, infrastructure or hazard 
monitoring motion detection we also offer our 
proprietary PinnPoint DGPS technology. This 
unique DGPS offering from Pinnacle combines 
high sensitivity real-time measurements with 
long-term stability by implementing a custom 
tuned Kalman filter with double-difference 
carrier phase measurements calculated over 
time (known as triple differencing). Only 
Pinnacle offers such a full suite of DGPS 
monitoring capabilities that can be tailored 
specifically for the needs of your project. 

   

 
Figure 7. A constellation of 54 NAVSTAR and Galileo 
satellites ensures that the Pinnacle DGPS monitoring 
system always sees an optimal number of satellites for 
millimeter accuracy. 

Figure 6: Pinnacle GPS operating continuously in the 
environments of Northern Canada and New Mexico. 
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DGPS Characteristics 

The long-term stability of GPS combined with the fact that it constitutes a direct measurement of 
position (not an indirect one based on deformation shape) makes a GPS-based monitoring system 
an ideal source of 3-D ground truth for constraining the unknowns or potential sources of 
instability inherent in other measurement techniques. DGPS is therefore an ideal adjunct to 
Pinnacle’s suite of technologies, augmenting their capabilities and mitigating shortcomings, to 
produce a composite system with truly remarkable characteristics. 
 
In good sky visibility conditions, DGPS will yield measurement accuracies of approximately 3 
mm in near real-time and 1-2 mm over a 24-hour period. Pinnacle uses a variety of permanent 
installations that are custom designed for the current project environment and application. 
Permanent DGPS stations have the benefit of reducing many sources of error that plague 
traditional survey techniques, particularly during repeated setups and installations. 
 
Raw GPS data can be stored locally and collected for later processing, or be transmitted on-the-
fly to a central computer for real-time processing and reporting. Real-time positioning has not only 
the benefit of continuous monitoring but also the ability to establish motion thresholds and setup 
alarms for automated notification when these thresholds are exceeded. 
 
 

GPS Receiver 
Multiple manufactures 
Single (L1 code/carrier) 
Dual Frequency (L1/L2 code/carrier)

Motion Sensitivity 

 3-Dimentional motion change detection 
 Real-Time: 1 cm 
 Near Real-Time: 3 mm (3-6 hours) 
 Post-Processed: 1 mm (24 hours)

Spatial Resolution 
DGPS: Point Target 
Integrated with InSAR and Tiltmeter Arrays: 1 – 10’s km 

Key Strengths 

 Operates continuously 
 Operates in most weather conditions 
 3-D displacement monitoring 
 Integrates into Pinnacle processed InSAR and Tiltmeter arrays 
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Appendix	3:		Tilt,	DGPS,	and	InSAR	Combinations	

Figure 8:  Three tiers of measurements sensitivity and spatial resolution.  Tiltmeters measure the gradient of the deformation.  
When implemented in an array Tiltmeters are capable of measuring surface deformation morphology with micrometer 
sensitivity in near real-time.  DGPS can measure motion changes of a single point in 3-axes with 1 mm accuracy and no drift 
over time, but the costs may limit the spatial coverage.  InSAR is the least accurate or robust of the technologies (vulnerable to 
surface and Tropospheric moisture), but the tremendous spatial coverage makes it by far the most economical for large areas. 

Figure 2 
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1.0 BACKGROUND 

Order 5.a. of the Third Supplement to Compliance Order No. IMD 2022-027 issued by the State 
of Louisiana Department of Natural Resources Office of Conservation requires Westlake US 2, 
LLC (Westlake) to submit an assessment for the use of an alternate source of freshwater, such 
as surface water, in lieu of withdrawing from the Chicot Aquifer for Westlake’s operations at the 
Sulphur Mines Salt Dome cavern facility.   

 
In response to the order, an assessment for using additional sources of fresh water was 
completed. This assessment focuses on the following viable fresh water alternatives to the Chico 
Aquifer:  

 
• Sabine River Water from the Sabine River Water Authority (SRA) canal  
• Groundwater from the Evangeline Aquifer System 

2.0 INTRODUCTION 

Currently well water from the 500-foot sands of the Chicot Aquifer is used to inject into the salt 
dome for mining salt. Chicot Aquifer water, at its current composition, only requires adjusting of 
its pH in to be suitable to inject into the salt domes at the Sulphur Mines Salt Dome cavern facility. 
Current demand for the solution mining process is approximately 1,500 gallons per minute, or 
approximately 2.16 million gallons per day. Chicot Aquifer water does not require treatment to 
remove any other constituents. See attachment 1 for currently injected water quality properties. 

   3.0 SABINE RIVER DIVERSION SYSTEM 

 
According to the SRA, “the Sabine River Diversion System was created by Act’s 90 and 117 of the 
1970 Legislature as part of the program for utilization of the waters impounded in Toledo Bend 
Reservoir, for the purpose of transporting and delivering fresh raw water from the Sabine River to the 
various industries located in the Lake Charles industrial area, and for furnishing water for the municipal 
use and the irrigation requirements of farms located along the route.” (see srala-toledo.com)  
 
According to the USGS, approximately 54 million gallons per day of surface water are used from the 
Sabine River Diversion System in Calcasieu Parish (USGS, 2010, Water Resources of Calcasieu 
Parish, Louisiana). The SRA canals account for approximately 45% of all surface water withdrawals in 
the parish. 

3.1 SABINE RIVER WATER EXTRACTION 

It may be possible to pump Sabine River water from the SRA canal east of the Sulphur Brine 
Field and transfer to the brine field by way of a pipeline. This effort would require a new pumping 
station.  

Extraction pumps would need to be sized to pump the SRW approximately 4700’ to the Sulphur 
Brine Field. A potential path for the pipeline will be to route the piping parallel to the SRA canal 
south to an existing East-West pipeline right of way.  The pipe would then head west to the 
Sulphur Brine Field in the existing pipeline right of way. 

Permitting and permission will be required from the SRA, owners of the pipeline right of way, and 
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possibly local landowners for this pumping station and pipeline route.  

Electrical power will need to be routed to this location. The closest power available will be from 
Entergy and not from the Sulphur Brine Field power system.  

3.2 SABINE RIVER WATER QUALITY 

Sabine River water (SRW) is surface run off water that flows into the Sabine River along its path 
from its origin to the point where it is pumped in the SRA canal at Starks Louisiana. Based on 
information provided by the Sabine River Authority, this water contains solids and organic matter 
that is not present in the Chicot Aquifer ground water. See attachment 3 for SRW water quality 
properties. Nitrogen compounds found in SRW include ammonia, nitrates, and nitrites. When 
introduced to the process of manufacturing chlorine, nitrogen can produce an explosive 
compound, nitrogen trichloride. This poses a major risk and introduces process safety issues, 
which do not arise when Westlake’s Chlor-Alkali production process utilizes brine solution-mined 
using the current source of injection water.  

3.3 SABINE RIVER WATER AVAILABILITY 

According to the SRA, approximately 150,000 gallons per minute of water is pumping into the 
diversion canal at Starks, with nearly 20 billion gallons pumped each year. In 2014, the total 
capacity was approximately 75 million gallons per day more than the contracted capacity.  While 
the specific availability is unknown, there is likely sufficient supply to support an additional 2.16 
million gallons per day for brine mining. 

4. Evangeline Aquifer Groundwater 

Groundwater underlying Calcasieu Parish occurs within the Gulf Coast Regional Aquifer system 
which is comprised of several individually identified aquifers in Calcasieu Parish: the Chicot 
aquifer, the Evangeline aquifer, and the Jasper Aquifer. The Catahoula aquifer is present in the 
northwestern corner of the parish but is not present near the Salt Dome. A regional geologic 
cross-section (Figure 2) is provided for reference. The geological units of the Gulf Coast Regional 
Aquifer dip to the south, becoming thicker, toward the Gulf of Mexico. In the Sulphur area, the 
Chicot Aquifer is approximately 800 feet thick and is the principal aquifer used for water supply. 
The Evangeline typically has large, but laterally discontinuous sands. The freshest portion of the 
Evangeline is generally between 800-1,000 feet deep and salinity increases with depth. 

This assessment includes the utilization of the Evangeline aquifer as a viable fresh water supply 
alternative to the Chicot aquifer. The Jasper aquifer is encountered at depths approximately 
4,000-feet bgs, and the Catahoula aquifer is only present in the northwestern corner of Calcasieu 
Parish and not in the Sulphur area. 

4.1 EVANGELINE AQUIFER GROUNDWATER EXTRACTION 

Groundwater can be extracted from water wells installed within the sands of the Evangeline. Current 
industrial wells installed in the Chicot could be over drilled to extend into the Evangeline sands, or 
additional water well(s) could be drilled. The same piping network would be utilized to distribute water 
to the brine wells.  
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Figure 2 – Idealized north-to-south cross-section through southwestern 
Louisiana (from Lindaman, M.A., 2023, Hydrogeologic Framework of 
Southwestern Louisiana, Scientific Investigations Report 2023-5004, U.S. 
Geological Survey, 31 pp.) 
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4.2 EVANAGELINE AQUIFER GROUNDWATER QUALITY 

The Evangeline aquifer contains fresh water (<500 mg/L TDS) in the northern quarter of the parish. In the southern three-fourths of the parish, the Evangeline aquifer contains saline water (TDS >500 mg/L). The sands of 
the Evangeline aquifer are variable in thickness and are generally discontinuous on a regional scale.  

There is very little documentation of the Evangeline aquifer in the vicinity of the Salt Dome. Aquifer depth determinations have been assigned based on electric logs from oil and gas wells, but no water wells within 5 miles 
of the Salt Dome are known to be installed in the Evangeline below the Chicot. 

However, within the Evangeline aquifer are substantial sands that would likely yield large quantities of water. Harder (1960) suggests that the individual sands of the Evangeline aquifer are hydraulically connected with 
other sands forming a single hydrogeologic unit. A monitoring well (019-1243) was installed in 1985 approximately 8.2 miles northeast of the Salt Dome in the Evangeline with a reported chloride concentration of 4,050 
mg/L in 1985. Based on the electric logs for oil and gas wells, it is reasonable to assume the chloride concentration within the Evangeline is between 2,500 and 5,000 mg/L.  

The water quality of the Evangeline is much poorer than the Chicot. From well 019-1243 analytical data, chloride, sodium, and TDS are all much higher in the waters of the Evangeline sands. Barium and radium are also 
high, which may have significant impact on the processing of the brine. The radium is considered naturally occurring radioactive material (NORM). 

4.3 EVANGENLINE AQUIFER GROUNDWATER AVAILABILITY   

Harder (1960) estimated the hydraulic conductivity of the Evangeline sands to be between approximately 33 and 133 ft/day, which is lower than that of the Chicot sands. No aquifer testing data are available for the 
Evangeline aquifer near the Salt Dome.  

The hydraulic connection between the Chicot and Evangeline is not well known. The Chicot lower confining layer is generally greater than 30 feet thick near the Salt Dome. The storativity values published by Harder (1960) 
for the “700-foot” sand of the Chicot indicate that it is a leaky confined aquifer. There is no data indicating whether the leakage is between the other sands of the Chicot or with the sands of the Evangeline. The likelihood of 
leakage across the “700-foot” sand lower confining layer into the Evangeline is considered to be low and not likely a significant source of water into the upper Evangeline sands.  

It is estimated that the water within the Evangeline would have a large confining head based on the Chicot well measurements. Using the average published values for hydraulic conductivity of the Evangeline (83 ft/day, 
0.03 cm/sec), and assuming 100-feet saturated thickness, with 700-feet of confining head, it is estimated that the shallow sands (~800-1,000 feet deep) could potentially yield over 10,000 gallons per minute (RECAP 
Appendix F, confined aquifer well yield), which would be sufficient for the brine mining operation. 

The LDNR Groundwater Resources Program is charged with managing the state of Louisiana’s groundwater resources. The LDNR requires water well notification form be submitted 60-days prior to water well installation. 
The use of groundwater is under the jurisdiction of the LDNR. 
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Figure 1 – Sabine River Water Extraction  
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5.0 WATER TREATMENT 

Sabine River Water used to solution mine salt must be treated prior to being transferred to 
the Chlor-Alkali facility. Injection water containing high levels of organics and/or nitrogen 
compounds is detrimental to the process equipment in the chlorine liquefaction unit, shipping 
operations and at customer sites.  

Nitrogen compounds found in SRW include ammonia, nitrates, and nitrites. When introduced 
to the process of manufacturing chlorine, nitrogen can produce an explosive compound, 
nitrogen trichloride. This poses a major risk and introduces process safety issues, which do 
not arise when Westlake’s Chlor-Alkali production process utilizes brine solution-mined using 
the current source of injection water 

Introduction of nitrogen compounds, solids, precipitates, and radium (NORM), into the 
manufacturing process also creates waste and risks not encountered with the use of Chicot 
Aquifer water. Handling of the potentially hazardous additional waste would likely require 
additional permitting, regulatory oversight, and potentially a redesign of the facility. 

5.1 CLARIFICATION 

Suspended solids need to be removed prior to being used for mining. Suspended solids 
(other than salt) that are transferred to the Chlor-Alkali facility are detrimental to downstream 
process equipment. Clarifiers could potentially be used to drop out any solids suspended in 
the water. In most clarification systems a flocculant is added to assist in separating out solids. 
The two discharge streams on the clarifier are clean water and waste (silt, mud, etc.). The 
clean water moves on in the process and the sludge is separated out and disposed of. The 
creation of waste as a result of the clarification process is a negative factor in assessing the 
use of this water as an alternate to using groundwater. Elevated NORM within the waste 
stream would require additional assessment. 

The clarification system consists of rake clarifiers, polymer tanks, water storage tanks, 
transfer pumps and sludge dewatering equipment. Depending on the downstream process 
sand filters may be required. 

Dewatering can be accomplished with centrifuges, belt press and screw press. 

5.2 ORGANIC COMPOUND ELIMINATION 

Sabine River water contains organic compounds that, at certain levels seen within the past 
water samples, could create hazardous conditions when used in the production of chlorine. 
This is recognized by The Chlorine Institute in Pamphlet 152 Edition 4 which is in the 
Appendix of this document. Other technical papers have been written on this subject and are 
referenced in Pamphlet 152. 

The organic compounds can possibly be removed by different methods with each process 
requiring the installation of specific equipment. These processes potentially include the 
following, alone, or in combination: 

5.2.1 De-ionization – mixed beds use anion and cation resins to 
remove the positive and negative charged ions in the water. 
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Nitrates are one of the ions that mixed beds will remove. A 
mixed bed system consists of a resin tank(s), acid tank, caustic 
tank, activated carbon tank and pumps. With respect to the 
other systems the mixed bed unit has a larger footprint, larger 
installed cost, and larger maintenance cost. Mixed bed systems 
also present safety hazards due to the need for handling of 
strong acids and caustics.  

5.2.2 Reverse osmosis uses a membrane to separate out the 
undesired compounds. With respect to the other options a RO 
unit has a smaller footprint, lower installed cost, larger 
operating cost, and larger maintenance cost due to membrane 
cleaning. Redundant systems are required to reduce outages 
due to maintenance. 

5.2.3 Break point chlorine is the process of adding chlorine to the 
water until free chlorine levels exceed the amount required to 
destroy nitrogen-based oxidants. This can be achieved with a 
process like treating potable water which is either injecting 
chlorine gas into the water stream or using chlorine tablets. 
Once treated, free chlorine levels are checked downstream, 
and the process is adjusted as necessary. This system requires 
either liquid chlorine cylinders or a vessel with calcium 
hypochlorite tablets. Liquid chlorine cylinders do have specific 
security and safety requirements associated with them. Due to 
the length of discharge pipe a retention tank may not be 
required. This system has a low installation cost and a low 
maintenance cost. 

5.3  PH ADJUSTMENT 

The alternative waters will likely need to have the pH adjusted prior to injection into the 
suction of the cavity pumps. Currently there is a pH control system on the suction of the cavity 
pumps. A study will need to be performed to see if the existing equipment is adequate for 
Sabine River water, or Evangeline groundwater usage. 

6.0 COST BENEFIT ANALYIS 

The use of Sabine River water as a means for mining salt from the salt dome does reduce the 
local demand for water from the Chicot Aquifer. The use of surface water for mining salt is used 
at other chlorine facilities that were designed for such. It appears that use of surface water as an 
alternative to groundwater may be technically feasible. Use of surface water does, however, 
create risks and waste which are not currently a part of the Westlake manufacturing process. 

The use of groundwater from the Evangeline Aquifer would reduce the water usage of the Chicot, 
and would require very little infrastructure improvements to implement as an alternative to Chicot 
water. The water chemistry of the Evangeline is poor, which may require a redesign of fresh 
water lines to accommodate the higher salinity and dissolved solids load. 

With any manufacturing process the introduction of a change creates a potential for adverse 
events. In this case the use of SRW introduces the possibility of nitrogen compounds being 
transferred from the brine field to the main facility where an explosive compound, nitrogen 
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trichloride, can be formed in the process. This explosive compound can be destructive to 
equipment in the facility and at customer facilities creating safety concerns.  As pointed out by 
The Chlorine Institute the use of water with organic compounds to mine salt does present issues 
downstream in chlorine manufacturing and shipping. The Chlorine Institute in Pamphlet 152 
Editon 4 Table 2.1 list thirteen explosions in different parts of the world that were associated with 
Nitrogen Trichloride.  

Sabine River water analysis confirms the presence of nitrogen compounds at concentrations that 
have the potential to form nitrogen trichloride at levels above the recommended safe limit.  The 
plant is currently not designed with any safeguards to mitigate high nitrogen trichloride 
concentrations.  Even with the installation of treatment technologies, the risk of a process safety 
event from a nitrogen trichloride explosion is increased. 

Increased levels of TOC (Total Organic Carbon) are also a concern since it can cause foaming 
that may result in upsets that reduce process safety.  Additionally, some TOC compounds react 
with chlorine to form chloromethane compounds that are an impurity in the chlorine product and 
not easily removed. The plant is also not designed to handle the increased load of suspended 
solids (silt, mud, etc.). This causes concern for plugging and can disrupt some of the brine 
purification reactions and put additional load on filters.  

Clarification and organic compound elimination will also create a waste stream which must be 
disposed of. If water from the Evangeline is used, NORM would need to be monitored and 
managed with the waste stream. 

The risks presented by using an alternative water source may be mitigated to some degree by 
the treatment processes described above. The benefits of any additional risks are, however, not 
clear. There is no indication that the use of Chicot groundwater is negatively impacting other 
aquifer users. There is also no indication that the use of Chicot groundwater is related in any way 
to the issues currently being experienced with Cavern 7. Thus, while Westlake is currently 
evaluating the feasibility of installing the necessary treatment systems, it is not clear that 
whatever benefits might result will outweigh the risks described or the creation of the waste 
stream which will result.  
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ATTACHMENT C 
 

Backfilling Feasibility Report 
  



Feasibility Review of Backfilling Caverns 6 & 7 at 
Sulphur Mines Dome 

In response to Order 5b of the 3rd Supplement of Compliance Order No. IMD 2022-027, Westlake tasked 
its experts to perform a feasibility review of backfilling Caverns 6 and 7 at Sulphur Mines Dome. The 
IMD’s Order specifically being referenced is the following: 

5. Westlake must as soon as possible, but in no event later than sixty (60) days after receipt of this
Supplement, submit all of the following to IMD:

b. A plan for back-filling for cavern stability.

The operation of backfilling Caverns 6 and 7 would require a significant amount of time and resources. 
Aside from the operational and logistical challenges, there are also engineering, reservoir, and 
geomechanics principles that should be considered to evaluate if a backfill operation would yield 
“cavern stability” as suggested from the Order.  This feasibility review evaluates the following topics 
presented as sections of this report: 

• Pressure and Geomechanics Influences
• Fill Volume Estimate
• Facility Considerations
• Cavern Operational Considerations
• Timeline Estimate
• Risks, Advantages, and Disadvantages

Pressure & Geomechanics Influences 
An inactive solution-mined cavern (such as Caverns 6 and 7) is typically filled with saturated brine. The 
pressure of a cavern system is created from applied surface pressure (if any), and the hydrostatic head 
gradient of the brine or other fluids which produces increasing pressure with depth. Other pressure 
influenced variables can also be considered when necessary, such as frictional losses due to fluid flow 
conditions. The resulting fluid pressure acts in all directions on the cavern system.  The fluid pressure 
acting on the walls of the cavern helps support the geologic loads acting on the surrounding rock. The 
pressure magnitude, distribution, and rate of change in pressure impacts the geomechanical 
stresses/loads within the surrounding rock.  If the geomechanical stresses/loads exceed the strength of 
a rock, then the rock could fail.  Lonquist tasked RESPEC with developing a supplementary memo 
(Attachment A) which elaborates further on these basic geomechanics principles. 

Incorporating a fill material into a cavern system to displace the brine (at least in part) does not provide 
an equivalent pressure condition as a fluid does.  Fluid exerts pressure at a given depth/location on the 
cavern geometry equally in all directions (vertically, horizontally, etc.). In contrast, a fill material would 
exert dissimilar pressures on the cavern geometry as compared to fluid.  The specific pressure 
implications of a fill material being introduced into a cavern can produce a complex pressure regime on 
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the cavern walls and would be determined by way of various soil mechanics, geotechnical engineering, 
and civil engineering principles.  Some variables that can impact the ultimate pressure magnitude and 
regime are grain size, grain shape, bulk density, internal friction angle, angle of repose (which can be 
different than friction angle), porosity, compaction ratio, cavern geometry, and interconnected 
influence of all those variables, which is not intended to be an exhaustive list. The detailed engineering 
analysis to understand the specific pressure regime of backfilling a cavern was not completed in the 
development of this feasibility review.  With the aforementioned caveat understood, the pressure 
impact of a fill material can be generally estimated in the vertical (downward) and lateral (outward) 
directions to provide an example of how the pressure implications contrast to that of solely fluid.  The 
vertical (downward) component can be determined in a similar method to that of fluid, in that the 
density of the fill material over a given height exerts a certain pressure at the bottom of the fill column 
(i.e. the “base of the cavern”).  The lateral (outward) pressure of the fill material can be generally 
estimated using Rankine’s Theory1.  When utilizing certain assumptions for the conditions of these 
Caverns, these general calculations and theory indicate that a fill material could produce an additional 
lateral pressure between 0.22 to 0.37 psi per vertical foot (where fill material is present) on a vertical 
cavern wall.  RESPEC utilized 0.22 psi/ft of additional lateral pressure where fill material is present within 
the Figures presented in Attachment A.  This lateral fill pressure is in addition to the pressure exerted 
by the hydrostatic head of brine fluid (and any applied surface fluid pressure). As stated previously, the 
determination of the actual pressure magnitude at any point on the cavern “wall” due to fill material is 
a complex problem and which would directly impact the geomechanics stresses within the rock 
surrounding the cavern.  RESPEC discusses geomechanics considerations within Attachment A.   

The backfilling of Caverns 6 and 7 could occur simultaneously to produce as little differential stress 
between the two caverns as possible, and to further reduce the potential effects of sub-surface rock 
movement into the two-cavern system if a salt structural collapse were to occur.  From a geomechanics 
perspective RESPEC believes that backfilling Cavern 6 should not be required to maintain a nominal 
pressure differential between the Caverns. However, Lonquist has incorporated backfilling Cavern 6 into 
this feasibility review due to several unknown conditions that currently exist regarding the relationship 
between the two Caverns, and which backfilling operations of one or both caverns will undoubtedly 
impact/change.  Lonquist currently views the backfilling of both Caverns 6 and 7 as a conservative 
approach.  Due to Cavern 6 having a slightly deeper true vertical depth as compared to Cavern 7, it is 
likely that Cavern 6 would need to be filled first until the fill pile reaches a specific depth relative to the 
geometry of Cavern 7. Figure 1 illustrates this comparative depth between the Caverns. 

1 Weber, Richard, “Earth Pressure and Retaining Wall Basics for Non-Geotechnical Engineers”, PDH Online, 2012 
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Figure 1 – Cavern 6 Required Fill Depth in Comparison to Cavern 7 Prior to Starting Fill of Cavern 7 

 
Another important consideration is that the geometry of the Caverns inevitably will produce “unfillable 
volume” due to the angle of repose of the fill pile and peak of the fill pile being generally located along 
the center vertical axis of the cavern.  Figures 2, 3, and 4 below illustrate the areas of the Caverns that 
would remain “unfilled” with backfill material, and Table 1 presents the volumes of “filled” versus 
“unfilled” space. The unfilled areas would not be exposed to any lateral load and would only be exposed 
to the remaining fluid pressure within the cavern system that should propagate through any fill material 
porosity and permeability above the “unfilled” area.  This produces a pressure regime on the cavern 
wall that is complex and would require the development of a detailed technical model to produce a 
discrete three-dimensional pressure profile for utilization within a geomechanics simulation.  These 
“unfilled” areas coincide with the depths of minimum web thickness between Cavern 6 and 7, and 
between Cavern 7 and the salt dome flank. 

   

Table 1 – Cavern Volumes, Total Sonar, Unfillable and Fillable (cubic feet) 
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Figure 2 – Cavern 6 "Unfilled” Volume Represented in Peach Color; “Filled” Volume with 25 Degree Angle of Repose 
Represented in Green Color 
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Figure 3 – Cavern 7 "Unfilled” Volume Represented in Red Color; “Filled” Volume with 25 Degree Angle of Repose 
Represented in White Color 
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Figure 4 – Cavern 6 and 7 Comparison of "Unfilled” and “Filled” Volumes w/ Respect to Relative Cavern Depths 
 

The pressure and geomechanics topics presented herein illustrate that backfilling of Cavern 6 and 7 can 
introduce complex pressure (and possibly stress) regimes on the Caverns which could be contrary to 
minimizing the risk of salt dilation and, as a result may lead to cavern failure. 

Fill Volume Estimate 

Cavern 7 

Recent sonar data obtained in November 2023 indicates the size of Cavern 7 is approximately 9.96 
million barrels. In addition, comparison of the most recent sonar data to previous studies dating back 
to the 1970’s indicates there is possibly an additional 3.6 million barrels (roughly) of cavern void below 
the most recent sonar-derived floor termed herein as “unobservable volume”.  The development of 
visualizations and further technical discussion regarding the unobservable volume is still underway.  The 
unobservable volume is due to the accumulation of insoluble material during the solution mining 
operations, and from salt falls/sloughing that have occurred over time.  It is likely that this unobservable 
volume is less than what can crudely be determined by comparing sonar surveys over the past 50 years 
because of salt creep closure.  A discussion of what risks this unobservable volume presents to a 
backfilling operation is discussed later in this report, namely related to bulking and compaction. 
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The volume of solids required to fill the most recent sonar survey volume is 55,922,291 ft3. As noted 
earlier, due to an angle of repose that will develop with the fill material (estimated herein at 25 
degrees)2 there will be volumes within the cavern geometry that will not be filled with material.  Based 
on performing a three-dimensional volume analysis of the sonar survey, this “unfilled” volume is 
estimated to be 9,828,361 ft3 (17.6% of sonar volume). Therefore, the total volume of solids required to 
backfill Cavern 7 is 46,094,630 ft3. A perspective on this volume would be a standard football field (120 
yards by 53 yards) as the “footprint” for a “blocked” mass with the height equivalent to a 60-floor 
building. 

Cavern 6 

Cavern 6 is adjacent to and in hydraulic communication with Cavern 7. Consideration must be given to 
backfilling Cavern 6 due to this communication, long term efforts to produce as minimal pressure 
differential between the Caverns, and in the event of a salt structure collapse the possible reduction of 
the extent and severity of that event. The most recent sonar survey of Cavern 6 from November 2023 
indicates a volume of approximately 9.84 million barrels. The “unobservable volume” of Cavern 6 is 
estimated at 3.4 million barrels when crudely comparing historical sonar surveys over the past 50 years. 

The volume of solids required to fill the most recent sonar survey volume of Cavern 6 is 55,234,452 ft3. 
Similar to Cavern 7, the angle of repose developed by the fill material will allow for “unfilled” volume 
development within the cavern.  This “unfilled” volume is estimated to be 16,279,822 ft3 (29.5% of sonar 
volume). Therefore, the total volume of solids required to backfill Cavern 6 is 38,954,192 ft3. Table 2 
displays fill volumes for Caverns 6 and 7 in a variety of units. 

 
Table 2 – Required Fill Volumes in Various Units 

 

Facilities Considerations 

Prior to initiation of backfilling operations, it will be necessary to construct a facility for the manufacture 
of the slurry mixture required for cavern fill. This facility could be on- or off-site as detailed in the 
following paragraphs. 

Logistically, the best facility site would be adjacent to the location of fill injection, eliminating the need 
for construction of additional transportation for slurry and brine volumes. Available surface space 
needed to construct the required facilities may be limited proximal to the Caverns, likely requiring the 
facility to be located off-site. Also, a more important consideration for placing the facility off-site is to 
reduce surface activity and noise (which would be 24-hours per day) that may interfere with various 

 
2 Rucker, Michael, “Observations and Experience Learned from Remediation to Prevent Collapse of I&W Brine 
Cavity in Carlsbad, New Mexico”, SMRI, October 2023  
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monitoring systems at Sulphur Mines (e.g. micro-deformation monitoring and micro seismic 
monitoring). However, the facility needs to be close enough to facilitate efficient brine transport from 
Sulphur Mines Dome (presumably) to the mixing site and slurry transport to the injection site (the 
Caverns). This will necessitate a dedicated transport method for each fluid. Pipeline transport of the 
fill/brine slurry should minimize monitoring system interference at the injection site. 

At a minimum, this facility should include the following: 

• Necessary off-loading space (trucks/rail) for solid fill material brought to mixing facility site. 
• Sufficient storage area for inventory of solid fill material at the mixing facility site. 
• Access and/or storage of brine at mixing facility site required for slurry manufacture. 
• Mixing capabilities sufficient for 24/7 continuous slurry manufacture. 
• Handling facilities for “displaced” brine from the Caverns, including systems for recycling of this 

brine into the slurry. 
• Consideration for multiple transport methods (pipeline preferred) of brine to mixing facility and 

of slurry to injection site. 
• There would need to be processing, monitoring, and measurement capability of the injected 

slurry to ensure the sodium chloride concentration was sufficient to negate salt dissolution 
effects within the Caverns. 

A detailed engineering design of the facility would need to be completed.  Additionally, a study of 
possible available fill markets/sources and locations that could be sustained for multiple decades (as 
estimated within the Timeline section of this report) should be completed.  An assessment of the 
environmental and local stakeholder impacts should be considered. The brine volume necessary to 
continuously manufacture and inject a slurry must also be considered, which ideally would be supplied 
from active solution mining operations from the Sulphur Mines and/or Starks Dome. 

Cavern Operational Considerations 

Cavern 7 is only accessible with one wellbore. Current injection rates are continuous at approximately 
320 gallons per minute (GPM) and withdrawals are occasional nominal oil volumes. Injected volumes 
are through tubing and withdrawals are from the tubing/casing annulus.  Cavern 6, also accessible 
through only a single wellbore, and currently has no injection or withdrawal activity. 

Brine injection rates into Cavern 7 are determined by cavern pressure behavior with the primary 
objective being to maintain stable pressures. The current injection rates correspond well with current 
estimated leak volumes.  Maintaining this balance to keep pressures stable (and by association 
geomechanics stress conditions) may limit the injection rate into Cavern 7 to the current 320 GPM. It 
may be possible to increase injection rates into Cavern 7 if brine returns are taken from the cavern 
simultaneously through the existing entry casing annulus, and/or if there are additional entries into the 
cavern. However, withdrawal of brine from the annulus of the existing entry will complicate the 
monitoring/measurement of residual crude oil that is occasionally being withdrawn, and there are risks 
associated with the development of additional entry into Cavern 7.  

Injection into Cavern 6 would be comparatively at a very slow rate if limited to the rate of brine 
movement from Cavern 6 to Cavern 7 (currently estimated at ~6 to 7 GPM).  Therefore, it is most likely 
that brine returns from Cavern 6 would be required via the existing entry casing annulus, to fill the 
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cavern more expeditiously.  There has been no recent withdrawal of oil or other fluids required from 
Cavern 6.  An additional entry would increase injection and withdrawal capabilities, but as with any 
drilling in proximity to the Caverns, presents risk. 

As discussed previously in the Pressure and Geomechanics section, it is believed that Cavern 6 would 
need to begin backfilling operations first until the depth of the fill pile reaches the same true vertical 
depth within Cavern 7. At that time, then both Cavern 6 and 7 could be filled simultaneously.  Periodic 
sonar surveys would need to be performed of both Caverns to verify backfill progress, calibrate fill 
volume assumptions/projections, and for monitoring of any anomalous or unwanted cavern geometry 
changes.  Depending upon additional detailed geomechanics analysis and modeling, the cavern 
pressures would be monitored and maintained as needed to produce/maintain favorable stress states 
in the surrounding rock.   

The cavern pressures would likely only be measured via surface pressures.  There is currently a 
downhole pressure/temperature gauge in Cavern 7, and it is planned to install a micro seismic 
monitoring array and downhole pressure gauge in Cavern 6. If slurry injection via the hanging string of 
Cavern 7 were to be performed, then it is likely that the downhole gauge would need to be removed 
due to concerns with material erosion. If any flow of fluids in/out of Cavern 6 were to be required then 
the downhole tools would need to be removed due to concerns with material erosion, wellbore access 
limitations, and “noise” interference the fluid movement operations would cause with the monitoring. 

Timeline Estimate 

Cavern Fill 

The time required to fill the cavern is dependent on injection rates and solids concentration within the 
slurry. Figures 5 and 6 present the duration in years estimated to fill Cavern 6 and 7 with various 
injection rates and various fill concentrations within the fill/brine slurry.  Figure 7 presents the total 
duration in years of filling Cavern 6 and 7.  Figure 7 duration estimate assumes the following: 

• Cavern 6 will be filled first up to a specific depth (as discussed previously) at a rate of 300 GPM 
which was generally determined to be appropriate for the wellbore configuration and 
maintenance of a constant cavern pressure. 

• The fill concentration within the slurry is 20%. 

• The total slurry manufacturing/injection rate is limited to 500 GPM.   

The fill concentrations evaluated within Figures 5, 6, 8, and 9 were 10%, 15%, 20%, 25% and 30%. At 
this time, it is unclear what fill concentration would be possible as that value is driven by, in part, the 
location and design specifications of a new fill handling, mixing, and injection facility and associated 
pipelines.  All duration estimates assume 100% fallout of the solids within the Caverns, and that there 
is no loss of the solids due to leaks or due to return of fill within a withdrawal brine stream from the 
Caverns (if required).  It is possible that in the later stages of cavern backfill operations suspended fill 
material could be returned with the brine as the top of the fill pile grows closer to the brine withdrawal 
casing.  This would reduce overall process efficiency and possibly require additional handling or pumping 
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equipment for the facility, or could limit the maximum filled volume of the Caverns (i.e. increasing the 
unfilled volume). 

 
Figure 5 – Time to Fill Cavern 7 vs. Slurry Injection Rate for Various % Solids (320 GPM indicated) 

 

 
Figure 6 – Time to Fill Cavern 6 vs. Slurry Injection Rate for Various % Solids (320 GPM indicated) 
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Figure 7 – Cumulative Time to Fill Caverns 6 and 7 Under Conditional Assumptions Stated Previously 

 

Fill Material Transport 

The source of the fill material and method of transport is currently not clearly understood. However, 
due to the total volume and rate at which the fill will be needed it has been assumed herein that the 
most appropriate transport method is via truck and/or rail to the fill material handling facility. Figures 8 
and 9 respectively present the truckloads or railcars of fill material required to support GPM slurry 
injection rates for percent solids by volume of 10%, 15%, 20%, 25% and 30%. 

 
Figure 8 – Daily Trucks vs. Slurry Injection Rate for Various % Solids (320 GPM indicated) 
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Figure 9 – Daily Railcars vs. Slurry Injection Rate for Various % Solids (320 GPM indicated) 

Facility Construction 

Relative to cavern fill time, facility construction time required is shorter.  Timeline development for 
facility construction, permitting, and other associated studies cannot be estimated until a firm basis of 
design is developed and a more comprehensive facility engineering design study is completed.   

 

Risks, Advantages, and Disadvantages 

The information and analysis presented within this feasibility study is conceptual in nature, however, 
the evaluation has identified various risks and disadvantages with the Order suggested idea of backfilling 
for “cavern stability”.  These risks and disadvantages may outweigh the perceived advantages of 
backfilling the Caverns, and which may not be an exhaustive list.  Careful consideration should be made 
regarding risk, and which may require further detailed and comprehensive studies to support a risk 
assessment. The risks and disadvantages listed herein were based upon the possibility of deviating from 
the ongoing efforts to maintain constant cavern pressures and by association geomechanics stress 
states.  

Advantages 

A perceived advantage of backfilling the Caverns is that if a collapse of the cavern structure were to 
occur, then it may reduce the severity and extent of sub-surface rock collapse/movement and perhaps 
reduce the severity and extent of a surface expression (sinkhole) if the sub-surface collapse leads to 
that. There are some risks and disadvantages presented herein that suggest backfilling of the Caverns 
may not meaningfully reduce the severity and extent of a sub-surface rock collapse due to the Caverns 
having notable unfilled volumes and the unknown compaction characteristics of the cavern fill material.  
Adjacent mineral owners, usable sources of drinking water, surface owners, and the environment could 
still be impacted in similar ways regardless of the Caverns being backfilled. 
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Risks and Disadvantages 

The "base of the cavern(s)” is currently filled with material, and therefore the most recent sonar survey 
of the cavern(s) only illustrates the “line of sight” geometry and associated volume.  This currently filled 
volume was previously termed as “unobservable volume”.  The material in the bottom of the cavern(s) 
could be insoluble content from the gross salt stock which commonly accumulates in the base of a 
cavern as it is solution mined; and could also be related to the accumulation of salt rubble from salt falls 
which have been observed to occur and/or could have occurred throughout the cavern history.  This 
existing material in the base of the cavern(s) would have porosity, bulking, and compaction 
characteristics which are not known at this time.  This existing material could compact when additional 
vertical pressure is applied to it by way of introducing a significant amount of backfill material. 
Therefore, the total required volume of backfill material is unclear, the pressure that could be exerted 
at the salt wall base of the cavern(s) is unclear, and the ultimate volume of collapse material (if it were 
to occur) that could migrate into the cavern(s) is unclear.  It is also unclear if the fill within the 
“unobservable volume” would have the same compaction ratio for both Caverns. 

The fill material will develop its own porosity and permeability characteristics and will most likely not 
stop the leak from Cavern 7 outright. The rate of brine loss may be reduced but likely will not stop. The 
fill material may lead to differing rates of brine loss from Cavern 6 and 7 as compared to currently, which 
may require brine injection operations on both caverns rather than only Cavern 7 (as is currently the 
case).  The specific location of the brine egress from Cavern 7 is not currently known.  If this brine egress 
point exists within an “unfilled” area of Cavern 7, then an under-pressured dynamic may develop within 
the “unfilled” area.  The brine may tend to depart Cavern 7 more readily from the “unfilled” area without 
being efficiently replaced.  This could be due to the permeability of the fill material not allowing enough 
brine volume flow into the “unfilled” area. 

The actual long-term pressure conditions may be dynamic and are difficult to predict prior to backfilling 
the Caverns.3 

The potentially unique pressure conditions resulting from backfilling Caverns 6 and 7 have not been 
thoroughly evaluated or modeled, nor have they been modeled for other caverns where backfill or 
disposal operations have been conducted. It is important to note that these other known cavern “filling” 
operations differ from the operating conditions and geologic setting of Caverns 6 and 7. 

Proximity of a cavern to the dome flank may impact the stress state surrounding the cavern, potentially 
increasing the risk of hydraulic fracturing with increased cavern pressure.  The complex stress 
distribution along the flank of the dome and the potentially complex lithology and rock properties within 
a possible dome edge anomalous zone may significantly impact the risks associated with backfilling a 
cavern.  In general, the various unknown specifics regarding the stress conditions, material properties, 
backfill material, and resulting cavern pressures during and after backfill emplacement may impact the 
risks of the operation.  The actual in situ stress conditions near Cavern 7 may differ from lithostatic and 

3 Heiberger, Kevin, “Geomechanical Considerations for the Hypothetical Backfilling of Westlake PPG 7 at the 
Sulphur Mines Salt Dome (Revision 2)”, December 22, 2023. 
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isotropic because of the proximity to the salt dome flank.  Therefore, acceptable pressure limits for 
Cavern 7 may differ from what is typically used for salt caverns in a domal salt formation.4 

Completing the backfill of the Caverns will significantly limit access to the Caverns for sonar surveys and 
downhole pressure monitoring.  In consideration of some previous points, brine leakage from Cavern 7 
(and by association Cavern 6) would likely continue even with backfill material in place, therefore the 
Caverns may still require brine injection pressure maintenance operations to maintain “cavern 
stability”. 

If backfilling operations were conducted on Cavern 6 then the microseismic geophone array planned for 
installation in 2024 would need to be removed. If backfilling operations were conducted on Cavern 7 
then the existing downhole pressure/temperature gauge will need to be removed. 

Conclusion 

The feasibility of backfilling Caverns 6 and 7 at the Sulphur Mines Dome is logistically challenging and 
technically uncertain to achieve the conclusion of “cavern stability” as suggested in the DNR Order. The 
operation of backfilling also introduces additional risk factors that could potentially increase instability 
to the multi-cavern system.  The process of backfilling for “cavern stability” is not well understood within 
the solution-mined salt cavern industry, and there are no completed or ongoing projects to reference 
that are equivalent to the scope and conditions that Cavern 6 and 7 pose.    

The pressure and geomechanics influences were evaluated at a high level for this study.  It is evident 
that the influence the fill material will have on the pressure conditions of the caverns is not equivalent 
to that of the current fluid pressure maintenance operations.  The analysis conducted indicates that the 
fill material will introduce lateral pressure loads in addition to the brine hydrostatic pressure on the 
cavern walls.  The cavern geometry and angle of repose of the fill pile produce unfilled areas. 
Consequently, the pressure regime on the cavern walls is complex and deviates from the current 
pressure regime within Cavern 6 & 7. 

Technically, it is uncertain whether backfilling the caverns would result in the suggested objective of 
“cavern stability”. The evaluation completed herein suggests that meaningful new risks would be 
realized if Caverns 6 and 7 were to be backfilled. Additionally, the risk and severity of a sub-surface rock 
collapse and possible surface expression cannot be fully mitigated. In the event of a salt collapse, the 
“unfilled” cavern volume may be filled with external sub-surface material of a volume significant enough 
to lead to progressive failure of the stratified formations adjacent to the salt dome.  Even with the 
caverns “filled” with material, a collapse and movement of sub-surface rock could still impact other 
mineral owners, usable source of drinking water formations, surface owners, and the environment.  
Additionally, completing the backfill of the Caverns will likely not stop the brine leak from Cavern 7. 

Caverns 6 and 7 are currently in hydraulic communication. A conservative approach is to backfill bother 
caverns simultaneously to mitigate certain risks. The time necessary to backfill both caverns is estimated 
at approximately 13.5 years after a new fill material processing facility is constructed. This is an ideal 

4 Heiberger, Kevin, “Geomechanical Considerations for the Hypothetical Backfilling of Westlake PPG 7 at the 
Sulphur Mines Salt Dome (Revision 2)”, December 22, 2023. 
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case that assumes no compaction of fill material or impact from other variables. The logistics and 
feasibility of securing a long-term fill source and constructing an off-site facility to manufacture the 
slurry would be a significant undertaking.  

At this time, Westlake views that backfilling Caverns 6 and 7 would introduce meaningful risk to the 
situation, that does not outweigh the perceived advantage. If there are any questions, please contact 
Josh Bradley (Westlake US 2, LLC), Coleman Hale (Lonquist Field Service, LLC), Ben Bergman P.E. 
(Lonquist Field Service, LLC) and Troy Charpentier (Kean Miller LLP). 

 Sincerely, 

R. Coleman Hale 
Vice President 
Lonquist Field Service, LLC 

Certified By: 
Lonquist Field Service, LLC 
Louisiana Registration No. EF-5853 

Ben H. Bergman, P.E. 
Senior Engineer 
Louisiana License No. 40184 

Date Signed: December 27th, 2023 
Houston, Texas
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Subject: Geomechanical Considerations for the Hypothetical Backfilling of Westlake PPG 7 
at the Sulphur Mines Salt Dome (Revision 2) 

BACKGROUND 
The fluid pressure in a solution-mined cavern helps support the geologic loads that act on the 
rock surrounding and overlying the cavern. As the cavern pressure decreases, the loads that 
must be supported by the surrounding rock increase. If the loads exceed the rock strength, 
the rock will fail and lose strength. Unlike brittle rock types that fail suddenly, rock salt around 
a solution-mined cavern will typically begin to fail through microfracturing along the grain 
boundaries, a process referred to as dilation (or damage). If dilatant states of stress are 
maintained, the microfractures will increase and coalesce, which, in turn, reduces the strength 
of the salt. Salt damage is a progressive process that can lead to the salt spalling from the 
roof and walls of the cavern and may lead to salt-web failure or roof collapse. 
 
The cavern and salt-web stability between adjacent caverns and between the caverns and the 
edge-of-salt (i.e., dome flank) is a function of web thickness, web height, and cavern fluid 
pressures. If the web thickness is small and the cavern pressure is too low, the shear 
stresses in the salt surrounding the caverns can exceed the strength of the salt. It is desirable 
to design and operate salt caverns in a manner that precludes the onset of salt dilation to 
maintain cavern stability. 
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Shear stresses are always present in the salt surrounding solution-mined caverns that are fluid-filled 
and unplugged because the internal fluid pressure is always less than the in situ stress in the 
surrounding salt stock. The in situ stress state in the salt is typically assumed to be isotropic (i.e., equal 
in three orthogonal directions with no shear stress) and approximately lithostatic (i.e., equal to the 
weight of the overlying rock strata). The assumption of salt’s isotropic in situ stress state is generally 
accepted because laboratory testing suggests salt creep behavior will reduce (eliminate) shear 
stresses over geologic time scales. 
 
In general, the in situ stress in the salt at a particular depth can be approximated by integrating the 
density of the overlying rock strata through depth. The fluid pressure in a cavern can generally be 
approximated by integrating the fluid density through depth to obtain the hydrostatic pressure of the 
fluid in the cavern, implying an assumption of a quiescent state for the fluid in the cavern and well.  
 
Lower cavern pressure will increase shear stresses in the salt and potentially cause dilation, and higher 
cavern pressures have the potential to exceed the in situ salt stress and produce tensile stresses in the 
salt. Rock salt has considerable strength under compressive loading conditions yet is relatively weak in 
tensile loading scenarios, similar to most rock types. Therefore, it is desirable to design and operate salt 
caverns in a manner that precludes tensile stresses that can potentially lead to hydraulic fracturing. 
 
Consequently, cavern pressures are limited to an upper bound that is typically about 80 to 90 percent 
of the approximate lithostatic in situ stress in the salt, assuming a lithostatic pressure gradient of 
1.0 pound per square inch per foot (psi/ft) of depth, or an average overburden density of 144 pounds 
per cubic foot (lb/ft3). This high-pressure limitation is typically defined in terms of a pressure gradient, 
such as 0.80 psi/ft of depth at the casing shoe depth. In practical terms, a pressure gradient limit of 0.80 
psi/ft provides a factor of safety against exceeding the in situ lithostatic stress and causing a hydraulic 
fracture. The actual in situ stress conditions near the PPG 7 cavern may differ from lithostatic and 
isotropic because of the proximity to the salt dome flank (see below discussion). Therefore, acceptable 
pressure limits for PPG 7 may differ from what is typically used for salt caverns in a domal salt 
formation. 

ELEVATED CAVERN PRESSURE FROM BACKFILL MATERIAL 
Caverns with thin salt webs or that are at risk of experiencing extensive salt dilation and spalling can 
benefit from increased internal cavern pressure to reduce the shear stresses in the salt and the 
likelihood of salt dilation and spalling. Backfilling a cavern with solids is one potential risk mitigation 
strategy for increasing the internal cavern pressure through the backfilled depth interval because the 
solids material will have a higher density (i.e., higher pressure gradient) than the saturated brine in the 
cavern. Salt caverns have been used extensively for solids waste disposal for many years, such as in 
Canada for the oil sands production operations. Solids backfill has also been used as an attempted 
remediation measure to improve cavern stability, such as the recent case of the I&W Brine Cavity in 
Carlsbad, New Mexico1. The cavern operating conditions and geologic setting for these scenarios may 
differ from those of the Westlake caverns at the Sulphur Mines salt dome. 
 
The increased cavern pressure resulting from solids backfill material will provide some additional 
support to the surrounding rock strata, potentially reducing the likelihood of salt dilation and spalling 
from the walls. In the event of ultimate web or roof collapse, the denser backfill material in the cavern 

 
1 Rucker M. and J. Lommler, 2023. “Observations and Experience Learned from Remediation to Prevent Collapse 

of I&W Brine Cavity in Carlsbad, New Mexico,” SMRI Fall 2023 Technical Conference, San Antonio, TX,  
October 2–3. 
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will likely be compacted by the rock material falling into the cavern, and will occupy a substantial volume 
of the cavern, which may reduce the extent of catastrophic failure or the progression of the failure away 
from the cavern. This may result in a lesser impact on surrounding wells and caverns, and lesser 
subsidence effects at the ground surface. 
 
The specific backfill material and emplacement procedure is presently undefined, but certain 
generalities can be assumed to discuss geomechanical considerations. Assuming a brine-sand slurry is 
used to inject backfill material, it is useful to consider two state phases of the slurry from a density or 
pressure effects perspective. During injection, the slurry would be considered a mixture of sand and 
saturated brine with a consistent density, similar to a drilling mud or cement mixture. After the slurry has 
been distributed throughout the cavern and the fluid velocity decreases, the sand particles will ideally 
settle out of the mixture and begin to fill the cavern volume. If (or when) the solids settle out of the 
slurry, the resulting pressure conditions would be a combination of the hydrostatic pressure of the 
saturated brine and the effective weight of the solids suspended in the brine. Assuming some 
consolidation of the sand occurs, the sand will remain permeable and the hydrostatic pressure of the 
brine would be assumed present throughout the sand-filled volume. In this latter state of the backfill 
emplacement, the pressure exerted by the effective weight of the sand would differ in the vertical and 
horizontal directions, with the horizontal (lateral) pressure being less than the vertical pressure, 
assuming at rest conditions (i.e., prior to salt creep closure). The pressure contribution from the sand 
material would be additive to the hydrostatic pressure of the saturated brine. 
 
Figure 1 illustrates hypothetical cavern pressures assuming brine and saturated, consolidated sand 
completely fills the cavern with minimal wellhead pressure, and a bulk density of approximately 
130 lbf/ft3 for the backfill. The lateral pressure component would be the primary force acting against the 
cavern walls where backfill material fills the void space. The estimated backfill lateral pressure acting on 
the cavern walls is the summation of the hydrostatic brine pressure and the effective backfill lateral 
pressure. The approximate in situ stress through the middle of the salt dome with the top-of-salt at 
approximately 1,450 ft, and the limiting pressure gradient of 0.80 psi/ft are also illustrated in Figure 1 
compared to the hypothetical pressure inside the cavern. The pressure profiles presented in Figure 1 
assume static conditions in the well and cavern after a sufficient quiescent period to allow the sand to 
settle out of the slurry mixture and consolidate. Figure 1 illustrates that the hypothetical increased 
backpressure from the backfill is significantly below the limiting pressure gradient to avoid hydraulic 
fracturing of the salt, given the assumed in situ stress condition. If the in situ stress state near the 
cavern is not lithostatic and isotropic as assumed here (see below discussion), the risk of inducing a 
hydraulic fracture may be increased. The dynamic pressure conditions during emplacement of the 
backfill material would likely be greater than the static conditions illustrated here and should be 
considered with respect to exceeding the limiting pressure gradient.  

BACKFILL EMPLACEMENT 
The higher density of the backfill material can provide an elevated back-pressure (compared to 
saturated brine) where the material is able to fill against the walls of the cavern. Assuming the backfill 
material is able to arrest, or significantly impede the flow of brine out of the cavern, greater brine back-
pressure could be achieved and maintained above the fill material where the backfill does not directly 
contact the cavern walls. The ability of the backfill material to fill the void space in the cavern is limited 
by the ability of the material to be distributed across the cavern diameter from the injection string 
located in the central part of the cavern. The distribution of the backfill material will be influenced, in 
part, by the grain size of the material used, concentration of the solids in the fluid, injection/circulation 
flow rate, cavern geometry and diameter, and the ability of the solids to settle out of the slurry during 
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injection (circulation), and potentially outflowing from the cavern through the current leak path. Different 
backfill materials and different concentrations of the slurry being injected will behave differently during 
emplacement and achieve different levels of distribution and settlement throughout the cavern.  
Ideally, the grain size and concentration of the solids material is small enough to allow migration of the 
solids away from the center of the cavern while suspended in solution, but large enough to allow the 
solids to settle out of solution at lower fluid velocities to allow build-up of the material and avoid 
continual circulation. Similar behavior of solids backfill has been observed in waste disposal caverns 
(typically smaller diameter caverns than PPG 7) for oil sands production operations as evidenced by 
sonar surveys that indicate relatively even material distribution throughout the cavern and gradual floor 
depth rise over time. The type of material injected into waste disposal caverns can affect the 
distribution and resulting floor characteristics. Furthermore, the waste material may differ significantly 
from the material available for backfilling the Westlake cavern. Hypothetically, different slurry 
concentrations could be injected at different times to achieve optimal distribution and fill of the void 
space throughout the cavern—i.e., coarser material is used to fill large volumes more quickly, while finer 
material is used to fill more evenly across the span of the diameter and below flat surfaces/features of 
the cavern geometry. The availability of material and operational logistics are beyond the scope of this 
memo and the efficacy of backfill emplacement may be significantly constrained by numerous other 
factors. 
 
Where solids backfill is unable to distribute to the cavern wall or overhanging sections, the remaining 
void space will be filled with saturated brine. The presence of two materials of different pressure 
gradients will result in a slope change in the pressure profile along the cavern wall, and the pressure 
difference will gradually increase away from the interface of the two materials. This loading condition is 
potentially unique for a back-filled cavern, but it is not considered to be significantly dissimilar from 
typical cavern conditions for brine-compensated liquid storage or gas storage caverns, based on 
current estimates of the potential pressure conditions. A similar type of pressure gradient transition is 
generally present in the sump of all caverns where there is typically tens (sometimes hundreds) of feet 
of insolubles or salt that has spalled from the cavern walls. The potentially unique pressure conditions 
resulting from backfilling a cavern have not been thoroughly evaluated or modeled for typical salt 
cavern geomechanical studies. The difference in pressure applied to the cavern walls between the 
saturated brine and backfill material is expected to be relatively minimal considering the hydrostatic 
pressure of the brine is assumed to be present throughout the sand-filled volume and is not a 
significant concern from a geomechanical perspective based on estimated backfill characteristics to-
date. 

LONG-TERM CAVERN PRESSURE 
The amount of consolidation and compaction of solids backfill material emplaced in a brine-filled 
cavern is difficult to predict and even more challenging to predict if there is a leak path for the brine or 
slurry to drain from the cavern, resulting in continual flow of the brine and/or slurry. The continual flow of 
brine and/or slurry through the cavern is a complex hydrodynamic fluid and particle flow system that 
involves many interrelated and complex phenomena. Assuming the solids backfill material does settle 
out of the slurry and consolidate in the bottom of the cavern, it is expected that the sand-filled volume 
will always maintain some level of permeability, which will allow brine to continue to gradually flow out of 
the cavern over time. While brine may continue to flow from the cavern, the lower permeability of the 
backfill material (compared to the permeability of the current leak path) may reduce the flow rate of the 
brine, acting as a restrictor in the overall flow system. A reduction of the flow rate of brine out of the 
cavern may provide conditions within the cavern that allow more of the solids to consolidate and 
nominal back-pressure to build in the unfilled portions of the cavern that remain brine-filled. Assuming 
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brine flows out of the cavern faster than it is able to flow through the sand-filled cavern, there is 
potential for isolated areas of the cavern to experience lower hydrostatic pressure. The actual long-
term pressure conditions may be dynamic and are difficult to predict prior to back-filling the cavern. 
Completing the back-fill in stages and regular pressure data acquisition and sonar surveys may provide 
data to help refine engineering calculations and estimates for long-term conditions. 
 
Assuming the brine continues to flow out of the cavern through the backfill material over a long period 
of time, the hydrostatic pressure of the brine within the cavern may eventually equilibrate with the 
formation pressure outside of the dome that is connected to the cavern. Current analyses and 
investigation by Lonquist estimate that the exterior formation pressure is approximately 0.469 psi/ft at 
the floor depth in PPG 7 at approximately 3,165 ft, or approximately 1,484 psi. Figure 2 illustrates 
hypothetical cavern pressures assuming the hydrostatic pressure equilibrating with an external 
formation pressure gradient of 0.469 psi/ft at the floor depth. The estimated backfill lateral pressure 
acting on the cavern walls is the summation of the hydrostatic brine pressure and the effective backfill 
lateral pressure. The hypothetical backfill scenario illustrated in Figure 2 results in a pressure gradient 
of approximately 0.46 psi/ft at the casing shoe depth in PPG 7. The estimated brine level in the well is 
approximately 310 ft below ground surface. 

PRESSURE DIFFERENTIAL BETWEEN CAVERNS 
The elevated cavern pressure gradient resulting from backfill emplaced in PPG 7 could potentially 
create a pressure differential with the adjacent brine-filled cavern, PPG 6. Assuming PPG 6 is brine-filled 
with no wellhead back-pressure applied to the brine-side of the well, the hydrostatic pressure at the 
approximate minimum web depth of 3,067 ft is about 1,595 psi and the estimated lateral pressure in 
PPG 7 for the hypothetical sand-filled scenario illustrated in Figure 1 is approximately 1,718 psi. This is 
an approximate 123 psi pressure differential between the caverns at this depth. Recent operations data 
suggests there has been roughly 100 psi pressure differential between the two caverns without 
evidence of significant web instability between the caverns to-date. Therefore, a nominal pressure 
differential between the caverns is not expected to create a significant increased risk of web instability. 
Ideally, the pressures in both caverns are maintained at nominally equivalent conditions to reduce the 
risk of web instability. The pressure balance may potentially be attainable by applying back-pressure to 
the brine-side of the PPG 6 well, assuming the backfill in PPG 7 achieves a manageable level of 
impediment for the brine outflow from the PPG 6 cavern.  

IN SITU STRESS NEAR SALT DOMES 
It is generally accepted that the in situ stress within a salt dome is isotropic; however, the in situ stress 
distribution in the surrounding sediments is anisotropic (i.e., the horizontal stresses are not equal to the 
vertical stress). The far-field stress conditions in a sedimentary basin are often assumed to be under 
gravitational loading (i.e., no lateral strain occurs during the formation of the overlying strata). A 
negligible difference is generally considered between the minimum and maximum far-field horizontal 
stresses2. Typically, the far-field horizontal stresses are a fraction of the vertical stresses; for example, 
a far-field horizontal-to-vertical stress ratio between 0.6 and 0.7 is often assumed to describe the 
stresses in the far-field sediments surrounding a salt dome in the Gulf Coast. 
 
 

 
2  Fredrich, J. T., D. Coblentz, A. F. Fossum, and B. J. Thorne, 2003. “Stress Perturbations Adjacent to Salt Bodies in 

the Deepwater Gulf of Mexico,” SPE-84554-MS, Society of Petroleum Engineers Annual Technical Conference 
and Exhibition, Denver, CO, October 5–8. 
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The density of the sediments around the dome increases with depth, whereas the density of the salt 
remains constant at approximately 135 lb/ft3. This difference in density gradients results in disparate 
forces between the salt stock and the surrounding sediments. The sediments around the dome 
become more dense than the salt below a particular depth, and buoyancy forces would likely cause the 
salt to rise. The stress distribution between the undisturbed far-field sediments and the salt-dome 
boundary is complex and depends on the mode of emplacement and formation. A diapiric structure that 
has pierced the overlying sediments imprints the region around the dome with compressive radial and 
low tangential stresses3. Stresses outside the salt dome can become perturbed for radial distances 
that are several times the dome diameter in all directions3. Figure 3 illustrates the hypothetical 
anisotropic stress state in the sediments adjacent to a salt dome.  
 
The geologic complexity of salt diapirs and the phenomena associated with their formation can make 
the accurate determination of the dome boundary very difficult to define with high confidence. 
Furthermore, the techniques typically employed to define the boundary of a salt diapir are not generally 
well suited for determining the extent of “good quality salt” for the construction and operation of 
storage caverns 4. The exterior salt contact of a diapir may be considered to be a shear or fault zone 
that may include a zone where the salt and country rock have been intermixed. This region near the 
dome flank is often referred to as an edge anomalous zone and can be expected to occur along the 
periphery of salt diapirs in the Gulf Coast4. The presence of impurities or nonsalt inclusions in the edge 
anomalous zone can potentially degrade the creep behavior and strength of the salt near the dome 
flank. The rock within an edge anomalous zone could potentially exhibit higher shear stresses and be 
weaker (i.e., lower salt dilation strength) than the salt stock further away from the dome flank. The 
complex stress distribution in the sediments next to a salt dome may impact the stresses immediately 
inside the salt dome along the dome flank. Additionally, the potential heterogeneity of the salt along the 
dome flank may affect the creep behavior such that the stress state could be anisotropic within the 
edge anomalous zone.  

SUMMARY 
Backfilling a salt cavern with solids material is one potential remediation approach to mitigate the risk of 
excessive salt dilation and spalling that may lead to roof falls or web collapse. The increased pressure 
within the backfilled interval inside the cavern will provide additional support to the surrounding rock 
compared to brine-filled conditions in the cavern. The solids-filled volume of the cavern is expected to 
impede the outflow of the brine from the cavern, potentially providing favorable conditions for 
managing the backpressure on the brine-side of the well. The higher density of the backfilled volume 
may also reduce the severity and extent of catastrophic failure of the salt web by generally reducing the 
void space available for rock to fall into the cavern. Ideally, the slurry design and injection control are 
successful in achieving maximum distribution and filling of the cavern void space with solids material; 
however, material type availability and logistical factors may significantly constrain the efficacy of the 
backfill to completely fill the void space in the cavern.  Potential brine-filled areas of the cavern (i.e., not 
filled with solids) are not expected to present significant increased risk of salt dilation, but the 
potentially unique pressure conditions in a back-filled cavern have not been thoroughly evaluated or 
modeled in other caverns. The estimated pressure differential between sand-filled portions of the  

 
3  Dusseault, M. B., V. Maury, F. Sanfilippo, and F. J. Santarelli, 2004. “Drilling Around Salt: Stresses, Risks, 

Uncertainties,” ARMA-04-647, Proceedings, 6th North America Rock Mechanics Symposium, Houston, TX, June 
5–9, American Rock Mechanics Association, Overland Park, KS. 

4  Looff, K., J. Duffield, and K. Looff, 2003. “Edge of Salt Definition for Salt Domes and Other Deformed Salt 
Structures – Geologic and Geophysical Considerations,” Solution Mining Research Institute Spring Meeting, 
Houston, Texas, April 27–30. 
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cavern and brine-filled portions of the neighboring PPG 6 cavern are not expected to present significant 
risk for web instability. The pressure differential between the two caverns should be managed to 
maintain a nominal pressure difference to limit the risk of inducing web instability. 
 
In general, the potential for exceeding the in situ stress in the salt with solids backfill, which may lead to 
hydraulic fracturing, is low if the stress state around the cavern is isotropic and lithostatic. Close 
proximity of a cavern to the dome flank may impact the stress state surrounding the cavern, potentially 
increasing the risk of hydraulic fracturing with increased cavern pressure. The complex stress 
distribution along the flank of the dome and the potentially complex lithology and rock properties within 
a possible dome edge anomalous zone may significantly impact the risks associated with backfilling a 
cavern. In general, the various unknown specifics regarding the stress conditions, material properties, 
backfill material and resulting cavern pressures during and after backfill emplacement may impact the 
risks discussed herein. 
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Figure 1. Hypothetical Cavern Pressures With Saturated Brine and Consolidated Sand Backfill. 



Coleman Hale  //  9 
December 22, 2023 

CONFIDENTIAL 
 

 

 

 

Figure 2. Hypothetical Cavern Pressures With Saturated Brine and Consolidated Sand Backfill After Equilibrating with an Exterior Formation Pressure at the Floor Depth of Cavern PPG 7. 
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Figure 3. Illustration of the Hypothetical Anisotropic Stress State in the Sediments Adjacent to a Salt Dome in the Gulf Coast. 
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