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October 1979 to December 31, 2015 and future injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5)
from January 1, 2016 to December 31, 2050. Chemours WF Prs.dat is the input file for the model run and
Chemours WF Prs.out is the output file for the model run.
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Reservoir Pressurization (Tuscaloosa Massive Sand)

SWIFT Model Run Chemours TMS Prs — End of Operations Pressure Buildup

Chemours TMS Prs models reservoir pressure buildup associated with the injection of an average density
injection fluid into the Tuscaloosa Massive Sand. Model includes future injection at 2,200 gpm (550 gpm into
Well Nos. 2, 3, 4 and 5) from January 1, 2020 to December 31, 2050. Chemours TMS Prs.dat is the input file
for the model run and Chemours TMS Prs.out is the output file for the model run.

SWIFT Model Run Chemours TMS Prs(2) — End of Operations Pressure Buildup

Chemours TMS Prs(2) models reservoir pressure buildup associated with the injection of an average density
injection fluid into the Tuscaloosa Massive Sand. Model includes future injection at 2,200 gpm (400 gpm into
Well Nos. 2, 3 and 4 and 1,000 gpm into Well No. 5) from January 1, 2020 to December 31, 2050. Chemours
TMS Prs(2).dat is the input file for the model run and Chemours TMS Prs(2).out is the output file for the model
run.

SWIFT Model Run Chemours TMS Prs(3) — End of Operations Pressure Buildup

Chemours TMS Prs(3) models reservoir pressure buildup associated with the injection of an average density
injection fluid into the Tuscaloosa Massive Sand. Model includes future injection at 2,200 gpm (250 gpm into
Well Nos. 2, 3,4 and 5 and 1,200 gpm into Well No. 6) from January 1, 2020 to December 31, 2050. Chemours
TMS Prs(3).dat is the input file for the model run and Chemours TMS Prs(3).out is the output file for the model
run.

Lateral Migration — Light Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours WF-LD considers injection of a light density injection fluid into the Washita-Fredericksburg
Injection Interval. Model includes historical injection from October 1979 to December 31, 2015 and future
injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from January 1, 2016 to December 31, 2050.
Chemours WF-LD Lat.dat is the input file for the model run and Chemours WF-LD Lat.out is the output file
for the model run.

Lateral Migration — Light Density Injection Fluid (Tuscaloosa Massive Sand)

Chemours TMS-LD considers injection of a light density injection fluid into the Tuscaloosa Massive Sand.
Model includes future injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from January 1, 2020 to
December 31, 2050. Chemours TMS-LD Lat.dat is the input file for the model run and Chemours TMS-LD
Lat.out is the output file for the model run.

Lateral Migration — High Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours WF-HD considers injection of a high density injection fluid into the Washita-Fredericksburg
Injection Interval. Model includes historical injection from October 1979 to December 31, 2015 and future
injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from January 1, 2016 to December 31, 2050.
Chemours WF-HD Lat.dat is the input file for the model run and Chemours WF-HD Lat.out is the output file
for the model run.

Lateral Migration — High Density Injection Fluid (Tuscaloosa Massive Sand)

Chemours TMS-HD considers injection of a high density injection fluid into the Tuscaloosa Massive Sand.
Model includes future injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from January 1, 2020 to
December 31, 2050. Chemours TMS-HD Lat.dat is the input file for the model run and Chemours TMS-HD
Lat.out is the output file for the model run.
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3.0 MODELING

Information regarding the geologic, hydrogeologic and geochemical data of site conditions,

and the waste stream characteristics at Chemours DeLisle Plant are presented in earlier
sections. That information is used in this section to provide a demonstration, via model
simulation, that injected wastes will not migrate to a point outside the permitted Injection
Zone within a period of 10,000 years. A discussion of the modeling approach and

methodology is presented below.

3.1 Model Objectives and Approach

The modeling performed herein specifically addresses three considerations to demonstrate

no-migration:

1. Injection Interval pressurization during the operational period,
Lateral waste transport and containment within the Injection Zone during the
10,000-year post-operational period; and,

3. Vertical waste transport and containment within the Injection Zone during the
10,000-year post-operational period.

To meet these objectives, three separate models were constructed using different
approaches. Each model addresses specific considerations for a demonstration of no

migration. The descriptions and approaches of the three models are shown in the table

below.

[ General Model Description || General Modeling Approach |
Lateral Injection Interval Pressurization Numerical Model (SWIFT)
Lateral Plume Transport for Low and High Density Injectate | Numerical Model (SWIFT)
Vertical Transport of Injectate 1-D Analytical Model

The Sandia Waste Isolation Flow and Transport (SWIFT) code was employed in the lateral
(numerical) models. The lateral models are three-dimensional in the sense that the
Injection Interval is modeled based on approximate geologic structure, as defined in
Section 2.0. There is, however, no vertical transport allowed, thereby maximizing the

Injection Interval pressurization and lateral waste transport.

Analytical techniques were used in the vertical transport model. In accordance with 40
CFR §148.21(a)(3) and (5), the numerical and analytical models used to demonstrate no
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migration have been verified and validated. The models are available to the public and are

based on sound engineering and hydrogeologic principles.

3.1.1 SWIFT for Windows Computer Code

The computer simulation code used for modeling the pressure buildup and lateral migration
of injected waste at the Chemours facility is SWIFT for Windows (HSI Geotrans, 2000).
SWIFT for Windows is a version of the SWIFT code (Reeves and others, 1986; Finley and
Reeves, 1982; Ward and others, 1987; Reeves and Ward, 1986; Intercomp, 1976). SWIFT
was originally called SWIP (Survey Waste Injection Program) and was developed under
contract to the U.S. Geological Survey (Intercomp, 1976). Tetra Tech, Inc. is the current
custodian of the SWIFT code. The code was developed to model waste injection in deep

brine aquifers under conditions of variable fluid density, viscosity and temperature.

SWIFT is a three-dimensional finite difference code that can be used to simulate ground
water flow, contaminant transport and heat transport in single or dual porosity media.
Steady state or transient conditions can be simulated. In SWIFT, the equations governing
ground water flow and solute transport are coupled through: 1) the pore fluid velocity; 2)
the dependence of the fluid density on pressure, solute mass fraction and temperature; and

3) the dependence of fluid viscosity on solute mass fraction and temperature.

SWIFT has been extensively verified and validated. Ward and others (1984) documented
the benchmarking of SWIFT against eleven analytical solutions and field problems. These
problems explore a wide range of SWIFT’s capabilities including variable density flow
and disposal well injection. Illustrative problems using the SWIFT code have been

published in two reports (Finley and Reeves, 1982; Reeves and others, 1987).

3.1.2 Analytical Model

The vertical transport of waste and dissolved waste constituents was calculated using
analytical models. These models incorporated the effects due to both advection and
molecular diffusion. The advective transport arises from the Injection Interval pressure
buildup during the operational period, and the buoyant gradient resulting from the density
contrast between the injectate and formation fluid. The molecular diffusion component of
transport results from the concentration gradient between the Injection Interval and the

overlying strata. Additionally, the diffusive transport through a mud-filled borehole is
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calculated to address the possibility of a mud-filled artificial penetration intersecting the

Injection Interval and waste plume.

The analytical solutions are derived from published materials and employ sound hydrologic
principles. Derivations and discussions of the mathematical models used in the vertical

transport of waste are presented in Section 3.6.

3.2 General Modeling Methodology and Assumptions

In this modeling, a “conservative approach” methodology was applied. Model input
parameters, initial conditions and boundary conditions were employed to ensure that the
simulated Injection Interval pressurization and waste transport distance are overestimated.
The general methods employed to ensure conservative modeling results are discussed
below. Information regarding the specifics of each model are presented in the appropriate

model discussions.

The Chemours site has five wells permitted by MDEQ Permit No. MSI1001. Four wells
are active and inject into the same injection interval (Washita-Fredericksburg Sand) as
Well Nos. 2, 3, 4 and 5. Well No. 6 has not been constructed as of the date of this
demonstration (October 2016). Monitor Well No. 1 was originally intended to be used as
an injection well. However, the location of manufacturing process within the DeLisle Plant
was moved, and sometime between 1974 and 1978 it was decided that Monitor Well No.
1 was located too far from the process areas to be used as an injection well. A seventh
well (Well No. 7) is considered in this demonstration, should Chemours opt to permit and

construct an additional well at the Chemours DeLisle Plant.

The Confining Zone, Injection Zone and Injection Interval are present at the following

depths in each well:

Regulatory Units in Well No. 1

Regulatory Unit Geologic Formation Depth (feet)
Confining Zone* Midway Group and Selma Formation 6,200 — 8,035
Injection Zone* Eutaw, Tuscaloosa, Washita-Fredericksburg | 8,035 — 10,043
Injection Interval®* | Tuscaloosa Massive Sand 9,282 -9,610
Injection Interval* | Washita-Fredericksburg 9,820 — 10,043

*  all depths are approximate and are referenced to Well No. 1 Dual Induction/Laterolog geophysical well log
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Regulatory Units in Well No. 2

Regulatory Unit Geologic Formation Depth (feet)
Confining Zone* Midway Group and Selma Formation 6,200 — 8,035
Injection Zone* Eutaw, Tuscaloosa, Washita-Fredericksburg | 8,035 — 10,043
Injection Interval* | Tuscaloosa Massive Sand 9,282 -9,610

Injection Interval*

Washita-Fredericksburg

9,820 - 10,043

* all depths are approximate and are referenced to Well No. 2 (MSI1001) Dual Induction/Laterolog

geophysical well log
Regulatory Units in Well No. 3
Regulatory Unit Geologic Formation Depth (feet)
Confining Zone* Midway Group and Selma Formation 6,200 — 8,045
Injection Zone* Eutaw, Tuscaloosa, Washita-Fredericksburg | 8,045 — 10,035
Injection Interval* | Tuscaloosa Massive Sand 9,282 —9,610

Injection Interval*

Washita-Fredericksburg

9,799 — 10,035

* all depths are approximate and are referenced to Well No. 3 (MSI1001) Dual Induction/Laterolog

geophysical well log

Regulatory Units in Well No. 4

Regulatory Unit Geologic Formation Depth (feet)
Confining Zone* Midway Group and Selma Formation 6,158 — 7,998
Injection Zone* Eutaw, Tuscaloosa, Washita-Fredericksburg | 7,998 — 9,982
Injection Interval®* | Tuscaloosa Massive Sand 9,282 -9.,610
Injection Interval* | Washita-Fredericksburg 9,752 — 9,982

* all depths are approximate and are referenced to Well No. 4 (MSI1001) Dual Induction/Laterolog

geophysical well log
Regulatory Units in Well No. 5
Regulatory Unit Geologic Formation Depth (feet)
Confining Zone* Midway Group and Selma Formation 6,130 — 8,003
Injection Zone* Eutaw, Tuscaloosa, Washita-Fredericksburg | 8,003 — 10,043
Injection Interval* | Tuscaloosa Massive Sand 9,282 -9,610
Injection Interval®* | Washita-Fredericksburg 9,744 — 9,995

*  all depths are approximate and are referenced to Well No. 5 (MSI1001) Dual Induction/Density-Neutron

geophysical well log

Regulatory Units in Well No. 6 (Construction Pending)

Regulatory Unit Geologic Formation Depth (feet)
Confining Zone* Midway Group and Selma Formation 6,130 — 8,003
Injection Zone* Eutaw, Tuscaloosa, Washita-Fredericksburg | 8,003 — 10,043
Injection Interval* | Tuscaloosa Massive Sand 9,282 -9,610
Injection Interval®* | Washita-Fredericksburg 9,744 — 9,995

* all depths are approximate are referenced to Well No. 5 (MSI1001) Dual Induction/Density-Neutron

geophysical well log
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Regulatory Units at Proposed Location of Well No. 7

Regulatory Unit Geologic Formation Depth (feet)
Confining Zone* Midway Group and Selma Formation 6,130 — 8,003
Injection Zone* Eutaw, Tuscaloosa, Washita-Fredericksburg | 8,003 — 10,043
Injection Interval* | Tuscaloosa Massive Sand 9,282 -9,610
Injection Interval* | Washita-Fredericksburg 9,744 — 9,995

* all depths are approximate are referenced to Well No. 5 (MSI1001) Dual Induction/Density-Neutron
geophysical well log

Although the Chemours well(s) may inject into varying sand horizons within each Injection
Interval, the modeling scenario employed in this demonstration was designed to
conservatively represent waste migration and reservoir pressurization for the collective net
sand within each Injection Interval. The lateral migration models (light density and heavy
density waste) and pressurization model assumes a reservoir with a conservative reservoir
thickness, and an appropriate reservoir permeability for the given scenario.

This demonstration considers disposal into the authorized Injection Interval at a cumulative
injection rate (future) of 2,200 gallons per minute (gpm). The historical volume injected
into each individual well was input at each individual well location for each year of
operation from the time each well was originally placed in service until December 31,
2015. Future injection at the maximum cumulative injection rate (Washita-Fredericksburg

Injection Interval) commences on January 1, 2016 and ceases on December 31, 2050.

Regional structural information was incorporated into the lateral transport models (variable
structure, variable net sand thickness) to address the possibility of “up-dip” or “down-dip”
movement of injected wastes. The transport models include the effects of advection,
dispersion and molecular diffusion. The average historical injectate density was
incorporated into the Injection Interval pressurization model. The minimum injectate
density was incorporated into the low-density injectate lateral transport model and the
vertical transport model to maximize up-dip and vertical movement during a 10,000-year
operational period. The maximum injectate density was incorporated into the high-density
injectate lateral transport model to maximize down-dip movement during a 10,000-year
post operational period. Formation structural information was not incorporated into the
vertical transport model, thereby maximizing the upward driving forces of pressure buildup

and buoyancy at the point of maximum concentration (wellbore).
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3.2.1 Geologic and Hydrologic Model Assumptions

Several hydrologic and geologic assumptions were made in the modeling portion of this
petition. General assumptions required for both the lateral SWIFT and vertical models are:
1) Darcy's law is valid, i.e. ground water flow is laminar; 2) the porous medium is fully
saturated and confined; 3) hydrodynamic dispersion can be described as a Fickian process;
4) the initial model concentration is zero; 5) the injected and formation fluids are miscible
and no reactions between waste constituents or between waste and formation or formation
fluids occur; and 6) the waste movement is modeled by considering the movement of a
single conservative species, i.e., no sorption or decay of the waste occurs. Specific

assumptions pertaining to each model is detailed in the appropriate following section.

3.2.2 Modeled Concentration Reduction

In Section 3.2 of the petition approved in May 2000, the fractional concentration reductions
required for the various “Appendix VIII” constituents in the injection waste to meet health-
based standards were determined. These fractional concentration reductions (also referred
to in the present text as concentration reduction factor or C/C,) are defined simply as the
health-based standard values (or detection limits) (expressed as C in this discussion)
divided by the concentrations in the waste stream (expressed as C, in this discussion). The
calculated concentration reduction factor for constituents requiring great reductions were
chromium (Cr) and lead (Pb). The largest calculated concentration factor necessary to
reach the health-based limit or detection limit is for lead (based on the maximum assumed
concentration in the injected waste stream) and is 1.0 x 10-3. As a further conservative
approach, a theoretical “worst-case” constituent was modeled to represent yet unidentified
constituents. Use of a more conservative concentration reduction factor of 1.0 x 10-° was
employed for a theoretical “worst-case” constituent to ensure that maximum diffusion
distances where calculated for the waste stream at the DeLisle Plant. This demonstration
utilizes a concentration reduction factor of 1.0 x 10-? for 1) all lateral migration models for
the Washita-Fredericksburg Injection Interval and the Tuscaloosa Massive Sand; 2) all
vertical migration calculations of movement through formation matrix above the Washita-
Fredericksburg Injection Interval and the Tuscaloosa Massive Sand and 3) vertical
migration calculations of movement through mud-filled boreholes which penetrate the
Washita-Fredericksburg Injection Interval. Vertical migration calculations of movement
through mud-filled boreholes which penetrate the Tuscaloosa Massive Sand employ the

actual concentration reduction factor of 1.0 x 10- 3.
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3.2.3 Boundary Conditions

For lateral migration modeling, the Injection Interval is assumed to be open on all sides to
maximize plume dimensions. This is accomplished by imposing transmissive Carter-Tracy
boundaries on the lateral sides using the same transmissivities and porosity-thickness

values that are used along the side grid blocks of the model.

The “top” and “bottom” of the Injection Interval in the lateral model are non-transmissive
with the assignment of zero hydraulic conductivity in the z-direction, thus confining waste
movement and Injection Interval pressurization within the modeled Injection Interval layer.
This is a conservative condition since no waste transmission or pressure leakoff to the
remaining injection reservoir can occur, thereby maximizing waste movement and pressure

buildup within the Injection Interval.

The top of the vertical model is placed at the top of the Injection Zone at 7,998 feet KB in
Well No. 4. The transport model is 1-dimensional with no transverse component of
movement (hydraulic conductivity or dispersivity), thereby maximizing vertical

movement. Boundary conditions are not relevant for the vertical model calculations.
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3.3 Model Input Parameters

The key parameters used in the lateral, pressure and vertical models are summarized in
Table 3-1. The parameters employed in these models have been selected to result in
maximum Injection Interval pressurization and waste transport distances. Some additional

discussion is given below for parameters of particular importance.

3.3.1 Injection Interval Depth, Structure and Thickness

For purposes of the following discussion, and within various other sections of this
document, it is necessary to establish a reference depth for various model input parameters.
Well No. 4 is located in the approximate center of the group of the DeLisle injection wells

and depths of interest (reference depth) are stated relative to this well.

The top of the Washita-Fredericksburg Injection Interval is present at a depth of about
9,810 feet subsea in Well No. 4. A depth of 9,888.6 feet subsea (approximate depth to top
of Injection Interval plus 50 percent of NET sand thickness [160 feet/2] at well location)
was chosen as the reference depth for the depth specific SWIFT model parameters for the
Washita-Fredericksburg.

The top of the Tuscaloosa Massive Sand is present at a depth of about 9,413 feet subsea in
Well No. 4. A depth of 9,511.6 feet subsea (approximate depth to top of Tuscaloosa
Massive Sand plus 50 percent of the approximate NET sand thickness [200 feet/2] at well
location) was chosen as the reference depth for the depth specific SWIFT model parameters

for the Tuscaloosa Massive Sand.

Figure 3-1 is portion of a composite electric log that illustrates the electric log signature
across this portion of the Injection Interval at the Chemours facility location. Both the
Washita-Fredericksburg Injection Interval and Tuscaloosa Massive Sand are highlighted

on Figure 3-1.

Each light-density waste and high-density waste lateral migration model and each reservoir
pressurization model incorporates the structure on top of the Injection Interval (Washita-
Fredericksburg and Tuscaloosa Massive Sand). Collectively, the lateral migration models
and reservoir pressurization models are referred to as SWIFT models. The structural
information used in the modeling is based on the regional and local geologic area of review

at the Chemours facility, as discussed in Section 2.0.
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Each SWIFT model also incorporates the variable NET SAND thickness of the modeled
sand interval. Plate 3-2 is an isopach map of the Washita-Fredericksburg. The NET SAND
thickness is about 80 percent of the total isopach thickness. As an example, the isopach
thickness at Well No. 2 is about 190 feet and net sand thickness at Well No. 2 is about 152
feet.

Plate 3-4 is an isopach map of the Tuscaloosa Massive Sand. The NET SAND thickness
is about 77 percent of the total isopach thickness of the Tuscaloosa Massive Sand. The
isopach thickness of the Tuscaloosa Massive Sand at Well No. 2 is about 255 feet and net
sand thickness at Well No. 2 is about 196 feet.

For the vertical migration model, all transport is directed upward from the top of the
Injection Zone at depth of 7,998 feet KB (7,968 feet MSL) in Well 4. This depth serves as
a reference depth, and upward vertical migration distances can be applied to each
individual well location. The transport model is 1-dimensional with no transverse

component of movement, thereby maximizing vertical movement.

Reference Depth: The SWIFT model requires the input of an arbitrary depth for setting up

initial conditions measured relative to the reference plane. The depth to the center of the
permitted Injection Interval (Washita-Fredericksburg) in the reservoir modeling is placed
at 9,888.6 feet MSL (Well No. 4). The depth to the center of the Tuscaloosa Massive Sand
in the reservoir modeling is placed at 9,511.6 feet MSL (Well No. 4).

3.3.2 SWIFT Hydraulic Conductivity and Permeability

The hydraulic conductivity and permeability employed in the SWIFT models was selected
based on analyses of fall-off testing performed on Chemours injection wells. Core data
derived from analyzing cores collected from the Injection Interval were also considered

when deriving conductivity and permeability values of the Injection Interval.

Washita-Fredericksburg Injection Interval: Whole and sidewall cores of the Washita-

Fredericksburg injection sand were taken in Monitoring Well No. 1 (Appendix 2-28).
Whole cores were obtained from Well No. 2 (Appendix 2-29), but only side-wall cores
were obtained from Well No. 4 (Appendix 2-33), and Well No. 5 (Appendix 2-34). The

average air permeability of the cores from Monitoring Well No. 1 was 405 milliDarcies
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(mD), with a range from a low of 22.8 mD to a high of 953 mD. The range of permeability
from Well No. 2 was from 36 to 1,152 mD, with 86 samples analyzed. The average
permeability of all samples was 336mD. The range of permeability for samples from Well
No. 4 is 12 to 810 mD, with 34 samples analyzed. The average permeability of all samples
18 363 mD. The cores from Well No. 5 offered additional corroboration of the permeability
values. The range of permeability in the samples was from 50 mD to 1,000 mD, with an

average value of 350 mD.

In December 1992, comprehensive interference and step rate/pulse tests were conducted
over a 14-day period on Well Nos. 2, 3, and 4, with Monitor Well No. 1 used as the
observing well. Evidence of pressure communication among the injection wells and
Monitor Well No. 1 was indicated by observing the correspondence between downhole
pressure and injection well flow rate changes as a function of time. A direct correlation
exists with the injection rate changes in the wells and observed downhole pressure changes
at all of the injection wells and at Monitor Well No. 1. When injection into one well is
initiated, its pressure and rate effects are quickly observed at the adjacent offset wells, and
conversely, the effect of turning one well off can be directly indicated in the response at
the offset wells. Results of the testing indicate that all of the individual wells tested are in
pressure communication, with Monitor Well No. 1 directly observing the pressure effects
from the injection well field injection rate changes. This conclusion confirms that all wells
are in communication, with the formation open throughout all of the downhole well
completions. The effective permeability, as derived from inter-well transmissivity analysis

and type curve solutions from the comprehensive testing, averages 330 mD (Appendix 3-

1.

In addition to the comprehensive well-to-well testing in December 1992, annual injection
and falloff testing has been performed on the injection wells. Well No. 3 was tested in
April 2015. Transient analysis of the April 2015 test in Well No. 3 results in a calculated
transmissibility of 161,029 mD-feet/centiPoise, which is equivalent to an effective
permeability of 423 mD in the Washita-Fredericksburg Injection Interval. Since 1997, the
annual testing has rotated sequentially through the injection well field. Prior to 1997, either
Well No. 4 or Well No. 5 was the tested well, with exceptions when those wells were
undergoing repair. Table 3-2 is a summary of the Washita-Fredericksburg reservoir test
results. Based on the results of single well reservoir tests, inter-well transmissivity
analysis, type curve solutions and core data, the average permeability of the Washita-

Fredericksburg Injection Interval is approximately 210 mD.
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To estimate pressure buildup, a permeability of 210 mD is used in the SWIFT
pressurization model for the Washita-Fredericksburg Injection Interval. To be
conservative in the prediction of waste plume migration, a permeability of 500 mD is used

in the SWIFT lateral migration models.

Using model inputs of 160 feet for thickness, 0.405 centiPoise (cP) for fluid viscosity in
the Injection Interval, and a permeability value of 210 mD, the derived transmissibility is
82,963 mD-ft/cP. This value of transmissibility is utilized in calculating the reservoir
pressure buildup in the Washita-Fredericksburg Injection Interval to estimate pressure
buildup during the operational timeframe of the wells. Using model inputs of 160 feet for
thickness, 0.405 cP for fluid viscosity in the Washita-Fredericksburg Injection Interval,
and a permeability value of 500 mD, the derived transmissibility is 197,531 mD-ft/cP.
This value of transmissibility is utilized in calculating the post-operational plume migration
in the Washita-Fredericksburg Injection Interval to maximize transport during the 10,000-

year modeling timeframe.

The formation hydraulic conductivity used in the SWIFT pressurization model of the
Washita-Fredericksburg Injection Interval was 1.561 ft/day, based on a flow capacity of
33,600 mD-ft, formation fluid density of 68.49 Ib/ft*, formation fluid viscosity of 0.405 cP

and a receiving interval thickness of 160 feet.

The formation hydraulic conductivity used in the SWIFT lateral transport model for the
Washita-Fredericksburg Injection Interval was 3.716 ft/day, based on a flow capacity of
80,000 mD-ft, formation fluid density of 68.49 Ib/ft>, formation fluid viscosity of 0.405 cP

and a receiving interval thickness of 160 feet.

Tuscaloosa Massive Sand: Whole and sidewall cores of the Tuscaloosa Massive Sand

injection sand were taken in Monitoring Well No. 1 (Appendix 2-28). Whole cores were
also obtained from Well No. 2 (Appendix 2-29). Only sidewall cores were obtained from
Well No. 4 (Appendix 2-33) and Well No. 5 (Appendix 2-34). The average permeability
of the cores from Monitoring Well No. 1 was 139.4 mD, with a range from a low of 13.7
mD to a high of 339 mD. A total of 21 samples were analyzed. The core results from Well
No. 2 show an average permeability of approximately 419 mD. The range of permeability
from Well No. 2 was from 95.6 to 782 mD, with 10 samples analyzed. The range of
permeability for samples from Well No. 4 is 153 to 395 mD, with 5 samples analyzed. The
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average permeability of all samples is 272 mD. The cores from Well No. 5 offered
additional corroboration of the permeability values. The range of air permeability in the
samples was from 81.1 mD to 6,665 mD, with an average value of 2,100 mD. As a rule of
thumb, liquid permeability is about 65 percent of air permeability from 100 mD to 500 mD.
Applying this approximate correction suggests the average liquid permeability for core
samples from Well No. 5 is about 1,365 mD.

To calculate pressure buildup, a permeability of 450 mD is used in the SWIFT
pressurization model for the Tuscaloosa Massive Sand. To be conservative in the
prediction of waste plume migration, a permeability of 750 mD is used in the SWIFT lateral

migration models.

Using model inputs of 200 feet for thickness, 0.418 cP for fluid viscosity in the Injection
Interval, and a permeability value of 450 mD, the derived transmissibility is 215,311 mD-
ft/cP. This value of transmissibility is utilized in calculating the reservoir pressure buildup
in the Tuscaloosa Massive Sand to estimate pressure buildup during the operational
timeframe of the wells. Using model inputs of 200 feet for thickness, 0.418 cP for fluid
viscosity in the Tuscaloosa Massive Sand, and a permeability value of 750 mD, the derived
transmissibility is 358,852 mD-ft/cP. This value of transmissibility is utilized in
calculating the post-operational plume migration in the Tuscaloosa Massive Sand to

maximize transport during the 10,000-year modeling timeframe.

The formation hydraulic conductivity used in the SWIFT pressurization model of the
Tuscaloosa Massive Sand was 3.243 ft/day, based on a flow capacity of 90,000 mD-ft,
formation fluid density of 68.55 1b/ft®, formation fluid viscosity of 0.418 cP and a receiving
interval thickness of 200 feet.

The formation hydraulic conductivity used in the SWIFT lateral transport model for the
Tuscaloosa Massive Sand was 5.405 ft/day, based on a flow capacity of 150,000 mD-ft,
formation fluid density of 68.55 1b/ft>, formation fluid viscosity of 0.418 cP and a receiving
interval thickness of 200 feet.

Vertical Model Hydraulic Conductivity

The values of shale layer permeabilities specified as inputs in the vertical modeling
calculations were determined from direct measurements on core samples obtained in
Monitor Well No. 1, and from a correlation developed by Porter and Newsom (1987)

16-123 Chemours 3-12 I I ! I !
Section 3 0 Modeling (11-7-18) E A

Revision Date: November 7, 2018 DY NAMICS INC



giving the upper limits of shale permeabilities for the Gulf Coast region. The Porter and

Newsom (1987) study is included in Appendix 3-2.

Porter and Newsom (1987) conducted a literature investigation to evaluate information
available on the permeability and porosity of Gulf Coast clays and shales. In this study,
they developed a relationship for determining a reasonable worst-case upper bound to shale
permeability as a function of depth below ground level for use in conservatively predicting
vertical waste permeation into the shale aquitard layer overlying an injection interval. The
Porter/Newsom relationship is consistent with the body of experimental data on shale

permeabilities discussed above for the region in proximity to the DeLisle Plant.

The shale permeabilities of the layers involved in containment of waste were determined
from vertical permeability tests performed on shale cores obtained in Monitor Well No. 1.
Permeability was measured from samples of Tuscaloosa and Washita-Fredericksburg
shales. The highest permeability measured was approximately 6.2 x 107 Darcies (Vesic,
1974). Additional permeability measurements were made from samples recovered from

Injection Well No. 5, and corroborate this value.

In the vertical migration model the shale overlying and underlying the Washita-
Fredericksburg Injection Interval is assigned a conservative upper bound permeability of
6.2 x 10® Darcies (6.2 x 10° mD). This permeability value is equal to the upper bound
value from the site-specific whole core data. Therefore, its use in the vertical transport
modeling will result in an overestimate of vertical permeation of injectate and formation

brine during the operational and post-operational period.

Based on the data included in the previous paragraphs, the value of 6.2 x 10 mD is
assigned as the vertical shale intrinsic permeability in the containment interval. This value
was converted to a hydraulic conductivity using the light density injectate at reservoir
conditions in the Washita-Fredericksburg Injection Interval (viscosity of 0.231 and a
density of 62.43 1b/ft>.

k
K ke
1)
pg= injectate fluid specific weight (density) = 62.43 Ib/ft?
p = injectate fluid viscosity = 0.231 cP (at reservoir temperature)
k = shale intrinsic permeability = 6.2 x 10> mD
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Therefore:

K _(62x 107 mD)(62.43 1b/ft*)(1.062 x 10" ft*/Darcy )(86,400 sec/day)
’ (0.231cP)(2.088x 10 1b - sec/ft* - cP)(1,000 mD/Darcy)

K,=7.36x 107 ft/day

The formation hydraulic conductivity used in the vertical migration model is 7.36 x 10~
ft/day. The vertical hydraulic conductivity of the containment interval is assumed
homogeneous (no variation in permeability along the vertical path). Additionally, since
the vertical model is one-dimensional (vertically upward), the hydraulic conductivity is

assumed to be isotropic.

3.3.3 SWIFT Model Reference Pressure and Fluid Gradients

An initial formation pressure at a specific reference depth is used as the reference point for
the operational period pressure models. As such, they only indirectly affect the post-
operational modeling performed in this application. Pressures used in this document have
been referenced to mean sea level. Often, the zero-measurement reference is listed on the
historic static gradient survey reports, which make corrections to ground level straightforward.
Many times, however, there is no reported zero value for the measurement (report sections
left blank). Uncertainty in the zero-measurement reference introduces error in the overall
computed static bottom-hole value at the sand reference depth. This is on the order of 4 to 6
pounds per square inch (psi) for the range of fluid gradients and known zero reference
elevations above ground level used for the wells. Maximum uncertainty is likely less than 10

psi, which is relatively small in comparison to the measured bottom-hole pressures.

The original formation pressure of the injection sand is not a direct input to the models, but is
necessary for model pressure calibration and evaluation. During pressure calibration,
historical measured formation pressures are compared with model predicted formation
pressures. The modeled formation pressures are expressed only as the incremental increase
in pressure over original formation pressure. Therefore, a valid approximation of the original
formation pressure for the injection sand is essential. A record of historical wellhead pressures
from Monitoring Well No. 1 is present in Table 3-3, which were also used to survey the
integrity of the original and historical formation pressure measurements (pre-injection

period).
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The initial estimate of the original formation pressure for the Washita-Fredericksburg
Injection Interval is derived from a 1974 drill stem test measurement in Monitoring Well No.
1 (Halliburton, 1974d). The measured final shut in pressure was 4,626 psi at a depth of 9,893
feet BGL, which is equal to a gradient of 0.467 psi/ft. Correcting this value to the midpoint
of the Washita-Fredericksburg Injection Interval (9,850 feet BGL), using the above gradient,
the original formation pressure based on the drill stem test is equal to 4,606 psi (see Table 3-
3). However, based on subsequent well testing and static bottom-hole pressure measurements,
it appears that this value may be too high. Figure 3-2 presents the historically calculated

bottom-hole shut-in pressures in Monitor Well No. 1 and the injection wells with time.

Testing from the comprehensive reservoir testing program in 1992 yielded a stabilized
bottom-hole pressure value of 4,516 psi at a depth of 9,760 feet, which when referenced to
the sand midpoint at 9,850 feet, is equal to a pressure of 4,558 psi. This offers documentation
that the true original formation pressure is nearer to this value than indicated from the drill
stem test data. Recent bottom-hole pressure measurements and reservoir tests conducted on
Well Nos. 2, 3, 4, and 5 also demonstrate that the measured original formation pressure from
the 1974 drill stem test is probably inappropriate. The measured pressure in Well No. 4 (while
Well No. 2 was shut-in) was 4,537 psia or 4,523 psi at a depth of 9,750 feet BGL (Gulf Coast
Well Analysis, 1989). This equates to a pressure gradient of 0.4639 psi/ft. The pressure
corrected to the midpoint of the injection sand (9,850 feet) is equal to 4,568 psi. Since this
measured pressure, after years of injection (4,568 psi), is lower than the estimated original
formation pressure from the 1974 drill stem test, it can be concluded that the drill stem test

pressure is incorrect.

Tables 3-4, 3-5, and 3-6 present historical bottom-hole pressure measurements recorded from
all the wells on site. Figure 3-3 is a graph of formation pressures measured from historical
pressure tests with depth obtained during drilling or recompletion of the site wells. Figure 3-
4 presents this data as gradients plotted versus depth. Slightly different slopes are apparent
within the scatter trend of the distributed data. The data indicates a common trend between
the overlying Tuscaloosa Formation and the Washita-Fredericksburg Injection Interval. From
these relationships, a detailed evaluation/screening of the data indicates that the estimated
original formation pressure of the Washita-Fredericksburg Injection Interval used in the
model should be approximately 4,555 psi at a depth of 9,850 feet BGL, which is equal to a
gradient of 0.4624 psi/ft. This formation pressure is supported by the data and derived from

the calibration of the pressure model with the recent pressure measurements in the wells. This
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represents a reasonable value based on site specific DeLisle Plant data, which has been
evaluated for its integrity.

Reference Pressure: The SWIFT model requires a reference pressure at which the densities

(reservoir fluid and injected fluid) are to be entered. The SWIFT model reference pressures
where calculated at the approximate grid block center of Well No. 4. The SWIFT model
reference pressure for the Washita-Fredericksburg Injection Interval is 4,580.7 psi at the
grid block center depth of 9,888.6 feet MSL. The SWIFT model reference pressure for the
Tuscaloosa Massive Sand is 4,406.4 psi at the grid block center depth 0o 9,511.6 feet MSL.
NOTE: The reference pressure estimated for the Tuscaloosa Massive Sand was calculated
using the original formation pressure of the Washita-Fredericksburg (4,555 psi at 9,850
feet BGL) and correcting for depth using a fluid gradient of 0.4624 psi/ft.

Reference Pressure: The SWIFT model requires an initial pressure at depth in the model.

The SWIFT model initial pressure (approximate Well No. 4 grid block center) for the
Washita-Fredericksburg Injection Interval is 4,580.7 psi at the grid block center depth of
9,888.6 feet MSL. The SWIFT model initial pressure (approximate Well No. 4 grid block
center) for the Tuscaloosa Massive Sand is 4,406.4 psi at the grid block center depth of
9,511.6 feet MSL.

Bottom-Hole Pressure (Grid Block Center): For the SWIFT models included in this

demonstration, the bottom-hole pressure at the center of the grid block in which each well is

located was calculated and input in the model.

3.3.4 Bottom-Hole Temperature

Knowledge of formation temperature and total dissolved solids (TDS) concentrations is
necessary to predict fluid viscosities and densities at depth. Figure 3-5 shows a plot and
distribution of measured bottom-hole logging temperatures at the DeLisle Plant as a function
of depth. This data was obtained from the five geophysical well logs of the injection wells
and Monitor Well No. 1 (all wells present within the Area of Review). Recorded bottom-hole
temperature data, and information from drill stem testing of the Washita-Fredericksburg and
other overlying and shallower formations were also compiled from Monitor Well No. 1.

These data have been used in the present calculations to establish temperatures at depth.
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Figure 3-5 also shows a plot of measured temperatures, obtained from drill stem tests in
Monitoring Well No. 1 (Halliburton, 1974a, 1974b, 1974c, and 1974d) as a function of depth.
The average mean surface temperature was estimated to be 70°F, and the maximum recorded
temperature was observed in Monitoring Well No. 1, where a value of 215°F was indicated
in 1974. Table 3-7 lists the values used to derive this temperature versus depth plot. The
depth interval from approximately 9,000 to 9,600 feet represents the Tuscaloosa Formation
(Upper, Middle, and Massive Tuscaloosa Sands), while the interval from 9,750 to 10,050 feet

corresponds to the Washita-Fredericksburg Injection Interval.

In 2005, 2012 and 2016, differential temperature survey logs were run in Monitor Well No.
1. These temperature data are accepted as being the best measurement of bottom-hole
temperature and wellbore temperature gradients. Figure 3-6 is a plot which shows the
historical temperature data (Table 3-7) and the temperature data collected from the subject
temperature logs. Based on these data, the SWIFT model reference temperatures at depth and

for the grid block centers were determined.

Reference Temperatures: The SWIFT model requires a reference temperature for the

resident-fluid (formation fluid) viscosity and injection fluid viscosity. The SWIFT model
reference temperature (Well No. 4 grid block center) for the resident-fluid (formation fluid)
viscosity and injection fluid viscosity for the Washita-Fredericksburg Injection Interval is
assumed to be 243.6°F. The SWIFT model reference temperature (Well No. 4 grid block
center) for the resident-fluid (formation fluid) viscosity and injection fluid viscosity for the

Tuscaloosa Massive Sand is 236.4°F.

Initial Temperatures (Reference Depth): The SWIFT model requires initial temperatures to

be input relative to the SWIFT model reference plane. The SWIFT model reference
temperatures for Washita-Fredericksburg Injection Interval are 228.5°F at 9,100 feet
subsea and 278.2°F at 11,700 feet subsea. The SWIFT model reference temperatures for
Tuscaloosa Massive Sand are 222.8°F at 8,800 feet subsea and 274.4°F at 11,500 feet

subsea.

Initial Temperatures (Grid Block Center): The SWIFT model hydraulic conductivity and

density reference temperature (at Well No. 4 grid block center) for the Washita-
Fredericksburg Injection Interval is assumed to be 243.6°F. The SWIFT model hydraulic
conductivity and density reference temperature (at Well No. 4 grid block center) for the

Tuscaloosa Massive Sand is 236.4°F.
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Injection Fluid Temperature: For the SWIFT models included in this demonstration, it is

assumed that the injection fluid temperature is equivalent to the initial formation temperature
prior to injection. This is reasonable given the SWIFT modeling timeframe of up to 10,000
years. The SWIFT model injection fluid temperature for the Washita-Fredericksburg
Injection Interval is assumed to be 243.6°F. The SWIFT model injection fluid temperature
for the Tuscaloosa Massive Sand is 236.4°F.

3.3.5 Porosity

Porosity is defined as the ratio of void space in a given volume of rock to the total bulk
volume of rock expressed as a percentage (Amyx et al., 1960). The more porous a rock,

the more fluid can be stored in a given rock volume.

Average values of reservoir porosities for the various sand layers in the stratigraphic
column have been derived from core data obtained from Monitoring Well No. 1 and Well
Nos. 2, 4, and 5. Average porosities for sand layers with no core data available were

estimated from nearby sands which have core data analyzed.

The porosity of the Washita-Fredericksburg Injection Interval was determined from the
average of all core measurements from Monitoring Well No. 1 and Well Nos. 2, 4, and 5.
The calculated average porosity of the Washita-Fredericksburg Injection Interval in all of
the wells is 24 percent. The average porosities from cores from each well are 23.6, 23.9,
22.3, and 23.9 percent, respectively, for Monitoring Well No. 1 and Well Nos. 2, 4, and 5.

These data are corroborated from the open hole geophysical well logs in each of the wells.

The porosity of the Tuscaloosa Massive Sand was also determined from the average of all
core measurements from Monitoring Well No. 1 and Well Nos. 2, 4, and 5. The calculated
average porosity of the Tuscaloosa in all of the wells is 25 percent. The average porosities
from cores from each well are 23.6, 24.1, 26.0, and 24.0 percent, respectively, for
Monitoring Well No. 1 and Well Nos. 2, 4, and 5. These data were corroborated from the

open hole geophysical well logs in each of the wells.

The results derived from the flow and containment modeling calculations are, to a large
degree, not particularly sensitive to the values employed for the sand layer porosities. Only

the results from the lateral waste transport models (i.e., the SWIFT lateral migration model
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for operational injection period and the SWIFT 10,000-Year Waste Plume Model for long-
term post-injection) show mild sensitivities to assigned injection interval sand porosities.
The predicted lateral extent of a waste plume during active injection varies roughly in
inverse proportion to the square root of sand porosity. Therefore, a decrease in porosity
from 0.30 to 0.25 would result in an increase in the extent of a one-mile plume (radius) by
about 0.1 mile. The extent of lateral waste drift during the 10,000-year period following
injection is inversely proportional to the porosity. Therefore, the long term model is
somewhat more sensitive to the assigned porosity value.

Predictions of injection sand pressure buildup from the SWIFT Pressure Models are only
slightly influenced by the value employed for the porosity of the injection interval.
Predictions of vertical waste permeation into the shale layer overlying the injection interval
from the Vertical Permeation Model and predictions of the extent of molecular diffusion

into the overlying shale layer are completely independent of injection sand porosities.

The porosity used in the SWIFT pressurization model and SWIFT lateral transport
model of the Tuscaloosa Massive Sand was 24 percent.

The porosity used in the SWIFT lateral transport model and SWIFT lateral transport
model for the Tuscaloosa Massive Sand was 25 percent.

Porosities of Shale Layers: The shale or aquiclude layer porosities were determined from
the correlations developed for Gulf Coast shales presented in Porter and Newsome (1987)
and Amyx et al. (1960). In performing modeling calculations to predict an upper bound to

the vertical distance of formation fluid and waste permeation due to pressure buildup, it is

conservative to employ a lower bound to the aquiclude layer porosity, as the extent of
permeation is inversely proportional to the aquiclude layer porosity. The “effective” shale
porosity, which discounts the bound water within the clay structure as well as water
contained in dead-end pores, represents an appropriate choice of a porosity value for such
a calculation. The data contained in Porter and Newsome (1987) (see Appendix 3-2)
indicate that an effective porosity of five (5) percent represents a conservative lower bound
value for operational vertical transport modeling. This value is employed in the Vertical

Permeation Model.

In contrast to the vertical permeation calculation, the extent of vertical molecular diffusion

of a contaminant species through the aquiclude layers overlying the Injection Interval is
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proportional to the aquiclude layer porosity, increasing roughly in direct proportion to the
layer porosity. Therefore, in calculations to predict a conservative upper bound to vertical

diffusion distance, a reasonable upper limit to porosity, such as total shale porosity, should

be used. The total porosity of the shale overlying the injection interval at the DeLisle Plant
was established using a relationship for Louisiana sediments developed by Dickinson
(1953) (see Appendix 3-2). This relationship is based on a considerable body of
observational data and provides an upper bound to the total porosity of onshore Louisiana
shales as a function of depth. Conditions at the DeLisle site are similar to those of coastal
Louisiana, and the same relationship is expected. ~The Dickinson porosity-depth
relationship predicts higher porosity values than other similar correlations derived for
Louisiana sediments by various investigators (Schmidt, 1973). Based on the Dickinson
relationship, the value of total porosity employed in the present predictions of molecular

diffusion into the shale layer overlying the Injection Interval is 20 percent.

3.3.6 Tortuosity (t) and Geometric Correction Factor (G)
The tortuosity factor (1) is expressed as the square of the actual length of a flow path (which

is sinuous in nature) divided by the straight-line distance between the ends of the flow path.
Daniel & Shackleford (1988) report tortuosities varying from 0.01 in a clay matrix to 0.84
in a 100 percent sand matrix. These data suggest that T (dimensionless) is approximately
equal to the porosity value of the given matrix. Therefore, for the Washita-Fredericksburg
Injection Interval sand porosity of 24 percent (0.24), the tortuosity is estimated to be 0.24
(dimensionless). For the Tuscaloosa Massive Sand porosity of 25 percent (0.25), the
tortuosity is estimated to be 0.25 (dimensionless). The Confining Zone and Containment
Interval shale porosity is estimated to be no more than 20 percent (0.20) and the tortuosity

is estimated to be 0.20 (dimensionless).

Miller (1989) indicates that tortuosity is the reciprocal of the geometric correction factor
(G) which itself is equal to (shale porosity)® or (consolidated sandstone porosity)®? or
(unconsolidated sandstone porosity)’® as upper bounds. The Washita-Fredericksburg
Injection Interval sand porosity is estimated to be 24 percent as determined from whole
and sidewall core collected the DeLisle Plant monitoring and injection wells. The
Tuscaloosa Massive Sand porosity is estimated to be 25 percent as determined from whole
and sidewall core collected the DeLisle Plant monitoring and injection wells. The
Confining Zone and Containment Interval shale porosity is estimated to be no more than

20 percent. The geometric correction factor (G) was calculated to be 0.320 for the Washita-
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Fredericksburg Injection Interval sands, and 0.330 for the Tuscaloosa Massive Sand. In
the vertical transport model, G was estimated to be 0.003 for confining interval shale with
a porosity of five (5) percent and 0.040 for a confining interval shale with a porosity of 20

percent.

3.3.7 Reservoir Dip Angle

The SWIFT models used to simulate lateral plume movement for the light density waste
plume movement, heavy density waste plume movement and reservoir pressure buildup
employ a variable structure concept. Each grid block is set at a depth within the SWIFT model
to closely match the mapped geologic structure on the subject structure map (top of Washita-
Fredericksburg formation or top of Tuscaloosa Massive Sand formation). The structure depth
mapped on the top of the subject formation was then adjusted to the appropriate depth to
simulate lateral migration within either the Washita-Fredericksburg Injection Interval or

Tuscaloosa Massive Sand.

3.3.8 Longitudinal and Transverse Dispersivity

In general, increasing plume migration distance equates to greater dispersion and,
therefore, higher dispersivities. However, higher dispersivities allow the moving plume to
spread out more (becoming more diffuse), which results in less transport. The longitudinal
and transverse dispersivities used in the Chemours facility models are given in Table 3-1.
In the SWIFT lateral migration and reservoir pressurization models, the two separate
component axes that control plume movement are the longitudinal and transverse
dispersivity values. The value specified for the field scale longitudinal dispersivity ar
within the injection sand is 50 feet. This selection was based on information on
longitudinal (lateral) dispersivities for similar sand layers as presented in Walton (1985)
and Anderson (1984). According to Walton (1985), the transverse dispersivity ot is
commonly five to 10 times smaller than the longitudinal or lateral dispersivity. In the
subject SWIFT models, a value of five (5) feet has been employed as the value of the lateral

dispersivity to maintain this conservative relationship derived from the literature.

Dispersivity was not considered in the vertical model for two reasons. First, the vertical
transport is modeled conservatively as one-dimensional; no transverse component of
advection or diffusion was allowed (these would dilute the waste as it moves upward). The

result is that the waste movement is maximized. Second, at the end of the operational
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period when the Injection Interval pressurization has subsided, it is assumed that there is
no additional potential for fluid flow in any direction; diffusion is the only transport
mechanism. The result is a zero-fluid velocity and therefore, no dispersion, since

dispersion is the product of the fluid velocity and dispersivity.

3.3.9 Molecular Diffusivity

The diffusivities in free aqueous solution of these constituents have been determined at a
maximum temperature of 243.6°F, which would more than cover the temperature of the
Washita-Fredericksburg Injection Interval sand and shale layer overlying the injection
sand. The bulk diffusion coefficient for chromium and lead (key constituents) were
determined using the Stokes-Einstein equation (Daniel and Shackleford, 1988). For

chromium, using the Stokes-Einstein equation:

RT
Dm = —_—
6 7Nur

where,
Dm = bulk molecular diffusion coefficient
R = ideal gas constant = 8.314 J-mol / K = 8.314 x 107 cm?-g / (sec®-mol-K)
N = Avagadro's number = 6.022 x 10% / mol
T = absolute temperature = 243.6°F = 390.7°K (Washita-Fredericksburg Injection Interval)
p = absolute viscosity = 0.405 cP (formation brine at 243.6°F) = 0.00405 g / (cm-sec)
r = ionic radius for chromium valence +6 = 4.4 x 10 cm (CRC Handbook of Chemistry and Physics, 88" Ed.)

Substituting the values and solving:
Dm = 1.61 x 10* cm?%sec = 1.49 x 107 ft*/day

The free-water diffusivity for chromium is 1.49 x 102 ft*/day in the Washita-
Fredericksburg Injection Interval. Similarly calculated, the free-water diffusivity for lead
is 6.99 x 1073 ft?/day.

Similarly, the free-water diffusivity for chromium is 1.43 x 102 ft?/day in the Massive
Tuscaloosa Sand. Similarly, the free-water diffusivity for lead is 7.21 x 103 ft¥/day in the

Tuscaloosa Massive Sand.

Effective Molecular Diffusivity (Lateral Migration)
Molecular diffusion is included in SWIFT models to account for transport facilitated by
the concentration gradient of injected waste. Molecular diffusion is modeled by

considering the movement of a conservative electrolyte species in a porous medium. In
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SWIFT, the relationship between the effective and free solution (in water) molecular
diffusivity is:
D, =Dynr

where Defr is the effective molecular diffusivity in a porous medium, Dy is the molecular

diffusivity in water, n is the porosity, and t is the tortuosity.

Effective Molecular Diffusivity (Vertical Migration)

The effective diffusion coefficient within a water-saturated shale aquitard layer is always
lower than in free aqueous solution. This is the result of microscopic geometric
complexities in the pore channels, which make it more difficult for diffusing molecules to
wind their way through the pores. Such complexities include pore constrictions,

tortuosities in diffusion path, and dead-end pores.

For the vertical migration model (analytical, the effective diffusion coefficient in shale
layer can be predicted (see Appendix 3-3) by multiplying the diffusive value in free
aqueous solution by a Geometric Correction Factor, G, to account for complexities in the
pore channel geometry. As discussed in Section 7.3.6, the Geometric Correction Factor G

is primarily a function of lithology and porosity.

The lithology of the aquitard layer overlying the injection interval has been established
from the driller’s log, from wireline logs run by well service companies, and from cores
taken specifically for laboratory analysis. These techniques all indicate that a great
preponderance of shale exists within the overlying Washita-Fredericksburg Sand layer (and
Tuscaloosa Massive Sand layer). From geophysical logs, the total porosity of the shale
was determined to be 20 percent, which is a very conservative representation of the
formation. Therefore, an upper bound to the Geometric Correction Factor at DeLisle can
be established as:

Defr = DoG

These values apply to the rather extensive portion of the overlying aquitard containing
shale; and, for consistency, only net shale is included in the present predictions of vertical
diffusion distance. This approach provides an additional margin of safety since the thin
sand stringers and lenses present within the overall very thick shale aquitard also serve to

retard molecular diffusion.

16-123 Chemours _ T R R
Section 3 0 Modeling (11-7-18) 3 23 % E A

Revision Date: November 7, 2018 DYNAMICS INC



Molecular Diffusion Through Injection Interval (Lateral Migration)

The SWIFT model requires that bulk molecular diffusion be input as effective molecular
diffusion coefficient (Defr). Defr is derived by multiplying the bulk molecular diffusion
coefficient (of the waste constituent having the highest bulk molecular diffusion coefficient
(chromium)) by the Injection Interval porosity and the tortuosity. The Washita-
Fredericksburg Injection Interval sand porosity is 24 percent. The tortuosity coefficient is
estimated to be 0.24.

Therefore:

Detr = 1.49 x 10™ ft*/day x 0.24 x 0.24 = 8.60 x 10** ft*/day

The effective diffusivity for chromium is 8.60 x 10 ft?>/day in the Washita-Fredericksburg
Injection Interval. The effective diffusivity for chromium is 8.95 x 10 ft?/day in the
Tuscaloosa Massive Sand (porosity of 25 percent and tortuosity of 0.25).

Molecular Diffusion Through Containment Interval (Vertical Migration)

In the vertical transport model (analytical solution), the effective molecular diffusion
coefficient (Defr) for transport of waste constituents through the overlying containment
interval (Eutaw, Tuscaloosa Shale) was determined by multiplying the free water diffusion
coefficient by Containment Interval porosity (0.20) and a geometric correction factory (G)
0f 0.04. In the vertical transport model, the worst-case constituent movement is associated

with arsenic.

Therefore:

Detr = 1.49 x 107 ft*/day x 0.20 x 0.04 = 1.19 x 10** ft*/day

Molecular diffusion through the containment interval for each of the waste constituents of
concern was calculated and is presented on Table 3-8. As stated previously, the waste
constituent having the farthest vertical movement through the containment interval is

chromium.

Molecular Diffusion Through a Mud Filled Borehole (Vertical Migration)
The effective molecular diffusion coefficient (Defr) employed to calculate the movement of
the waste constituents through a mud-filled borehole was determined by multiplying the

free water diffusivity for chromium, by a tortuosity value of 0.5 and porosity of 0.9 for the

16-123 Chemours _ T R R
Section 3 0 Modeling (11-7-18) 3 24 % E A

Revision Date: November 7, 2018 DY NAMICS INC



drilling mud. This tortuosity value is chosen to reflect the tortuosity of the mud column,

where the clay particles provide a substantial tortuosity effect.

Therefore:

Det = 1.49 x 107 ft*/day x 0.50 x 0.90= 6.70 x 1073 ft*/day

Molecular diffusion through a mud filled borehole for each of the waste constituents of
concern were calculated and are presented on Table 3-8. The waste constituent having the

farthest vertical movement in a mud filled borehole is chromium.

3.3.10 Modeled Injection Rates

Currently, four waste disposal wells are present at the DuPont DeLisle Plant. These wells
are Well Nos. 2, 3, 4, and 5. All the wells are completed in the Washita-Fredericksburg
Injection Interval. Monitoring Well No. 1 is also completed in the Washita-Fredericksburg
Injection Interval, but has never been used as an injection well; its only use has been as a
monitor well (pressure monitoring). This application is seeking approval to convert Well
No. 1 to an injection well. Figure 3-7 presents the injection volumes for the facility
monthly through year end 2015. Figure 3-8 shows the cumulative volume per well. The
facility has permitted the construction and operation of a new waste disposal well, Well
No. 6, which will also be completed into the Washita-Fredericksburg Injection Interval.
This application is seeking showing the future construction of another well identical to
Well No. 6 that has not yet been permitted. Both of these wells will add redundancy to the
existing well field and each will be built as a high-capacity well, with a maximum
anticipated rate of 1,200 gpm. However, the site injection limit will remain as 2,200 gpm
cumulative between all wells (per Condition No. 2 of the May 5, 2000 exemption).

Operational model cases considered the following injection rates:

Model Case Modeled Rate Well Nos.
Base Rate Case 550 gpm (each well) 2,3,4and 5
. . e 1,000 gpm 5
High-Capacity Sensitivity 400 gpm 2.3 and 4
. . e 1,200 gpm 6
Maximum-Capacity Sensitivity 250 gpm 2.3, 4and5

In each model case, the remaining cumulative volume of 2,200 gpm is distributed to the
other injection wells. The operating parameters necessary for modeling the site are the

monthly and yearly injection history for each well which have been recorded and reported
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to the Mississippi Department of Environmental Quality. These data are updated through
year-end 2015, and are presented in Tables 3-9 and 3-10. Note that the data is presented
as equivalent injection rates in gallons per minute. The record of monitoring well pressures
is used in the pressure comparison of the model and is updated through year end 2015, in
Table 3-11. The plant records were the main source of information for the monitoring well

pressures and injection history.

For all SWIFT modeling for the Washita-Fredericksburg Injection Interval, historical
injection as it occurred at each well location is input into the model on an average annual
injection rate value. For all future injection into the Washita-Fredericksburg Injection

Interval, injection is at the maximum requested cumulative injection rate (2,200 gpm).

This demonstration also considers injection into an alternative Injection Interval. The
alternative Injection Interval is the Tuscaloosa Massive Sand. For all future injection into
the Tuscaloosa Massive Sand, injection is at the maximum requested cumulative injection
rate (2,200 gpm). Injection operations are assumed to commence on January 1, 2020 and

cease on December 31, 2050.

3.3.11 Modeled Brine and Injectate Fluid Densities

Table 3-12 compiles the formation fluid TDS values at the DeLisle Plant. The TDS value at
ground level is assumed to be zero, and the value at 2,700 feet below ground level (BGL),
estimated to be the base of the lowermost USDW, is 10,000 parts per million (ppm).
Additional data points on the table were derived from drill stem testing and recovery of fluids
from Monitoring Well No. 1 in 1974, as well as research literature data from the Wilcox
Formation at 5,900 feet and calculated data from 9,855 feet.

Included in Figure 3-9 are TDS values recovered from Monitoring Well No. 1 taken during
drill stem tests (Halliburton, 1974a, 1974c). The analyzed samples contained approximately
57,000 and 114,000 ppm TDS at approximately 3,900 and 9,400 feet, respectively (Bishop,
1974). Formation fluids obtained from a drill stem test in the Washita-Fredericksburg
Injection Interval were estimated to contain 102,500 ppm NaCl based on resistivity
(Halliburton, 1974d). TDS for one sample was estimated to be 155,000 ppm based on the
NaCl to TDS ratio of the other two formation fluid samples (3,900 and 9,400 feet), and the

NaCl content of the sample from the injection sand. In 1994, a formation fluid sample was
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recovered from the Washita-Fredericksburg Sand during construction of Well 5. Subsequent

laboratory analysis indicated a value of 105,000 ppm TDS.

Based on the information plotted and presented on Figure 3-9, the Washita-Fredericksburg
Injection Interval formation fluid TDS is estimated to be 188,000 mg/L. This is also accepted
as a representative value of the TDS of the Tuscaloosa Massive Sand formation fluid.
Reservoir brine and injected fluid density were calculated for input into the SWIFT model.
The SWIFT model requires that the fluid densities be entered in pounds per cubic foot (Ib/ft%).

Density data was calculated at reservoir conditions of temperature and pressure.

Reservoir Brine Density

The Washita-Fredericksburg Injection Interval formation fluid has an estimated TDS
concentration of 188,000 mg/L. Using interpolation data developed by Potter, R.W., and
Brown, D. L., 1977, a formation brine density of 1.097 gm/cm?> (68.49 1b/ft?) was derived
at reservoir conditions (243.6°F and 4,581 psi).

The Tuscaloosa Massive Sand also has an estimated TDS concentration of 188,000 mg/L.
Again, using interpolation data developed by Potter, R.-W., and Brown, D. L., 1977, a
formation brine density of 1.098 gm/cm? (68.55 1b/ft*) was derived at reservoir conditions
(236.4°F and 4,406 psi).

Light Injectate Fluid Densities

The low-density injectate (up-dip) waste transport model uses an injectate fluid density of
62.43 Ib/ft3 at reservoir conditions in the Washita-Fredericksburg Injection Interval. This
is equivalent to a density of 1.00 g/cm? at reservoir depth, and a specific gravity of 1.00 at
reservoir depth. This is approximately equivalent to a density of 1.04 g/cm? at SATP, and
a specific gravity of 1.04 at SATP.

The low-density injectate (up-dip) waste transport model also uses an injectate fluid density
of 62.43 Ib/ft3 at reservoir conditions in the Tuscaloosa Massive Sand. This is equivalent
to a density of 1.00 g/cm® at reservoir depth, and a specific gravity of 1.00 at reservoir
depth. This is approximately equivalent to a density of 1.04 g/cm? at SATP, and a specific
gravity of 1.04 at SATP.

Heavy Injectate Fluid Densities
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The heavy-injectate (down-dip) waste transport model uses an injection fluid density of
81.16 Ib/ft3 at reservoir conditions in the Tuscaloosa Massive Sand. This is equivalent to
a density of 1.30 g/cm? at reservoir depth, and a specific gravity of 1.30 at reservoir depth.
This is approximately equivalent to a density of 1.36 g/cm? at SATP, and a specific gravity
of 1.36 at SATP.

The heavy-density injectate down-dip) waste transport model also uses an injectate fluid
density of 81.16 Ib/ft3 at reservoir conditions in the Tuscaloosa Massive Sand. This is
equivalent to a density of 1.30 g/cm?® at reservoir depth, and a specific gravity of 1.30 at
reservoir depth. This is approximately equivalent to a density of 1.35 g/cm® at SATP, and
a specific gravity of 1.35 at SATP.

Pressure Model Injectate Fluid Densities

The Washita-Fredericksburg Injection Interval pressurization model uses an injection fluid
density 1.20 g/cm® at SATP, and a specific gravity of 1.20 at SATP. This is the average
historical value of specific gravity of the injection fluid. At reservoir conditions (corrected

for pressure and temperature) the injection fluid density is 71.80 Ib/ft3.

The Tuscaloosa Massive Sand pressurization model also uses an injection fluid density
1.20 g/cm® at SATP, and a specific gravity of 1.20 at SATP. At reservoir conditions
(corrected for pressure and temperature of the Tuscaloosa Massive Sand) the injection fluid
density is 71.92 Ib/ft3.

3.3.12 Modeled Brine and Injectate Fluid Viscosities

The formation brine viscosities used in the SWIFT lateral transport and pressurization
models are assigned to be that of an 18.8 percent sodium chloride solution in both the
Washita-Fredericksburg Injection Interval and Tuscaloosa Massive Sand. The low density
injectate is expected to be approximately equivalent to that of fresh water. The high density
waste stream is best described as a ferrous chloride (FeCly) solution. Each of the subject

fluid viscosities are temperature-dependent, as discussed in following paragraphs.

Formation Brine Viscosities
The formation brine viscosities used in the SWIFT lateral transport and pressurization
models are assigned to be that of an 18.8 percent sodium chloride solution in both the

Washita-Fredericksburg Injection Interval and Tuscaloosa Massive Sand.  These
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viscosities are temperature-dependent. This selection maximizes waste movement in the
models. The viscosities shown below were determined using a concentration of 18.8
percent sodium chloride, as available in the Fig. D.35 NaCl nomograph provided in
Earlougher (Appendix 3-4). The Washita-Fredericksburg Injection Interval brine viscosity
at 243.6 °F was determined to be 0.405 cP. The Tuscaloosa Massive Sand formation brine
viscosity at 236.4 °F was determined to be 0.418 cP

18.8% NaCl Brine Viscosity

Temperature (°F) Formation Brine Viscosity (cP)
200 0.51
220 0.45
240 0.42
260 0.38
280 0.35

Light Injectate Viscosities

The low density injectate is expected to be approximately equivalent to that of fresh water
at reservoir conditions. Therefore, the low density injectate fluid viscosities used in the
lateral migration plume model were estimated, based on the equivalent salinity of a fluid
having a density of 62.43 1b/ft>. This selection maximizes waste movement in the model.
The viscosities shown below were determined using a concentration of 0.00 percent sodium
chloride, as available in the Fig. D.35 NaCl nomograph provided in Earlougher (1977,
Appendix 3-4). The low density injectate viscosity at 243.6 °F (Washita-Fredericksburg
Injection Interval) was determined to be 0.231 c¢P. The low density injectate viscosity at
236.4 °F (Tuscaloosa Massive Sand) was determined to be 0.240 cP.

Light Density Injectate (Fresh Water) Viscosity

Temperature (°F) Freshwater Viscosity (cP)
200 0.30
220 0.26
240 0.24
260 0.21
280 0.19

Average Injectate Viscosities

The normally injected waste stream is best described as a FeCl, solution. The historical
average specific gravity of the normally injected waste stream in 1.20. This is assumed to
be equal to a density of 1.20 g/cm?. Viscosity data for FeCl, solutions at this concentration
were not readily available. Chemours obtained a normally injected waste stream sample
to obtain a viscosity value. The derived viscosity was 0.972 centistokes (0.972 cP) in a
sample with specific gravity 1.213 at 70 °C (158 °F). containing 15.83 weight percent TDS.
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The derived viscosity was 0.739 cP in a sample with a specific gravity of 1.19 at 80 °C
(176 °F) and 0.621 cP in a sample with a specific gravity of 1.18 at 95 °C (203 °F).

Given the limited viscosity data for FeClx solutions, for purposes of this demonstration, the
viscosity of a 1.20 g/cm® FeCl, solution is assumed to be 25% greater than the reservoir
brine (18.8% NaCl solution) at reservoir conditions. Given this assumption, at 200 °F, a
1.20 g/cm? FeCl, solution would have a viscosity of 0.64 cP. This is in close agreement
with the Chemours data which suggests a viscosity of 0.621 cP in a FeCI2 sample with a
specific gravity of 1.18 at 203 °F. The average density injectate viscosity at 243.6 °F
(Washita-Fredericksburg Injection Interval) was estimated to be 0.506 cP. The averaged

density injectate viscosity at 236.4 °F (Tuscaloosa Massive Sand) was estimated to be

0.523 cP.
Average Density Injectate (1.20 g/cm? FeClz) Viscosity*
Temperature (°F) Heavy Injectate Viscosity (cP) |
200 0.64
220 0.56
240 0.53
260 0.48
280 0.44

Heavy Injectate Viscosities

The high density waste stream is best described as a saturated FeCl, solution. The high
density injectate fluid viscosities used in the Injection Intervals’ heavy-injectate lateral
models are assigned to be that of the maximum density injectate of a 1.30 g/cm’ (at
reservoir conditions). This selection maximizes post-operational plume movement in the
models. As discussed in the previous paragraph, the viscosity data for FeCl, solutions is
limited. For purposes of this demonstration, the viscosity of a 1.30 g/cm® FeCl, solution
is assumed to be 50% greater than the reservoir brine (18.8% NaCl solution) at reservoir
conditions. The average density injectate viscosity at 243.6 °F (Washita-Fredericksburg
Injection Interval) was estimated to be 0.608 cP. The averaged density injectate viscosity
at 236.4 °F (Tuscaloosa Massive Sand) was estimated to be 0.627 cP.

High Density Injectate (1.30 g/cm?® FeClz) Viscosity*

Temperature (°F) Heavy Injectate Viscosity (cP) I
200 0.77
220 0.68
240 0.63
260 0.57
280 0.53
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3.3.13 Regional Ground Water Flow

Natural regional hydraulic gradients of deep saline aquifers in the coastal Gulf of Mexico
were ascertained during the geology study to be gulfward. Studies reviewed and referenced
for compilation of the information on area geology conclude that water movement in many
regional deep saline aquifers in the Gulf Coast is extremely slow due to the lack of
discharge pathways because of burial and enclosure of sand bodies by fine-grained muds.
These studies show sluggish circulation to nearly static conditions in the deep subsurface.
Flow rates in the deep saline aquifers (Clark, 1988) from the studies presented in Appendix
3-5 were found generally to be on the order of inches per year. A south-southeasterly
(downdip) direction of regional flow established for the Washita-Fredericksburg Injection
Interval and Tuscaloosa Massive Sand is consistent with the theory of deep basin flows
and the physical mechanisms (topographic relief near outcrops and deep basin compaction)
identified as contributing to natural formation drift (Bethke et al, 1988; Clark, 1988;
Kreitler, 1986).

Chemours believes that a formation fluid velocity of 0.5 ft/yr is very conservative, since
lateral facies changes that result in sand pinch-outs and formation fluid flow-path
interruptions are known to occur in the direction of the recharge area of the Washita-

Fredericksburg Injection Interval and Tuscaloosa Massive Sand.

For the “light-density” plume migration models, the ground water flow velocity was set at
0.0 ft/year. This was done to ensure that the maximum up-dip injectate plume movement
would be realized, since regional ground water (down-dip) flow would act to counter the

up-dip force of buoyancy.

For the “high-density” plume movement demonstration, the ground water flow velocity
was set at 0.5 ft/year. This was done to ensure that the maximum down-dip injectate plume
movement would be realized. The background velocity was implemented in the “high-
density” plume models by: (1) running the lateral migration model with a 0 ft/yr ground
water gradient to account for plume drift due to buoyancy; and (2) shifting the center of
mass for the 10,000-year waste plume in the downdip direction by 5,000 feet (10,000 years
x 0.5 ft/yr).
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3.3.14 Rock and Fluid Compressibilities

The compressibility values were chosen conservatively to maximize the pressure increases
in the models. The compressibility value affects the magnitude of the storativity, which
has a relationship with the amount of model pressure increase. The smaller the storativity,
the greater the pressure increase. Smaller compressibilities also maximize the plume
extents. This is accomplished via the coupling equations for porosity and density in SWIFT
(Reeves and others, 1986, p. 6). The porosity and fluid density are minimized with
decreasing rock and water compressibility. The total compressibility is equal to the
compressibility of the formation rock plus the compressibility of the formation fluid.
Compressibility values are small (on the order of 10 psi!) and the values lie within a
relatively small range. Total system compressibility (fluid and rock compressibility) was
chosen for water and rock in order to maximize the pressure increases and the plume sizes

in the models.

Fluid Compressibility
The brine compressibility for the Injection Interval was calculated using a method provided
in Hewlett Packard (1982, p. 94):

A+BT+CT?

Compressibility of water = Cw =
P Y 1x10°

A =3.8546 —(0.000134)(P)

B =-0.01052 + (4.77 x 107)(P)
C=3.9267 x 10° - (8.8 x 10°'%)(P)
T = temperature in °F

P = pressure in psi

Compressibility brine =

Cb=Cw{[-0.052 + 2.7 x 10%T) — 1.14 x 10°%(T?) + 1.121 x 10°(T*)]%NACL"" + 1}

For the Washita-Fredericksburg Injection Interval, the compressibility of reservoir brine is
calculated as follows:

A =3.4570154

B =-0.009151487
C = 3.67423E-05
%NaCl = 18.8
T= 243.6 °F

P = 4,580.7 psi

Cb =2.33 x 10°%/psi!
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For the Tuscaloosa Massive Sand, the compressibility of reservoir brine is calculated as
follows:

A =3.4570154

B =-0.009151487
C = 3.67423E-05
%NaCl = 18.8
T= 236.4°F

P = 4,406.4 psi

Cb = 2.31 x 10%/psi’!

Rock Compressibility

For the formation compressibilities, a value of 3.2 x 106 psi! was approximated for the
Washita-Fredericksburg Injection Interval and Tuscaloosa Massive Sand, based on a
porosity of 24 percent and 25 percent porosity, respectively. This value was obtained from
Hall’s correlation for unconsolidated sandstones in Earlougher (1977, p. 229, Fig. D.12)
(see Appendix 3-6).

Total System Compressibility

The total system compressibility for the Washita-Fredericksburg Injection Interval is the
sum of the fluid compressibility (2.33 x 10%psi') and rock compressibility (3.2 x 10
psi-!), which is 5.53 x 10 psi”'. The total system compressibility for the Tuscaloosa
Massive Sand is the sum of the fluid compressibility (2.31 x 10%/psi!) and rock
compressibility (3.2 x 10 psi'!), which is 5.51 x 10 psi-!.

3.3.15 Well Index Value

The well index is calculated using the following equation (Reeves and others, 1986,
equation 4-3):

WI = 21K Z _ Ay
")
T
where: K = hydraulic conductivity of the wellbore skin

2Az = sum of the thickness for the model layers
1| =11 = [(AxAy)/n]%?
AxAy = product of x and y grid dimensions at the well location

rw = the well radius
Cn(ri/ry) = rw {1+(/rw)[ L n (r/rw)-11}/(r-rw)

For all the models, wellbore skin was ignored and the sand hydraulic conductivity was

used.
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Washita-Fredericksburg Injection Interval

For the Washita-Fredericksburg Injection Interval low-density plume, high-density plume
and reservoir pressure models, the well index was calculated for each injection well at its
specific grid location. The reservoir thickness, grid cell dimensions and wellbore radius
varies slightly for each well. Following are well index values for the Washita-

Fredericksburg Injection Interval low-density, high density and reservoir pressure SWIFT

models:
Washita-Fredericksburg Well Index Values
Light Density Plume High Density Plume Reservoir Pressure

Well Nos. Migration Model Migration Model Model (ft*/day)

(f/day) (f¥/day) Y
Monitoring Well No. 1 867.1 873.6 367.0
Well No. 2 922.1 922.1 3874
Well No. 3 971.1 971.1 410.6
Well No. 4 916.0 916.0 3874
Well No. 5 1076.1 1082.8 454.9
Well No. 6 1013.7 1013.7 425.8
Well No. 7 952.6 922.1 402.7

Tuscaloosa Massive Sand

For the Tuscaloosa Massive Sand low-density plume, high-density plume and reservoir
pressure models, the well index was calculated for each injection well at its specific grid
location. The reservoir thickness, grid cell dimensions and wellbore radius varies slightly
for each well. Following are well index values for the Tuscaloosa Massive Sand low-

density, high density and reservoir pressure SWIFT models:

Well Index Values
Light Density Plume High Density Plume Reservoir Pressure
Well Nos. Migration Model Migration Model Model (ft/day)
(ft*/day) (ft*/day)
Monitoring Well No. 1 1778.9 1788.3 1078.6
Well No. 2 1776.5 1820.9 1092.5
Well No. 3 1846.4 1864.9 1118.9
Well No. 4 1776.5 1785.3 1071.2
Well No. 5 1729.5 1737.8 1232.6
Well No. 6 1954.1 1971.9 1183.1
Well No. 7 1883.1 1900.8 1151.1

3.3.16 Boundary Conditions
For each of the SWIFT models provided in this demonstration, all the lateral boundaries
are “open”. This serves to maximize waste plume movement and reflects the local geology

in that there are no nearby faults which would potentially “bound” the reservoir. This is
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accomplished by imposing transmissive Carter-Tracy boundaries on the sides using the

same transmissivities and porosity-thickness values that are used throughout the model.

Permeability-Thickness and Porosity-Thickness

The aquifer transmissivity, Kh, and porosity thickness, ¢h, were calculated for the lateral
migration models and reservoir pressure models as given below. The reservoir thickness
value (h) is the average thickness of the grid block cells along the edges (boundary) of the
subject SWIFT models.

For the Washita-Fredericksburg Injection Interval, the Carter-Tracy boundary inputs for

the light density plume model were calculated using the following values:

Kh = (3.716 ft/day)(112.69 ft) = 418.7 feet*/day
éoh = (0.24)(112.69 feet) =27 feet

For the Tuscaloosa Massive Sand, the Carter-Tracy boundary inputs for the light density
plume model were calculated using the following values:

Kh= (5.405 ft/day)(192.34 ft) = 1039.6 feet®/day
oh = (0.25)(163.73 feet) = 48 feet

The aquifer transmissivity, Kh, and porosity thickness, ¢h, were similarly calculated for
each lateral migration model and reservoir pressure model based on the average thickness
of the grid block cells along the edges (boundary) of the subject SWIFT.

Equivalent Aquifer Radius

For purposes of this discussion, it is important to distinguish between the term “reservoir”
and the term “aquifer.” The reservoir is that portion of the system for which the simulation
is desired. The aquifer is the area outside the reservoir that provides boundary conditions
for the reservoir. The radius of the reservoir (re) for a Cartesian geometry is typically
chosen as the radius of a circle of equal surface area. The radius of the aquifer (rq) may be
chosen to be either finite or infinite (HIS GeoTrans, 2000). For this model demonstration,
a finite equivalent aquifer radius was assigned. The RAQ value was derived by
determining the radius of a circle of surface area equal to the width of the SWIFT model
multiplied by three (3) and length of the SWIFT model multiplied by three (3). Within this

approximate area, “aquifer” properties are expected to mimic the modeled “reservoir”
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properties. For the light-density Washita-Fredericksburg SWIFT model, the model
dimensions are 74,000 feet wide and 142,000 feet in length. Thus,

RAQ =r
mr? = (74,000 feet x 3)(142,000 feet x 3)
RAQ =r =173,503 feet

The RAQ value was similarly calculated for each light density waste plume, high density

waste plume and reservoir pressurization model.

Angle of Influence
The angle of influence was assigned to be 360 degrees in each SWIFT model, based on the
location of the injection wells with respect to the model boundaries (aquifer-influence

boundaries).

3.3.17 Coefficient of Thermal Expansion

For the Washita-Fredericksburg Injection Interval, the initial reservoir temperature at the
reference depth of 9,888.6 feet subsea was estimated to be 243.6 °F. For the Tuscaloosa
Massive Sand, the initial reservoir temperature at the reference depth of 9,511.6 feet subsea
was estimated to be 236.4 °F. Based on these temperature values, the coefficient of thermal
expansion of the fluid based on Reeves and others (1986, p. 14, Figure 3-1) lies within the
range given for experimental data as bracketed by the constant values of 0.0002 °F' and
0.0005 °F!. Although a coefficient of thermal expansion value is between 0.0002 °F! and

0.0005 °F-, a value of 0.00 °F! is utilized to be conservative.

3.3.18 Fluid and Rock Heat Capacities

The fluid heat capacity input is only used if the equations for heat flow are being solved.
In the simulations, only the brine and pressure equations are solved. The value of 1.0
Btu/lIb-°F was input for completeness and has no impact on the SWIFT calculated pressure

or brine concentration.

The rock heat capacity input is only used if the equations for heat flow are being solved.

In the simulations, only the brine and pressure equations are solved. The value of 1.0
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Btu/ft3-°F was input for completeness and has no impact on the SWIFT calculated pressure

or brine concentration.

3.3.19 Thermal Conductivity of the Fluid Saturated Porous Medium

The thermal conductivity of the fluid saturated porous medium in the x, y and z directions
was assigned to be 116 Btu/ft-d-°F. This input is only used if the equations for heat flow
are being solved. In the Chemours facility simulations, only the brine and pressure
equations are solved. The value of 116 Btu/ft-d-°F was input for completeness and has no

impact on the SWIFT calculated pressure or brine concentration.

3.3.20 Solid Particle Density of the Formation
The solid particle density of the formation is chosen to be 165 Ib/ft>. This input is only

used if the equations for heat flow or radionuclide movement are being solved. In the
Chemours facility simulations, only the brine and pressure equations are solved. The value
of 165 Ib/ft* was input for completeness and has no impact on the SWIFT calculated

pressure or brine concentration.

3.3.21 Gridding Scheme and Gridded Area

Grid size is an important parameter in the SWIFT model. To ensure that proper grid sizes
are implemented in the Chemours SWIFT models, additional evaluations were performed.

This evaluation is provided in Appendix 3-7.

The SWIFT model grid employed for light density lateral migration modeling for the
Washita-Fredericksburg Injection Interval has 767 grid blocks in the X direction and 1180
grid blocks in the Y direction. The model distance is 74,000 feet along the X axis and
142,000 feet along the Y axis. Figure 3-10 illustrates the SWIFT model grid employed for
Washita-Fredericksburg Injection Interval light density waste plume lateral migration
model. The gridding scheme for the Washita-Fredericksburg Injection Interval model is

as follows:

X SPACING
50 20*300 80*150 586*75.0 80*150

Y SPACING
250 127*300 44*150 854*75 88*150 66*300
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The SWIFT model grid employed for light density lateral migration modeling for the
Tuscaloosa Massive Sand has 767 grid blocks in the X direction and 1246 grid blocks in
the Y direction. The model distance is 74,000 feet along the X axis and 142,000 feet along
the Y axis. Figure 3-11 illustrates the SWIFT model grid employed for Tuscaloosa
Massive Sand light density waste plume lateral migration model. The gridding scheme for

the Tuscaloosa Massive Sand model is as follows:

X SPACING
100*150 548*75 118*150 200

Y SPACING
250 127*300 132*150 854*75 132*150

The SWIFT model grid employed for high density lateral migration modeling for both the
Washita-Fredericksburg Injection Interval and the Tuscaloosa Massive Sand has 560 grid
blocks in the X direction and 1467 grid blocks in the Y direction. The model distance is
50,000 feet along the X axis and 120,000 feet along the Y axis. Figure 3-12 illustrates the
SWIFT model grid employed for high density waste plume lateral migration model. The

gridding scheme is as follows:

X SPACING
24*150 454*75 81*150 200

Y SPACING
83*150 1334*75 50*150

The SWIFT model grid employed for reservoir pressure modeling for both the Washita-
Fredericksburg Injection Interval and the Tuscaloosa Massive Sand has 700 grid blocks in
the X direction and 700 grid blocks in the Y direction. The model distance is 67,500 feet
along the X axis and 67,500 feet along the Y axis. Figure 3-13 illustrates the SWIFT model

grid employed for reservoir pressurization model. The gridding scheme is as follows:

X SPACING
100*150 500*75 100*150

Y SPACING
100*150 500*75 100*150
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Well locations (bottom-hole locations) within the Washita-Fredericksburg Injection

Interval and Tuscaloosa Massive Sand light density plume migration models are as follows:

Washita-Fredericksburg Light Density Waste Plume Migration Model

Grid Block Distance (feet)
Well No. x-direction | y-direction | x-direction | y-direction
Monitor Well No. 1 378 431 38,788 70,938
Well No. 2 365 480 37,813 74,613
Well No. 3 350 485 36,688 74,988
Well No. 4 355 478 37,063 74,463
Well No. 5 354 505 36,988 76,488
Well No. 6 382 518 39,088 77,463
Well No. 7 383 491 39,163 75,438

Tuscaloosa Massive Sand Light Density Waste Plume Migration Model

Well No Grid Block Distance (feet)
) x-direction | y-direction | x-direction | y-direction
Monitor Well No. 1 417 431 38,738 70,938
Well No. 2 398 480 37,313 74,613
Well No. 3 390 485 36,713 74,988
Well No. 4 394 478 37,013 74,463
Well No. 5 393 505 36,938 76,488
Well No. 6 421 518 39,038 77,463
Well No. 7 422 491 39,113 75,438

Well locations (bottom-hole locations) for the Washita-Fredericksburg Injection Interval

and Tuscaloosa Massive Sand high density plume migration models are identical and are

as follows:
Heavy Density Waste Plume Migration Models
Grid Block Distance (feet)
Well No. x-direction | y-direction | x-direction | y-direction
Monitor Well No. 1 333 1205 26,738 96,563
Well No. 2 320 1253 25,763 100,163
Well No. 3 305 1259 24,463 100,613
Well No. 4 310 1251 25,013 100,013
Well No. 5 309 1278 24,938 102,038
Well No. 6 337 1291 27,038 103,013
Well No. 7 338 1264 27,113 100,988
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Well locations (bottom-hole locations) for the reservoir pressure models for the Washita-

Fredericksburg and Tuscaloosa Massive Sand models are identical and are as follows:

Reservoir Pressurization Models
Grid Block Distance (feet)
Well No. x-direction | y-direction | x-direction | y-direction
Monitor Well No. 1 374 305 35,513 30,338
Well No. 2 361 353 34,538 33,938
Well No. 3 346 359 33,413 34,388
Well No. 4 351 351 33,788 33,788
Well No. 5 350 378 33,713 35,813
Well No. 6 378 391 35,813 36,788
Well No. 7 379 364 35,888 34,763

3.3.22 SWIFT Model Reference Point and Grid Block Centers

Washita-Fredericksburg Injection Interval: For the Washita-Fredericksburg Injection
Interval reservoir modeling, a model reference point was selected in the approximate
middle of the Washita-Fredericksburg Injection Interval within the Injection Interval at the
Chemours Well No. 4 location. The top of the Washita-Fredericksburg Injection Interval
is present at a depth of approximately 9,810 feet below sea level (subsea). A depth of
9,888.6 feet subsea was chosen as the reference depth for the depth specific SWIFT

model parameters for the Washita-Fredericksburg Injection Interval.

For the Washita-Fredericksburg Injection Interval SWIFT model runs, the depth to the
center of the grid block at which Well No. 4 is located was set at 9,876 feet subsea. For
a model reservoir thickness of 160 feet, the top of the grid block at the well location is at
about 9,796 feet subsea.

Tuscaloosa Massive Sand: For the Tuscaloosa Massive Sand reservoir modeling, a model
reference point was selected near the middle of the Tuscaloosa Massive Sand at the
Chemours facility Well No. 4 location. The top of the Tuscaloosa Massive Sand is present
at a depth of about 9,413 feet subsea. A depth of 9,511.6 feet subsea was chosen as the
reference depth for the depth specific SWIFT model parameters for the Tuscaloosa

Massive Sand.

For the Tuscaloosa Massive Sand SWIFT model runs, the depth to the center of the grid
block at which Well No. 4 is located was set at about 9,508 feet subsea. For a model
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reservoir thickness of 200 feet, the top of the grid block at the well location is at about
9,408 feet subsea.

3.3.23 Time Step Allocation and Model Solution Method

The two-line successive-overrelaxation (L2ZSOR) solution was used for the SWIFT models.
The minimum number of outer (nonlinear-property due to density variation) iterations in
the subroutine was set at two. The maximum number of outer (nonlinear-property due to
density variation) iterations in the subroutine was set at five. The number of time steps
(transient) after which the optimum parameters for the inner iterations are recalculated for
the L2SOR was set at five (default value is five).

Time step allocation is an important parameter in the SWIFT model. To ensure that time
steps are implemented in the Chemours SWIFT models, additional evaluations were
performed. These evaluations are provided in Appendix 3-7. During the stabilization
period, the smallest automatic time step allowed was 0.01 days, with a maximum of 30
days. During injection for the pressure buildup and low density lateral migration plume
models, the smallest time steps allowed was 1.0 day, which was allowed to automatically
increase to maximums of 30 days. After injection ceased, the automatic time step was as
small as 1.0 day initially, and then allowed to increase over time to a maximum of 5,000
days. For the pressure model, after injection ceases, the smallest time step was maintained
at 1.0 day, and the maximum time step was maintained at 30 days. During injection for
the high density lateral migration plume models, the smallest time steps allowed was 1.0
day, which was allowed to automatically increase to maximums of 30 days. After injection
ceased, the automatic time step was as small as 1.0 day initially, and then allowed to

increase over time to a maximum of 730 days.

3.3.24 Stabilization Period

The length of the stabilization period for each the Chemours facility model was chosen to
be 10,000 days. Automatic time stepping was allowed to take incrementally larger time

steps from 0.01 days to 30 days until the 10,000-day stabilization period ended.

3.3.25 Darcy Velocity
During the SWIFT model stabilization period, small residual background velocity

gradients occur. These remnant velocity values are inherently present due to the variable
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structure nature (variable dip in X and/or Y direction) of the models, and decrease in
magnitude through time. The resultant X and Y Darcy velocity values and directional
vectors from the pre-injection stabilization periods for the light injectate model after 10,000
days are included as Figures 3-14 (Washita-Fredericksburg Injection Interval) and 3-15
(Tuscaloosa Massive Sand). The contour/vector maps illustrate the small residual

background velocity gradient present in the SWIFT models prior to initiating injection.

The 10,000-year plume movement distances for the Injection Interval models were not
adjusted to account for the resultant background velocities at the end of the 10,000-day
stabilization period. The Darcy velocity from the Injection Interval velocity maps (Figure
3-14 and Figure 3-15) is small, and on the order of approximately 4.0 x 10 ft/day
(average), within the area of light density plume movement. The Darcy velocity (in ft/day)
was converted to an average linear velocity by dividing by the Injection Interval’s porosity
value (24 percent). The linear movement over the 10,000-year period was calculated to be
approximately 61 feet. This distant is negligible (less than 1.0 percent of up-dip plume

movement distance) given the extent of the 10,000-year plume dimensions.

3.3.26 Flowing and Static Bottom-Hole Pressure Data

Flowing and static BHP data for the Washita-Fredericksburg Injection Interval were
gathered from historical fall-off test analyses of the Chemours injection wells. The
historical static BHP data (Tables 3-3, 3-5, 3-6 and 3-11) suggests that there has been very
little pressure buildup in the Washita-Fredericksburg Injection Interval due to the operation
of the subject Class I injection wells. The initial static BHP values for the Chemours

injection wells are discussed in Section 7.3.3.

3.3.27 Nearby Oil and Gas Production

Hydrocarbons are actively produced approximately five (5) miles to the west of the
Chemours facility. However, all of the active production is from much deeper horizons
(approximate depth of 13,000 to 14,000 feet). There is no nearby oil and gas production
from the Washita-Fredericksburg Injection Interval or Tuscaloosa Massive Sand.
Therefore, nearby oil and gas production will have no effect on the SWIFT model predicted

lateral plume movement or predicted reservoir pressure buildup.

16-123 Chemours _ T R R
Section 3 0 Modeling (11-7-18) 3 42 % E A

Revision Date: November 7, 2018 DYNAMICS INC



3.4 Cone of Influence

The Cone of Influence (COI) is defined to be "the potentiometric surface area around the
injection well within which increased Injection Zone pressures caused by injection of
wastes would be sufficient to drive fluids into a USDW or a fresh water aquifer." The
SWIFT model was used to determine the Chemours pressure buildup and COI for this
application. SWIFT models the pressure increase that will be created in the injection
reservoir sands during, and at the end of the operational life of the Chemours injection

wells.

The methodology used in this petition for calculating the COI was developed by E. 1. du
Pont de Nemours and Company (DuPont) for its injection well sites, and it is also generally
consistent with previous methods (Price, 1971; Johnston and Greene, 1979; Barker, 1981,
Collins, 1986; Davis, 1986; Johnston and Knape, 1986; Warner and Syed, 1986; Clark and
others, 1987; Warner, 1988). The basic underlying assumption in the approach is that in
the absence of naturally-occurring, vertically transmissive conduits (faults and fractures),
the only potential pathway between the Injection Zone and USDW is through an artificial
penetration (active or inactive oil and gas well(s). To pose a potential threat to a USDW
(i.e., pressure build-up from injection operations must be sufficient to drive fluids into a
USDW), the pressure increase in the Injection Zone would have to be greater than the
pressure necessary to displace the material residing within the borehole (drilling mud).
This pressure is defined as the allowable pressure build-up. Therefore, the COI is defined
as the area within which Injection Zone pressures are greater than the allowable pressure

build-up.

3.4.1 Mud Weight

Barker (1981) was the first to document the development of the basic theoretical equation
for calculating maximum allowable formation pressure at an abandoned borehole in terms
of mud properties. The equation includes the effects of both weight and gel strength of the
mud. Resistance to upward migration based on mud weight alone can be determined by
examining the records of inactive artificial penetrations for their respective abandonment
mud weights. In cases where abandonment mud weights are unknown, a reasonable worst-
case value of 9.0 Ib/gal is widely accepted for the Gulf Coast region (Barker, 1981;
Johnston and Knape, 1986).
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At the DeLisle Plant, however, site-specific drilling records from wells drilled throughout
the area support the application of a 9.3 Ib/gal mud weight. This mud weight (9.3 1b/gal)
is recorded as the minimum mud weight used within the 2.0-mile AOR and in the wells in
offset oil and gas fields west of the AOR. Barker (1981) advocates a similar method of
determining the minimum mud weight in the AOR based upon well data in a particular
area. Consequently, 9.3 Ib/gal is used as one of the factors in determining allowable

pressure buildup at DeLisle Plant.

3.4.2 Gel Strength
Gel strength is the property of borehole fluid (mud) which suspends particles (solids) in

the static mud column when circulation ceases, e.g., drilling mud left in an abandoned
borehole. Gel strength is a function of: 1) the amount and type of clays in suspension, 2)
time, 3) temperature, and 4) mud additives (chemistry). The significance of mud gel
strength is that it increases the pressure that is required for the onset of fluid migration in
the borehole (Figure 3-24).

The pressure required to displace borehole mud can be large, and gel strength can be the
main factor in preventing fluid migration within an abandoned wellbore (Collins, 1986 and
1989; Johnston and Knape, 1986; and Pearce, 1989b). Collins further states that in order
to properly model abandoned boreholes, it is important to use ". . . realistic values for mud
and hole properties," and that ". . . in most cases the contribution of the gel property (gel
strength) to the critical pressure increase required for fluid entry into the well may be more

significant than previously thought."

For the purpose of calculating the pressure due to gel at DeLisle Plant, a conservative gel
strength value of 20 1b/100 ft? is used. Grey and Darley (in Collins, 1986) determined that
approximately 20 1b/100 ft is the lowest possible gel strength that could occur. Studies
indicate that with time the gel strength of drilling mud may be more than an order of
magnitude higher (Pierce, 1989). A plot of the increase in mud gel strength with time is

shown in Figure 3-12.

Pressure due to gel strength for an open borehole is more conservative than for a cased

borehole, and is calculated by the following formula:
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0.00333xGxh
Pg = q

Where:

Pg = pressure due to gel strength (psia)
= gel strength (1b/100 ft?)
= borehole diameter (inches)
h= the shallowest depth within the AOR of the top of the Washita-
Fredericksburg Injection Interval (this is 9,520 feet for the DeLisle
Plant site AOR)
h= the shallowest depth within the AOR of the top of the Tuscaloosa
Massive Sand (this is 9,160 feet for the DeLisle Plant site AOR)

And 0.00333 is the conversion factor such that Pg is in psi

b _0.00333){20){9,520_44 { (Washita — Fredericksb

g = 14375 = 44 psi (Washita — Fredericksburg)
0.00333x20x9,160

Pg = = 43 psi (Tuscaloosa Massive Sand)

14.325

3.4.3 Calculating the Allowable Pressure Buildup

The initial step in calculating the allowable pressure buildup (COI) for the injection sands
at the plant site is to determine the original formation pressure gradient. The original
formation pressure gradient of an injection sand is calculated by dividing the original
formation pressure by the depth at which the pressure was recorded. At the DeLisle Plant,
the original formation pressure gradient for the Washita-Fredericksburg injection interval

was recorded as 0.462 psi/ft.

The maximum pressure buildup is then calculated by subtracting the original formation
pressure from the conservative 9.3 Ib/gal mud column pressure and adding the gel strength

to this value, as demonstrated by the following:

(mud column gradient, modified from Barker, 1981; 0.052 is
a conversion factor)

(9,520 feet to the shallowest Injection Interval within the
AOR x 0.484 psi/ft exerted by the mud column)

(original formation pressure gradient x depth to the
shallowest injection interval within the AOR)

(mud column pressure minus original formation pressure, +
pressure due to gel strength = allowable pressure buildup)

0.052 x 9.3 1b/gal = 0.484 psi/ft

0.484 psi/ft x 9,520 ft = 4608 psi

0.462 psi/ft x 9,520 feet = 4,398 psi

4,608 psi — 4,398 psi + 44 psi = 254 psi
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Therefore, 254 psi is the maximum pressure buildup allowed in the Washita-
Fredericksburg Injection Interval sand prior to the onset of possible fluid movement in an
artificial penetration. The COI for Washita-Fredericksburg Injection Interval is therefore
defined as the area within which the Injection Zone pressure increase is greater than 254
psi. Following the same methodology, 244 psi is the maximum pressure buildup allowed
in the Tuscaloosa Massive Sand prior to the onset of possible fluid movement in an
artificial penetration. The COI for Tuscaloosa Massive Sand is therefore defined as the

area within which the Injection Zone pressure increase is greater than 244 psi.

3.5 SWIFT Model Results — Reservoir Pressurization Modeling

The Washita-Fredericksburg Injection Interval and Tuscaloosa Massive Sand
pressurization models were run to estimate reservoir pressure at the end-of-operations. The
SWIFT pressurization models use the minimum flow capacity (hydraulic conductivity) and
average injectate density and viscosities. The reservoir pressure buildup is determined by
subtracting the initial reservoir pressures (10,000 days) from the reservoir pressures at the
time of interest during the operational period. The simulated pressure buildup is indicative
of the formation buildup outside the wellbore. A Table of Contents is included at the
beginning of Appendix 3-7 which lists the pressure buildup cases by injection sand as well

as showing the input and output file names for each of the model runs.

Reservoir pressurization modeling was performed to determine the area within which
reservoir pressure increases due to injection activities exceed the Cone of Endangering
Influence (COI). Injection Interval pressurization modeling was performed for the

Washita-Fredericksburg Injection Interval and the Tuscaloosa Massive Sand.

3.5.1 SWIFT Washita-Fredericksburg Injection Interval Pressure Model

Reservoir pressure buildup in the Washita-Fredericksburg Injection Interval was
considered for three (3) different scenarios. Currently, the calendar-month-average
permitted injection rates are: 550 gpm for Well Nos. 2, 3 and 4; 1000 gpm for Well No. 5;
and 1,200 gpm for Well No. 6 Total instantaneous injection rate is limited to no more than
2,200 gpm (cumulative for all five wells). This application is not seeking to increase the
instantaneous injection rate limit even as it seeks to approval for future injection into Well

No. 1 and construction of a second new well (Well No. 7).
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The first scenario (Chemours WF Prs) assumes all future injection (January 1, 2016 to
December 31, 2050) into the Washita-Fredericksburg Injection Interval will occur into
each well (Well Nos. 2, 3, 4 and 5) at 550 gpm (2,200 gpm cumulative).

The second scenario (Chemours WF Prs(2)) assumes all future injection (January 1, 2016
to December 31, 2050) into the Washita-Fredericksburg Injection Interval will occur into
Well Nos. 2, 3 and 4 at 400 gpm and at 1,000 gpm into Well No. 5 (2,200 gpm cumulative).

The final scenario (Chemours WF Prs(3)) assumes all future injection (January 1, 2016 to
December 31, 2050) into the Washita-Fredericksburg Injection Interval will occur at 1,200
gpm into Well No. 6 and at 250 gpm into Well Nos. 2, 3, 4 and 5 (2,200 gpm cumulative).

The SWIFT reservoir pressure model input parameters are summarized on Table 3-1. For
each scenario historical injection was incorporated into the demonstration to account for
historically injected volumes (see Section 7.3.1). Historical annual average flow rates into
the wells are depicted on Table 3-10. The Washita-Fredericksburg Injection Interval
pressure model(s) (Chemours WF Prs and, Chemours WF Prs(2), and Chemours WF
Prs(3)) input and output data are included in Appendix 3-8.

Figure 3-16 provides a well bore pressure buildup comparison of the three modeled
scenarios. Well bore pressure buildup is included for Well No. 5 for the first and second
scenario and for Well No. 6 for the final scenario. The model predicted flowing BHPs
(well bore) for each scenario are included on Table 3-13. Pressure buildup was determined
by subtracting the initial Injection Interval well bore pressures from the well bore pressure
build up at the end of the operational year. The initial pressures were determined from a
pre-operation period (no injection) in which the model was run for 10,000 days. The initial

Injection Interval pressures (10,000 days) are included in the output files in Appendix 3-8.

For the first scenario (Chemours WF Prs), the maximum predicted flowing bottom-hole
grid block pressure at the location of Well No. 5 on December 31, 2050 is 5,394 psi. The
maximum predicted flowing bottom-hole well bore pressure on December 31, 2050 is
5,530 psi. The pre-injection native static reservoir pressure at the location of Well No. 5
is 4,563 psi. Therefore, the pressure buildup in the grid block cell is no more than 831 psi

and the pressure buildup predicted at the well is no more than 967 psi.
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For the second scenario (Chemours WF Prs(2)), the maximum predicted flowing bottom-
hole grid block pressure at the location of Well No. 5 on December 31, 2050 is 5,551 psi.
The maximum predicted flowing bottom-hole well bore pressure on December 31, 2050 is
5,800 psi. The pre-injection native static reservoir pressure at the location of Well No. 5
is 4,563 psi. Therefore, the pressure buildup in the grid block cell is no more than 988 psi

and the pressure buildup predicted at the well is no more than 1,237 psi.

For the third scenario (Chemours WF Prs(3)) considers injection at the location of Well
No. 6 at 1,200 gpm. The maximum predicted flowing bottom-hole grid block pressure in
at the location of Well No. 6 on December 31, 2050 is 5,556 psi. The maximum predicted
flowing bottom-hole well bore pressure on December 31, 2050 is 5,880 psi. The pre-
injection native static reservoir pressure at the location of Well No. 6 is 4,554 psi.
Therefore, the pressure buildup in the grid block cell is no more than 1,002 psi and the

pressure buildup predicted at the well is no more than 1,326 psi.

The simulated Injection Interval pressure buildup for the first scenario (Chemours WF Prs)
at the end-of-operation (December 31, 2050) is shown in Figure 3-17. The simulated
Injection Interval pressure buildup for the second scenario (Chemours WF Prs(2)) at the
end-of-operation (December 31, 2050) is shown in Figure 3-18. The simulated Injection
Interval pressure buildup for the third scenario (Chemours WF Prs(3)) at the end-of-
operation (December 31, 2050) is shown in Figure 3-19. Figures 3-17A, 3-18A and 3-19A
are expanded depictions of the Injection Interval pressure buildup around the Chemours
DelLisle property boundaries and injection wells. Each figure shows pressure isobars,
representing the pressure buildup (the difference between the injection pressure at the end-
of-operation and initial reservoir pressure) within the Injection Interval, radiating outward

from the injection wells.

Of the three (3) scenarios, the first scenario (Chemours WF Prs) results in the largest area
enclosed within the Cone of Endangering Influence (COI). The COI includes the area
within the pressure isopleth representing a 254 psi increase in reservoir pressure. The
predicted increase at a radius of 2.0-mile radius Area of Review is approximately 360 psi
(northeast and southeast of the wells). Note that the areal distribution in pressure does not
change significantly for each model case away from the well field. The COI extends
approximately 23,100 feet from the Chemours injection wells. At the end of the model
period (year-end 2050), the Cone of Influence extends approximately 12,500 feet beyond
the 2.0-mile radius Area of Review.
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Comparison to Historical Well Tests and Pressure Measurements: Monitoring Well No.

1 is completed into the Washita-Fredericksburg Injection Interval, and was converted to a
monitoring well in 1978 (Egler, 1978). The wellhead pressure of Monitoring Well No. 1
is read approximately weekly by plant personnel. The readings were averaged to obtain a
monthly wellhead pressure value for the monitoring well (see Table 3-11 for a tabulation

of the monthly average pressures).

The historical measured pressure values from Monitoring Well No. 1 are plotted with the
pressure increase predicted by the Chemours WF Prs SWIFT model in Figure 3-19B with
time. Note that the figure has been updated through year end 2015, and the model run and
output files are contained in Appendix 3-8. From 1979 to 2006, the SWIFT model
consistently over-predicts of the reservoir pressure increase compared to those of the
measured pressures recorded at Monitoring Well No. 1. From 2006 to 2015, the SWIFT
predicted BHP increase more closely matches the measured pressure increases recorded at
Monitoring Well No. 1. This comparison suggests that the SWIFT model construct and
permeability value can provide a reasonable approximately of reservoir pressure buildup

in the Washita-Fredericksburg Injection Interval.

3.5.2 SWIFT Tuscaloosa Massive Sand Pressure Model

For this demonstration, injection into the Tuscaloosa Massive Sand would commence on
January 1, 2020 and would include the operation of Well Nos. 2, 3, 4, 5 and 6.

The first scenario (Chemours TMS Prs) assumes all future injection (January 1, 2020 to
December 31, 2050) into the Tuscaloosa Massive Sand will occur into each well (Well
Nos. 2, 3,4 and 5) at 550 gpm (2,200 gpm cumulative).

The second scenario (Chemours TMS Prs(2)) assumes all future injection (January 1, 2020
to December 31, 2050) into the Tuscaloosa Massive Sand will occur into Well Nos. 2, 3
and 4 at 400 gpm and at 1,000 gpm into Well No. 5 (2,200 gpm cumulative).

The final scenario (Chemours TMS Prs(3)) assumes all future injection (January 1, 2020
to December 31, 2050) into the Tuscaloosa Massive Sand will occur at 1,200 gpm into
Well No. 6 and at 250 gpm into Well Nos. 2, 3, 4 and 5 (2,200 gpm cumulative).
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The SWIFT reservoir pressure model input parameters are summarized on Table 3-1. The
Tuscaloosa Massive Sand pressure model(s) (Chemours TMS Prs and, Chemours TMS
Prs(2), and Chemours TMS Prs(3)) input and output data are included in Appendix 3-8.

Figure 3-20 provides a well bore pressure buildup comparison of the three modeled
scenarios. Well bore pressure buildup is included for Well No. 5 for the first and second
scenario and for Well No. 6 for the final scenario. The model predicted flowing BHPs
(well bore) for each scenario are included on Table 3-14. Pressure buildup was determined
by subtracting the initial Injection Interval well bore pressures from the well bore pressure
build up at the end of the operational year. The initial pressures were determined from a
pre-operation period (no injection) in which the model was run for 10,000 days. The initial

Injection Interval pressures (10,000 days) are included in the output files in Appendix 3-8.

For the first scenario (Chemours TMS Prs), the maximum predicted flowing bottom-hole
grid block pressure at the location of Well No. 5 on December 31, 2050 is 4,689 psi. The
maximum predicted flowing bottom-hole well bore pressure on December 31, 2050 is
4,740 psi. The pre-injection native static reservoir pressure at the location of Well No. 5
1s 4,396 psi. Therefore, the pressure buildup in the grid block cell is no more than 293 psi

and the pressure buildup predicted at the well is no more than 344 psi.

For the second scenario (Chemours TMS Prs(2)), the maximum predicted flowing bottom-
hole grid block pressure at the location of Well No. 5 on December 31, 2050 is 4,746 psi.
The maximum predicted flowing bottom-hole well bore pressure on December 31, 2050 is
4,840 psi. The pre-injection native static reservoir pressure at the location of Well No. 5
is 4,396 psi. Therefore, the pressure buildup in the grid block cell is no more than 350 psi

and the pressure buildup predicted at the well is no more than 444 psi.

For the third scenario (Chemours TMS Prs(3)) considers injection at the location of Well
No. 6 at 1,200 gpm. The maximum predicted flowing bottom-hole grid block pressure in
at the location of Well No. 6 on December 31, 2050 is 4,750 psi. The maximum predicted
flowing bottom-hole well bore pressure on December 31, 2050 is 4,870 psi. The pre-
injection native static reservoir pressure at the location of Well No. 6 is 4,403 psi.
Therefore, the pressure buildup in the grid block cell is no more than 347 psi and the

pressure buildup predicted at the well is no more than 467 psi.
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The simulated Injection Interval pressure buildup for the first scenario (Chemours TMS
Prs) at the end-of-operation (December 31, 2050) is shown in Figure 3-21. The simulated
Injection Interval pressure buildup for the second scenario (Chemours TMS Prs(2)) at the
end-of-operation (December 31, 2050) is shown in Figure 3-22. The simulated Injection
Interval pressure buildup for the third scenario (Chemours TMS Prs(3)) at the end-of-
operation (December 31, 2050) is shown in Figure 3-23. Each figure shows pressure
isobars, representing the pressure buildup (the difference between the injection pressure at
the end-of-operation and initial reservoir pressure) within the Injection Interval, radiating

outward from the injection wells.

Of the three (3) scenarios, the first scenario (Chemours TMS Prs) results in the largest areal
extent of reservoir pressure buildup (relative to the second and third scenario) and the
second scenario has the largest reservoir pressure buildup at the injection well location
(Well No. 5). The COI includes the area within the pressure isopleth representing a 244
psi increase in reservoir pressure. The predicted increase at a radius of 2.0-mile radius
Area of Review is no more than 135 psi (see Figure 3-21). However, at the end of the
model period (year-end 2050) the COI for any of the three scenarios extends no farther
than 500 feet from the wellbore.

3.5.3 Determination of Cone of Influence
The COI for Washita-Fredericksburg Injection Interval is defined as the area within which

Injection Zone pressure increase is greater than 254 psi. The COI for Tuscaloosa Massive
Sand is defined as the area within which Injection Zone pressure increase is greater than
244 psi.

The COI calculation for this petition application uses a conservative modeling approach
where all four existing injection wells and Well No. 6 (and Well No. 7) are completed in
either the Washita-Fredericksburg Injection Interval or the Tuscaloosa Massive Sand and
modeled using the worst-case scenario of 2,200 gpm through year-end 2050. Actual
injection volumes and average injection rates were used through year-end 2015 for the
Washita-Fredericksburg reservoir pressure model, and maximum injection rates were used
for the years 2016 through year-end 2050 to provide a conservative (large) estimate of
reservoir pressure buildup. Maximum injection rates were used in the Tuscaloosa Massive
Sand for the years 2020 through year-end 2050 to provide a conservative (large) estimate

of reservoir pressure buildup.
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A totals of six reservoir pressure models were considered (three for the Washita-
Fredericksburg Injection Interval and three for the Tuscaloosa Massive Sand. Of all six
scenarios, the first scenario (Chemours WF Prs) results in the largest areal extent of the
area enclosed within the Cone of Endangering Influence (COI). The COI includes the area
within the pressure isopleth representing a 254 psi increase in reservoir pressure. The COI
extends approximately 23,100 feet from the Chemours injection wells. At the end of the
model period (year-end 2050), the Cone of Influence extends approximately 12,500 feet

beyond the 2.0-mile radius Area of Review.

3.6 SWIFT Model Results — Lateral Migration Modeling

The lateral SWIFT model was used to simulate lateral waste plume migration during the
10,000-year post operational period. Lateral migration modeling was performed for the
Washita-Fredericksburg Injection Interval. A Table of Contents is included at the
beginning of Appendix 3-8 which lists the various SWIFT model runs as well as showing

the input and output file names for each model run.

The lateral transport model consists of three components: 1) fluid displacement due to
injection; 2) buoyant fluid movement and 3) dispersive and diffusive contaminant transport
for a conservative species (no adsorption, hydrolysis or other fate mechanism). In this
fashion, the outline of the isopleth for the 9-order of magnitude reduction in initial
concentration for a 10,000-year post-operational period is obtained. This is the appropriate
concentration reduction factor in that it will render the initial waste constituent

concentrations non-hazardous.

3.6.1 Low Density Injectate SWIFT Model (Chemours WF-LD Lat Plume)
The up-dip lateral waste transport model (Chemours WF-LD Lat) models waste plume

movement in the Washita-Fredericksburg Injection Interval and incorporates variable
structure, variable thickness and assumes a waste specific gravity of a light density fluid.
The injected waste density was modeled as 62.43 Ib/ft> at 243.6 °F, and waste viscosity
was 0.231 cP at 243.6 °F. The rate of ground water movement in the Injection Interval was
assumed to be 0.0 ft/year. Historical injection from October 1979 until December 31, 2015
was modeled as injected into Well Nos. 2, 3, 4 and 5. Future injection from January 1,
2016 until December 31, 2050 was modeled at an injection rate of 550 gpm each (2,200
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gpm cumulative) into Well Nos 2, 3, 4 and 5. The lateral model boundaries are left open
(Carter-Tracy boundary conditions). The model results for Chemours WF-LD Lat are
presented in the output file in Appendix 3-8. The Chemours WF-LD Lat SWIFT model
grid, end-of-operations and 10,000-year waste plumes are depicted on Figure 3-10. The
low-density waste plume orientations and dimensions at the end of the operational period
and after 10,000 years are depicted on Plates 3-1 and 3-2. The base map for Plate 3-1 is
the structure map on top of the Washita-Fredericksburg Injection Interval. Plate 3-2 shows

the buoyant plume outlines on the Washita-Fredericksburg isopach map.

The shape of both the end-of-operations waste plume and the 10,000-year waste plume are
affected by the structural top and the stratigraphic thinning to the southeast. The end-of-
operation waste plume is roughly circular in shape. The end-of-operations waste plume
(9-order magnitude reduction in concentration) is approximately 21,500 feet in diameter.
The 10,000-year low-density waste plume extends 32,000 feet up-gradient and 18,000 feet
down-gradient (measured from the Well No. 4 well location). The 10,000-year waste low-
density plume (9-order magnitude reduction in concentration) extends about 14,000 feet to
the southwest and 16,000 feet northeast from Well No. 4.

A discussion of the wells (non-freshwater artificial penetrations) that are intersected by the
plumes during the modeled operational (end time of 12/31/2050) and post-operational
(10,000-year) time periods 1s included in the Area of Review discussion. These wells meet
non-endangerment standards (due to pressure increases) and/or no-migration standards

(due to waste movement), as discussed in the Area of Review Section.

3.6.2 Low Density Injectate SWIFT Model (Chemours TMS-LD Lat)
The up-dip lateral waste transport model (Chemours TMS-LD Lat) models waste plume

migration in the Tuscaloosa Massive Sand and incorporates variable structure, variable
thickness and assumes a waste specific gravity of a light density fluid. The injected waste
density was modeled as 62.43 Ib/ft* at 236.4 °F, and waste viscosity was 0.240 cP at 236.4
°F. The rate of ground water movement in the Injection Interval was assumed to be 0.0
ft/year. Future injection from January 1, 2016 until December 31, 2050 was modeled at an
injection rate of 550 gpm each (2,200 gpm cumulative) into Well Nos 2, 3, 4 and 5. The
lateral model boundaries are left open (Carter-Tracy boundary conditions). The model
results for Chemours TMS-LD Lat are presented in the output file in Appendix 3-8. The
Chemours TMS-LD Lat SWIFT model grid, end-of-operations and 10,000-year waste
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plumes are depicted on Figure 3-11. The low-density waste plume orientations and
dimensions at the end of the operational period and after 10,000 years are depicted on
Plates 3-3 and 3-4. The base map for Plate 3-3 is the structure map on top of the Tuscaloosa
Massive Sand. Plate 3-4 shows the buoyant plume outlines on the Tuscaloosa Massive

Sand isopach map.

The shape of both the end-of-operations waste plume and the 10,000-year waste plume are
affected by the structural top and the stratigraphic thinning to the southeast. The end-of-
operation low-density waste plume is roughly circular in shape. The low-density end-of-
operations waste plume (9-order magnitude reduction in concentration) is approximately
18,250 feet in diameter. The 10,000-year waste plume extends 34,500 feet up-gradient and
13,500 feet down-gradient (measured from the Well No. 4 well location). The 10,000-year
waste plume (9-order magnitude reduction in concentration) extends about 13,500 feet to
the southwest and 6,000 feet northeast from Well No. 4.

A discussion of the wells (non-freshwater artificial penetrations) that are intersected by the
plumes during the modeled operational (end time of 12/31/2050) and post-operational
(10,000-year) time periods 1s included in the Area of Review discussion. These wells meet
non-endangerment standards (due to pressure increases) and/or no-migration standards

(due to waste movement), as discussed in the Area of Review Section.

3.6.3 High Density Injectate SWIFT Model (Chemours WF-HD Lat)
The down-dip lateral waste transport model (Chemours WF-HD Lat) models waste plume

movement in the Washita-Fredericksburg Injection Interval and incorporates variable
structure, variable thickness and assumes a waste specific gravity of a light density fluid.
The injected waste density was modeled as 81.16 Ib/ft* at 243.6 °F, and waste viscosity
was 0.608 cP at 243.6 °F. The rate of ground water movement in the Injection Interval was
assumed to be 0.0 ft/year. Historical injection from October 1979 until December 31, 2015
was modeled as injected into Well Nos. 2, 3, 4 and 5. Future injection from January 1,
2016 until December 31, 2050 was modeled at an injection rate of 550 gpm each (2,200
gpm cumulative) into Well Nos 2, 3, 4 and 5. The lateral model boundaries are left open
(Carter-Tracy boundary conditions). The model results for Chemours WF-HD Lat are
presented in the output file in Appendix 3-8. In order to simulate plume movement in
response to a background flow gradient of 0.5 ft/year, the 10,000-year waste plume center
of mass was shifted down-dip by 5,000 feet (10,000 years x 0.5 ft/year).
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The Chemours WF-HD Lat SWIFT model grid, end-of-operations and 10,000-year waste
plumes are depicted on Figure 3-12. The waste plume orientations and dimensions at the
end of the operational period and after 10,000 years are depicted on Plates 3-5 and 3-6.
The base map for Plate 3-5 is the structure map on top of the Washita-Fredericksburg
Injection Interval. Plate 3-6 shows the buoyant plume outlines on the Washita-

Fredericksburg isopach map.

The shape of both the end-of-operations waste plume and the 10,000-year waste plume are
affected by the structural top and the stratigraphic thinning to the southeast. The end-of-
operation waste plume is roughly circular in shape. The end-of-operations waste plume
(9-order magnitude reduction in concentration) is approximately 21,500 feet in diameter.
The 10,000-year waste plume extends 96,000 feet down-gradient (measured from the Well
No. 4 well location). The 10,000-year waste plume (9-order magnitude reduction in
concentration) extends about 11,000 feet to the southwest and 10,500 feet northeast from
Well No. 4.

A discussion of the wells (non-freshwater artificial penetrations) that are intersected by the
plumes during the modeled operational (end time of 12/31/2050) and post-operational
(10,000-year) time periods 1s included in the Area of Review discussion. These wells meet
non-endangerment standards (due to pressure increases) and/or no-migration standards

(due to waste movement), as discussed in the Area of Review Section.

3.6.4 High Density Injectate SWIFT Model (Chemours TMS-HD)
The down-dip lateral waste transport model (Chemours TMS-LD Lat) models waste plume

migration in the Tuscaloosa Massive Sand and incorporates variable structure, variable
thickness and assumes a waste specific gravity of a high density fluid. The injected waste
density was modeled as 81.16 Ib/ft* at 236.4 °F, and waste viscosity was 0.627 cP at 236.4
°F. The rate of ground water movement in the Injection Interval was assumed to be 0.0
ft/year. Future injection from January 1, 2016 until December 31, 2050 was modeled at an
injection rate of 550 gpm each (2,200 gpm cumulative) into Well Nos 2, 3, 4 and 5. The
lateral model boundaries are left open (Carter-Tracy boundary conditions). The model
results for Chemours TMS-HD Lat are presented in the output file in Appendix 3-8. In

order to simulate plume movement in response to a background flow gradient of 0.5 ft/year,
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the 10,000-year waste plume center of mass was shifted down-dip by 5,000 feet (10,000
years x 0.5 ft/year).

The Chemours TMS-HD Lat SWIFT model grid, end-of-operations and 10,000-year waste
plumes are depicted on Figure 3-12A. The waste plume orientations and dimensions at the
end of the operational period and after 10,000 years are depicted on Plates 3-7 and 3-8.
The base map for Plate 3-7 is the structure map on top of the Tuscaloosa Massive Sand.

Plate 3-8 shows the buoyant plume outlines on the Tuscaloosa Massive Sand isopach map.

The shape of both the end-of-operations waste plume and the 10,000-year waste plume are
affected by the structural top and the stratigraphic thinning to the southeast. The end-of-
operation waste plume is roughly circular in shape. The end-of-operations waste plume
(9-order magnitude reduction in concentration) is approximately 18,500 feet in diameter.
The 10,000-year waste plume extends 82,500 feet down-gradient (measured from the Well
No. 4 well location). The 10,000-year waste plume (9-order magnitude reduction in

concentration) is about 28,000 feet wide after 10,000 years of waste plume migration.

A discussion of the wells (non-freshwater artificial penetrations) that are intersected by the
plumes during the modeled operational (end time of 12/31/2050) and post-operational
(10,000-year) time periods is included in the Area of Review discussion. These wells meet
non-endangerment standards (due to pressure increases) and/or no-migration standards

(due to waste movement), as discussed in the Area of Review Section.
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3.7 Vertical Advective and Diffusive Waste Transport Model

The determination of vertical transport of injected waste constituents included two
components. The first component is advection, which arises from pressurization of the
Injection Interval during the operational period. The second component is diffusion, which
arises from the concentration gradient of injectate from the Injection Interval vertically
upward into the overlying Injection Zone strata. The two components of transport are

added together to obtain the total predicted vertical plume migration.

The vertical transport model, which includes both advection and diffusion, was designed
to focus on the worst-case vertical movement of injection constituents over the total time
frame (operational period and 10,000-year post-operational period). This was done by
employing a one-dimensional model, whereby no dilution through lateral dispersion is
allowed and invoking conservative constraints and input parameters. Also, the injectate
constituent which was modeled, chromium, was modeled as a fully conservative species

with no transport retardation through sorption, and no decay through hydrolysis or reaction.

In the advective component of vertical transport, the primary transport mechanism
(pressure buildup within the Injection Interval during the operational period) is set at the
maximum value from the beginning of operations (October 1979), through the end of the
future operational period (December 31, 2050), and for an additional five years after the
operational period (75.25 years total). The additional five years of advective movement
was included in the calculation to account for the time required for the reservoir pressure
to return to a static level. Although it is anticipated that reservoir pressure will decline
rapidly at the end-of-operations, and that near static reservoir pressures will be reached in
a matter of a few months, five years is included in the calculation to be conservative. The
Injection Interval pressure buildup is determined from the SWIFT pressure buildup model
(Chemours WF Prs(3)) and is calculated to occur at the end of the future operational period
(December 31, 2050), just before Well No. 6 is shut in (Note that the pressure buildup in
the grid block at Well No. 6 in the Chemours WF Prs(3) model run is the greatest pressure
buildup for any of the Washita-Fredericksburg Injection Interval or Tuscaloosa Massive
Sand reservoir pressure models). In reality, the pressure during the majority of the
operational period is significantly less, since the historical injection rates are less than the
future injection rates. The result is a conservatively higher value for the vertical pressure
gradient. An additional advective component arises from the buoyancy of the injectate

(light density case) due to the density contrast between the injectate and native formation
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brine. The advective component due to the density contrast is calculated for both the
operational and 10,000-year post-operational periods. In this model, it is conservatively
assumed that the density contrast remains at its maximum, without allowing any decrease

in the density contrast through dispersion or diffusion.

In calculating the diffusive component of vertical transport, it is assumed that the source
strength within the Injection Interval remains constant at its maximum value during the
entire 10,000-year post operational period. In reality, the source strength within the
Injection Interval decreases after injection ceases, since no additional injectate mass is
added to the Injection Interval. The result is a conservatively greater transport distance,
since the concentration gradient remains at the initial maximum value during the entire

10,000-year period.

3.7.1 Advective Transport Model and Results

The vertical advective transport of the injectate is made up of two components: 1) transport
due to pressure buildup within the Injection Interval during operational period; and, 2)
transport due to buoyancy of injectate arising from density contrast between injectate and
native formation fluid (for light density case) over entire operational and 10,000-year post-

operational periods.

To ensure the most conservative case, it is assumed that the Injection Interval pressure
buildup reaches the maximum value at the beginning of the operational period on October
1979, and remains at this maximum value for a period of 5 years after injection has ceased
(injection ceased on December 31, 2050), for a total pressure buildup period of 75.25 years
at the maximum pressure. Additionally, it is assumed that the density contrast between the
injectate and formation fluid remains at its maximum during the entire operational and
10,000-year post-operational period. In this way, the advective component of transport is

over-estimated.

3.7.1.1 Vertical Advection During Operational Period

The advective component of transport in general can be found through Darcy's Law written

in terms of the total head gradient and hydraulic conductivity:

Ah

)
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where, q = Darcy velocity
h
—— = total head gradient
Al

K = hydraulic conductivity

Vertical Head Gradient During Operational Period
The total head gradient was defined in terms of pressure buildup within the Injection
Interval, elevation and buoyancy (due to a density contrast between injectate and native

formation fluid):

A
2P Az+ H,,,
Ah  pg
Al L
where, L = distance (thickness in this case)
Ap = pressure change across distance L
peg = fluid specific weight (density)
Az = elevation change across L
Hbuoy = buoyant head

The quantities in the equation were specified using the conditions at the Chemours facility
to define the total vertical head gradient across the first containing shale sequence overlying

the Injection Interval.

The distance, L, was defined as the thickness of 150 feet of shale between the top of the
Injection Interval and the top of the Injection Zone. The total net shale thickness between
the top of the Injection Interval and the top of the Injection Zone is well over 1,200 feet.
The total net shale thickness above the top of the Tuscaloosa Massive Sand is well over
1,000 feet. Therefore, the gradient determined here is greater than would be determined
for the net containing interval. This results in a conservative overestimate of the advective

transport.

Because vertical gradient is being calculated, and the native reservoir fluid gradient within
the Injection Interval is equivalent to the native reservoir fluid gradient the overlying shale
layer (hydrostatically equilibrated fluid column), a natural fluid gradient does not exist,

therefore A z is zero (0) and is ignored in the calculation.

The pressure change was defined as the difference between the maximum pressure in the

Injection Interval (which occurs at the end-of-operation), and the initial pressure within the
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Injection Interval. The Washita-Fredericksburg SWIFT pressurization model (Chemours
WF Prs(3)) output was used to determine the maximum Injection Interval pressure at the
end-of-operation. The initial pressure within the Injection Interval was determined based
on the initial (before operation) pressure measured in the Injection Interval at Well No. 6.
The maximum Injection Interval pressure buildup, 970 psi (grid block pressure), occurs at
the end of the operation period at Well No. 6, as shown in the SWIFT output file (Chemours
WF Prs(3)).

The buoyant head (Houoy) is defined as a function of the maximum possible density contrast
between the injectate and formation fluid (assuming light density injectate), and the
thickness of the total waste-swept pore volume. The Washita-Fredericksburg Injection
Interval is considered in this demonstration, since it is the shallowest interval which
currently utilized for injection. The waste swept pore thickness, D, of the Washita-
Fredericksburg Injection Interval is 160 feet (approximate net sand thickness of the
Washita-Fredericksburg at the location of Well No. 4 [see Section 3.3.1]). Density contrast
was considered as part of the calculation of the injection pressure differential (native
reservoir brine density and injection fluid density are components of the Washita-
Fredericksburg SWIFT pressurization model (Chemours WF Prs(3)). Although the density
differential portion of the buoyant head determination is incorporated in the Apis; term, it

is considered separately to add additional conservatism to the calculation.

With these definitions of terms, the equation now becomes:

Apm/ n M

b pg (Pg)y,

Al L
Where:
Apm_ j = injection pressure differential = 970 psi
PEg = formation fluid density at reservoir temperature = 68.49 1b/ft> (at reservoir temperature, 243.6 °F)
(i pg)mj = injectate density at reservoir temperature = 62.43 1b/ft* (least dense waste density at 243.6 °F)
Apg = maximum possible density contrast between injectate and formation fluid = 6.06 Ib/ft3
D = thickness of total waste-swept pore volume of Injection Interval = 160 feet
L = shale thickness = 150 feet (first 150 feet of shale above the injection reservoir)

The vertical head gradient across the thickness of the first shale sequence overlying the
Washita-Fredericksburg Injection Interval for the operational period was then determined

using the parameters defined above:
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(970 1b/in?)(144 in?/ft?) = (6.06 Ib/ft*)(160 ft)
Ah 68.49 [b/ft3 6243 /fe
Al 150 ft

=13.7ft/ft

Vertical Hydraulic Conductivity

The total head gradient calculated above, along with the vertical hydraulic conductivity for
the containing shale sequence overlying the Injection Interval were used to determine the
vertical Darcy velocity through the first shale sequence overlying the Washita-
Fredericksburg Injection Interval (or Tuscaloosa Massive Sand)(using a shale permeability
of 6.2 x 10° mD). A discussion of shale permeability is included in Section 7.3.2. The
hydraulic conductivity was determined to be 7.36 x 107 ft/day using an injectate viscosity

of 0.231 cP, and an injectate specific weight of 62.43 Ib/ft? (at reservoir conditions):

With the vertical head gradient defined from the top of the Injection Interval through the
first overlying shale, and the vertical hydraulic conductivity of the shale overlying the
Injection Interval, the Darcy flow velocity can be calculated from the Darcy equation as

written above:
q = 736x 107 ft/day (13.7 ft/ft) = 1.01x 10'5ft/day

Using the vertical Darcy velocity determined above, and the shale porosity of 0.20, the
vertical average linear velocity was determined by dividing the Darcy velocity by the

porosity:
v = (1.35x 107 ft/day)/0.20 = 5.04 x 107 ft/day

The vertical advective transport was then calculated by applying the average linear velocity
for the entire 70.25-year operational and 5 post-operational period (75.25 years total) in
which Injection Interval pressure was elevated due to injection operations. This is an over-
estimation because the maximum pressure buildup (and therefore velocity) is used for the
entire combined period. The pressure gradient builds up to the maximum value over time,

and then falls off sharply when injection is ceased.

Using the approach outlined above, the advective transport distance of waste into the first
containing shale sequence overlying the Washita-Fredericksburg Injection Interval (or

Tuscaloosa Massive Sand) is found by:
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Zadvectionl = V-1

where, v = vertical average linear velocity = 5.04 x 107 ft/day
t = advective transport period = 75.25 yr x 365.25 day/yr
Zadvectionl = 5.04 x 107 ft/day x 75.25 yr x 365.25 day/yr =

1.4 feet of advective transport during modeled period

3.7.1.2 Vertical Advection During 10,000-Year Post-Operational Period

As discussed above, an additional component of advective transport may also arise due to
the continued density contrast between the injectate and native brine, which remains even

after the operational period has ended.

Vertical Head Gradient During 10,000 Post-Operational Period

If it is assumed that the injectate is not diluted due to dispersion or other mixing, the
advective transport due to this density contrast arising from the buoyant component of the
head gradient as defined above can be calculated over the 10,000-year post-operational

period.

(6.06 1b/ft3)(160 ft)
Ah 62.43 Ib/ft3
N 150 ft

=0.1ft/ft

The resulting Darcy flow velocity from the buoyant head component can be calculated

using the vertical hydraulic conductivity as calculated above in the Darcy equation:

q = 7.36 x 107 ft/day (0.1 ft/ft) = 7.36 x 10°* ft/day

Using the vertical Darcy velocity determined above, and the shale porosity of 0.20, the
vertical average linear velocity was determined by dividing the Darcy velocity by the

porosity:
v = (7.36 x 10°® ft/day)/0.20 = 3.68 x 107 ft/day

The vertical advective transport due to the buoyant head gradient during the 10,000-year
post-operational period is then calculated by applying the average linear velocity for the

entire 10,000-year period.
Zadvection2 = v-t

where, v = vertical average linear velocity = 3.68 x 107 ft/day
advective transport period = 10,000 yr x 365.25 day/yr

-
Il
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Zadvection2 = 3.68 x 107 ft/day x 10,000 yr x 365.25 day/yr =
1.3 feet advective transport during 10,000-year post-operational period due to
buoyancy of injectate

The total advective transport of injectate during the operational and 10,000-year post-

operational periods is the sum of the two advective transport distances:
Z(advection)Total = Zadvectionl T Zadvection2 = 1.4 feet + 1.3 feet =2.7 feet

The total advective distance, 2.7 feet, is much less than the net shale interval thickness

between to the top of the Injection Interval and the top of the Injection Zone.

The advective transport calculated here is over-estimated due to several reasons. First, the
Injection Interval pressure buildup was assumed to reach its maximum value at the
beginning of injection operations on October 1979, and continue at this maximum value
through the post-operational fall-off period, for a total Injection Interval pressure buildup
period of 75.25 years at the maximum value (the pressure builds up to its maximum value,
and then falls of rapidly during the post-operational fall-off period). Secondly, the shale
sequence overlying the Washita-Fredericksburg Injection Interval (and Tuscaloosa
Massive Sand) was used to define the hydraulic gradient over which vertical advection
occurred. The thickness of this shale sequence, 150 feet, is only 15 percent of cumulative
net shale thickness in the Injection Zone overlying the Washita-Fredericksburg Injection
Interval (or Tuscaloosa Massive Sand). Finally, it is assumed that the density contrast
between the injectate and native formation fluid remains at its maximum during the entire
operational and 10,000-year post-operational periods. By invoking these model

considerations, the model results were conservatively overestimated.

3.7.2 Diffusive Transport Model and Results

The second component of vertical transport is diffusion which arises from the
concentration gradient of injectate from the Injection Interval vertically upward into the
overlying Injection Zone strata. The governing equation for diffusive transport through a
porous medium in one-dimension is given by Fick’s second law (Freeze and Cherry, 1979;
Daniel and Shackelford, 1988; Carslaw and Jaeger, 1959):

se_p, 0
ot 0 z*
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The vertical extent of molecular diffusion through a porous media in one dimension at any

time, t, is calculated from the following solution (Freeze and Cherry, 1979) to Fick’s

second law:
C(z,t) erfe z
0 V4Dt
where:
C(zt) = concentration at location z and time t ;
C, = initial concentrationatt=0,z=0;
C(z,t)/)C, = inverse of concentration reduction factor = 1 x 10 for the Chemours facility’s waste;

N
Il

diffusive plume extent = quantity to be calculated,;
t = time= 10,000 years;

D* = effective molecular diffusivity = D, x G = 0.219 ft*/yr using:
D, = molecular diffusivity of chromium in water = 1.61 x 10-® m?/sec = 5.47 ft*/yr;
G = geometric correction factor = ¢" where n is approximately 2 for shales
¢ = porosity =0.20
erfc = complimentary error function = 1- erf (error function)

It should be noted that an inherent boundary condition required for the above solution is
that the source strength remains constant (C(z,t)=C,) at the top of the Injection Interval for
all times, namely, during the entire 10,000-year post-operational period. This is
conservative since the source strength of injectate will begin to decay after the end of the
operational period, and no additional mass will be introduced to the Injection Interval to

keep the source strength constant at its maximum value.

1x1079 =1 —

Z
erf L/ (4)(0.2 19)(10,000)]

Z
0.999999999 = erf [ﬁ]

from error function tables;

432 = 2
"7 936

Z diffusion = 404 feet

The total vertical transport for the injected waste at the Chemours facility, as determined

using the one-dimensional analytical models for both advection, due to injection pressure
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buildup and density contrast, and diffusion, due to concentration gradient between the

Injection Interval and overlying Injection Zone is the sum of the two:

Ziotal = Z(advection)Total + Z diffusion

Zow  =2.7 feet + 404 feet
Ztotal = 4067 feet

Thus, the calculated total vertical transport distance is 406.7 feet. The top of the Washita-
Fredericksburg Injection Interval is separated from the top of the Injection Zone by about
1,750 feet of alternating sand and shale sequences, with more than 1,000 feet of total net
shale present within the sequence. The top of the Tuscaloosa Massive Sand is separated
from the top of the Injection Zone by about 1,250 feet of alternating sand and shale

sequences, with more than 1,000 feet of total net shale present within the sequence.

Subtracting 406.7 feet from 9,752 feet (approximate top of Washita-Fredericksburg
Injection Interval), places the top of vertical migration in 10,000 years at approximately
9,345, which is well below the top of the permitted Injection Zone which is present at about
8,000 feet.

Subtracting 406.7 feet from 9,282 feet (approximate top of the Tuscaloosa Massive Sand),
places the top of vertical migration in 10,000 years at approximately 8,875 feet, which is
also well below the top of the permitted Injection Zone which is present at about 8,000

feet. Therefore, the standard for no-migration is met for the vertical model simulation.

3.8 Molecular Diffusion Through Mud Filled Boreholes

The modeling results discussed in Section 3.7 above address the issue of vertical waste
movement by advection-diffusion through a porous medium. This section assesses the
extent of vertical diffusion over 10,000 years through a mud filled borehole that could

penetrate the Injection Zone and intersect the location of the 10,000-year plume.

The calculation is conservative because it assumes that full strength waste would be at the
location of a mud filled borehole for 10,000 years. Also, the calculation employs a
tortuosity of 0.5 and porosity of 0.9 for the drilling mud. This provides the maximum

calculated vertical diffusion distance for the given molecular diffusivity.
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The vertical extent of molecular diffusion through a mud filled borehole which penetrates
the waste plume present in the Washita-Fredericksburg Injection Interval was calculated

from the following solution (Freeze and Cherry, 1979) to Fick’s second law:

C(z,t) z
C, _erf{ 4D*t}

C(z,t) = concentration at location z and time t ;

where:

C, = initial concentrationatt=0,z=0;
C(z,t)/C, = 1x 107 for the Chemours facility’s waste
C(z,t)/C, = 1x 107® for the Chemours facility’s waste (Tuscaloosa Massive Sand)
z = diffusive extent = quantity to be calculated;
t = time = 10,000 years;
D, = molecular diffusivity of chromium in water = 1.61 x 10 m?*/sec = 5.47 ft¥/yr;
G = geometric correction factor = 0.5 for tortuosity x 0.9 porosity (drilling mud)

D* = D, x G =2.462 ft*/yr

As demonstrated in the above equation, the vertical diffusive distance is a function of the
concentration reduction factor and the molecular diffusivity of the compound in water. As
reported previously, chromium had the highest molecular diffusivity in water for the
chemical species of interest to this demonstration. The concentration reduction factor
necessary to reach the health based limit given the petitioned concentration for lead is 1.00
x 1078, Both the molecular diffusivity for chromium and the concentration reduction factor
for lead are the most conservative values for the waste constituents considered in this
demonstration (Table 3-8 includes actual Vertical Diffusion Distance Through a Mud-
Filled Borehole for each waste constituent for the maximum request waste concentration).
The diffusive contaminant transport through a mud-filled borehole which penetrates the

waste plume in the Washita-Fredericksburg Injection Interval was calculated as follows:

1.00x107° =1 —

Z
erf[ l
J(4)(2.462)(10,000)

_ Z

0.999999999 = erf [m]
from error function tables;
432 = —
%3138

Z diffusion = 1,356 feet
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Subtracting 1,356 feet from 9,752 feet (approximate top of Washita-Fredericksburg
Injection Interval), places the top of vertical migration in 10,000 years at approximately
8,396, which is well the top of the permitted Injection Zone which is present at about 8,000
feet. Therefore, the standard for no-migration from the Washita-Fredericksburg Injection

Interval is met for the vertical model simulation with respect to a mud-filled borehole.

Although the concentration reduction factors employed in all other plume delineation and
vertical migration calculations is 1.00 x 10”, the actual concentration reduction factor of
1.00 x 10°® is used for the Tuscaloosa Massive Sand. The diffusive contaminant transport
through a mud-filled borehole which penetrates a waste plume present in the Tuscaloosa

Massive Sand was calculated as follows:

1.00x1078 =1 —

VA
o |
J (4)(2.462)(10,000)
0.99999999 = [ z ]
' = 3138
from error function tables;

4052 = —
' " 313.8

Z diffusion = 1,272 feet

Subtracting 1,272 feet from 9,282 feet (approximate top of the Tuscaloosa Massive Sand),
places the top of vertical migration in 10,000 years at approximately 8,010 feet, which is
10 feet below the top of the permitted Injection Zone which is present at about 8,000 feet.
Therefore, the standard for no-migration from the Tuscaloosa Massive Sand would be met

for the vertical model simulation with respect to a mud-filled borehole.
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3.9 Reservoir Modeling Conclusions

This modeling effort provides a demonstration of "no-migration" in accordance with
applicable regulations. This has been accomplished by demonstrating that the Chemours
facility’s injected waste will not migrate out of the Injection Zone and will be contained

both vertically and laterally within the Injection Zone for a period of at least 10,000 years.

The modeling accounts for: (1) Injection Interval pressurization during the operational
period; (2) end-of-operations light density injectate lateral waste transport; (3) post-
operation light density injectate 10,000-year lateral waste transport; (4) end-of-operations
heavy density injectate lateral waste transport; (5) post-operation heavy density injectate
10,000-year lateral waste transport; and (6) vertical waste transport. Conservative
numerical and analytical models have been constructed and used to determine the
maximum pressure buildup, and lateral and vertical waste transport distances. The
modeling results demonstrate that no harm or impairment to the environment will occur
from continued injection operations at the Chemours facility, through either endangerment
(Injection Interval pressurization), lateral waste transport (up-dip or down-dip) or vertical

waste transport.

For the Washita-Fredericksburg Injection Interval, lateral (low density) plume migration is
depicted on Plates 3-1 and 3-2. The low density injectate model results (Chemours WF-
LD Lat) indicate that, for a 9-order magnitude reduction in the initial concentration, the
end-of-operations (12/31/2050) is approximately 21,500 feet in diameter. In 10,000 years,
the light density waste plume extends 32,000 feet up-gradient and 18,000 feet down-
gradient (measured from the Well No. 4 well location). The 10,000-year waste plume (9-
order magnitude reduction in concentration) extends about 14,000 feet to the southwest
and 16,000 feet northeast from Well No. 4

For the Tuscaloosa Massive Sand, lateral (low density) plume migration is depicted on
Plates 3-3 and 3-4. The low density injectate model results (Chemours TMS-LD Lat)
indicate that, for a 9-order magnitude reduction in the initial concentration, the end-of-
operations (12/31/2050) is approximately 18,250 feet in diameter. In 10,000 years, the
light density waste plume extends 34,500 feet up-gradient and 13,500 feet down-gradient
(measured from the Well No. 4 well location). The 10,000-year waste plume (9-order
magnitude reduction in concentration) extends about 13,500 feet to the southwest and
6,000 feet northeast from Well No. 4.
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For the Washita-Fredericksburg Injection Interval, lateral (high density) plume migration
is depicted on Plates 3-5 and 3-6. The high density injectate model results (Chemours WF-
HD Lat) indicate that, for a 9-order magnitude reduction in the initial concentration, the
end-of-operations (12/31/2050) is approximately 21,500 feet in diameter. In 10,000 years,
the high density waste plume extends 96,000 feet down-gradient (measured from the Well
No. 4 well location). The 10,000-year waste plume (9-order magnitude reduction in
concentration) extends about 11,000 feet to the southwest and 10,500 feet northeast from
Well No. 4.

For the Tuscaloosa Massive Sand, lateral (high density) plume migration is depicted on
Plates 3-7 and 3-8. The high density injectate model results (Chemours TMS-HD Lat)
indicate that, for a 9-order magnitude reduction in the initial concentration, the end-of-
operations (12/31/2050) is approximately 18,500 feet in diameter. In 10,000 years, the
waste plume extends 82,500 feet down-gradient (measured from the Well No. 4 well
location). The 10,000-year waste plume (9-order magnitude reduction in concentration) is

about 28,000 feet wide after 10,000 years of waste plume migration.

Washita-Fredericksburg Injection Interval pressure buildup isopleths are depicted on
Figures 3-17, 3-18 and 3-19. The calculated COI is defined as that area around the
Chemours injection well(s) within which the modeled reservoir pressure increase due to
injection operations exceeds 254 psi. For the SWIFT pressure model run Chemours WF
Prs, the largest COI is observed (largest areal extent of the COI for all of the Washita-
Fredericksburg reservoir pressure models or for the Tuscaloosa Massive Sand reservoir
pressure models). For Chemours WF Prs, the maximum predicted flowing bottom-hole
grid block pressure at the location of Well No. 5 on December 31, 2050 is 5,394 psi. The
maximum predicted flowing bottom-hole well bore pressure on December 31, 2050 is
5,530 psi. The pre-injection native static reservoir pressure at the location of Well No. 5
is 4,563 psi. Therefore, the pressure buildup in the grid block cell is no more than 831 psi

and the pressure buildup predicted at the well is no more than 967 psi.

The predicted increase at a radius of 2.0-mile radius Area of Review is approximately 360
psi (northeast and southeast of the wells). The COI extends approximately 23,100 feet
from the Chemours injection wells. At the end of the model period (year-end 2050), the
Cone of Influence extends approximately 12,500 feet beyond the 2.0-mile radius Area of

Review.
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As indicated in the previous paragraph, the largest COI is observed in the Washita-
Fredericksburg reservoir pressure models. Of the three (3) reservoir pressure buildup
scenarios for the Tuscaloosa Massive Sand, Chemours TMS Prs results in the largest areal
extent of reservoir pressure buildup. The COI includes the area within the pressure isopleth
representing a 244 psi increase in reservoir pressure. The predicted increase at a radius of
2.0-mile radius Area of Review is no more than 135 psi (see Figure 3-21). However, at the
end of the model period (year-end 2050) the COI extends no farther than 500 feet from the
wellbore.

A conservative analytical model was used to determine the vertical advective transport
resulting from the pressure buildup during the historical and projected operational periods.
The results indicate that the vertical advective transport during the operational period
would be 2.7 feet above the Washita-Fredericksburg Injection Interval. In addition, 404
feet of vertical migration was calculated by the 10,000-year molecular diffusion analytical
model for chromium, for a total modeled predicted vertical migration in 10,000 years of
406.7 feet above the top of Washita-Fredericksburg Injection Interval. Subtracting 406.7
feet from 9,752 feet (approximate top of Washita-Fredericksburg Injection Interval), places
the top of vertical migration in 10,000 years at approximately 9,345 feet, which is well
below the top of the permitted Injection Zone which is present at about 8,000 feet. In
addition, subtracting 406.7 feet from 9,282 feet (approximate top of the Tuscaloosa
Massive Sand), places the top of vertical migration in 10,000 years at approximately 8,875
feet, which is also well below the top of the permitted Injection Zone which is present at
about 8,000 feet. Therefore, the standard for no-migration is met for the vertical model

simulation.

A conservative analytical model was used to determine the vertical transport resulting from
the vertical migration through a mud-filled borehole which penetrates the waste plume
present in the Washita-Fredericksburg Injection Interval. The results indicate that the
vertical transport during the 10,000-year modeled timeframe would be 1,249 feet above
the top of the Washita-Fredericksburg Injection Interval. The vertical migration was
calculated by the 10,000-year molecular diffusion analytical model for chromium (worst
case constituent). Subtracting 1,249 feet from 9,752 feet (approximate top of Washita-
Fredericksburg Injection Interval), places the top of vertical migration in 10,000 years at
approximately 8,503 feet, which is below the top of the permitted Injection Zone which is

present at about 8,000 feet. Therefore, the standard for no-migration from the Washita-
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Fredericksburg Injection Interval is met for the vertical model simulation with respect to a
mud-filled borehole.

A conservative analytical model was also used to determine the vertical transport resulting
from the vertical migration through a mud-filled borehole which penetrates a waste plume
present in the Tuscaloosa Massive Sand. The results indicate that the vertical transport
during the 10,000-year modeled timeframe would be 1,272 feet above the top of the
Tuscaloosa Massive Sand. Subtracting 1,272 feet from 9,282 feet (approximate top of the
Tuscaloosa Massive Sand), places the top of vertical migration in 10,000 years at
approximately 8,010 feet, which is 10 feet below the top of the permitted Injection Zone
which is present at about 8,000 feet. Therefore, the standard for no-migration from the
Tuscaloosa Massive Sand is met for the vertical model simulation with respect to a mud-
filled borehole.

In conclusion, the modeling results demonstrate no harm to the environment will occur
from continued operations at the facility resulting from endangerment or migration of
waste. All the artificial penetrations located within the boundaries of the waste plumes are
plugged or constructed to prevent the migration of waste from the Injection Zone to satisfy

the no-migration standard.
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TABLE 3-1

SWIFT MODEL PARAMETER VALUES

Washita- Tuscaloosa Massive
PARAMETER SYMBOL, UNITS SWIFT MNEMONIC Fredericksburg Sand

NATIVE FORMATION FLUID
Specific Gravity y (at reference temperature) 1.097 1.098
Density p (T, P), Ib/ft® (at reference temperature) ~BWRN 68.49 68.55
Viscosity u (T, P), cP (at reference temperature) VISRR 0.405 0.418
Compressibility C (T, P), psi-1 CcwW 2.33E-06 2.31E-06
WASTE, Least Dense
Specific Gravity v (at reference temperature) 1.00 1.00
Density p (T, P), Ib/ft® (at reference temperature) ~ BWRI 62.43 62.43
Viscosity u (T, P), cP (at reference temperature) VISIR 0.231 0.240
WASTE, Average Density
Specific Gravity v (at surface conditions) 1.20 1.20
Density p (T, P), Ib/ft* (at reference temperature) ~ BWRI 71.80 71.92
Viscosity u (T, P), cP (at reference temperature) VISIR 0.482 0.497
WASTE, Most Dense
Specific Gravity y (T/60, P) [y 60/60, 1 atm; surface): 1.30 1.30
Density p (T, P), Ib/ft® (at reference temperature) ~ BWRI 8L.16 8L.16
Viscosity u (T, P), cP (at reference temperature) VISIR 0.482 0.497
INJECTION INTERVAL
Reference Depth D, ft (subsea) HINIT 9,889 9,512
Initial Pressure (at reference depth) P, psia PBWR, PINIT 4,581 4,406
Temperature (at reference depth) T,°F TBWR, TRR, TIR, TD, TO 243.6 236.4
Hydraulic Conductivity

Plume movement: K (kp/p), feet/day KX, KY 3.716 5.405

Pressurization: K (kp/p), feet/day KX, KY 1.561 3.243
Rock Density o, Ib/ft® BROCK 165 165
Porosity ) PHI 0.24 0.25
Rock Compressibility C,psi’ CR 3.20E-06 3.20E-06
Dispersivity

Longitudinal oy, feet ALPHL 50 50

Transverse o, feet ALPHT 5 5
Molecular Diffusivity (effective) D" f?/d (D'=D°t ¢) DMEFF 2.32E-03 2.46E-04
Molecular Diffusivity (free water) D°, ft2/d (free water) 1.49E-02 1.49E-02
Tortuosity

Sand T 0.24 0.25

Shale T 0.07 0.07
Thickness ft DELZ(K), UTH 200 160
Well Index ft*/day WI

High Conductivity (Well No. 4) ft*/day WI 958.7 1,743.1

Low Conductivity (Well No. 4) ft*/day WI 402.7 1,045.8
Carter-Tracy Boundary

Permeability-Thickness (high conductivity)  Kh KH 383.6 895.8

Permeability-Thickness (low conductivity)  Kh KH 161.2 537.5

Porosity-Thickness 6h PHIH 25 41
Coefficient of thermal expansion o’! CTW 0.00 0.00
Fluid heat capacity BTU/Ib-°F CPW 1 1
Rock heat capacity BTU/Ib-°F CPR 1 1
Thermal conductivity BTU/ft-d-°F UKTX, UKTY, UKTZ 116 116

16-123 Table 3-1 (SWIFT Summary Inputs)(rev).xlsx 3/19/2018




TABLE 3-2

WASHITA-FREDERICKSBURG RESERVOIR TEST RESULTS

Values Measured From Well Test

k h 1) kh/p
Test Date | Well No. (mD) (ft) (cP) (mD-ft/cP)
2015 3 422.7 160 0.42 161,029
2014 2 135.8 160 0.42 51,733
2013 5 64.0 160 0.42 24,381
2012 4 89.9 160 0.60 23,973
2011 3 330.0 160 0.42 125,714
2010 2 147.5 160 0.42 54,324
2009 5 86.0 160 0.42 56,190
2008 4 142.6 160 0.42 54,324
2007 3 236.3 160 0.42 90,019
2006 2 144.1 160 0.42 54,895
2005 5 223.3 160 0.42 85,074
2004 4 186.0 160 0.42 70,857
2003 3 158.2 160 0.42 60,247
2002 2 319.9 160 0.42 121,867
2001 5 189.8 160 0.42 72,305
2000 4 142.3 160 0.42 54,201
1999 3 170.0 160 0.60 45,333
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TABLE 3-3

DELISLE PLANT BOTTOM-HOLE PRESSURE MEASUREMENTS IN MONITORING WELL NO. 1

Stabilized Pressure Pressure Gradient Calculated
Test Well No. Date Reading @ Depth (psi/fe) Pressure at
9,850'* (psia)
Well No. 1 1974** 4,626 psia @ 9,893 ft. 0.4670 4,606
Sep-92 4,580 psia @ 9,775 ft. 0.4685 4,615
Dec-92 4,553 psia @ 9,760 ft. 0.4665 4,595
Dec-92 4,516 psia @ 9,760 ft. 0.4627 4,558

* Assumes midpoint of Washita-Fredericksburg Sand at 9,850 ft
** Original measured formation pressure from DST values
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TABLE 3-4

WASHITA-FREDERICKSBURG HISTORICAL BOTTOMHOLE PRESSURE SURVEY DATA

Date Well Stabilized Pressure Static Pressure
No. Reading @ Depth (psia)*
April 2015 3 4,719 psia @ 9,740 ft. 4,750
April 2014 2 4,699 psia @ 9,748 ft. 4,751
May 2013 5 4,619 psia @ 9,685 ft. 4,707
April 2012 4 5,070 psia @ 9,748 ft. 5,122
April 2011 3 4,679 psia @ 9,794 ft. 4,707
April 2010 2 4,620 psia @ 9,643 ft 4,675
April 2009 5 4,579 psia @ 9,685 ft. 4,679
April 2008 4 4,627 psia @ 9,746 ft. 4,680
March 2007 3 4,636 psia @ 9,730 ft. 4,696
April 2006 2 4,639 psia @ 9,748 ft. 4,690
March 2005 5 4,665 psia @ 9,730 ft. 4,726
March 2004 4 4,704 psia @ 9,750 ft. 4,755
February 2003 3 4,618 psia @ 9,800 ft 4,644
March 2002 2 4,661 psia @ 9,775 ft. 4,699
May 2001 5 4,613 psia @ 9,743 ft. 4,668
April 2000 4 4,623 psia @ 9,737 ft. 4,681
April 1999 3 4,618 psia @ 9,800 ft. 4,643
March 1998 2 4,610 psia @ 9,775 ft. 4,648
September 1997 5 4,564 psia @ 9,743 ft. 4,618
April 1996 5 4,547 psia @ 9,743 ft. 4,602
December 1996 4 4,572 psia @ 9,750 ft. 4,628
March 1995 5 4,430 psia @ 9,500 ft. 4,593
November 1995 2 4,599 psia @ 9,842 ft. 4,603
December 1995 4 4,569 psia @ 9,750 ft. 4,620
May 1994 5 4,473 psia @ 9,750 ft. 4,519
July 1994 4 4,617 psia @ 9,670 ft. 4,703
September 1993 4 4,581 psia @ 9,736 ft. 4,635
December 1992 4 4,249 psia @ 9,207 ft. 4,546
December 1992 2 4,277 psia @ 9,272 ft. 4,563
November 1989 4 4,523 psia @ 9,750 ft. 4,568
1974 ** 1** 4,626 psia @ 9,893 ft. ** 4. 606 **

* Corrected to the reference depth of 9,850 feet

** Data from Drill Stem Formation Pressure Test measurement taken during drilling of Well No. 1
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TABLE 3-5

DELISLE PLANT BOTTOM-HOLE PRESSURE MEASUREMENTS IN
PLANT WELL NOS. 2 AND 3

Stabilized Pressure True Vertical Press-u re Calculated
Test Well No. Date Reading @ Depth Depth (TVD) Gradient Pressure at
(psi/ft) 9,850 ft* (psia) |
Well No. 2 Dec-92 | 4,277 psia @ 9,272 ft 9232 ft 0.4633 4,563
Aug-93 4,586 psia @ 9,787 ft 9743 ft 0.4707 4,637
Mar-95 4,315 psia @ 9,272 ft 9232 ft 0.4674 4,604
Nov-95 | 4,599 psia @ 9,842 ft 9808 ft 4,603
Mar-98 [ 4,610 psia @ 9,775 ft 9741 ft 4,648
Mar-02 | 4,661 psia @ 9,775 ft 9741 ft 0.5093 4,699
Apr-06 | 4,639 psia @ 9,748 ft 9759 ft 0.5012 4,690
Apr-10 | 4,620 psia @ 9,643 ft 9609 ft 0.5064 4,675
Apr-14 | 4,699 psia @ 9,748 ft 9759 ft 0.5033 4,751
Well No. 3 Nov-89 | 4,501 psia @ 9,750 ft 9696 ft 0.4642 4,573
Dec-92 4,251 psia @ 9,238 ft 9189 ft 0.4626 4,557
Dec-92 4,238 psia @ 9,238 ft 9189 ft 0.4612 4,543
Dec-92 4,252 psia @ 9,238 ft 9189 ft 0.4627 4,558
Dec-92 4,215 psia @ 9,238 ft 9189 ft 0.4587 4,518
Sep-93 4,544 psia @ 9,767 ft 9713 ft 0.4678 4,608
Apr-99 4,618 psia @ 9,800 ft 9745 ft 4,643
Feb-03 4,618 psia @ 9,800 ft 9745 ft 0.5088 4,644
Mar-07 4,636 psia @ 9,730 ft 9675 ft 0.5044 4,696
Apr-11 4,679 psia @ 9,794 ft 9739 ft 0.5013 4,707
Apr-15 4,719 psia @ 9,740 ft 9686 ft 0.5250 4,750

* Assumes midpoint of Washita-Fredericksburg Sand at 9,850 ft
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TABLE 3-6

DELISLE PLANT BOTTOM-HOLE PRESSURE MEASUREMENTS IN

PLANT WELL NOS. 4 AND 5

Stabilized Pressure Pressure Calculated
Test Well No. Date Reading @ Depth Gradient Pressure at
(psi/ft) 9,850 ft* (psia) |

Well No. 4 Nov-89 4,523 psia @ 9,750 ft 0.4639 4,568
Dec-92 4,249 psia @ 9,207 ft 0.4615 4,546

Sep-93 4,581 psia @ 9,736 ft 0.4705 4,635

Jul-94 4,617 psia @ 9,670 ft 0.4775 4,703

Mar-95 4,315 psia @ 9,207 ft 0.4687 4,616

Dec-95 4,569 psia @ 9,750 ft 0.5100 4,620

Dec-96 4,572 psia @ 9,750 ft 0.5600 4,628

Apr-00 4,623 psia @ 9,737 ft 0.5133 4,681

Mar-04 4,704 psia @ 9,750 ft 0.5106 4,755

Apr-08 4,627 psia @ 9,746 ft 0.5098 4,680

May-12 5,093 psia @ 9,750 ft 0.5090 5,122

Well No.5 May-94 4,473 psia @ 9,750 ft 0.4588 4,519
Mar-95 4,430 psia @ 9,500 ft 0.4663 4,594

Apr-96 4,547 psia @ 9,743 ft 0.5140 4,602

Sep-97 4,564 psia @ 9,743 ft 0.5047 4,618

May-01 4,613 psia @ 9,743 ft 0.5140 4,668

Mar-05 4,665 psia @ 9,730 ft 0.5106 4,726

Apr-09 4,579 psia @ 9,685 ft 0.5041 4,679

May-13 4,619 psia @ 9,685 ft 0.5192 4,707

* Assumes midpoint of Washita-Fredericksburg Sand at 9,850 ft

* Assumes midpoint of Washita-Fredericksburg Sand at 9,850 ft
** Original measured formation pressure from DST values
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TABLE 3-7

FORMATION TEMPERATURE VALUES AT DELISLE PLANT

(Graph of Temperature Data in Figure 7-5)

D(ei!:)t h Tem[():;)zl ture Data Source
0 70 Estimate

3,808 130 Well No. 1 DST #1
4,505 140 Well No. 1 DST #4
9,410 190 Well No. 1 DST #5
9,865 215 Well No. 1 DST #6
9,535 184 Electrical Log, Well No. 1
10,025 181 Electrical Log, Well No. 2
10,057 179 Electrical Log, Well No. 3
10,045 180 Electrical Log, Well No. 4
9,352 183 Electrical Log, Well No. 5
10,050 183 Electrical Log Well No. 5
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TABLE 3-8

VERTICAL DIFFUSION DISTANCES FOR PETITIONED CONSTITUENTS THROUGH
FORMATION AND MUD-FILLED BOREHOLES

VERTICAL MIGRATION MOLECULAR DIFFUSION DISTANCES

Injected Fluid | Concentration Molecular Molecular Effective Diffusion Effective Diffusion Effective Diffusion Vertical Diffusion Vertical Diffusion
Chemical Waste Land Ban Detection Maximum Reduction Diffusivity Diffusivity Coefficient in Coefficient in Coefficient in Distance Through Distance Through
Name Codes Health Based Limit (1) | Concentration Factor In Water In Water Injection Interval | Containment Interval| Mud Filled Borehole | Containment Interval| Mud-Filled Borehole
Limit (mg/L) (mg/L) (2) (mg/L) (C/Co) (3) (cm2/sec) (ft2/day) (ft2/day) (ft2/day) (ft2/day) (ft) (ft)
Arsenic D004 5.0E-02 100,000 5.0E-07 1.54E-04 1.43E-02 2.23E-03 5.71E-04 6.43E-03 324 1088
Barium D005 2.0E+00 100,000 2.0E-05 4.39E-05 4.08E-03 6.37E-04 1.63E-04 1.84E-03 147 493
Cadmium D006 5.0E-03 100,000 5.0E-08 5.17E-05 4.81E-03 7.50E-04 1.92E-04 2.16E-03 209 702
Chromium D007 1.0E-01 100,000 1.0E-06 1.61E-04 1.49E-02 2.33E-03 5.97E-04 6.72E-03 322 1081
Lead D008 1.0E-03 100,000 1.0E-08 7.52E-05 6.99E-03 1.09E-03 2.80E-04 3.15E-03 254 851
Mercury D009 2.0E-03 100,000 2.0E-08 6.20E-05 5.76E-03 8.99E-04 2.31E-04 2.59E-03 230 771
Selenium D010 5.0E-02 100,000 5.0E-07 1.68E-04 1.56E-02 2.44E-03 6.26E-04 7.04E-03 339 1139
Silver DO11 5.0E-03 100,000 5.0E-08 7.52E-05 6.99E-03 1.09E-03 2.80E-04 3.15E-03 252 847

RfD - Reference Dose
RSD- Risk Specific Dose

MCL taken from Drinking Water Regulations and Health Advisories, 10/96.

RFD and RSD taken from IRIS, 3/97.
RfD (mg/L) = RfD (mg/kg/day) x 70 kg / 2L/day

(1) The Practical Quantitation Limit (PQL) was employed
when available, using a ground water matrix.

(2) Maximum yearly averages. See Appendix K for measured concentrations in waste stream.

(3) Calculated using methodology given by Johnson and others (1989), p. 347.
Molecular diffusivity of inorganic constituents with multiple valences calculated using highest valence ion (Daniel & Shackleford, 1988)
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TABLE 3-9

COMPILATION OF MONTHLY PLANT WELL INJECTION RATES (IN GALLONS PER MINUTE)

16-123 5/18/2017

Page 1 of 2

Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5 Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5 Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5 Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5

Month MSI-1001 MSI-1001 MSI-1001 MSI-1001 Month MSI-1001 MSI-1001 MSI-1001 MSI-1001 Month MSI-1001 MSI-1001 MSI-1001 MSI-1001 Month MSI-1001 MSI-1001 MSI-1001 MSI-1001

(GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM)
Oct-79 25.3 25.3 0.0 0.0 Jan-85 53.3 0.0 156.7 0.0 Jan-90 205.4 205.4 0.0 0.0 Jan-95 92.0 94.2 0.0 124.3
Nov-79 88.4 88.4 0.0 0.0 Feb-85 52.6 0.0 168.9 0.0 Feb-90 215.6 215.6 0.0 0.0 Feb-95 187.6 81.7 0.0 87.1
Dec-79 62.5 73.9 0.0 0.0 Mar-85 151.6 0.0 134.5 0.0 Mar-90 200.4 200.4 0.0 0.0 Mar-95 164.2 208.0 0.0 0.0
Jan-80 174.0 0.0 0.0 0.0 Apr-85 180.8 0.0 55.2 0.0 Apr-90 193.9 0.0 3.9 0.0 Apr-95 183.3 163.3 0.0 19.1
Feb-80 101.8 0.0 0.0 0.0 May-85 4.2 0.0 274.9 0.0 May-90 2219 0.0 0.0 0.0 May-95 218.2 91.3 0.0 54.9
Mar-80 166.8 0.0 0.0 0.0 Jun-85 142.5 0.0 143.4 0.0 Jun-90 163.2 0.0 54.5 0.0 Jun-95 227.1 126.3 0.0 0.0
Apr-80 10.1 181.3 0.0 0.0 Jul-85 242.8 0.0 39.3 0.0 Jul-90 250.1 0.0 0.4 0.0 Jul-95 188.3 65.4 0.0 146.5
May-80 44.4 185.3 0.0 0.0 Aug-85 133.8 0.0 124.4 0.0 Aug-90 183.2 8.4 0.0 0.0 Aug-95 187.2 76.7 0.0 75.4
Jun-80 104.6 64.6 0.0 0.0 Sep-85 228.1 0.0 0.0 0.0 Sep-90 146.3 43.6 0.8 0.0 Sep-95 67.2 92.7 189.8 13.5
Jul-80 95.7 50.8 0.0 0.0 Oct-85 259.9 0.0 0.0 0.0 Oct-90 215.9 23.0 5.7 0.0 Oct-95 0.0 63.6 58.9 175.6
Aug-80 86.3 102.9 0.0 0.0 Nov-85 219.9 0.0 0.0 0.0 Nov-90 234.9 0.0 0.0 0.0 Nov-95 0.0 51.8 103.6 214.9
Sep-80 117.2 47.0 0.0 0.0 Dec-85 222.7 0.0 0.0 0.0 Dec-90 87.6 149.7 0.0 0.0 Dec-95 0.0 0.0 162.6 158.0
Oct-80 100.1 36.5 0.0 0.0 Jan-86 161.9 0.0 87.8 0.0 Jan-91 147.3 151.9 0.0 0.0 Jan-96 0.0 0.0 80.5 264.6
Nov-80 156.3 0.0 0.0 0.0 Feb-86 201.3 0.0 19.0 0.0 Feb-91 109.3 81.3 0.0 0.0 Feb-96 1.6 0.0 163.3 124.0
Dec-80 182.7 0.0 0.0 0.0 Mar-86 2129 0.0 22.0 0.0 Mar-91 67.3 103.8 43.0 0.0 Mar-96 212.4 0.0 82.3 39.5
Jan-81 187.1 0.0 0.0 0.0 Apr-86 226.0 0.0 2.3 0.0 Apr-91 136.2 2.9 86.4 0.0 Apr-96 90.3 0.0 141.5 84.7
Feb-81 171.0 21.8 0.0 0.0 May-86 171.7 0.0 79.5 0.0 May-91 30.2 0.0 213.4 0.0 May-96 288.2 0.0 47.5 51.2
Mar-81 149.5 0.0 0.0 0.0 Jun-86 13.3 0.0 251.5 0.0 Jun-91 67.9 98.9 90.6 0.0 Jun-96 163.7 0.0 130.8 46.5
Apr-81 123.5 86.3 0.0 0.0 Jul-86 0.0 0.0 300.1 0.0 Jul-91 90.1 114.7 47.8 0.0 Jul-96 259.4 0.0 68.1 22.7
May-81 100.8 129.1 0.0 0.0 Aug-86 142.0 0.0 120.5 0.0 Aug-91 77.8 6.5 122.8 0.0 Aug-96 257.5 0.0 105.0 72.0
Jun-81 28.8 172.6 0.0 0.0 Sep-86 206.5 0.0 0.2 0.0 Sep-91 226.4 29.3 69.2 0.0 Sep-96 263.4 0.0 43.0 73.9
Jul-81 4.4 171.9 0.0 0.0 Oct-86 129.8 0.0 92.4 0.0 Oct-91 164.9 172.2 1.9 0.0 Oct-96 240.0 0.0 206.1 0.0
Aug-81 76.3 111.1 0.0 0.0 Nov-86 115.3 121.9 45.8 0.0 Nov-91 12.5 170.2 118.0 0.0 Nov-96 265.7 0.0 88.9 0.5
Sep-81 152.3 38.6 0.0 0.0 Dec-86 133.4 36.5 71.8 0.0 Dec-91 0.0 111.9 221.6 0.0 Dec-96 353.0 0.0 62.0 19.9
Oct-81 115.3 58.0 0.0 0.0 Jan-87 76.4 127.5 14.9 0.0 Jan-92 117.4 220.4 337.8 0.0 Jan-97 256.3 0.0 201.8 0.3
Nov-81 13.3 167.7 0.0 0.0 Feb-87 81.1 26.0 58.6 0.0 Feb-92 134.5 184.2 318.8 0.0 Feb-97 215.8 0.0 112.0 85.1
Dec-81 68.5 10.5 0.0 0.0 Mar-87 85.5 139.0 0.0 0.0 Mar-92 190.9 110.5 301.5 0.0 Mar-97 302.3 0.0 194.0 0.7
Jan-82 126.5 22.9 0.0 0.0 Apr-87 33.2 187.8 9.9 0.0 Apr-92 17.5 205.5 150.7 0.0 Apr-97 178.2 0.0 167.8 139.0
Feb-82 23.2 152.3 0.0 0.0 May-87 0.5 250.7 0.0 0.0 May-92 270.5 33.7 84.2 0.0 May-97 326.9 0.0 103.7 3.2
Mar-82 75.1 130.5 0.0 0.0 Jun-87 88.1 125.8 15.0 0.0 Jun-92 202.7 46.8 43.2 0.0 Jun-97 271.5 0.0 132.2 11.0
Apr-82 25.3 126.3 0.0 0.0 Jul-87 155.3 58.3 7.4 0.0 Jul-92 245.1 41.3 110.2 0.0 Jul-97 276.4 0.0 71.7 77.9
May-82 40.7 160.9 0.0 0.0 Aug-87 104.1 0.0 165.9 0.0 Aug-92 269.1 64.0 4.7 0.0 Aug-97 305.5 0.0 64.9 35.3
Jun-82 16.1 102.5 0.0 0.0 Sep-87 175.0 0.0 0.0 0.0 Sep-92 252.6 15.2 109.8 0.0 Sep-97 152.5 0.0 51.5 243.7
Jul-82 130.1 58.5 0.0 0.0 Oct-87 253.6 0.0 0.0 0.0 Oct-92 254.1 17.7 76.7 0.0 Oct-97 173.4 0.0 97.5 162.9
Aug-82 172.9 45.6 0.0 0.0 Nov-87 219.2 0.0 9.2 0.0 Nov-92 246.3 51.2 91.4 0.0 Nov-97 135.0 0.0 111.8 167.0
Sep-82 141.8 32.0 0.0 0.0 Dec-87 239.5 0.0 14.7 0.0 Dec-92 159.2 3.2 89.4 0.0 Dec-97 261.7 0.0 80.8 0.0
Oct-82 62.7 158.1 0.0 0.0 Jan-88 219.1 3.8 18.0 0.0 Jan-93 267.0 21.1 176.6 0.0 Jan-98 49.7 0.0 73.1 324.8
Nov-82 212.2 40.2 0.0 0.0 Feb-88 162.3 0.0 72.7 0.0 Feb-93 257.9 78.1 44.8 0.0 Feb-98 179.4 0.0 93.6 159.1
Dec-82 95.4 7.0 0.0 0.0 Mar-88 2529 0.0 0.0 0.0 Mar-93 229.9 26.7 211.8 0.0 Mar-98 190.8 0.0 48.5 198.9
Jan-83 119.1 32.3 142.7 0.0 Apr-88 244.9 0.0 0.0 0.0 Apr-93 244.3 74.8 98.2 0.0 Apr-98 35.6 0.0 0.0 447.6
Feb-83 147.1 44.9 37.2 0.0 May-88 285.2 0.0 0.0 0.0 May-93 284.0 55.2 23.3 0.0 May-98 112.5 0.0 40.4 226.7
Mar-83 154.4 0.0 88.7 0.0 Jun-88 257.8 0.0 0.3 0.0 Jun-93 284.8 16.2 87.6 0.0 Jun-98 109.1 0.0 65.8 295.8
Apr-83 102.0 0.0 122.8 0.0 Jul-88 240.3 0.0 0.0 0.0 Jul-93 171.6 139.1 45.4 0.0 Jul-98 123.0 0.0 2.6 283.5
May-83 138.9 69.5 0.0 0.0 Aug-88 255.4 0.0 0.0 0.0 Aug-93 212.6 0.0 163.0 0.0 Aug-98 81.7 0.0 20.7 367.3
Jun-83 140.1 8.4 77.9 0.0 Sep-88 255.2 9.6 0.0 0.0 Sep-93 201.8 0.6 128.5 0.0 Sep-98 78.0 0.0 0.0 330.7
Jul-83 116.5 20.6 50.1 0.0 Oct-88 261.8 0.0 0.0 0.0 Oct-93 115.5 2.2 187.6 0.0 Oct-98 269.8 0.0 177.0 0.0
Aug-83 74.6 39.1 109.9 0.0 Nov-88 236.9 0.0 0.0 0.0 Nov-93 271.8 26.6 24.6 0.0 Nov-98 247.0 0.0 99.4 174.3
Sep-83 128.0 77.9 13.1 0.0 Dec-88 207.3 0.0 0.0 0.0 Dec-93 225.7 77.1 3.0 0.0 Dec-98 105.6 0.0 97.5 178.4
Oct-83 37.7 105.7 97.1 0.0 Jan-89 196.4 0.0 0.0 0.0 Jan-94 211.1 54.8 70.1 0.0 Jan-99 95.0 0.0 115.7 274.2
Nov-83 110.4 0.0 77.4 0.0 Feb-89 197.4 0.0 0.0 0.0 Feb-94 293.3 76.1 0.0 0.0 Feb-99 212.0 0.0 194.1 180.8
Dec-83 131.5 73.0 0.0 0.0 Mar-89 209.2 0.0 0.0 0.0 Mar-94 321.2 108.0 0.0 0.0 Mar-99 288.6 0.0 135.4 523
Jan-84 109.0 0.0 117.7 0.0 Apr-89 226.9 0.0 0.0 0.0 Apr-94 288.6 109.5 0.0 0.0 Apr-99 165.6 0.0 155.1 193.0
Feb-84 8.0 0.0 226.7 0.0 May-89 249.2 0.0 0.0 0.0 May-94 279.5 115.8 0.0 0.0 May-99 214.5 0.0 130.9 147.5
Mar-84 245.4 0.0 0.0 0.0 Jun-89 252.1 0.0 0.0 0.0 Jun-94 299.9 129.5 0.0 0.0 Jun-99 136.2 0.0 66.9 301.6
Apr-84 32.3 0.0 194.9 0.0 Jul-89 257.5 0.0 18.5 0.0 Jul-94 256.8 123.4 0.0 0.0 Jul-99 13.6 15.6 77.3 334.7
May-84 197.7 0.0 39.3 0.0 Aug-89 246.8 0.0 0.0 0.0 Aug-94 240.7 72.2 0.0 1.1 Aug-99 101.2 0.0 82.7 309.8
Jun-84 166.1 0.0 82.8 0.0 Sep-89 255.7 0.0 0.0 0.0 Sep-94 153.5 120.4 0.0 115.1 Sep-99 45.9 0.0 73.1 332.7
Jul-84 51.2 0.0 189.2 0.0 Oct-89 279.6 0.0 0.0 0.0 Oct-94 0.5 49.8 0.0 325.0 Oct-99 160.4 0.0 98.2 256.7
Aug-84 98.9 0.0 128.7 0.0 Nov-89 217.3 0.0 0.0 0.0 Nov-94 124.0 46.4 0.0 144.2 Nov-99 178.1 0.0 96.0 235.1
Sep-84 10.5 0.0 214.7 0.0 Dec-89 210.8 0.0 0.0 0.0 Dec-94 209.8 0.0 0.0 138.3 Dec-99 187.4 0.0 97.7 240.4
Oct-84 128.2 0.0 119.1 0.0
Nov-84 143.6 0.0 118.6 0.0
Dec-84 114.9 0.0 142.5 0.0




TABLE 3-9

COMPILATION OF MONTHLY PLANT WELL INJECTION RATES (IN GALLONS PER MINUTE)

Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5 Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5 Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5 Inj. Well 2 Inj. Well 3 Inj. Well 4 Inj. Well 5
Month MSI-1001 MSI-1001 MSI-1001 MSI-1001 Month MSI-1001 MSI-1001 MSI-1001 MSI-1001 Month MSI-1001 MSI-1001 MSI-1001 MSI-1001 Month MSI-1001 MSI-1001 MSI-1001 MSI-1001
(GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM) (GPM)
Jan-00 52.3 0.0 59.1 309.6 Jan-05 232.8 315.0 186.0 0.0 Jan-10 228.4 104.5 0.0 366.6 Jan-15 148.1 67.8 313.2 180.9
Feb-00 173.8 0.0 97.7 172.8 Feb-05 76.2 233.2 200.4 197.1 Feb-10 295.7 167.1 19.0 182.4 Feb-15 36.5 233.2 25.0 372.3
Mar-00 206.9 7.3 177.7 217.1 Mar-05 51.1 130.8 230.6 319.3 Mar-10 273.2 149.6 144.0 232.3 Mar-15 129.9 102.7 13.8 379.5
Apr-00 156.1 300.4 0.4 111.2 Apr-05 1.7 88.0 317.7 312.0 Apr-10 113.7 202.6 105.7 303.7 Apr-15 119.0 168.1 155.9 303.4
May-00 73.6 384.7 101.6 6.0 May-05 31.9 306.2 43.6 372.3 May-10 0.0 283.0 0.0 439.2 May-15 299.1 182.3 242.9 0.0
Jun-00 66.0 0.0 101.3 311.8 Jun-05 165.7 128.3 215.5 240.8 Jun-10 216.1 191.7 194.6 105.5 Jun-15 285.0 157.8 253.3 0.0
Jul-00 0.0 330.5 212.4 68.2 Jul-05 11.0 203.8 317.7 312.0 Jul-10 188.1 22.6 146.5 325.9 Jul-15 278.9 189.9 289.5 0.0
Aug-00 60.1 349.6 7.4 107.2 Aug-05 26.9 144.4 202.8 315.8 Aug-10 44.1 160.6 197.3 418.8 Aug-15 254.5 157.2 236.6 0.0
Sep-00 63.9 124.6 7.4 317.8 Sep-05 0.0 0.0 0.0 0.0 Sep-10 170.4 199.4 197.1 161.2 Sep-15 281.2 56.2 279.0 33.1
Oct-00 0.0 249.3 136.0 159.1 Oct-05 0.0 0.0 0.0 0.0 Oct-10 216.1 89.2 195.4 304.0 Oct-15 176.0 101.0 183.2 209.8
Nov-00 223.7 31.8 67.5 116.7 Nov-05 0.0 0.0 0.0 0.0 Nov-10 262.1 0.0 73.0 363.9 Nov-15 284.3 132.0 149.9 0.0
Dec-00 149.0 150.2 67.5 33.6 Dec-05 2.1 0.0 0.0 0.0 Dec-10 260.2 168.2 363.9 86.1 Dec-15 360.7 105.8 278.2 40.4
Jan-01 55.7 293.4 50.7 141.0 Jan-06 0.0 1.1 0.0 0.2 Jan-11 217.1 255.0 90.4 198.7
Feb-01 130.7 3329 17.0 0.0 Feb-06 0.0 207.6 35.9 316.0 Feb-11 59.6 247.2 0.1 356.2
Mar-01 209.0 122.1 17.0 0.3 Mar-06 0.0 157.5 104.5 396.4 Mar-11 290.9 290.6 30.7 112.1
Apr-01 259.6 0.0 7.8 1.0 Apr-06 100.1 31.7 193.4 334.2 Apr-11 99.1 240.0 155.1 204.6
May-01 111.4 88.8 113.5 185.1 May-06 75.1 180.1 89.1 277.8 May-11 157.0 239.0 180.7 158.6
Jun-01 39.5 128.9 160.8 157.6 Jun-06 294.7 80.2 311.4 23.6 Jun-11 219.5 171.3 0.0 293.9
Jul-01 66.4 159.4 82.3 243.6 Jul-06 62.4 256.8 292.4 85.8 Jul-11 75.0 244.9 49.1 333.6
Aug-01 70.2 319.0 40.4 165.5 Aug-06 269.9 200.0 56.6 188.6 Aug-11 104.5 90.1 122.5 334.3
Sep-01 142.0 143.9 40.4 224.8 Sep-06 83.5 85.6 239.8 290.1 Sep-11 158.3 92.6 139.5 303.0
Oct-01 18.8 175.7 96.0 277.7 Oct-06 60.1 165.0 282.2 178.9 Oct-11 13.8 157.8 209.1 368.3
Nov-01 194.5 269.3 0.0 124.1 Nov-06 292.2 87.7 82.5 234.6 Nov-11 133.0 20.9 70.9 286.5
Dec-01 106.5 82.2 0.0 35.9 Dec-06 193.0 0.0 198.0 291.4 Dec-11 161.9 82.7 85.7 330.5
Jan-02 55.7 2934 50.5 141.3 Jan-07 26.2 265.5 323.3 60.0 Jan-12 139.6 206.5 174.7 199.5
Feb-02 131.0 3329 17.1 0.0 Feb-07 11.7 226.0 112.8 286.8 Feb-12 54.8 169.6 136.9 402.9
Mar-02 209.0 122.1 17.1 0.3 Mar-07 160.8 212.0 159.9 164.3 Mar-12 131.7 106.3 117.6 243.9
Apr-02 150.8 205.1 139.9 101.5 Apr-07 0.0 116.6 195.9 388.2 Apr-12 198.2 157.8 171.2 312.9
May-02 152.0 224.4 235.9 24.8 May-07 87.5 258.6 56.9 302.5 May-12 168.2 117.0 53.9 220.5
Jun-02 0.0 117.9 242.6 233.4 Jun-07 248.2 163.5 54.4 241.0 Jun-12 208.1 104.5 140.8 298.6
Jul-02 126.9 57.5 143.2 293.2 Jul-07 55.5 176.3 188.3 287.2 Jul-12 183.2 161.2 127.6 343.7
Aug-02 73.6 361.5 39.6 121.3 Aug-07 126.9 242.5 189.1 33.4 Aug-12 97.9 50.6 48.8 233.3
Sep-02 180.8 211.0 44.7 100.6 Sep-07 281.7 123.2 11.5 239.5 Sep-12 198.9 61.5 53.0 241.4
Oct-02 54.3 101.5 161.8 263.0 Oct-07 175.6 209.6 245.0 47.3 Oct-12 130.1 27.4 81.3 103.4
Nov-02 199.4 126.5 97.5 116.4 Nov-07 113.5 81.0 163.3 328.9 Nov-12 224.6 36.6 34.1 270.2
Dec-02 306.3 50.7 101.8 84.3 Dec-07 0.0 243.9 290.6 136.7 Dec-12 275.0 0.0 106.1 57.4
Jan-03 154.2 161.5 189.2 135.3 Jan-08 0.0 40.7 286.0 340.3 Jan-13 119.1 47.9 40.0 301.1
Feb-03 124.6 86.8 69.7 263.3 Feb-08 55.6 70.8 101.6 384.9 Feb-13 0.0 48.2 4.8 519.8
Mar-03 89.4 0.2 103.1 416.2 Mar-08 160.4 142.8 7.0 412.8 Mar-13 0.1 48.1 0.0 474.3
Apr-03 152.3 0.0 137.5 318.2 Apr-08 123.2 136.7 134.2 312.6 Apr-13 5.1 155.9 0.0 425.6
May-03 221.0 0.0 64.2 257.1 May-08 291.0 292.4 45.7 87.5 May-13 0.0 229.5 0.0 329.5
Jun-03 323.5 0.0 219.9 47.6 Jun-08 268.0 123.5 162.9 127.8 Jun-13 0.0 234.6 0.0 370.2
Jul-03 319.9 0.0 269.5 38.6 Jul-08 59.0 79.4 70.9 417.4 Jul-13 0.0 161.5 0.0 441.0
Aug-03 187.5 0.0 91.6 262.8 Aug-08 265.9 82.0 14.2 324.7 Aug-13 0.0 5.4 0.0 432.4
Sep-03 75.8 0.0 110.1 355.8 Sep-08 218.6 115.6 99.8 164.1 Sep-13 0.0 172.7 0.0 423.0
Oct-03 0.0 0.0 210.1 434.0 Oct-08 216.2 298.5 66.2 135.5 Oct-13 0.0 131.2 5.4 467.9
Nov-03 52.7 94.5 122.1 323.2 Nov-08 126.6 142.4 0.0 0.0 Nov-13 0.0 55.1 137.3 365.7
Dec-03 188.0 45.9 165.7 227.1 Dec-08 16.4 75.1 13.7 41.7 Dec-13 0.0 135.1 219.3 179.1
Jan-04 58.3 341.1 184.0 0.6 Jan-09 0.0 247.8 2.6 376.9 Jan-14 0.0 211.3 237.7 144.0
Feb-04 205.8 362.5 63.3 0.1 Feb-09 178.8 292.1 36.5 0.0 Feb-14 0.0 131.2 99.0 286.4
Mar-04 299.4 121.6 276.2 40.0 Mar-09 198.5 89.6 0.0 193.8 Mar-14 224.5 129.3 101.6 231.8
Apr-04 59.0 339.1 310.1 0.0 Apr-09 135.4 238.8 172.9 68.7 Apr-14 124.7 160.7 40.3 418.8
May-04 303.9 383.4 29.0 0.0 May-09 162.3 311.9 26.1 178.6 May-14 196.9 132.1 27.4 403.8
Jun-04 306.5 146.8 196.1 0.0 Jun-09 84.1 233.2 257.1 38.6 Jun-14 271.1 92.0 0.0 388.6
Jul-04 232.1 220.0 279.4 0.0 Jul-09 173.8 175.5 72.4 261.9 Jul-14 54.9 114.3 11.1 404.8
Aug-04 345.0 329.1 76.2 0.0 Aug-09 116.6 177.6 26.9 378.6 Aug-14 0.0 84.4 0.0 491.7
Sep-04 290.7 138.6 205.2 0.0 Sep-09 259.6 139.6 179.9 92.8 Sep-14 0.0 87.4 0.0 482.3
Oct-04 239.3 280.6 247.7 0.0 Oct-09 231.1 239.0 225.9 17.9 Oct-14 0.0 162.8 0.0 409.3
Nov-04 311.2 216.0 219.4 0.0 Nov-09 211.6 249.8 171.3 73.1 Nov-14 345.4 106.2 100.1 114.0
Dec-04 400.9 37.4 278.3 0.0 Dec-09 168.2 157.1 73.1 269.2 Dec-14 174.7 28.4 349.9 17.4
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TABLE 3-10

COMPILATION OF ANNUAL PLANT WELL INJECTION RATES
(IN GALLONS PER MINUTE)

Inj. Well 2 Inj. Well 2 Inj. Well 4 Inj. Well 5

Year MSI-1001 MSI-1001 MSI-1001 MSI-1001
(GPM) (GPM) (GPM) (GPM)

1979 14.3 15.2

1980 108.9 54.3

1981 96.8 78.7

1082 91.2 84.3

1983 1138 38.3 66.4

1984 106.1 0.0 127.9

1985 153.8 0.0 89.2

1086 139.3 12.9 88.8

1987 122.9 74.4 24.0

1088 234.0 1.1 7.4

1989 2275 0.0 15

1990 188.4 68.8 5.3

1991 91.8 84.8 825

1992 191.8 80.8 139.7

1993 224.9 42.1 97.1

1994 217.7 81.8 5.7 58.8

1995 123.1 90.6 41.9 86.9

1996 194.7 0.0 99.1 65.0

1997 232.1 0.0 113.0 75.3

1998 128.6 0.0 58.4 242.8

1999 146.2 1.3 107.5 232.4

2000 99.6 156.7 84.2 157.0

2001 114.1 172.0 50.9 1265

2002 1333 179.2 105.0 120.3

2003 1535 316 1425 250.3

2004 2481 237.0 192.2 3.3

2005 487 126.0 139.3 168.2

2006 116.3 118.1 1533 212.8

2007 104.7 1885 161.8 204.5

2008 146.4 130.0 815 2235

2009 156.1 207.4 101.2 1585

2010 184.4 1413 133.0 267.4

2011 137.3 1733 92.2 266.6

2012 168.2 99.9 104.0 243.4

2013 10.5 119.0 34.1 393.1

2014 116.2 120.0 80.9 315.9

2015 222.4 137.2 203.1 1251
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TABLE 3-11

DUPONT DELISLE PLANT MONITORING WELL NO. 1 PRESSURES

Wellhead Wellhead Wellhead Wellhead Wellhead Wellhead
Month-Year | Pressure Month-Year | Pressure Month-Year | Pressure Month-Year | Pressure Month-Year | Pressure Month-Year | Pressure

(psig) (psig) (psig) (psig) (psig) (psig)
Jan-81 -- Jan-87 34 Jan-93 58 Jan-99 65 Jan-05 31 Jan-11 148
Feb-81 - Feb-87 32 Feb-93 57 Feb-99 68 Feb-05 32 Feb-11 142
Mar-81 27 Mar-87 33 Mar-93 58 Mar-99 68 Mar-05 65 Mar-11 149
Apr-81 28 Apr-87 31 Apr-93 58 Apr-99 69 Apr-05 134 Apr-11 145
May-81 29 May-87 32 May-93 57 May-99 71 May-05 133 May-11 149
Jun-81 30 Jun-87 32 Jun-93 57 Jun-99 71 Jun-05 135 Jun-11 145
Jul-81 - Jul-87 32 Jul-93 51 Jul-99 67 Jul-05 138 Jul-11 141
Aug-81 -- Aug-87 33 Aug-93 51 Aug-99 67 Aug-05 136 Aug-11 144
Sep-81 -- Sep-87 33 Sep-93 51 Sep-99 68 Sep-05 126 Sep-11 146
Oct-81 - Oct-87 32 Oct-93 50 Oct-99 71 Oct-05 116 Oct-11 143
Nov-81 - Nov-87 32 Nov-93 52 Nov-99 71 Nov-05 106 Nov-11 137
Dec-81 - Dec-87 33 Dec-93 50 Dec-99 75 Dec-05 96 Dec-11 134
Jan-82 26 Jan-88 32 Jan-94 49 Jan-00 69 Jan-06 96 Jan-12 140
Feb-82 29 Feb-88 32 Feb-94 55 Feb-00 68 Feb-06 83 Feb-12 141
Mar-82 27 Mar-88 33 Mar-94 58 Mar-00 74 Mar-06 100 Mar-12 140
Apr-82 27 Apr-88 34 Apr-94 53 Apr-00 78 Apr-06 109 Apr-12 146
May-82 27 May-88 34 May-94 58 May-00 77 May-06 113 May-12 151
Jun-82 24 Jun-88 34 Jun-94 60 Jun-00 75 Jun-06 123 Jun-12 124
Jul-82 32 Jul-88 34 Jul-94 61 Jul-00 77 Jul-06 125 Jul-12 142
Aug-82 32 Aug-88 34 Aug-94 50 Aug-00 78 Aug-06 126 Aug-12 142
Sep-82 30 Sep-88 34 Sep-94 53 Sep-00 79 Sep-06 127 Sep-12 130
Oct-82 31 Oct-88 34 Oct-94 48 Oct-00 79 Oct-06 127 Oct-12 124
Nov-82 34 Nov-88 35 Nov-94 53 Nov-00 74 Nov-06 129 Nov-12 118
Dec-82 28 Dec-88 32 Dec-94 53 Dec-00 76 Dec-06 125 Dec-12 119
Jan-83 30 Jan-89 32 Jan-95 48 Jan-01 79 Jan-07 129 Jan-13 120
Feb-83 35 Feb-89 29 Feb-95 50 Feb-01 76 Feb-07 129 Feb-13 115
Mar-83 35 Mar-89 30 Mar-95 51 Mar-01 77 Mar-07 132 Mar-13 115
Apr-83 36 Apr-89 31 Apr-95 52 Apr-01 77 Apr-07 133 Apr-13 118
May-83 37 May-89 31 May-95 54 May-01 76 May-07 136 May-13 120
Jun-83 36 Jun-89 32 Jun-95 53 Jun-01 77 Jun-07 138 Jun-13 122
Jul-83 37 Jul-89 32 Jul-95 55 Jul-01 77 Jul-07 138 Jul-13 123
Aug-83 34 Aug-89 32 Aug-95 54 Aug-01 80 Aug-07 141 Aug-13 114
Sep-83 35 Sep-89 32 Sep-95 52 Sep-01 57 Sep-07 137 Sep-13 119
Oct-83 35 Oct-89 33 Oct-95 49 Oct-01 80 Oct-07 141 Oct-13 120
Nov-83 32 Nov-89 33 Nov-95 45 Nov-01 83 Nov-07 139 Nov-13 121
Dec-83 32 Dec-89 30 Dec-95 46 Dec-01 81 Dec-07 139 Dec-13 123
Jan-84 33 Jan-90 29 Jan-96 46 Jan-02 78 Jan-08 136 Jan-14 126
Feb-84 35 Feb-90 29 Feb-96 45 Feb-02 82 Feb-08 134 Feb-14 126
Mar-84 33 Mar-90 28 Mar-96 48 Mar-02 88 Mar-08 136 Mar-14 121
Apr-84 33 Apr-90 28 Apr-96 48 Apr-02 88 Apr-08 143 Apr-14 133
May-84 35 May-90 28 May-96 49 May-02 89 May-08 145 May-14 138
Jun-84 36 Jun-90 28 Jun-96 50 Jun-02 89 Jun-08 148 Jun-14 139
Jul-84 36 Jul-90 28 Jul-96 50 Jul-02 91 Jul-08 128 Jul-14 134
Aug-84 37 Aug-90 28 Aug-96 55 Aug-02 88 Aug-08 127 Aug-14 125
Sep-84 36 Sep-90 28 Sep-96 53 Sep-02 88 Sep-08 134 Sep-14 123
Oct-84 34 Oct-90 26 Oct-96 57 Oct-02 84 Oct-08 138 Oct-14 121
Nov-84 36 Nov-90 28 Nov-96 55 Nov-02 87 Nov-08 125 Nov-14 126
Dec-84 35 Dec-90 39 Dec-96 57 Dec-02 86 Dec-08 98 Dec-14 132
Jan-85 35 Jan-91 49 Jan-97 58 Jan-03 90 Jan-09 108 Jan-15 129
Feb-85 37 Feb-91 42 Feb-97 59 Feb-03 89 Feb-09 121 Feb-15 124
Mar-85 35 Mar-91 38 Mar-97 60 Mar-03 90 Mar-09 117 Mar-15 132
Apr-85 35 Apr-91 33 Apr-97 61 Apr-03 93 Apr-09 117 Apr-15 135
May-85 35 May-91 34 May-97 65 May-03 89 May-09 125 May-15 145
Jun-85 37 Jun-91 40 Jun-97 61 Jun-03 95 Jun-09 129 Jun-15 143
Jul-85 39 Jul-91 40 Jul-97 61 Jul-03 97 Jul-09 128 Jul-15 146
Aug-85 40 Aug-91 35 Aug-97 59 Aug-03 92 Aug-09 127 Aug-15 137
Sep-85 37 Sep-91 35 Sep-97 61 Sep-03 87 Sep-09 134 Sep-15 142
Oct-85 38 Oct-91 41 Oct-97 62 Oct-03 91 Oct-09 139 Oct-15 139
Nov-85 36 Nov-91 25 Nov-97 63 Nov-03 93 Nov-09 142 Nov-15 135
Dec-85 35 Dec-91 40 Dec-97 55 Dec-03 94 Dec-09 136 Dec-15 143
Jan-86 35 Jan-92 48 Jan-98 60 Jan-04 104 Jan-10 134
Feb-86 37 Feb-92 53 Feb-98 63 Feb-04 118 Feb-10 138
Mar-86 35 Mar-92 51 Mar-98 63 Mar-04 123 Mar-10 143
Apr-86 35 Apr-92 57 Apr-98 63 Apr-04 125 Apr-10 142
May-86 37 May-92 49 May-98 61 May-04 119 May-10 137
Jun-86 37 Jun-92 43 Jun-98 63 Jun-04 123 Jun-10 144
Jul-86 35 Jul-92 51 Jul-98 62 Jul-04 86 Jul-10 141
Aug-86 35 Aug-92 43 Aug-98 62 Aug-04 28 Aug-10 141
Sep-86 36 Sep-92 60 Sep-98 65 Sep-04 25 Sep-10 145
Oct-86 34 Oct-92 60 Oct-98 64 Oct-04 30 Oct-10 146
Nov-86 34 Nov-92 64 Nov-98 66 Nov-04 30 Nov-10 144
Dec-86 35 Dec-92 50 Dec-98 61 Dec-04 31 Dec-10 149
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TABLE 3-12
FORMATION FLUID TOTAL DISSOLVED SOLIDS (TDS) VALUES AT DELISLE PLANT

2007 MDEQ Permit Application Data

fol:)t h (:[?rrsl) Data Source
2,700 10,000 USDW
3,900 57,000 Measured DST
5,900 85,000 Literature*
9,370 114,000 Measured DST
9,855 155,000 Calculated**

* Literature Value from Wilcox value in USGS Open File Report 80-595

** Calculated Value from NaCl Concentration

Salinity (NaCl) Calculated from Resistivity Log

Depth Rwa Temperature Salinity
(ft) (calculated) (calculated) (NaCl ppm)
2940 0.600 120 6,000
3,090 0.358 123 10,000
3,370 0.224 128 16,500
4,000 0.067 140 58,000
9,600 0.037 243 65,000
9,870 0.037 248 65,000

Monitoring Well No. 1 DST in 1974

Depth Cl TDS*
(ft) (ppm) (ppm)

3911 53,500 ---

9,898 102,500 180,000

* calculated based on CI concentration

Well No. 2 Sidetrack Recompletion in 1995
Depth TDS

(f6) (mg/L) Notes
9,560 165,986 Tuscaloosa Massive Sand
9,966 187,898 Washita-Fredericksburg

Well No. 3 Sidetrack Recompletion in 1999

Depth TDS

(6) (mg/L) Data Source
9,496 130,000 Tuscaloosa Massive Sand
9,996 140,000 Washita-Frederickburg
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TABLE 3-13

WASHITA-FREDERICKSBURG INJECTION INTERVAL
RESERVOIR PRESSURE BUILDUP DATA

Chemours WF Prs
Well 5 Well 5 Well 5 Well 5
Date Model Bottom Hole Pressure Date Model Bottom Hole Pressure
Days Pressure (psi) Buildup (psi) Days Pressure (psi) Buildup (psi)
10/1/79 10,000 4,563 0 12/31/17 23,971 5,400 837
12/31/79 10,091 4,570 7 12/31/18 24,336 5,430 867
12/31/80 10,457 4,590 27 12/31/19 24,701 5,450 887
12/31/81 10,822 4,600 37 12/31/20 25,067 5,460 897
12/31/82 11,187 4,600 37 12/31/21 25,432 5,460 897
12/31/83 11,552 4,610 47 12/31/22 25,797 5,470 907
12/31/84 11,918 4,610 47 12/31/23 26,162 5.470 907
12/31/85 12,283 4,620 57 12/31/24 26,528 5.470 907
12/31/86 12,648 4,620 57 12/31/25 26,893 5,480 917
12/31/87 13,013 4,620 57 12/31/26 27,258 5,490 927
12/31/88 13,379 4,620 57 12/31/27 27,623 5,490 927
12/31/89 13,744 4,620 57 12/31/28 27,989 5,500 937
12/31/90 14,109 4,620 57 12/31/29 28,354 5,500 937
12/31/91 14,474 4,630 67 12/31/30 28,719 5,500 937
12/31/92 14,840 4,650 87 12/31/31 29,084 5,500 937
12/31/93 15,205 4,650 87 12/31/32 29,450 5,500 937
12/31/94 15,570 4,680 117 12/31/33 29,815 5,500 937
12/31/95 15,935 4,700 137 12/31/34 30,180 5,500 937
12/31/96 16,301 4,640 77 12/31/35 30,545 5,500 937
12/31/97 16,666 4,700 137 12/31/36 30,911 5,510 947
12/31/98 17,031 4,810 247 12/31/37 31,276 5,510 947
12/31/99 17,396 4,810 247 12/31/38 31,641 5,510 947
12/31/00 17,762 4,780 217 12/31/39 32,006 5,510 947
12/31/01 18,127 4,760 197 12/31/40 32,372 5,510 947
12/31/02 18,492 4,770 207 12/31/41 32,737 5,520 957
12/31/03 18,857 4,850 287 12/31/42 33,102 5,520 957
12/31/04 19,223 4,730 167 12/31/43 33,467 5,520 957
12/31/05 19,588 4,800 237 12/31/44 33,833 5,520 957
12/31/06 19,953 4,840 277 12/31/45 34,198 5,520 957
12/31/07 20,318 4,850 287 12/31/46 34,563 5,520 957
12/31/08 20,684 4,850 287 12/31/47 34,928 5,520 957
12/31/09 21,049 4,820 257 12/31/48 35,294 5,520 957
12/31/10 21,414 4,900 337 12/31/49 35,659 5,520 957
12/31/11 21,779 4,900 337 12/31/50 36,024 5,530 967
12/31/12 22,145 4,870 307 12/31/51 36,389 4,800 237
12/31/13 22,510 4,950 387 12/31/52 36,755 4,750 187
12/31/14 22,875 4,920 357 12/31/53 37,120 4,720 157
12/31/15 23,240 4,810 247 12/31/54 37,485 4,690 127
12/31/16 23,606 5,350 787 12/31/55 37,850 4,670 107
Chemours WF Prs(1)
Well 5 Well 5 Well 5 Well 5
Date Model Bottom Hole Pressure Date Model Bottom Hole Pressure
Days Pressure (psi) Buildup (psi) Days Pressure (psi) Buildup (psi)
10/1/79 10,000 4,563 0 12/31/17 23,971 5,670 1,107
12/31/79 10,091 4,570 7 12/31/18 24,336 5,690 1,127
12/31/80 10,457 4,590 27 12/31/19 24,701 5,710 1,147
12/31/81 10,822 4,600 37 12/31/20 25,067 5,720 1,157
12/31/82 11,187 4,600 37 12/31/21 25,432 5,730 1,167
12/31/83 11,552 4,610 47 12/31/22 25,797 5,730 1,167
12/31/84 11,918 4,610 47 12/31/23 26,162 5,730 1,167
12/31/85 12,283 4,620 57 12/31/24 26,528 5,740 1,177
12/31/86 12,648 4,620 57 12/31/25 26,893 5,750 1,187
12/31/87 13,013 4,620 57 12/31/26 27,258 5,750 1,187
12/31/88 13,379 4,620 57 12/31/27 27,623 5,760 1,197
12/31/89 13,744 4,620 57 12/31/28 27,989 5,760 1,197
12/31/90 14,109 4,620 57 12/31/29 28,354 5,760 1,197
12/31/91 14,474 4,630 67 12/31/30 28,719 5,760 1,197
12/31/92 14,840 4,650 87 12/31/31 29,084 5,770 1,207
12/31/93 15,205 4,650 87 12/31/32 29,450 5,770 1,207
12/31/94 15,570 4,680 117 12/31/33 29,815 5,770 1,207
12/31/95 15,935 4,700 137 12/31/34 30,180 5,770 1,207
12/31/96 16,301 4,640 77 12/31/35 30,545 5,770 1,207
12/31/97 16,666 4,700 137 12/31/36 30,911 5,770 1,207
12/31/98 17,031 4,810 247 12/31/37 31,276 5,770 1,207
12/31/99 17,396 4,810 247 12/31/38 31,641 5,780 1,217
12/31/00 17,762 4,780 217 12/31/39 32,006 5,780 1,217
12/31/01 18,127 4,760 197 12/31/40 32,372 5,780 1,217
12/31/02 18,492 4,770 207 12/31/41 32,737 5,780 1,217
12/31/03 18,857 4,850 287 12/31/42 33,102 5,780 1,217
12/31/04 19,223 4,730 167 12/31/43 33,467 5,780 1,217
12/31/05 19,588 4,790 227 12/31/44 33,833 5,780 1,217
12/31/06 19,953 4,840 277 12/31/45 34,198 5,780 1,217
12/31/07 20,318 4,850 287 12/31/46 34,563 5,790 1,227
12/31/08 20,684 4,850 287 12/31/47 34,928 5,790 1,227
12/31/09 21,049 4,820 257 12/31/48 35,294 5,790 1,227
12/31/10 21,414 4,900 337 12/31/49 35,659 5,790 1,227
12/31/11 21,779 4,890 327 12/31/50 36,024 5,790 1,227
12/31/12 22,145 4,870 307 12/31/51 36,389 4,800 237
12/31/13 22,510 4,950 387 12/31/52 36,755 4,760 197
12/31/14 22,875 4,910 347 12/31/53 37,120 4,720 157
12/31/15 23,240 4,810 247 12/31/54 37,485 4,690 127
12/31/16 23,606 5,610 1,047 12/31/55 37,850 4,670 107
Chemours WF Prs(2)
Well 6 Well 6 Well 6 Well 6
Date Model Bottom Hole Pressure Date Model Bottom Hole Pressure
Days Pressure (psi) Buildup (psi) Days Pressure (psi) Buildup (psi)
10/1/79 10,000 4,554 0 12/31/17 23,971 5,740 1,186
12/31/79 10,091 4,560 6 12/31/18 24,336 5,770 1,216
12/31/80 10,457 4,580 26 12/31/19 24,701 5,790 1,236
12/31/81 10,822 4,580 26 12/31/20 25,067 5,790 1,236
12/31/82 11,187 4,590 36 12/31/21 25,432 5,800 1,246
12/31/83 11,552 4,590 36 12/31/22 25,797 5,800 1,246
12/31/84 11,918 4,600 46 12/31/23 26,162 5,800 1,246
12/31/85 12,283 4,600 46 12/31/24 26,528 5,800 1,246
12/31/86 12,648 4,600 46 12/31/25 26,893 5,820 1,266
12/31/87 13,013 4,600 46 12/31/26 27,258 5,830 1,276
12/31/88 13,379 4,600 46 12/31/27 27,623 5,830 1,276
12/31/89 13,744 4,600 46 12/31/28 27,989 5,830 1,276
12/31/90 14,109 4,610 56 12/31/29 28,354 5,840 1,286
12/31/91 14,474 4,610 56 12/31/30 28,719 5,840 1,286
12/31/92 14,840 4,630 76 12/31/31 29,084 5,840 1,286
12/31/93 15,205 4,630 76 12/31/32 29,450 5,840 1,286
12/31/94 15,570 4,630 76 12/31/33 29,815 5,840 1,286
12/31/95 15,935 4,630 76 12/31/34 30,180 5,850 1,296
12/31/96 16,301 4,620 66 12/31/35 30,545 5,850 1,296
12/31/97 16,666 4,640 86 12/31/36 30,911 5,850 1,296
12/31/98 17,031 4,650 96 12/31/37 31,276 5,850 1,296
12/31/99 17,396 4,660 106 12/31/38 31,641 5,850 1,296
12/31/00 17,762 4,660 106 12/31/39 32,006 5,850 1,296
12/31/01 18,127 4,660 106 12/31/40 32,372 5,850 1,296
12/31/02 18,492 4,670 116 12/31/41 32,737 5,860 1,306
12/31/03 18,857 4,680 126 12/31/42 33,102 5,860 1,306
12/31/04 19,223 4,690 136 12/31/43 33,467 5,860 1,306
12/31/05 19,588 4,670 116 12/31/44 33,833 5,860 1,306
12/31/06 19,953 4,680 126 12/31/45 34,198 5,860 1,306
12/31/07 20,318 4,690 136 12/31/46 34,563 5,860 1,306
12/31/08 20,684 4,690 136 12/31/47 34,928 5,860 1,306
12/31/09 21,049 4,690 136 12/31/48 35,294 5,860 1,306
12/31/10 21,414 4,710 156 12/31/49 35,659 5,860 1,306
12/31/11 21,779 4,710 156 12/31/50 36,024 5,870 1,316
12/31/12 22,145 4,700 146 12/31/51 36,389 4,790 236
12/31/13 22,510 4,690 136 12/31/52 36,755 4,750 196
12/31/14 22,875 4,700 146 12/31/53 37,120 4,710 156
12/31/15 23,240 4,700 146 12/31/54 37,485 4,680 126
12/31/16 23,606 5,680 1,126 12/31/55 37,850 4,660 106
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TABLE 3-14

TUSCALOOSA MASSIVE SAND
RESERVOIR PRESSURE BUILDUP DATA

Chemours TMS Prs

Well 5 Well 5 Well 5 Well 5
Date Model Bottom Hole Pressure Date Model Bottom Hole Pressure
Days Pressure (psi) Buildup (psi) Days Pressure (psi) Buildup (psi)
12/31/19 10,000 4,397 0 12/31/38 16,940 4,730 333
12/31/20 10,366 4,650 253 12/31/39 17,305 4,730 333
12/31/21 10,731 4,670 273 12/31/40 17,671 4,730 333
12/31/22 11,096 4,690 293 12/31/41 18,036 4,730 333
12/31/23 11,461 4,700 303 12/31/42 18,401 4,730 333
12/31/24 11,827 4,700 303 12/31/43 18,766 4,730 333
12/31/25 12,192 4,710 313 12/31/44 19,132 4,730 333
12/31/26 12,557 4,710 313 12/31/45 19,497 4,740 343
12/31/27 12,922 4,710 313 12/31/46 19,862 4,740 343
12/31/28 13,288 4,710 313 12/31/47 20,227 4,740 343
12/31/29 13,653 4,720 323 12/31/48 20,593 4,740 343
12/31/30 14,018 4,720 323 12/31/49 20,958 4,740 343
12/31/31 14,383 4,720 323 12/31/50 21,323 4,740 343
12/31/32 14,749 4,720 323 1/1/51 21,324 4,590 193
12/31/33 15,114 4,720 323 12/31/51 21,688 4,490 93
12/31/34 15,479 4,730 333 12/31/52 22,054 4,480 83
12/31/35 15,844 4,730 333 12/31/53 22,419 4,470 73
12/31/36 16,210 4,730 333 12/31/54 22,784 4,470 73
12/31/37 16,575 4,730 333
Chemours TMS Prs(1)
Well 5 Well 5 Well 5 Well 5
Date Model Bottom Hole Pressure Date Model Bottom Hole Pressure
Days Pressure (psi) Buildup (psi) Days Pressure (psi) Buildup (psi)
12/31/19 10,000 4,397 0 12/31/38 16,940 4,830 433
12/31/20 10,366 4,750 353 12/31/39 17,305 4,830 433
12/31/21 10,731 4,770 373 12/31/40 17,671 4,830 433
12/31/22 11,096 4,790 393 12/31/41 18,036 4,830 433
12/31/23 11,461 4,800 403 12/31/42 18,401 4,830 433
12/31/24 11,827 4,800 403 12/31/43 18,766 4,830 433
12/31/25 12,192 4,810 413 12/31/44 19,132 4,840 443
12/31/26 12,557 4,810 413 12/31/45 19,497 4,840 443
12/31/27 12,922 4,810 413 12/31/46 19,862 4,840 443
12/31/28 13,288 4,810 413 12/31/47 20,227 4,840 443
12/31/29 13,653 4,820 423 12/31/48 20,593 4,840 443
12/31/30 14,018 4,820 423 12/31/49 20,958 4,840 443
12/31/31 14,383 4,820 423 12/31/50 21,323 4,840 443
12/31/32 14,749 4,820 423 1/1/51 21,324 4,600 203
12/31/33 15,114 4,820 423 12/31/51 21,688 4,490 93
12/31/34 15,479 4,830 433 12/31/52 22,054 4,480 83
12/31/35 15,844 4,830 433 12/31/53 22,419 4,470 73
12/31/36 16,210 4,830 433 12/31/54 22,784 4,470 73
12/31/37 16,575 4,830 433
Chemours TMS Prs(2)
Well 6 Well 6 Well 6 Well 6
Date Model Bottom Hole Pressure Date Model Bottom Hole Pressure
Days Pressure (psi) Buildup (psi) Days Pressure (psi) Buildup (psi)
12/31/19 10,000 4,403 0 12/31/38 16,940 4,860 457
12/31/20 10,366 4,780 377 12/31/39 17,305 4,860 457
12/31/21 10,731 4,800 397 12/31/40 17,671 4,860 457
12/31/22 11,096 4,820 417 12/31/41 18,036 4,860 457
12/31/23 11,461 4,830 427 12/31/42 18,401 4,860 457
12/31/24 11,827 4,830 427 12/31/43 18,766 4,860 457
12/31/25 12,192 4,840 437 12/31/44 19,132 4,860 457
12/31/26 12,557 4,840 437 12/31/45 19,497 4,870 467
12/31/27 12,922 4,840 437 12/31/46 19,862 4,870 467
12/31/28 13,288 4,840 437 12/31/47 20,227 4,870 467
12/31/29 13,653 4,840 437 12/31/48 20,593 4,870 467
12/31/30 14,018 4,850 447 12/31/49 20,958 4,870 467
12/31/31 14,383 4,850 447 12/31/50 21,323 4,870 467
12/31/32 14,749 4,850 447 1/1/51 21,324 4,590 187
12/31/33 15,114 4,850 447 12/31/51 21,688 4,500 97
12/31/34 15,479 4,850 447 12/31/52 22,054 4,490 87
12/31/35 15,844 4,860 457 12/31/53 22,419 4,480 77
12/31/36 16,210 4,860 457 12/31/54 22,784 4,470 67
12/31/37 16,575 4,860 457

16-123 3/19/2018 Table 3-14 TMS Pressure (new).xlsx
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Calculated Shut-In Bottom-Hole Formation Pressure at a Reference Depth of 9,850 feet in the Washita-Fredericksburg Injection
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Formation Pressures vs. Depth
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Formation Pressure Gradients vs. Depth
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FIGURE 3-5

DELISLE PLANT
BOTTOM-HOLE TEMPERATURE VS. DEPTH
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DELISLE PLANT BOTTOM-HOLE TEMPERATURE AND TEMPERATURE LOG DATA
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DELISLE PLANT MONTHLY INJECTION VOLUME - CUMULATIVE ALL WELLS
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DELISLE PLANT - INJECTION VOLUME BY PLANT WELL THROUGH YEAR END 2015
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Washita-Fredericksburg Injection Interval
Light Density Waste Plume Migration Model
Model and Grid Block Dimensions
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Tuscaloosa Massive Sand

Light Density Waste Plume Migration Model
Model and Grid Block Dimensions
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Washita-Fredericksburg Injection Interval
High Density Waste Plume Migration Model
Model and Grid Block Dimensions
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Tuscaloosa Massive Sand
High Density Waste Plume Migration Model
Model and Grid Block Dimensions
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Reservoir Pressurization Model
Model and Grid Block Dimensions

Reservoir Pressure Buildup at End-of-Operations
(12/31/2050) for Chemours WF Prs SWIFT
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Pressure Distribution in the Tuscaloosa Massive Sand
at Year-end 2050 with Injection of 400 gpm
into Well Nos. 2, 3 and 4 and 1,000 gpm into Well No. 5
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APPENDIX 3-1
COMPREHENSIVE RESERVOIR TESTING AND ANALYSIS -
RESERVOIR DESCRIPTION SERVICES (1992)
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Pressure History Simulation Study

for

Du Pont DelLisle Plant

Pass Christian, Mississippi

Section 1 - Summary of Resuits
Executlve Summary

The Du Pont Delisle plant, in Pass Christian, Mississippi, uses three injection wells to dispose of
effiuent generated during the production of titanlum dioxide, One additional well located on the plant site is
dedicated to monitoning pressure in the permitted injection interval.

This report eveluates the pressura transient intarference testing project which started on Decamber 5,
1992, An interference test involves placing gauges In a monitor well while Injection i established in offset
wells, The magnitude of the pressura increase in the monitor well, and the time delay from when the
pressure pulse is obsarved in the monitor well, yiekls vaiuable information about the average parmeability
(k) , and storativity {de;h) of the reservoir rock between the wells. This information is enitical for the
acourata prediction of the waste stream movement and pressure increase in the reservolr over tima,

The threa injection weiis — Well 2, Well 3, Wel 4 - and Monitor Well 1 were used in the study to
charactenze well and reservoir properties in the permitted injection intarval. These wells are complated in
the Washita-Fraderickshurg formation which is a massive sand inter-bedded with shale stringers. A spinner
survey was also run prior to the start of the interference testing program to help establish which sand
bodies within the permitted injection Intervel wera taking fluid in eech well. Section 4 of this report
establishes the effective [njection Intervals based on the spinner miormation, while Saection 5 makes
additlonal recommendations on futurs foilow-up testing.

Bottomhole pressures wers continuoualy monitored for roughly 12 deys in Monitor Well 1, and
pensdically menitored in each of the Injection wells. Pressure geuges were nat left in tha injection wells
during the injection of ferric chionda waste because of its acidity. Instead, the Injection weiis were flushed
with brine and gauges were placed in each well to monitor interference between the [njection wells at
specified Intervals. Section 2 of this report provides 2 detziled review of the sequence of events during the
test.

The analysis of the monitor well data [s felt 10 ba the most reliabie white the andysis of the irection
well data is less reliable due to welibore effects that occur during the test. Overall, the objective of the
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‘esting program was met, with estabfishment of 2 good description of the hydraulic conductivity of the
resenair system.

Discussion
Communication Belween Walis

The intent of the interference test was to idenlify reservoir propedies batween ali of the wells
completed in the ijection interval, An additional weil, Weil 5, was being drilled at the time of this test and is
not inctuded in the this Study but can be reviewed at a fater date when completed,

Diagram $1-G1 to the right shows tha
paths of pressure communication determined
from this study. Al of the wells are in
prassure communication and an estimate of
the reservoir properties between welie has
been sstablished. The overail pressure ks C—\ e
change cbserved in each weli was clearly a
result of injection from ofiset weis and
cannot be mistaken for gauge dnft or
fluchiations.

The largest overail pressure changa, 90
psi, waz obsarvad in Weil 4 while Weli 2 was
injecting. The smailest pressure changes
were observed in Wall 3,

5151, Paths of Prassure Communication

Satwean Walle

e oo -
A

Ovoralf Quality of the Results 52 - Dot ot o
The Summary of resuits presented in this [ e 2=t
section of the report are a compilation of the L
anaiysis of the best transient iest data
coffected from four weils over a tweive day pericd. in generai, ths data coilected in Monitor Weil 1 yields
he most reiiatie estimale of inter-welil ressrvoir properties because ths weil and gauge were “stabla®
throughout the enlire tast period. The gauges were not run in and out of Monitor Wali 1, 2nd no injection
gccumed in Maoritor Well 1 itself, The Pressure History Simulation maiches ths Monitor Weil 1 measured
data very well and the most confidence can be placed intha values batween Montar Well 1 and the three
othar injectors,
This is not true of Ihs injection weiis. Each of the injection wells was flushed with brine prigr to running
gauges, and in some cases the gauges were pulled to Aush Ihe welfs again due 1o the acidity of the
injectate. Unfontunatefy, the pressure data following the brine fush perlods is inconsistent with the a priar
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reServoir response.  Density "drift" in e weilbere, and ihe gauge's inabifity to adjust to temperatura
changes are the suspected causa of the ematlc pressure behavior ohserved during partions of the test.

Although some sections of the injection weil data were affected by wellbore problems, thers are stil
several lransient pariods between the injection weils that yield good results,

= Hetween Wafl 2 and Well 3: The period starting on Cecember 13, 1992 witle Walf #2 was
injacting yiglds a good match between Well 2 and Weil 3. (Eiapsed time 340 to 430 hours).

s Batween Walf 4 and Well 3 : The perod when Well 4 stopped inje;:tian on December J,
1892 provides a good euaiuation of reservoir properties between Well 4 andt Well 3, (Elapsed
time 140 to 290 hours).

+ Batwecn Well 4 and Well 2 ; The period when Weil 2 stapped injection on December 15,
1992 provides a good eveiuation of resarvoir propertios between Well 4 and Well 2. (Efapsed
time 350 tg 400 hours),

Analysis Tachnique

The anelysis of the interference test data is compiicated by the fact that there isn't e single transient
period created 85 a result of injection from only one well, Instead, the entire range of test data is influenced
by multiple undarlying prassure frends created by Jnjection into two or more disposal wells at or about the
same ime, In some cases, the pressure influence caused by the flush period is present in the weli, further
complicating the interpretatien.

Traditionai irterfarence fechniques am limited, at best, when dealing with muitiple weli interfarance
tests. Instead @ Pressure History Simulation technigue is required to anaiyze the interfarence test dafa.
Ttie Pressure History Simulation technique is an iterative methed that invelves generating the sum ef the
thecretical pressure responses at the ohservation well created by each active well given inter-well reservoir
properties {transmissibility, storakivity, pl, modei type, distance between weils, stc.} and the welfs rate
history. The simulated pressure data is statisticaiiy compared to the measured ebservation well pregsure,
the reservoir parameters are automaticaily adjusted for each well in the system, and the process is
repeated unlil the best statistcal match is obtained. The anaiysYs role in this type of protiem involves
choesing the appropiiate reservoir meded 10 use in the process, and applying "weighting factors to heip the
eptimizer find the best solution. A great deal of time is spent before the start of the modeling process
preparing the data. The rate histery fram each well has to be synehronized to the same efapsed gauge
time, and the gauge data has te be checkad and in some cases filtered to alleviate data that is not part of
the transient test.
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I some cases, the best statistical match does not come close to axplaining the measured pressure
response. This can be caused by faully gauge data, poor test conditions, or the chaice of a reservoir mode!
that does not fit the system requirements (i.e. a hamogeneous madel when a 2 porasity modat is required).
The objective is to generate a pressure history simulation that matches the entire range of pressure data.
The Pressure History Simuiation of Monitor Well 1 s an example of an excelient match, while Sechion 3
Graph §3-G7 15 an example of the best match that ¢an be cbtained with a homogeneous system moded
when a 2 porosity maode! is raguired.

The results presented below are feit to be the best estimate of inter-welf reservoir properties derived
from the analysis of multiple transient perods in the four wells using the Pressure History Simufation
technique,

Transmissibiiity Between Walls
Transmissibility {{k h) / {1 BY] is a measure of the hydraulic canductivity of the rock, ar in gther words,

the abiiity of the fiuid to move through the total cross sectional area of the reservoir rock. Transmissibiiity is
derived as a unit lerm n tha anaiysis of the pressume date. Aithough permeability is included in the
definition of transmissibiiity, a high transmissibility valle does not necessarily indicate high permaabiity and
vica versa. A low permeability, but thick, zone can have the same apparent transmissibility as a thin, high
penmeebility zone.

« Tha highest apparent transmissibliity [(k h) / {. B)] exists between Weill 4 and Monitor Well 1
and between Well 3 and Monitor Well 1.

» The lowest apparent transmissibility [(k h) / {. B)] exists between Injection Weil 4 and
injectian Well 2. This is qualitatively Indicated by the 80 ps| increase In pressure in Weii 4
while Well 2 is injecting. In this case it is falt that the low transmissibilfity Is a resuit of a
smatler effective zane helght between the wells as apposed to e iow permeability.

« Tabla §1-T1, beiow, is a listing of the best estimate of transmissibillty [(k 0} / {1+ B)] between
wells. The cofumn to the right is the 95% confidence interval based on the Pressurs History
Simutation anaiysis.

= The small pressure signat seen in Welt 1 whita Well 3 was injecting is the cause of tha large
variance in transmissibity hatween 'Well 3 and Well 1. A fargar injection rate in'Wel 3 , and
the absence of the underlying pressure trends created by injection from Wells 2 and 4, would
have ¢reated a more uniqua signa'i, and provided more confidence in the answer,
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' = The analysis of the pressure observed in Weii 1 while Wait 2 was injecting has a smail arror
. range and provides a good estimate of inter-well properties,

Graph §1-G2, and 51-G) compare the estimated transmissibilty between weils from several
perspeclives. Graph $1-G2 is a bar chart comparison of the values while Graph 51-G3 shows ths
proximity of injsction and monitor weils to each other, and also graphicaily compares the estimated
transmissibility between the weils. The size of the box in Graph $1-G3 is reiative to the caiculated
transmissibility batween wella,

Tabre 51-T1, Tranaminaibiity [{x h) / {uB)] Batwaen Walls

Tranamissibility 93 % Confidence
[khyf( p BY intBrval
Waii 1 <—> Walt 2 129 477 125970 ta 133,080
well 1 <—> Weii 3 167,573 98,249 1o 285810
Weill 1 <> Wall 4 196,460 162,780 to 237,110
Well 2 <> Wil 2 87 787 81,203 1o 94,905
Yait 2 <> Waii 4 12,038 11,000 to 13,170
Well 3 <—> Wail 4 42 547 38,357 to 47,194
. Graph 51-@2, Baf Chart Efective Tranamisatbility Betwean Walls
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Graph $1-G3, Effectlve Transmitsibiity Betwaen Wall

[l-_suﬂa——’
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Scola - Dislance Betwoan Wl

| Transmissibility
(kh/uB) Betwaen Wells QH@H #1

Storativity
Storativity (i ¢, h} is a measure of the formation’s ability to amass fluid. The formation's ahility to store

fluid is a direct function of the zone thickness, compressibility of the rock, comgressibifity of the flLid, and
the formation's porosity. A larger storativity value Indicates either a larger zone thickness exists batween
wells, the zcne is mare gorous, or the fluid is more compressitle. Charges in fluid compressibifity will not
explain the noted differences in storativity given the natyre of the injectate and the relatlvely smat!
difference in average pressure between wells. Either a difference In porosity, a difference in zone
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thicknass, or statistical variation inthe anaysis, are the suspected causes of the diffarenca in the storativity
vaies batween welis.

Table §1-T2 shows the average storativity values betwean wels and the 95% confidence interval,
Graph §1-G4 is a bar chart of the values, and Graph §1-G5 an the foflowing page is a diagram showing
starativity in relationship to well position,

Tabls $4-T2, Storatlvity {phi'c; *h) Batween Wallh

Storativity 93 % Confldence
($ ¢y b) Interval
Weil 1 <--> Well 2 1.074E-4 1.84E-04 lo 1.11E-04
Wall { <—> Weli 3 2.916E-4 2.02E-84 10 4.20E-04
Well { <> VWaii 4 1.608E-4 144E-04 to 1.75E-84
Vol 2 <> Wal 3 1.625E-4 1.428E-84 o 1.843E-04
Well 2 <—> Weii 4 1.655E-5 1.233E-05 to 2.221E-05
Well 3 <—> Well 4 8.268E-5 7.302E-05 to 9.240E-05

Graph 31-G4, Bar Chart of Effactive Storativity Batwoen Waily
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Graph 51-G35, Effactiva Slorativity Batwean Wella
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Effective Zene Thickness
As mentioned previgusly, Storalivity is the product of pOrosity, total compressibility, and zane
thickness. Thus, the effactive z0ne thickness hstween wells can be estimated using the storativity valus
from the analysis if one assumes an average compressibility and perosity.
Slarativity = @ h

where;
h= zone thicknega (f)
= tolal cempressibility (1/psi
L pargsity {fractian)

Then;

zane thickness (h) = Storativity /b o
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. Graph $1.G7, Diagram of Effective Zane Thickitese Batwaan Waiie

4

weil 43 @ *
R.\\ @ vei 2

. l'sm:af

Scale - Zone thicknsss (M)

i ' |
[ 1000 |

Scade - Cislanca Batwesn Wails

! Effoctive Zone ]

Thickness (ft) Weall #1

Note the thickest effective zong interval appears to be between Well 3 and Well 1 and dacreasing to
Ihe northeast  This may be indicative of a gepipglc feature of the effective injection intervai. This raises
geologic quastions of about the depositional environment of the system,

Effactiva Permaabiilty
Transmissitiiity cames direclly from the interference analysis as a unit term. Permeatility can only ba
estimated if gne knows zone thicknesa, viscosity, and formation voluma factor.  An estimate of zone
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Section 2 presents a discussion of the pregsure-volume-temperature retationship of the injectate fluid,
Based on this information the estimated total compressibility at 226° F and 4550 psia is 4.659E-06 1/psl,
The astimated averaga porosity of the permitted injection sand is 23.5% as slated in the original petition,
Table 51-T3 shows the estimaled inter-well zone thickness caicuiated using the storativity values derived
irom (ha interference analysis and using the estimated porosity and total compressibility values mentioned

ahove.
Table 31-T3 , EHfecttve Zone Thicknecs getwann Weiis
Effactive Zone 93 % Confldence
Thickness { ft) intarval (ft)
Wefl 1 <> Well 2 98 g5 o 101
Wall 1 <—> Weil 3 26§ 184 to 384
Well 1 <> Weii 4 147 13210 163
Welt 2 <—> Weil 3 148 130 to 168
Weil 2 <> Wall4 15 11020
Wetlt 3 <—> Wall 4 76 ! 68 to 84

Below, Graph 51-G6 is a bar chart of the estimated zona thickness between weils and Graph 31-G7
on the following page is a diagram showing effactive zona thickness in relationship fo well positlon,

Graph 51.G8, Bar Chart Effective Zona Thicknzaas Batween Welis
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thickness has been made using the effective storativity between wefls, and assuming an average value for
porasity and total compressibility.

The effective permeability between wells has been estimated using the effective zone thickness
between weils and an average viscosity of 0.303 cp, Table 51-T4 presents the calculated permeability
between weils, and Graph $1-GB shows the data in bar chart form. Graph $1-G9 illustrates average

parmeabiiity between weils in relationship to well position.

Table 51-T4, Efective Parmeabillty Betwaan Waills

Effective 05 % Confldence
Permeability md) Interval {md)

Well 1 <—> Well 2 400 3710435
Weil 1 <> Wall 3 13 78 fo 469

Weil 1 <> Weil 4 406 02 i 546
Wall 2 <> Well 3 180 146 to 220
Well 2 <—= Wali 4 242 165 fo 355
Well 3 <—> Wail 4 171 135 1o 204

Graph 51-88, Bar Chant of Effoctive Parmsabiity Betwean Walls
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Graph 51-G9, Clagram Effective Panmazi|lity Batwasn Walls
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Conclusleons

In general, the inter-well properties are similar with the exception of the results sbtained between Wet)
2 and Well 4. The effective transmissibility, and storativity between Well 2 and 4 is an order of magnituds
smaller than evidenced in the other wells. [t is suspected that Well 2 and 'Wall 4 may communicate
through an isotated sand slinger. Examination of the spinner survey results presented in Section 4
indicate thal the majority of injection in Well 2 is emplaced in the Upper sand. Additional spinner survsys
should be run fo confimm this behavior (see Section 4).
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. The effective zone thickness betwean Monitor Well 1 and Weil 3 appears to be the thickest, which may
indicate the cemer of the fluviat stream bed, with some tinning toward the eastem flank. The largest
transmissibillty is also evidenced in the North-westerly direction, perhaps confiming the direction of the
fuvial deposition.

The sffective permeability among the wells is most pronounced between Monitor Walt 1 and Wall 4,
and Monitor Waill 1 and Well 2. This i3 most probably a rasult of geologic conditions in the Injection sand,
regicnal geologic dip and sand thickness.

Additionar interference testing between new Weil 5 and the aii of the Wells presanted in this study, as
well a3, addittonal falioff tasting in each injection Well will help confirm these conclusions.
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Section 2 - Sequence of Events and Data Review
Overview of The Delisie Interference Testing Program

Spinner Surveys

On December 3, 1982, pricr to the start of the interfarence test, a spinner survey and radloactive tracer
survey (R.A.T.) were run in Injection Well 2. The following day, December 4, 1892, a spinner survey was
run in Wefl 3 and on Cecember 16, 1932 a spinner survey wss nun in Well 4. Section 4 of this report
provides a summary of the spinner data acquired by Gulf Coast Well Analysis of Pearland, Texas.

Prossures Dala

Pressure data acquisition was also performed by Gulf Coast Well Analysis. A surface pressure
readout {SPRO} Panex quartz capacitsnce gauge, and Panex memary quariz capatitance gatge were
used in each welt to measure pressure data during the test. The SPRO gauge yieids the best datz and was
used in the anaiysis. Each gauge recarded thousands of pressure readings which ware fitered for use in
the anaiysts. Sections 6, 7, 8 and 9 of this report provide a iisting of the filtered pressurs responsa,

Sequance of Events

Graph 52-G1 located on Fage 4 in this Section showa the pressura and rate histary for each weii
during the test. This plot heips put the complexity of the test and anaiysis procedure In parspactive. Points
A through Q on the plot are the major events that occurred during the test and are discussed beiow.

A) On December 2, 1992 at 15:20:00, gauges were run infe Monitor Weil 1 and the SPRO gauge was
paced at a depth of 9760 feet, The gauge was 15 feet below the top of the Washita-Fredericksburg Sand
located at approximately 9745 feat measured depth in Manitor Weli 1. The lowermost set of perforabons in
Manitor Well 1 are at 9874 foet.

B) On December 3, 1982 at 20:37.00 gauges were run inle Well 2 and the SPRO gauge was piaced at s
depth of 9272 feet. The top of the Washita-Fredericksburg is at approximateiy 9803 feat measured depth In
Well 2. Top of fill in Well 2 was recorded at approximately 8974 feet as determined during the spinmer
survey of December Jrd. Gauges were pulled from Weli 2 om Decembier 8, 1992 at 9:46:00 priorto the start
of injgction inta Weil 2.

C) On December J, 1992 at 16:56.00 gauges wera run inte Wel 3. The SPRO Qauge was placed at a
depth of 9236 feet. The top of the Washita-Fredericksburg s at approximately 9797 feet measured depth in
Weli 3. Top of il in Well 3 was recarded at approximately 10,000 feet as determined during the spipngr
Survey. Galges wera pulled from Well 3 on December 10, 1992 12:06:00 prior ta the start aof injection infp

Well 3,
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Section 2 -~ Sequence of Events and Data Review

Dverview of Tho DoLisle Intorference Testing Program

Spinner Survoys

On Decembor 3, 1992, prier te the start ef the interference test, a spinner survey and radioactive tracer
survey (R.A.T.) wera run in Injection Well 2. The following day, December 4, 1992, a spinner survey was
run in Well 3 and en Oecember 16, 1392 & spinner Survey was run in Wel 4. Section 4 of this report
provides a summary ef the splnner data acquired by Gulf Ceast Welt Analysis ef Pearland, Texas.

Prassure Dals

Prassure data acquisition was also performed by Gulf Ceast Wall Analysis. A surface pressure
readout (SPRO) Panex quartz capacitance gauge, and Panex memory quariz capacitance gauge were
used in each well to measure prassure data during tho test. The SPRO gauge yields the best data and was
used fn tho analysis, Each gauge recorded thousands of prassure readings which were filtered for use fn
the analysis. Sections 6, 7, 8 and & of this report provids a listing of the filtered pressure response.

Sequence of Events
Graph S2-G1 focated en Page 4 in this Section shows the pressure end rate histery for each well

during the fest. This plot hafps put the complexity of the test and aralysis procedure in perspective. Points
A through Q en the plot are the major events that occurned during the test and are discussed beiow.

A) On December 2, 1992 at 15:20:00, gauges were mun inte Moniter Weil 1 and the SPRD gauge was
placed at a depth of 8760 feet. The gauge was 15 feet below the top of the Washlta-Fredericksburg Sand
located at approximately 9745 feet measured depth in Monitor Weii 1. The lowermost set of parforetions in
Monitor Weil 1 are at 3974 feet.

B} On December 3, 1992 at 20:37.00 gauges wera run imto Weil 2 and the SPRO gauge was placed at a
depth of 9272 feet. The top of the Washita-Fradericksburg is at approximately 9803 feet measured depth in
Well 2. Top of fill in Well 2 was recorded at approximately 9974 feet ae determined during the spinner
survey of Oecember 3rd. Gauges were pulled from Weil 2 en December 6, 1992 at 9:48:00 prior te tha start
of tnjection into Well 2.

C) On December 3, 1992 at 18:58:00 gauges wera un into Weli 3. The SPRO gauge was placed at a
depth of 9238 fest, The fop of ths Washita-Fredericksburg is at approximately 9797 feet measured depth in
Well 3. Top of % in Well 3 was recorded at approximately 10,000 feet as determined durng the spinner
survey. Gauges wer pulled from Weil 3 on December 10, 1932 12:08.00 prior o the start of injection inte
Well 2.
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D - H) Injaction was initiated in ¥Well 4 on December 5, 1992 at 21.00:00 and continued untii December 8,
1992 at 12:00:00. The average rate was approximately 120 gpm and interfersnca created from the
injaction was observad in Well 3, Monitor Well 1, and for a short period in Weil 2.

E - F} Injection was iniffated in Weil 2 on Decamber 6, 1932 at 13:25 and continued untii December 8, 1907
12:403:00, This injection period was not scheduled but was required to handle waste starage voiume. Tha
average rate wae approximately 238 gpm. During this time interferance created from the injestion wae
ghserved in Weil 3 and Manitor Weii 1.

G) DOn December 9, 1992 at 9:02:00 gauges wers run back inta Wail 2 and the SPRO gauge was placed at
adepth of 9272 feet. The gauge Was puiied from Well 2 on Decembier 13, 1992 at 4:12:00.

{) Well 2 was flushed with Bring at appreximately 12:30 on Dacember 1g, 1992.

J) Gauges were piaced In Well 4 on December 10, 1992 at 16:49:80 at a depth of 9207 fest. The
appreximate top of the Washita-Fredaricksburg in Wel 4 is 9753 measured depth.

K - L) Injection was infiated in Weil 3 on December 11, 1992 at 3:36:00 end ended on December 12, 1992
at 4:46:00. The average rate was 110 gpm and intgrference was chserved in Manitor Wall 1, Well 2, end
Weli 4.

M) Weii 4 was flushed with brine on Decembear 13, 1992 at 6:55:80.

N) On Dacember 13, 1992 at 8:18:00 gauges ware nun back inte Well 3. However, due to mechanical
problems with the wireline equipment the gauges could only be run to 5880 fest instead of the original
depth of 9230 fest. The pressure data presented in graph 52-G2 for Wel! 3 after point M has been adjusted
by adding 2120 psi to the data. This is the estimated difference in hydrostatic pressitra between the gauge
depth of 5000 feet and the originel depth of 9238 fest.

0-P) Injection was initiated in Weil 2 at an average rate of 330 gpm sterting on December 13, 1992 at
17.36:00 and continuing untii December 15, 1992 at 9.20.00. Interference was oliserved in Manitor Wet! 1,
Well 3, and Wall 4,

Q) Pressure gauges were pulled frem Monitor Weil 1 on December 16, 1992 at 7:58:80, from Weil 3
December 16, 1992 at 8:55.09 and from Wel 4 on December 16, 1992 at 8:57:00. This concluded the
interference portion of the test.

Rate History _

The previgus discussion autlines the rato histary during the test, but an additional oneé manth of
injaction history for each active well wag used in the anelysis to account for the undedying effects previous
rales may have had on the pressure responsa.  Tha influenca of njection prior to the start of this tast is
evidenced in Monitor Well 1 prassure data.

There was na infection inta the figld from November 29, 1992 unt? the start of injaction into Wel 4 an
December 5, 1992 at 21.00:00. An attempt was made to estabfish a “stable® pressure profile in the fisig,
nowever, inspectian of Monitor Weil 1 pressure data from Oecember 3rd to Decembar Sth shows the
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. prassure continually declining, This observed decling is felt 1o be a result of prior injection into the fleld
linked with the retstively low transmissibility of the reservoir.
The entire rate history used in the analysis is presented in Sections 10, 11 and 12 of this report. Tha
rate data was provided by the Detisla Plant and was downloaded from the piant's computer system.
Graph 9201, 1952 Interference Tast - Rala and Pressure History
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Data Quality

Gauge Drift
Graph 52-G2, below, is an expended view of the Monitor ‘Well 1 pressure response while Well 3 was

injecting. The change in the Monitor Well 1 pressure trend over & 38 hour period during the test ie only
0.65 psi, or 0.018 psi f hour. Because of the small prassure response observed in Monitor Well 1 caused
by Well 3, a drift calibration was run on the Monitor Well Gauge to make sure the abserved pressure
change was actually interference and not just gauga drift,

Graph 52-G2; Monitor We5 ¢ Pressure While Well 3 Was Injecting
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Graph $2-G4, above, is a graph of the Monitor Well 1 gauge Placed in a calibration bath for 5 days at a
constant temparature of 140 degrees and pressure of 5000 psig. The maximum gauge drift in the bath over
G0 hours is approximately 0.2 psi, or 0.0033 pst/ hr. This i5 & far smaller pressure response than seen in
Manitor Walt 1 thus indicating the prassure change in Moritor Well 1[5 a result of Interference from Wil 3.

Gauge Dapths

Graph 82-G5, below, shows the gauge depths during the interference test compared to the farmation
depths for each well. Note the top of Ihe Washita-Fredericksberg Sand is indicated by the dashsd ling in
the drawing. With the exception of Monitor Wel! 1 the gauges were aver five hundred fest above the
compieted Interval in each well. Also note the top of fil recorded in Weli 2 and Well 3 at 9974 feet and
10,000 feet raspectively. There was no fill noted in Well 4.

Graph $2-03; Gauge Deptha During the Teat
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Weii lecatlens

Al the lima of this test there were three wells permitied for waste disposai with one Menitor wel! lecated
on the Delisle Piant {the complation en Weil 5 was stil ongeing). Graph 52-G6 below shows the weiis'
proximity t¢ each other and the distance between wells used in the anaiysie, Cistance between weiis is
used in the analysis t0 detenming storativity (9 ¢, h) between wells. The calculated storativity vshues
presented in this repert are proportionai to the square root sf distance between wells.

Monitar Weii 1, and Weil 4 are vertical, Weil 3 and Weil 2 are deviated approximateiy 8 degrees.

52-G4, Wail Posithans
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. Fluid Prapastios Used in the Analysls
Graph 52-G7 shows the calcufated fotaf compressibility and fluld viscosity over the range of pressure
encountgred dunng the interference test, Graph $2-GA presents the calcufated lolal compressibility and
fluid viscosity versus temperature. Viscosily Is represented by the dashed [ina in bath graphs.

Graph 52-G7; Total compraasibiiity and viacoaity versLia prassiurs,
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. Table 32-T* and Table 52-T2, below, show the calculaled viscosity and total compressibiiity data
presented in the previous graphs. Table §2-T1 is evaiuated at 226° F and Table 52-T2 is evaluated at

4500 psia.
Table 52-T1; Prassuse v$ Fluld Properties
Pressure vs Totai Pressure va Viscosity*
Compressibility*
$000.00 4 87E06 4000.00 0.303
4052.63 4 67E-06 4052.63 0304
4105.28 4 BBEDG 410536 0.364
4157.90 4. 63E-06 4157.90 0.304
421053 4. 89E-08 4210.53 4.304
4263.16 4 89E06 428348 0.304
4315.79 4, 50E-06 4315.79 0.304
436842 4.90E06 4388.42 0,304
44 05 49106 442105 0.304
447168 491606 4472 68 0.304
4526.32 4926.06 452632 0.304
4578 .95 4. B2E-DB 457896 0.304
. 4873158 4 93 E£-06 4531.58 4304
4684 24 4 54E-08 4584, 241 0.308
4736 84 4 B4E06 4738.84 0.305
4780 47 4 95E-06 ATB947 0.305
4842.11 495606 4842.11 0.305
A854, 74 4 96E06 430474 4.305
AS4T a7 49706 447,37 0.306
5000.00 458608 S060.00 0.305
*Eveluated at 226° F
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Tabla S2:.T2; Tgmparatura va Fiuid Propartias

Tempsrature vs Tota:

Compressibifity* Temperature vs Viscosity*
150.00 4.42E.06 156.00 §.439
155 26 4 4IE0B 155 26 0422
160.53 4 44508 160.53 8407
165.79 4.45E-08 165,74 Q.393
17108 44TEDB 171.05 8380
178.32 4 4BE-08 178,32 8.158
181,58 4.50E-05 - 181,58 0.358
185.84 452608 186.84 8.45
182.11 451608 192.11 0.335
187.37 455608 197.37 8.325
0263 4 58508 20283 8.318
207.90 4 HOE06 207.80 0.307
21318 4.63E-06 213.18 8298
218.42 A55E-06 218.42 0.200
22368 4 63E-08 223.68 8283

, 228.95 AT1EDS 728,95 8.275
23471 4, T4E-DB M 8.289
239.47 ATTEDS 29947 8.252
28474 4B1E08 244.74 0256
250,00 4 85E-06 260,00 8.250
* Evafuated af 4550 psia

An accurate evaluation of fluid properties is important becausa ths eStimation of effective zone height
is proporticns! to total campressibllity using the Storativity (& o, h) vaiue from the interfarence anaysis.
Also, estimated permeabiity iz proportiona {8 viscosity using the transmissibiity [(k ) / {u B)] from ths
interferance anaiysls.

inspection of ths pressure-volume-temperature reiationships shsws that viscosity and total
csmpressibliity i3 ingensitive to pressure chenge yet a bigger variance is ovidenced whan temporature
chang8s. The fivid propertiss used in this study were evaluated at 226° F and 4550 psia. The estimated
vigcosity at these conditions is 8.303 cp and the total compressibility is 4 550€E-86 1/psi. Ths temperatura
of 226° F was the averade balomhole temperatura as measured by the Monitor Wait gauge during ths

interferanca test.
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Section 3 -« Interference Analysis
Description of an interference Tast _

A simple interference test is conducted by placing pressure gauges in one well while a rate change is
made at an offset well. The change in pressure at the observation weil is a function of the average
reservoir properties betwesn the welfs. Graph 53-G1, below, shaws a simple two well interferenca test.
The weil on the right is the obserystion weil while the well on the laft is tha active, or inferfering well.

Graph 53-G1; Two Waill inferferance Tast

injection

N I

injection Well _ Monitor Weil
(Active Well) (Observation Weii)

Graph 53-GZ on tha next page shows the theoretical pressure responsa created in the obsenatian
welt durding injsction into the active well. Pressure wift increase expanentiaily, and proportionally to the
distance and resarvoir propertias between the wells, Tha magnitude of the pressurs increase i govemed
by tha rate, the distance batween wsiis, and the average fransmissibillty hetween wells.

4 The lawer the transmissibility, the bigger the pressure increase at the abssrvation wel,
V¥ Tha higher the injection rate, the bigger the prassure increase at the observation well.
Y Tha closer the walls, the higger the pressura increase af the abservation well.
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. Graph $3.G2; Conceptuat Praasura Responas - Twa We!l Inferfersnce Taat

Infection Rate

At ftime lag}

Frassure at Obsarvation Well

The dashed line in Graph $3-G2 shows a tims 1ag from when injection starts in the active well and the
. obsarved pressure increase in the observation well. This time lag is a function of the rock and fluid
properties between the wefls. The term that defines the time lag is known as the diffusivity constant’ and Is

dafined as

-

Whera,
K=  Permeabitity {md}
b= Porasity (fraclien)
g =  total comprasaibifity (1/pst)
p=  Viscosity (cp)

A decrease in parasity, viscosity and total comprassibility , or an increasa In permeability, will decreass
INe time required to see the pressure responsa in the observation well,

The common technique used to analyze lhe simple lwo well inferference test is the type curve
matching methad. The type-curve matching lechnique requires aligning a plot of log deita pressure vs log
delta time from the start of injection at the active wall 'o lhe theoretical pressure salution, The theoratical
solution is the basic analytical modsl known as the Exponential Integral and the ratlo of the measured data

Craht and Hawking, Appiied Petrlgum Reservair Enginaaring, [Frantice Hai, 1959), 275
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o the theoreticat solution yields transmissibility [(k b) / (n 8)], and the diffusivity constant. The diffusivity
term is further reduced to the Storativity (b ¢4 h) term, by dividing by transmissibility.

The type curve matching technique is outfined in detail in SPE Monograph Volume 5, Advances in Woll
Test Analysfs, availablg through the Socigty of Petroteum Englneers (SPE) . The SPE headquarters are
located In Richardson, Texas.

The simple type-curve matching procedure works fine when he pressure in the cbservalion well is
stable prior to the start of injection in the active well, and when thers ars no other active wells in the field.
However, the simple two-we# situation does not exist with the Delfsle interference test, fn tha Delisie
study thers are multipie interdfering wells, and in some cases the observation well itself is active prior to
becoming an gbservation well. Therefors a more sophisticated a'ppmach is required t¢ analyze the data.

Description of the Pressure History Matching Technique

The Pressure History Simuiation technique is used to anzlyze complex interference teste, such as the
DelLisle test whers there are multiple fnterfering' wells. Pressure History Simulation invoives ganerating the
theoretical pressure response at the observation wet! given the observation well's rate history and the rate
history of ali of the surrounding wetls,

The pressure change (refative to the inltial pressure) in the observation weil at any point in time is the
sum of the pressure changes dus to the surrounding wella rate history, inter-wel! properlies, boundary
conditions, and reservoir characteristics. The pressure in the observation welt is calculgted ushg
superpasition techniquse described in various pubiications, SPE Volume 5, Advances in Well Test Analysis
s ane source that providas some Insight into the supérposition techniques used in this study.

The pressure at any glven time {t}, in the observation well, s calculated from the following equation.

41.2Bu 1 : 141.2Bu
Bro = pa - o 260 iPoi-nevo] = TR 3 (gu-rPois - om0
R =1 R

FO'=  Dimensionlgas Frassure {madel depandent)
= Dimensioniess Tima {Mede! dependeni}
L] Permeability (md)
g= F omation Voiume Factor (dim)
= Net 20na thicknas s (i)
W= viacOsity {cp)
n = Number of reles influsncing each wei
z=  Mumber of interfaring wells
RO = Oim. Distance from the ebsenation wel|

fg = Initig! pressure
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A regression routing is needed to help find the set of reservoir parameters that gives the baest
agresment batween the mode! response and the measured data given tha infinita number of combinations
of paramater vaiues that can be used o predict the gressure responsa at the obsarvation wall.

The Pressurs History Simulstion technique used In tha enalysfs of this data "systematically varas® tha
mede! parameters (kh/uB, dch, py, etc..) using a modified? Marquardt-Leventerg regression afgorithm. The
madified Marquardt-Levenberg aigorithm uses the derivative of pressure emor {p model - p measured) with
respact to each modai parameter of interest to steer the match toward the best statistical fit

The engineer's rola in tha Pressura History Simulation process is in data preparation, the choice of
model to use In the simuiation (i.e. homogeneous, twe-poresity, bounded), finding the starting point for
each parametef, satting Hmils on parameters i kesp the solution away from unrealistic answers, and fo
"weight® tha data. Data weighting is 2 means to have tha optimizer concentrate on portions of the data the
analyst feefs csn a bast represanted by the madal,

The adequacy of the Pressurs History Simulation can be judged stafistically, as well as by visual
inspection. Whan the simufated pressure goes through avery paint the match is deemed perfact,

Modais
Tha threa analytical modals used in this simuiation study were the homoganeous, twa-porosity, and

homogenacus with cuter no-flow boundaries. Each madeat is briefly discussed below.

The hgmogenesous model assumes “horizontal flow, negiigitle gravity effects, 2 hamogenecus and
isotrapic porous medium, a single ficid of constant compressibility, applicabliity of Darcy's iaw, and that
c, k, and ¢ are independent of pressure™ The homogeneous modei is solved in Lapiace space and
inverted through the use of Stefhast inversion aigorithm to generate the constant rate dimensiontess
gressure solution (PD). This solution [s then used in the suparposition tachnigue presanted on page 3.

The twa-porosity model contains the assumptions of the homogeneous solution with the exception of
constant permeability and porosity. The twe-porosity modei assumes o higher parmeabiiity, higher porgsity
system (such as fractures or s {ayer) takes the mejority of injection fluid snd that the fluid "leaks” off inlo s
secondary system with fower permaability and porosity, See SPE Paper 7377 for o detailed descrintion of
tha hvu;purosity madel.

Tha homggenaous model with no-flow boundaries has ail the |mplicit assumptions of the basic
homogeneous modai but with the addition of four barrfers to flow at varipus distances from the weil. A
modified Green's furction solution! is used lo generate the dimensioniess pressure response for a well

inside a closed rectangle.

EMaghsmd Abbaszadeh and Mechat Karmat, "Automallc Tyoe-curve Matcking for Well Fest Dala’, Seclember 1304,
SFE Formmatian Evaluation magazire

3advances in Wal Tes! And)sis, pg. 4
A3nngarten, Alain, "The Use of Saurce and Graan's Funictions in Selving Unsteady-Flow Froblems in Reseryairg”
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Interpretatien Perieds
Sectien 1 ef this report presents a summary ef the inter-well properties denived from the Pressure

Histary Simutatien of the interference data. These values are feit te ba the most representative inter-well

properties avaiiable given the data cellected during the testing process.

Thera were fourteen individuai Pressura Histery Simuletions conducted using variets models and
facusing on distinct transient periods te anive at the values presented in Sectien 1 of this report. Table $3-
T1, belew, gives a summary of all the resuits frem each Pressure History Simulation run.

Tabia 53-T1; Summary of the Resulis From Each Pressurs History Simutation

] e 2 1433 1 e 4 Madel Graph
khuefpch | khiuBfpcth | kuBrach | Py (psta) | T e Type
Monitor Well 1 125477 167,571 196, 460 4524 1.48 Closed 53-G3
1.07E-4 2.52E4 151E4 Rectangle
Manitar Weli 1 142,227 521,603 288471 4568 318 Hevmckgen. 5354
11384 41364 19454 Infinlia
2¢.>3 2424 | Atwell2 | Mode! Graph
KauBlpeh | khuBrach | kB | Pifpale) | 5 ep? Type
Wil 2 147 671 21175 FO.941 4251 149 2 Porosity 5335
S48E-6 4 5{E-8
Wall 2 12879 4255 174 2 Pargsity 5330
1.36E.5
Wl 2 42,512 4276 165.78 Homogan. S3GY
4. 204
Wall 2 28818 4284 2.53 2 Porasity S53G6
2.42E-5
Wil 2 41 27 4283 103 Hevnogan, 53-G9
4565
3 <n2 3> 4 | AtWeall3 Model Graph
kg f & cth | kB g cth khius Pl I'.Uﬂfl] Yoo Type
Wall 3 51,806 42,547 4244 138 2 Parcsity 51518
156E4 a42E-5 ]
Wei 3 179,645 02,437 4252 6.74 Hamogan, 535N
21264 951E5 ]
wail 3 | 172413 e 2.8 Hamogen, 53512
" 16464 -
weq 3 | 87787 219" 1,46 ZParcsity | 53612
16364
*Gauge at SO0 ft.
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Tabkla 53.T1 Coniinued

4 <> 4<>3 | AtWell4 Modet Graph

knuBsdath | XhABdch [ khiB Fifpsia) | 3 arr? Type

Wil 4 12,838 fi5, 285 123344 4182 .92 2 Parosily 53-G14
1B5E-5 7.5JE-5 MiA

el 4 23324 87308 148,124 4244 303 2 Parosily 53615
287E-5 1.11E4

Wil 4 134,021 T8 148,883 4250 B.o0 Hamiogen. 534316
BITES J67ES

Discussion of interference Testing Results

Table 53-T1 is broken info four parts, one for each well. Part 1 shows the results fram the analysis of
Monitor Well 1 pressure data, part 2 shows ths results of Weil 2's pressure data, and so on.  Calumns two
through four show the inter-well properties detarmined from the analysis of the pressure data. For instange,
the column (abeied *1 <—> 2° indicates that Monilor Wel! 1 was the observation well and Well 2 was the
active Well. The data in the row below this column shows the transmissibifity and storativity vaues
detarmined from the analysis.

The fourth column, in the case of the injectars, shows the transmissibility value derived from the
pressure respanse created whon the well itself was injecting. |n generai thase results are not very reliable
hecause the gauges wers taken out of the well during the injection of waste so no dsta exists with distinct
character to derive nesr well properties. The gauges were in the well during brine flushes but the brine flush
has the affect of distorting the pressure response due to density changes. This "distorted® behsviar can be
obssrved In Graphs 53-G10 and S3-G11, ( located at the back of this section }, when Well 3 was fushad at
an efapsed Ume of approximately 207 hours. Notice the gauge response in relationship to what the
theoretical response predicts for this period. 1t is falt that because the brina is heavier than tha in-situ waste
the pressure at the gauge is lower foliowing ths flush, then as waste creeps inta the wellbore the gauge
pressure wil! slowly increasae. The data seems to bs back on kack near 230 hours.

Tha fifth cofumn In Tatite 53-T1 shows the reservolr pressure at the start of the injection history, As
noted in Section 2, ane manth of prior injection histary was used in e analysis so the Initial pressure s the
estimated pressure, at gauge depth, on Movember 1, 1992, Initial pressure is the p, term in the equation
presented on page 3 of this section,

The sixth column shows ths sum of emor squared determined form the compatison of the measured
response o the slmulated responss; the smaller the value the better the fit. Zera indicatas there is no

diference hetween the measured and simulated data. Graph S3.G7 is a match of ‘Welt 2 data while Well 4
was injecting and has a Terr? value of 195.7. This is an example of the best match passible with a mode!
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ihat deesn't explain the pressure response. Graph $3-G6 is a match of the same data, but using a two-
norosity model, and is a much better fit as indicated by the Zerr? value of 1.74.

The seventh column references the graph located at the back af this section for gach match presented
in the table, | |

As mentionad previausly the Monitor Well pressure response gives the bast model results. Graph §3-
GJ and Graph 53-G4 show the simufatiens give a hemoganeous model with boundades, and a
hemogeneous model without boundarfas.

The initiat match ef Monitor Wall 1 data was made without boundsries with very goed results (see
Grsph 53-G4} but there seems to be an underlying pressure trend in the data. Boundaries were added to
the model to see if they would improve this match by explaining the undedying trend. The diagram in
Graph $3-G3 shows the weil's location in relationship t ieur no-flow boundarles as determined from the
Pressure History Simulation. The addition of boundaries to ths model helped the matah but the distancas to
the boundanies shouid be used qualitatbively bssed on their statistical significance in explaining the pressure
response.  Table $3-T2 shows the §5% confidence intervaj for the estimated toundsry locations. The
distances am ralative to Monitor Well 1, sa that L-» mesns the boundary to the right of Monitar Well 1, <- L
to the left and so on. '

Tahtes 53-T2; 95 % Confidence intarval - Distance to Boundaries from Monitor Well 1

7020" L-» 121,890
g253"' <L 15,652°
2e83’ LA 1¢,440"
2a43' Ly 2§,223°

Also menbioned previously is the fact the apparent transmizsibility batween Wall 2 and 4 is lower than
betwaen other Wells. This is evidant in all of the ransient periods between Wail 2 and Wall 4 with the
excaption of the analysis presanted in Graph 53-G16. In Ihis case transmissibilty batween Wall 2 and Wall
4 is reported as 194,021 mg-f¥ep. Inspection of this analysls shows that this value came from s perfod
when Well 2 was infecting at a very low rate at tha same time Weli 3 was injecting. The 95% confidence
intervad for this transmissibility ranges from $.1643E02 md-ftfcp to 4.1077E07 md-ftiep This is & good
exampla of how the values presented in this table shoufdn't be taken at face value.

Peraps the most difficuit saction of data to match from the entire test can be seen in Graphs 53-G14,
$3-G15, and 53-G16. This s the pressure response cbserved in Welf 4 while Well 3 was njecting and
white Well 2 was injecting, The previous Graph $3-G13 shows an excellent mateh of the response
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between Welt 3 and Weli 4 using a two-porosity modet focusing on the sschian when aniy welt 3 was
inecting. However, whan the simulation is extended to the entire range of dala a maich cannot be found
using the same two porosity modet.

The toot of the problem in matching the entire range of Well 4 pressure data is felt to be the gauge
distance above the injeckion interval and the changing fluid density beiow the gauge. The effagts of multi-
layer reaponse in Well 4 i3 al50 e potential explanation of the pressure behavior, however, thera ie not
information available to quantify this aspect. Rate data from each of tha layers would hava to be collected
during tha interferenca portian of the test which is not feasibte dua to the acidity of the wasts stream,

Only sections of the data collected in Wail 4 can be successiiily maiched. Graph 53-G14 malches the
fast part of the data when Well 2 stops injection. This is felt ta be tha most reliable estimate of propertias
betwean Weil 4 snd Well 2 becsuse we know sxactly what the rate is from Wail 2 {zero} and the gauge and
weiibors have hsd the longest amount of tima to stabilize, Graph S3-G15 shows the simulation when Wel)
2 starts Infaction but this match is unable to reproduce the faliolf response when Welt 2 stopa injection,
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Section 4 -- Productlon Log Data

Gulf Coast Weil Analysis ran Spinner and RAT survays on Well 2, and Spinner Surveys on Weil 3 and
Well 4 in cenjunction with the testing pregram. The stationary spinner invalves placing the tool in the well
as fluid is injected. A base measurement is estanlished with the tool above all of the intervais to determing
the total number of spinnar ceunts fer a given injactien rate. The tool is then lowered into the well snd as
fluid moves inte the varous layers the velecity at the toel decreases. Tha ool should measurs zarg
rotatiens belew ali ef the perforations, 'mplicit in the interpretation of the data is the assumption that fuid is
single phase, and aiso hat the welibere dlameter is censtant throughout tha completion intervai.

Graph $4-31 en the follewing page shows the interpratatien of the stationery spinner survey measurad
in each weil. The Well 2 survey was measured at 200 gpm, and the Wall 3 and Well 4 surveys were taken
at 160 gpm in each weil. The spinner profiles are gveraid against the SP curve from each weli.

Qualitative intarpretation

Nete that 50% of the fluid seems fo be going into the upper sand bady Weli 2, and thare appears to be
no flow below 9920 feet. Tep ef fill in Weii 2 was esimated at 9974 fest Al of the brine in Well 3 is
injected below 9920 feet with the majority going inte the zone above the shsie stringer at 9985 feet it is
speculated that the previous cement squeeze jeb in Weil 3 may have biocked portions ef the upper
intervals in Weii 3. The brine in Weli 4 is avenly distributed over zenes with the exception of the mnddfe
Zone at 9800 #. which appears to b taking very iittia er ne fluid,

This spinner survey sheuld be used qualitativeiy bacause thara are several factors that can influence
the apparent injection profile.

1} If the layers have different pressures then the spinner profiie will vary with rate, The

spinner sheuld be nun using a range of rates to check for the pessibiity of uarying layar

pressures,

2) The spinner gniy shows whars the Muid leaves the wellbore. 1t doas not show where fuid is

going tn the fermetion.
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Section 5 -- Future Testing Recommendatlons

In general the testing program was vary useful in helging define inter-well reservoir properties. Thare
are still a few aregs of uncertainty that can be clarified through additional reservoir testing and analysis.
Some of the areas of uncartainty and action that can b takan to clarfy these issues are listed below,

Comprehensive Spinner Survay
This resarvolr test was not able to define individuai zone pressurss or preperties. Therefore, a

comprehensive spinner survey should be run to help detenime these parameters, A refatively simple SIP
procedure can he employed to datermine fayer pressures and a gress estimate of the Tayar fransmissibility-
skin product.

The SiF enteils running a pressura gauge and spinner 100, in combination, at each layer, over a range
of rates. The pressure and rate data is used o construct an inflow performance relationship for each zone
which in tum is ysed lo estimate reservoir prassure and the transmissibility-skin product for esch layer.

The SIP will help determine if fluid injection is confined to only the the upper zones in Well 2 and only
the lower zones in Wall 3. This infaanation is impodant to help predict the long term waste migration.
Knowing individual tlayer pressures will also heip the modeiing of

Felloff Testing .
There werg no transient periods in which near wel! properties could be datarmined, Fatloff tests in the

Injection Weiis will help verfy near well preperties which can then be compared to inter-weil properities.
Thia information will help determine if the appsrently iower ransmissibitity between Welt 2 and 4 is isolated
to a single stringer or is regional in nature,

intefarence Testing Between Injection Weiie and the New Weil 5

A comprehensive interference 8st between Weli 5 and the existing wells wit! help verify directional
transmissibiiity and storativity [n the reservolr. This information wilt be very useful in helping delineate the
raservoir in the North-esst direction.

Raservolr Descripton Services - July 7991
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Pressura Data - Menitar Weil 4
Point Numbar Roal Tim# of uy Elapsed Time Measured
{mm/ddfyy hh:mmas) thour) Prassure

1) 12292 19:00:00 91.000 SFT.EI7
2] 1272492 19.48:00 a1.167 577 487
3 14282 24:40:00 93,187 4577.507
4) 123/92 0:05:00 96.083 4577.55¢
| 127402 2.50:00 94.633 4577 460
8) 121332 5:05:00 181.083 4577350
7] 120482 71500 103,250 45¥7.250
83 127382 92000 105,233 457717
4) 1253192 114000 187.667 4577 037
18} 12792 13:.40:00 109,567 4576.930
it} 12352 15:45:00 111750 4576827
12) 1202152 17.50:00 112.833 457,717
13} 1272092 20:45:00 116,250 4675.627
4] 12392 22:00:00 119.000 4578.5680
15 1204092 B:25:00 120.583 4578.433
8] 12452 2 10:00 122167 4575.18
17} 1244092 40500 124.003 4576147
ta) 1204292 51000 125,167 4578057
19 1204082 8:30:00 126.500 4575813
209 1204432 B:20:00 129.323 4573.797
pall) 124402 94000 129857 4576.570
22} 1282 13k 11,50 4575543
"23) 120482 13:15:00 133.250 4575.427
24) T 12882 15:00:00 135.000 4575.283
25) 124f92 17.05.00 127.083 4575177
26 1204482 18:5500 135017 4575 060
7] 1204492 19:55:00 130.917 4574927
28) 124092 214500 141 750 4574.812
29} 12432 22:38:00 142500 4574 660
32) 1592 T 20:00 151.033 4574320
Ny o 1252 G000 152.000 4574.26Q
A2} 1252 §:30:00 152,500 4574143
33 1205/92 18:45:00 154,750 4574818
) 1215/92 {21510 157 250 4573523
5) 1245092 1500000 158.000 4573803
38 125092 17.00:00 161.000 4572580
EF| 125092 1920000 $63.333 45721560
i) 12502 231900 187 1% 4572403
19) {2/5/92 040:00 168.667 4573277
40 1260602 21800 1T8.267 457322
41) 12682 44300 11277 4572268
§2) 12882 7O 00 175 M7 4573 218
421 Tasme 94100 1717 BAd 4572249
44 128482 12:4.00 180.353 4572753
453 12687 15.00-00 163.400 4573.269
45 ) 12602 174000 185,467 4573454
47 12882 19:48:00 187 667 $573.153
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Prassura Data - Menitar Wall 1

Paint Humber Real Time of Cay Elzpsed Time Measurad
{mmiddhyy hh:mm:ua) {haurs) Preasury
48} 1205192 22.06:00 18010 4573218
49 12752 3:21:.00 192.350 4573.323
50) 1257192 1:25:00 195417 4573 483
51} 121752 2:42:00 104.708 #5753, 607
524 12752 34500 1957450 4573747
51) 12792 80700 197117 4573.877
54) 127192 55500 taroi? 4574 1128
55} 12702 10300 194.033 4574 153
56) Y202 TR3:08 102,483 4574300
57) 127192 5:19:00 o.a1r 4574443
L 12783 10:24.00 202 400 4574.590
59} 1282 11:33.00 202555 4574, 740
63) ' 121792 1226:00 204 433 4574 880
611 g e R ) 05,47 4575.023
82} 12702 14:.00:08 208,150 4575160
83) 1272 15:08:00 2713 4575, 103
B4 | 127482 15:58.08 287.097 4575447
65) 127202 113508 200583 4575573
66 ) 12702 184300 2an7 4578.10
87 12088482 203208 2112533 4575823
681 12732 15200 2131867 4575.950
69} 1207000 204200 215700 4578.077
70} 1208282 1:28:00 2174533 4576.193
Hi 124802 2,55:08 218,947 4576.320
(23 12052 8:04:00 221.067 4576433
il 128592 6:58:00 222 967 455 550
74 12282 9:19.08 225247 4576.543
75) 12882111208 227 208 4576.760
76} 121892 12.57:(0 228.950 4576.860
77l 128192 14:28:08 230487 4577817
781 1282 17:10:08 23187 4577 087
ri N 12802 175008 233803 4576.547
B0) 128092 19:1%:08 aAs837 4576.818
81) 1252 20.56:08 236935 4570.687
82} 12/8/82 21:44.08 T k] 4576537
83) 128082 250408 239.087 4576410
841 1208092 235708 239,950 4576278
65} 1219192 1:05:08 241.083 4578153
B8) . 120092 24d:00 242,233 4576.000
B7) 1209492 3:18.00 243187 4575,280
g8} 128192 44508 244750 4578.737
89 12092 5.45.00 245,767 4575.587
0} 12192 712608 47 433 4575 457
81} 125/92 B:20:00 248323 4575317
523 12492 93800 249608 $575,187
93 ) 129092 118700 51117 4575083
8 12482 122100 252350 4574823
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Pressura Data - Monitor Well 1

Paint Number Raal Time of Day Elapsad Time Maasured
{mmidatyy hh;mm:ss) {heurs) Pressurs

85 1249192 124488 LI 4574747

85 12982 153300 255.550 4574 662
97 121842 $7:22:86 267,367 4574 547

98) 1209192 18:15:00 258,250 4574418

g3} 1219192 16:55:36 256,933 4574.273
100} 1279002 201456 260233 4574437
01 129492 21,2300 261.383 457,087
1021 F24E2 22.06:00 282158 4573842
1030 1249732 23,0756 283517 4574.697
104) 12M0482 8.04:00 264 067 4571 550
165 V21052 1.18:00 285.267 4573.420
1081 121082 2:35:00 260.563 4573.207
107} 12 0ve2 25036 Py v R Lo R 1
108} 1271092 4:54:00 288.900 4573.036
109} 1211092 8:25:00 270417 4572872
118} 12r10/82 9:01:00 272.817 4572733
111} 1211452 8:53:00 272803 4572.570
112} 12010/82 18:28:00 274 487 4572437
113} 12110092 11:5:00 275.583 4572297
11413 12182 120700 7 4572.167
115} 12r10M2 145800 278,983 4572.047
H18) 12110082 17:48:00 281 800 457199
17} 12710492 18:59:00 26,983 AST1.873
118} 1211082 22.09:58 288,133 4571.750
119} 12010082 23.44:58 287733 4571630
130 1214002 10800 285,083 4571536
1213 121192 22100 200350  ° 4571.387
122} 121115592 4:36:36 202.00¢ 4571.243
123) 1211192 6:81:36 204 817 4571133
1241 121192 7:.20:00 245333 £571.000
125} 1211192 9:04:36 297.367 4570.880
1261 121182 10:37.00 280817 4570797
127) 12111092 11:32:00 299,850 4578.503
128} 1211192 42:52:00 301.367 4570493
129} 121192 163500 304583 4570423
130} 121442 183700 0o eIT 4570417
134} 121182 2002100 308250 4570183
[xFy 121152 22,2000 383 A5T0.07
1343 12362 12100 113350 4569.973
134 } 21202 24000 Hage? 4565.047
135§ 12112/92 4:45:00 A16.750 AS60.740
138} 12112182 7:24:00 119.400 4569.657
137 ) RN AT 21617 4560550
138} 1212482111900 2317 4565 430
119 LU 131400 135173 Lo s
140} 12M2%2 16:81:00 328017 4550234
141} 1211282 18:36:00 10600 4569.150
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Pressure Data - Menitor Well 9

Palnt Number Raal Tlma of Day Elapsed Tima Maasured
{immiddfyy hh:mm:ss) {houre) Pressiire

143} T2 292 25:39:00 322 650 4569643
143} 121202 21.85.00 3311943 4588.917
144) B2 302 32206 16267 4568.6.20
145) 1211392 15200 137887 4568.692
146} 1213492 3.38:00 12863 4568.57 3
147} 141382 6.06:00 H11 4568.477
48] 12|'1§.|'92 82200 344,550 4568.347
149} T2 3482 10: tend J46.187 4588.260
150 1211302 1215:00 344.250 4568.142
1581 1214392 156700 LR A 4568.070
152) 1274382 17:44:00 KL 4567 593
153} 121352 20.06:00 LA 4

184) 1211392 2214:00 354,183 4568.010
155) 1214192 0:06.00 J60.000 4564.130
158 ) 12114/82 0:44:00 360.733 4558.270
157 ) 12114483 4:32:06 51533 4568.423
15 12142 Z:18.00 2300 4560570
159 1211492 2:06:00 363133 4368.707
180 1214082 3:52:00 3483867 45548.650
1) 121482 44100 Jed.862 4559000
162} 1211482 5:19:00 365217 4568147
183} 121492 55506 JsE17 4565290
1643 127402 8:57.00 356.950 4569.472
165) 1211482 500 367750 4569.580
166} 121442 8:33:06 388.550 4560.720
167 ) 1214582 81500 26917 4568.857
158) 121482 102100 370350 4569.590
168} 1H14192 11:16:00 IFLmwy 4510133
170 1294592 12:22:.00 ILsn 4570.212
1713 1274082 122000 Jri483 4570407
172} 1214152 14.21:80 74380 451040
73) 120144082 15:21.00 JF5.50 4570677
174) 12142 16:10-69 X667 4570647
178} 1214192 47:10:00 IF7447 4510857
176 ) 1214782 18:24:00 374.400 d574120
1773 12114092 18:33:00 J74.550 4571252
178 12114152 20:45:00 JeG.780 4571 459
179} Y2492 212000 381.500 4571.550
180} © 12488 24T Jg2.783 4571683
181) 1215182 81800 N7 45¢1 523
182} 121582 2.04.06 386.067 4571.960
183} T2ME52 31100 187152 452114
1841 12582 54706 388.283 4572.223
185 121152 6:3069 300.500 4512360
188 1TMEAT B0600 WL 4571480
187} 121882 93706 Jeagty 4572 03
1684 1215492 11:16:06 305267 4572723

Pressure Data - Page 4




Pressure Data - Monitor Well 4
lPoint Mumber Raal Tla of Day Elapaad Tima Maaaured
. [mmiddfyy hh:mm:es} [hours) Presaura
189 12/15/92 12:26.00 397423 4KT2 B23
190 1215192 14:45:00 188.750 4572 457
a1} 141592 15:42:00 199.700 4572362
192} 12115192 16:16:00 40K0.267 4572.217
193} 12M6/82 17:22.00 481,367 4572883
194} §2115/82 17:56:00 4(1.933 4571 843
198} T2M5m2 16:23:00 402 383 4574, 707
195] 12015/92 191400 4013.233 4571.653
19¢) 121392 20:18.00 404,187 4571 587
194) 121502 20:55:00 404,917 4571376
198) . 1215m2 21:35:00 405,503 457%.203
260) 12152 222200 408.367 4571.060
201 12115002 22:57-00 4018.950 4570.920
2021 1295192 23:44:00 407,733 4570733
203) 12116092 6:39:00 408,650 4570817
204) 121892 1:25:00 847 4578.404
205) 120802 2.21:00 290,350 4570.337
266} 12M692 235:00 411,183 4578,193
287 ) 121882 a7 414,793 4578.050
28] 1216092 4:35:00 412593 45659913
: 09) 121692 52300 413383 4569.775
.; 218) 12416/92 6:28:00 414 467 4563530
it 12116192 7.25:00 415437 4568497
212 ) 121682 32200 416,367 4568357
I3 12116/92 9:21:00 417,350 4569213
Ha) T2HEST 184100 418,883 4568000
215) 1211682 115100 419,850 4568954
216} 12116/92 133000 424 500 4568 820
17 121 5/92 140200 422 333 4568 563
218} 12M6/87 15:48:0) 473,80 4565.087
1M 1216182 164400 424,733 4560,227
2200 1211602 18.12:00 426,700 4560353
221} 1211 65/82 19.82:00 427.083 4568,5149
2229 1211602 18:37:00 427817 456557
223) 121602 21-.44:00 428733 4569.793
M) 1216097 21:46:00 429.767 45694933
225) 121602 22.42:00 430,700 4570875
226} 1246/2 23: 3300 434 517 4578217
27} 121792 75400 439,50 4570.820
224 12730092 2242:00 284.717 4204 377
220} 12418052 24:41:00 265583 4294163
2307 1201082 224800 286,800 4254 827
N} 1200092 23:47:00 247,783 1293520
234 1241182 0:51:00 26A.850 4293.647
. 213) 1241192 2.62.00 200,833 4293 570
M) 12111/92 3:89.00 4150 - 4293.400
235) 1211182 4 19.00 42357 201,447

Pressura Data - Page 5




Pressure Data - Monitor Weil 1

Paint Mumber Real Time of Day Elapead Time Miaeured
. {mmiddfyy hh:mm:sa) (haure| Pressure

236) 121192 5:.30.00 292,500 $293 383
237} 12111192 :42:00 254,700 4293 44D
238} 1211092 7:52:00 205,867 4793540
235} 12111/82 80200 297.033 4293 538
24D ) 1211/92 10:14:00 298,233 4293557
241} 121192 11:28:00 249,433 4283.743
242} 1241192 12:36.00 300,633 4293567
243) 12(1182 13:45:00 301,750 4293.731
244 ) 12111152 14:57:00 382.950 4793.760
2451 2182 155900 J03.943 4293873
245} 121182 17.08:00 305,133 4253.843
247} 12(11/52 18:28:00 3A.333 4243937
248y * 12011182 15:32:00 307.533 4203.983
248} 1211182 28:44.00 08733 4293933
250} 12111/92 21.56:00 309.833 42930947
251) 1811/92 23:06:00 31133 4204 B37
252) 1212/02 §:18:.00 312300 2,17
233} 131292 1.30:00 1131500 4254047
254 ) 12112082 248:00 334 667 4204133
255 1212152 2.52:00 N6.86T 4254057
258 ) 121292 5:04:00 317067 4234130
.- 257} 1211292 8:16:00 318,267 4294.163
' 268 1211292 7:24:00 218.400 4204833
269 ) 121192 6.38:00 320,500 4283883
260 12112182 5:4 200 121,700 4293.768
261 12(12/92 10:54:00 323,900 4293.713
Xz 1212152 11:56:00 323533 425%3.500
%1} 1211292 13.06:00 325.100 4293.370
204} 1212082 14:14:00 326,231 4243.187
265) 12492 15:24:00 327 400 4293.383
26 ) 1211 /92 16:38:00 328,500 4792.083
267} 121282 174800 325.787 4292852
268} 1212/92 18:58:00 33).967 4297 AT
265 ) 121292 20:10:00 332167 4252 807
2707} - 1EMHET 212000 333233 4297917
21 1212092 221600 334 204 4252 783
72} 1212092 23:30:00 235,500 4292550
PIRN 1211052 640,00 335667 4242.533
oy 121382 1:50:00 337N 4752418
&5 1243492 30200 139033 4252397
278} 1211387 4:18:00 148187 4282 287
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Pressure Data - Well 2

Paolint Numbar fmal TIma of Qay Elapaed Time Measured
tmmiddfyy hh:mm:es) thouraj Presaure

1} 127382 20:37 00 116.617 4715110

2] 12182 20.38:00 116,633 4251.820

1) 12382 210500 117.083 4252, 210

4] 127082 24:30:00 117,500 4202 960

§) 127392 245500 11T 7 4282110

6} 1243492 22:20:00 118.333 4251550

7l 12342 22:45:00 118,750 4201200

B} 125302 23.10:00 119167 4281 160

8} 127492 233500 119.563 4200818
10} 124002 0:00:00 120,000 4200.740
1} 12492 G:25:00 12047 4250 590
12} 1204152 (rS0:00 120823 4250 350
13} 124092 1:15:00 121.250 4200} 570
14} 124432 1.40:00 124,667 4290440
15]) 124/32 220500 122083 4750390
16} 1204082 2:30:00 122,500 4791410
i7) 120492 2.55:00 122,017 4290240
18} 12M182 3:28:00 123.333 472504 10
18] 125492 AR 123750 420.350
0] 120482 410008 14107 4290.240
) 121492 4:35:00 124,583 4200.450
22} 12492 5:00:00 125.000 4200270
23] 124492 5:25:00 126417 4250250
) 120592 5:50:00 125833 420,230
25 12/4/92 6:15:00 128.250 4290270
28] 12492 540 1) 128.667 4200280
) 120402 70800 127.083 420,310
) 1214192 7:48:00 127,667 4250.080
291 127402 B:05:00 130,082 42904720
20) 1204092 0:30:00 128.500 AZ00.500
1) 124192 8:55:00 128,917 4750, 480
32} 1204092 5:20.00 129.38 4200480
3] 127407 0:45:00 129750 4700.450
H) 12M792 10:10:00 130167 4250.330
35) 124092 10:35:00 138.583 4260.550
38} 124052 190000 131.000 4790 520
i7) 12402 112500 131457 4230.570
%) 1274492 11:50:00 134.853 4200 450
3G} 1292 1214500 132250 4290 580
4 $ 2432 12-:40:00 Y32 857 4290570
1] 120497 13.05:00 133.083 4 290,680
§2) 127492 13:30:00 133.500 4293800
43} 12487 13,5500 123,947 4260. 7%
4} 1254192 $4:20:00 134,313 429053
45} 12492 14:45:00 134,750 4240 950
48] 12482 151000 135,167 4231 839
47} 124492 15:35.00 135.583 4§ 290980
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Pressure Data - Well 2

Paint Number Raai Time of Day Elapsed Time Measurad
{mtriddlyy bh:mm v (hour) Presauny
48} Y2452 16:00:.00 136.000 4290.910
48 1204002 18:25:00 136,417 4 250,560
50} 1204082 15:50:00 136833 425(}.530
5] 124082 17:15:00 137.250 4201 060
52} 1204052 17:48:00 137,647 4290840
53} 1242 18.05:00 138,083 4230850
54 12492 183000 138.500 425,930
551 12/4/92 18:55:00 13817 4200960
56 12092 109:20000 138.333 4290860
57} 12M452 19:45:00 18750 4290.500
5681 o 12402 20:10:00 140,167 4200.880
591 1214/92 20:35.00 140,583 4200830
0 1254482 20:00:0 141,000 4290520
81} 1204082 21:25:00 141417 4200.930
g2 1204082 2150400 141833 4200878
B3} 1204032 22150 142.250 4290.750
B4] 1204732 22:40:00 142 867 4200.780
65 1 124752 23:05:00 143.083 4260550
68} 12/4/02 23:38:00 143.500 4200.740
67 ) 1204192 23:55.00 143977 425(.848
681 12592 9:25:00 144.417 4260.740
89) 1215492 0:50,00 144833 4290720
701 1215082 1:20.00 145,332 4250.540
FA 12502 1:45:.00 145.750 4291050
72} 120542 2.10:00 146.167 4290.530
73} 125192 2:36:00 146.582 4251150
744 124592 30000 147 000 4291 310
5] 12592 32500 W47 4201.420
76) 1215082 2:50:00 - 147.833 4291.540
77} 125152 $:15.00 140,250 4251.580
i 12502 #4000 148 667 4201.650
) 1258 5:05:04 145.083 4251640
aq}) 1275092 53400 145 500 471,680
g1} THE52 5:55:00 148,017 4201.450
824 1 50 6: 2000 150.333 4294680
B3} 12/5/02 54500 15( 750 4291.150
B4} 12882 71000 151.147 4291160
45) 121502 73500 131.583 4201118
86} 12592 5:00:00 152,000 4200.748
87 120592 §.25:00 152417 4200.530
28 12542 8:50:00 152.833 4290600
B9} 12592 81500 133250 4250560
ooy 125%7 9:35.00 153.650 420630
g1} 1252 19:83.00 154,080 4290650
521 12592 1200400 156 70 AN 2 240
93] 12582121230 156 204 4260010
94 12582 12,3638 156.608 42901 540
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Prassure Data - Wall 2

Point Numbar Real Time of Gay Elapgad Tima Maasurad
{mmiddfyy hh:mm:sa) (halrs) Pressure
85) 12592 124934 156,825 4255870
08} 125092 125300 155083 4414388
57 12582 13:18:00 157287 4470 570
583 125/82 13:24:30 157 408 4414650
99 13502 133200 167,533 4356.238
1690 12582 12:56:00 157,833 4106.278
181} 12682 14:32:00 158.533 429951
182} 125032 14:36.38 158,808 4269,100
03y 12682 14:38:38 158.658 4208.707
104] 125002 144300 158,797 4298.340
105) 12582 14:49:30 150775 4297.634
1061 12582 145100 158,680 4297 548
107} 12/5/92 14:54:30 158,908 4297.130
108) 12592 14:55:30 154.975 4208, 767
109 12582 15:82:30 159.042 4205213
190} 12502 15:.00.00 165,150 4295 843
"1} 12582 15130 159,225 4265447
112} 127582 15:15:00 158,300 4295071
13y 124582 15:24:00 159,400 42504 667
114} 12502 163100 159,517 4204, 257
115} 12582 153730 158,625 4203843
118) 12582 15:47 00 159,783 4293417
17} 1215/52 15:54:38 159,005 4263.412
114} 128592 16:10:00 180, 167 4202 63
119} 125102 16:25:00 190417 4292 200
20 125082 17.00:00 151.00¢ 4261930
21} 12582 174500 161760 41 520
122} 12582 18:30:00 162.500 4291227
i1 12552 194000 163667 4281.427
1243 1275452 20:50:00 154,503 4291523
125} 12502 21:41:50 165.587 421773
128} 125582 M.50:00 185.833 42582123
127} 1215002 24:58.38 165.542 4292530
128 1215682 22:08:00 166083 4292 §o)
129 12/502 22:18:50 188.181 4292,300
138} 1205002 324750 188.2%¢ 4263670
131} 1275082 22:22:50 168,351 4204 630
132) 14582 22294 186486 4294.418
i33) 12502 22:.30:18 166,553 4254, 800
134) 1502 22:30:00 166,633 425,160
13513 124592 224130 166,997 4205 563
138) 1205092 22-45:40 156,761 4295533
15} 12592 22:51118 166,853 4200.293
1281 125192 225718 166953 4296724
138 1458222810 187 025 4297.113
1401 125007 23.06:00 167100 4207 400
141} 12592 221100 167.163 4297 897
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Prosstre Data - Well 2

Polnt Humber Raal Time of Bay Elspsed Tima Meaaured
mmAddiyy hhemmeas) {hours) Preasurs
142} 121592 23:48:00 167 267 4208, 283
143} 120582 23:20:10 187.338 4208 E53
144 12592 23:26.30 167 442 4209023
145} 1252 23:31:30 167525 4299.413
146 T2 23:36:40 16TE1 4298717
4T} 1215582 23:41.40 167 B34 4300.143
148 ) 120502 234730 167.752 4300507
148 12582 23:5420 167.506 4300287
150) 12892 0:03:00 168,050 4301.247
151} 120592 0.05:20 168.158 4301.640
152) 1206192 0:15:40 158329 4301997
153) 126152 0:28.38 189.492 43023957
154) 12502 0:38:20 180.638 4502787
155} T2 0:50:30 168.842 4301130
158) 13692 +.02:20 169.838 4303.533
157 120642 1:13:20 169.222 4303910
1581 12882 1:180.30 168.508 4304 270
158) 12852 1:50:30 165.842 4304.637
100) 124682 3:11:00 170183 4304 587
19 135692 2.22:00 170,387 4305.350
152} 1276/92 2:43:00 ey 4205657
163) 1246/82 3:.04:30 17.075 4306.110
164 ) 12652 3:25.30 171.502 406,437
165) 1262 4:00.00 172,000 4306.783
188} 12162 4:32:30 172542 4307 457
187 ) 12152 5.07-30 173,125 4307 450
168} 1216/92 5:38:30 173842 4307 863
169) 1206052 6:06.00 174.100 4308227
170} 12632 8:54:.00 174500 4108.523
171} 1248/2 7.38:00 175,623 4308.850
172} 12692 (:19:00 179.167 ANB1TT
1731 1246492 8:58:00 170.967 4309.450
174) 1262 %30:00 1Fr 5 4309830
178) 12952 5:53:.00 249,883 4306.527
17} Y9 5:.55:00 49517 4308.270
177 121982 5.57-00 243380 A4y
178} 129092 5:55.00 245083 4313157
179) 129092 $0:01:00 230,047 4314473
180} 1203092 10:03.00 250,050 4315587
181) 12692 10:05:00 230.083 4319.423
182} 12692 10:08:00 250133 4347 418
183} 129752 10:12:00 250,200 4310.290
184 ) 12/992 18:26:00 250433 4315.477
185 ) 12892 10.52:00 250,857 4315.536
166 ) 12982113800 251 650 4319.480
187 ) TS 120200 252033 4319103
188 12992 12:10.60 232167 4114.883
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Pressure Data - Well 2

Polnt Numbar Real Tima of Day Efapand Time Moasurad

. (mmiddfyy hh:mm:ss} {hours) Prassure
1589} 120992 1211500 252250 4318.210
190} 129092 12:23:00 252313 412,783
1911} 122932 12:23.00 252,383 42317.2g7
182} 123082 12:28:00 252467 4318518
183 129082 123100 252,547 4315.523
194 129092 12:25:00 252.583 43156.023
195 ) 1249192 12:38:00 25267 4315597
1961 129192 124100 57583 415220
1971} 1209092 12:44:80 252713 4314.823
198) 1209092 124700 252.783 4314 A
199) 120982 12:50:00 252,833 4213927
206} TADE2 12:52.00 252,883 4311527
201) 1232 128500 252833 4313.097
202} 1209132 13:00:00 253.000 4312 633
28y 1209092 120200 253.050 4312260
204 129092 12:06:00 252100 411,887
053 14082 13:11:00 253.183 4311 453
208 ) T2 131500 253.258 4211067
7)) 12052 13:19:00 253.217 4310.672
2083 129462 13:24:00 252,400 41103143
: 209} 1202 122800 253457 430%.937
: 21) 12882 13:34:00 257,567 4308 517
.' 211} 1275082 12:40:00 252667 4309,030
212) 127497 13:44:00 253,713 4308.853
213) 12192 13:58:00 252.333 4308.280
21d) 120432 135600 253817 4187.837
215} 129092 140200 254,003 4307397
18] 122082 14.07:00 254,117 4307.023
a7 1209092 14:12:00 24217 4308523
118} TA00E3 14:28.00 254,333 4306.217
219) 120432 14:2700 254 450 4305790
221) 1202 14:33:00 254,550 4305428
221} 129792 144100 254.583 4305.023
222 121992 14:58:00 254 B33 4304 653
273} 14HE2 14:50.00 254,983 4304.287
224 121992 15.08:00 255,100 43838050
225) 12092 18:18:00 255,300 4303517
226) 122 153000 255,500 4303.137
27 129092 154100 255563 4302.753
228) 1219092 155500 85917 43(2.263
223) 129002 161206 259.200 4381.580
2203 12/082 16:25.00 258.433 4381.603
PRIN 120592 16:42.00 256,700 4301 243
32y 12902 17.0200 257050 4300490
. 233 TA%82 17:34:00 87 561 4300470
. 2349 121392 18:83.00 258.050 4300127
2281 12192 18: 3200 258,523 4798.783
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Pressure Data - Well 2
Folnt Humber Raal Tima af Day Elapaad Time Maasurad
{mmfddfyy hh:mm:as) {houre) Preanure
6} 129092 18:59:00 258,083 429,423
237 TG 19:36:00 259500 4293112
238) 128192 20:13.00 288.217 4259.803
219} 12592 20:54.00 260500 4208.463
240} 1240002 24:3%:00 281.583 498,157
241) 12/8/482 22:18:00 (2317 4297 7of
242 1208092 23:21:00 263.350 4207.503
43} 1201082 0:16:00 2B64.267 4297 347
244 ) 121092 :58:00 264 057 4297047
5] 121082 208.00 288400 4206907
246} 1210082 3:11:00 267.183 4206.727
47 1210033 4:08:00 268100 4296450
248) 1210592 5:12.00 268.200 4296300
249) 124092 81406 270,233 4206047
250} 12110092 7:19:00 H.ar 424581
251 1210:32 8:31:00 2T2EY 4295853
252 ) 12110152 8:35:00 273,583 4295 880
253) 1210452 10:45:00 274750 4295 500
254) 1210052 42:30:00 276167 4795432
255 1210492 16:00:00 2B0.000 4308.153
256) 12A10¢32 16:05:0¢ 280,083 4305.483
257} 1211052 16:10:00 280187 4304, 797
258} 12152 16:15:80 280.250 4304.143
258 12080092 18:20:00 280,333 403,547
280} 1211092 16:25.00 200,447 4302.857
261} 1211092 16:30:80 280.500 4302.400
262) 1210092 15:40:00 260 687 4301.883
263) 1210092 16:45:00 280750 4301 413
64} 121052 16:56:00 280,833 4200493
266 ) 1210/92 18.55:00 280947 4300.087
266 ) 12110192 17:80:00 251,000 - 4296 580
267} 12140582 17:10:00 291 167 4289047
58} 1210002 17.20:00 281,333 4256403
269) 121102 1730:00 284 500 4297 757
270 12092 {7:48:00 281 667 4297 330
M} 12110452 17:55:80 281,917 4206567
a7y 1282 18:15.00 202 250 4206.193
FEER] 12110192 18:30:00 282,600 4295.713
M) 12110/92 19:58:00 ZB2.967 4255353
13 120152 18:17:00 283283 4704 987
76 12092 20.00:00 284.000 4294.673
a7 1210152 204300 284 717 420 377
) 1210482 21.41.00 25,593 4294163
2rg) 1210032 22:48:00 288,500 4294087
280} 121002 2347:00 287783 4203.820
1) 1219/520.5100 208850 4293647
282) 121192 2.02:00 290.033 4293 570
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Pressure Data - Wsll 2
Polnt Number Real Tim# of Bay Elapsad Tims Meawured
{mmfddhiyy hh:mm:aa) {houra) Prasaure
283l 124192 30200 2M 50 4293 400
2841 1211182 4:19:00 8217 4293487
ZBS } 12111482 5:30:00 293500 4293.383
26481 1211092 64 2.0 20700 4293440
281} 121192 7:52:00 295,887 4293, 540
288} 1292 8:02.00 287,033 4293230
288} 121192 18:44:00 298233 4293 B57
290 1241792 11:268:00 299433 4283.743
291) 12111732 12:38:00 0633 4293.557
297) 120182 13:45.00 Jon.rsa 4293.733
293) 121182 14:57:00 302950 4283.750
2541 1211002 15:55:00 J(3.983 4293.973
245) 12192 1708:00 0513 4293843
296 12111152 18:20.00 308.333 4203937
7 1211192 13:32:00 07533 4293.583
204) 12M1/92 20:44:00 388.733 4293.933
299} 1214/82 21:58:00 34933 4297597
3001 12011492 230800 Iz 4254007
) 1212482 0:18:00 312300 4204.123
B2 121282 1:38:00 313,500 4294047
303) 1212192 2:400700 34667 4264.133
304 ) 1211292 35200 35067 4204 057
305 12012082 5:0410 hioe7r 454,138
36 1212192 61600 38287 4204.182
v 12112582 7:24:00 319.400 4284.003
08} 1212182 8:30:00 320.500 4203.993
39 1212192 5.42.00 321700 4793760
kT E1 2092 19:54:00 322 500 4203. 13
mn 12H 292 115500 323.533 4793 500
2y F2f1282 13.06:00 5160 4293.378
A3 121292 +4:44.00 J26.233 4703.187
e 1212192 15:24:00 327 400 4293.083
ns) 1212492 18:38:00 320600 4292.583
8y 121282 17 46:00 Jig.7a7 4792893
N F2f12/52 18:58:00 330567 4292427
KH: 12012092 20:10:00 332187 4292 607
38} 1211292 21:28.00 331333 429247
328} 1212082221800 334.300 4202783
1) 1211292 23:30.00 335.500 4292 650
322, 121392 5:48:00 336.687 4202533
323) 121392 1:50:00 33r.83a 4742 418
324) 12138230200 339033 4282 387
325} 12113092 4 18:00 340,187 4292267
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Pressure Data - Well 3

Polnt Number Real Tima of Day Elapned Tlme Maxsurad
{mmiddfyy hh:mm:sn} (haure) Prassure

1} 1204082 204000 140 687 263250

2] 12/492 21:20:00 141,333 4283600

KH 1214182 22000 142167 4261280

41 1244782 200:00 143.000 4264, 240

5] 1204092 235500 142917 4264 180

§) 1245092 0:50:00 144,833 4264 370

7l 125042 +4000 145 667 4264 630

0} 121582 2:35:00 146,583 4764 550

a] 128082 3:30:00 147 500 4264.880
10 121592 4:10:00 148,167 4265340
1) 1265/42 5:05:00 149.083 4265.500
12} 121502 6:00:00 150,000 4265, 540
13} 127%5/92 65500 150447 4285 550
14 1206132 7:45.00 151750 4265270
15} 1245002 84000 152,667 4265260
161} 14592 9130 163,525 4265.090
17 1452 10:25:30 154425 455,180
103 1275002 11:14:00 155,232 4265420
19} 12582 11:45.30 155758 4265.030
209 1246592 14:54:.00 165,500 4271.850
21} 120502 1220000 156,000 4547 480
22} 1245082 12:12:00 £56.200 4725500
2} 12502 1228100 168,433 4748541
o N 127502 £2:38:00 155.633 4780710
251 145492 12:56:00 158.833 411450
28] 2882 130100 1957.09F 4293620
&) 121542 12:04.30 187,025 4291 540
P 1215592 13:02:00 157.033 4789 580
bri g 1252 13:02:30 187.042 4267 6450
) 120582 12.03:00 157050 4285470
M3 126/82 13:03.30 157.058 4203.040
323 Y2552 1 2:04:00 157067 421,990
KXY 12542 120430 157078 4279 560
3 124582 13:05:00 157,083 4278100
383 12552 13,06:00 157100 4275700
) 1216192 12:06:.30 157,108 4774730
KIS 125582 120700 ELTAR TS 4272485
KL} 125892 120130 157125 4271 820
18) 1255152 13:08:00 18713 4270.820
404 130592 13.00:30 157,142 4269, 800
411 12582 13.09:00 157150 4268.410
42} 1205182 131600 157.167 4267 050
43 12502 12:10:30 157178 4268068
44) 12592 121100 157,103 426530
45} F2EM21211:30 157192 4764510
L) 12592 731230 157 208 4262240
47 12582125300 157.217 42R2.7E8
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Pressure Data - Well 3

Poiat Numbiar Reai TImw of Dy Eiapaad Timw Measured
immfadfyy hh:mm:saj {hours) Prasfure
44 12592 131330 137.22% 4262.220
43} 126582 1311400 157.223 4261370
30} 12582 13:15:00 157250 4260366
5] 1Z/8M2 131830 157,254 4255880
52} 121582 13:16:00 157 267 4253.240
83} 12542 13:17.00 157253 42583590
54) PSR TH 157,207 4257 850
BG} 1252 4318:30 167.308 4257 200
58} 127592 13:19:00 152317 4256600
87} 12542 132038 157.242 4253850
58] THEMZ 13:21:30 157.258 4255.340
58} 1205082 13:22:00 157,387 4264820
60} 120582 132410 157 400 4254.220
1] 12/5092 13:25.38 157.425 4253.690
62} 1245192 13:27:38 157458 4253.080
B3} 12/5/92 13:30:00 157.500 4252.570
84} 121592 1335.38 157.532 4252, 55
65 ) 12602 13.54.00 157.500 4252.550
BG ) 124882 14:00:20 138.008 4253.030
67} 125092 14.05:00 150,083 4253.510
88} 121592 14:11:00 156.183 42084.020
69) 125082 14:21.30 158.258 4754.500
10} 12682 14:25:30 168,425 4255.520
1) 12592 14.25:30 158,453 4255.54()
72} 121592 14:35:30 158.608 4256.030
7} 1215092 14:44:08 158733 4256.540
74 12/5/92 145120 158 258 4257040
75) 12/5/92 15:81:00 158.897 4257.590
T8} 12602 121130 159.192 4258.080
Ha! 124552 15:24:30 158.408 4258690
78] 12592 154130 158,633 4268.16¢
] 1215092 16:08:00 160,000 4255.620
80} 121592 16:25:00 1680417 42830.100
01} 12542 16:50:00 180.832 4280630
82 120502 {7.25:00 161.417 47261.08D
B3} 120582 180500 162,083 4281 430
B4} 121542 19:50.00 162.833 4261820
g5} 12502 18:40:08 183.667 4282010
Ba) PEGE 2003504 154,583 4282080
B} 125092 214120 {64.189 4282458
B8} 12592 21.55.10 165.91% 4262740
Bg) 125/2 22:18:50 158.314 42621480
80} 12502 22,3130 166.525 4261680
8} 12592 224450 166,747 4264200
g7y 120542 220300 167080 A4 5
83 12582 238820 167138 4265.1%)
94} 12592 231740 167,234 4265 680
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Prassure Data - Wall 3

Pajnt Numbar Raal Tima of Day Elapasd Timo Measurad
tmmiddlyy hh:mm:saj {houry) Prassure

55} 1215192 23:31.00 167 517 4266.150

) T2A02 23:41:50 147 5497 4266.630

97 127682 23:58:00 197,567 4207050

99} 1248152 &14.30 169.242 4297 560

593 1206092 .28 10 168,468 42(8.040
108} 121892 5:49:06 169.B00 4269.450
181) 12/46/92 1:.11:50 169.197 4268930
102) 121682 1:43:29 169,725 4269 350
103} 12682 22200 179.367 4269.775
104 12/6/92 301:08 171817 4279110
105) FR6ET 3:46.30 1M.775 4770350
108 ) 126152 4:33:39 172553 4270540
1971 120692 5:19:30 173.508 4270.320
1083 126/92 5:12-30 174.209 4770900
109) 12582 7:02,39 175.042 4271.050
118} 1206092 7:50:06 175.833 4271.350
111) 12692 3:44:00 176.733 4271369
112} 12652 8:38:00 177833 4071 450
113]) 120692 19:32:00 178.533 4271540
114 128192 11:26:08 175433 4271.410
115} 126082 12.20:00 180,313 4271.250
T1%] 12682 13:12:00 181.200 4271130
117 ) 12%92 14:06:00 182,100 4271949
113) 216192 15:00:06 193.000 4771 080
118} 12602 155400 183.200 4271.020
120} 1296/92 16:42:00 184 700 4271 40
121 124622 17:36:08 195600 4271.240
1223 124602 19:38:06 186.5D0 4271.270
123} 12502 19:24.00 187400 4271249
124 1262 20:15:00 188,300 4271.220
125) 125582 21.06:40 189061 4271.490
126) 12602 21.59.30 189 842 4271, 749
127} 120682 2211:28 150,522 4272 080
129) 12682231720 191,299 4272 350
1] 12770832 3:06:458 192,914 4272660
1318} 1207152 3:48:40 192811 4273.000
131} 127192 1.17:18 193.298 4273430
132) 147192 1.43.30 103,725 4273.859
1333 12782 21000 104,183 4270278
134) 12782 23706 194.517 474700
135) 127192 39506 135893 4375150
136 127732 337 50 13581 47715540
137 ) 12752 4:10:40 195,179 §275.930
139 1272 4:40: 20 156.806 {276,280
129) 127082 52100 197 450 4279 540
140 ) 124782 6.05:39 199.092 §276 560
141} 12792 64700 138.793 §277 290
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Pressure Data - Weil 3
. Palnt Number Real Time of Day Efapzed Time Measurad
. {mmfddfyy hh:mm;ss) thoursy Preasurs
142} 127002 7.24:58 1899.414 $277.650
143} 12792 B:01:00 20017 4276.818
144 127192 B:43:.00 200717 4278348
145] TRTI92 9:16:00 201300 478.740
136 120792 9.54:00 HH 500 4274,118
147} 1272 10:32:00 202533 4279470
148 ) 12712 111500 203,250 42ra.780
143 ) 12792 12.03.00 204 850 $279.560
150} 12792 12:50: 284 833 42749 118
1813 12192 13:43:00 208797 dre 200
152 ) 12792 14.37.00 206.617 $279.120
1581) 12792 151600 207 300 4556, 380
M) 12782152700 207.450 4715840
1485} 127215365100 207.600 4756220
156 ) 1217152 15:45.00 207,750 4750.660
1573 12702 15:54:00 207800 4756, 760
158 ) 12792 16:03.68 268,050 4716.650
1593 TS 161200 208.200 4453.030
160 12792 161600 204,300 4358370
181] 12792 16:24:18 208.403 4300.700
- 162 ) 1271652 16230 208.450 4205.718
.~; 163} §217/92 15:28:00 208467 4234118
' 184) 127192 16:26.20 042 4203.116
185} 12702 16:28:50 268.4M 4201_530
160 127192 16:28:30 208,492 4289,560
167 ) 137152 16:30:18 208,503 4288.000
168) 127142 16:30:5% . 206514 4288 400
1893 127182 16:31.30 205,525 4264940
178 147192 16:32-18 23536 4283.670
171} 1217192 16:32,50 206.547 4782 380
172) 1MTR2 163350 208,564 4261.230
173) § 2712 16:34:40 218.578 4280.668
174} 127192 16:35.50 206.587 4278.800
175) 12702 16:36:50 268514 4277710
178} 127192 16:38:65 208,633 478 400
177} 12/7/92 16:33:00 206.650 4275270
176 ) 1272 16:48:30 2BBEYS 4273 50
179} 172 16:42:68 208,700 472,730
188 ) 127192 16:43:20 2na.722 42717590
181) 127082 16:45:00 208.750 4270700
182) 12792 164700 206.783 42649 510
183} 1272 16:48: 30 268,625 4268568
1944 12782 185318 209,588 4287 560
165) 1272 16.58:40 286994 42665
186 } 125792 170620 209,139 $268.110
. 167) 12792 17 2030 209 342 4267 120
186 ) 127092 17:31:20 283 522 4767 6]
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Pressure Data - Well 3

Paint Numbsr Raal Tima of Day Elapaad Tima Massured

. (mmiddfyy hh:mm:ss) (hours} Pressure
169 12792173730 200.635 4268110
19%0) 12792 17:45:10 209.753 4262.630
181) 127152 17:51:50 209.864 4260.120
192} 127/92 18:00:00 218,000 4269.520
183) 127192 18:07:00 218117 270170
154) 14752 18.17:10 210.288 470,920
195} 127102 18:29:30 218442 A271.180
196 127132 12:40.30 HO.675 4271 670
157 ) 127152 13:49:30 210,825 4272150
198§ 127/92 19:00:00 211.000 4272.640
199 127/92 18:47.30 211.262 4273120
200 147/8213:38:30 211,600 4273.590
1) 127192 1958:00 211,967 4274050
202} 127192 2:23:00 212.483 4274460
203) 1217192 23:53:30 212892 4274 920
204) 1207192 21:25:30 213492 4275.320
05) 127192 22:08:30 214.142 4275.690
208) 12782 22.51:00 214,950 4270.050
07} 127/92 23.28.00 25.467 4270,410
208) 12882 3:11:00 216.183 4276.7680
: 29} 12842 §:57:30 210.958 A277 030
.1, 210} 1218452 1:41:00 217.583 A4277.390
1) 124832 2:20:00 218,333 4277670
2) 128482 3:07.00 219.017 A277.910
213} 12892 15330 219.892 AZTBATD
214) 128792 4:42:00 220,700 420410
215) 1278482 529,30 22 475 4278 87D
216} 12/8/92 6:15:30 282258 4279.8%0
217) 12892 7:08:00 223133 4275050
218} 128052 7:58:00 223.967 4279.2680
249} 1248792 8:48:00 224,608 AZ794TO
70} 12/8/92 9:40:00 225667 4279550
221} 12/8/92 18:32:00 226,533 4279.800
222} 12892 11:22:00 23737 4280.000
223) 12/8/82 127600 228,267 A280,070
224) 128/82 13:04:00 229 067 4280340
25} 120892 13:58:00 229,067 4280440
226} 120882 14:52.00 230867 4280 560
27} 1 2892 15:44:00 231.733 4780420
220} 12892 19.32.00 232,533 4260.150
229) 12/8/92 17:18:00 33300 4279.980
230 12/8/92 18:C4:00 234,133 4279.510
23 12/8/92 18:58:00 234,967 AZT9.380
232) 12842 19:50.00 235,833 4279 210
: ) 128092 203800 235631 478880
. 24) 12/6/92 21:30:00 237500 AZT6.740
235 ) 128092 22:22:00 218,367 1278590
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Pressure Data - Well 3

Foini Number Real Tima ¢ Day Eiapsed Tima Measurwd
{mmiddiyy hh:mm:sa) {hoyrs) Prassury
236 ) 127882 23:1d:00 238.233 4276 460
PXFS| 1209092 8:04:00 240.067 4278, 250
2387 12592 8:54:30 248.067 LPLE Rt
283 121982 1:52:00 241,867 4278880
248 12992 24800 242 THT 4277 268
241) 1 28092 3:40:90 243567 4277 858
242) 120092 4.32:00 244533 4277720
243} 129192 5:26: 245.433 4277 6600
244 T892 6. 2600 248233 4277 540
245) 12/9/92 7:12:00 247,200 4277.400
248) 129492 8:04:0 248,067 4277.258
247) 124052 9.060:00 244,000 4277120
248 ) 1245092 2:55:80 Many 4277 000
243) 1208192 10:50:80 250822 A2T4.866
2300 1. 245092 11:44:00 Pt frc 275410
281} 120552 12:22:00 252367 4278 440
253 ] 124952 124180 252683 AZr5.990
253} 128002 125700 252.850 4278480
254) 12/5%2 13:13:00 28317 4275020
265 ) 12092 13:30:00 253.500 AXT4.530
256 ) ' 12/9/92 13:47.00 253,783 4274070
257 ) 125592 14:08:80 254,133 42r3.530
258 12/8992 14:31:00 254 517 AZr3.0v8
258 129092 145500 254.817 42724518
260} 202 15:26:00 255433 4272100
261} 12/9/92 15:56:00 755,933 4271730
252 12/492 16:38:00 258.500 4271360
33) 1259002 $7:06:30 25710 AZT0.950
264 12/9/92 17:50:30 257 61 4276.690
265 ) 12M52 18:28:00 258467 4270260
266} 125002 15:08:90 259,133 AZGS.960
Vi F 127557 18:52.00 259,987 42689 640
28 1299192 28.36:00 260600 4269 358
268) 12902 212200 261,357 4263 080
2 125002 72:08:30 262133 AZ6R.820
2y 12My82 22.52.80 262.887 A268 5411
) 1299192 224500 263,667 4288.238
&fra) 12110092 8:24:00 264 480 A267 540
M) 12192 1:16:00 265.267 267750
a4y 121052 2:06:00 266100 4257 530
27 12110052 25400 266 904 47207 310
rrl| 12110/2 33600 267 757 4267 100
1) 12/10/92 435:06 264.600 4266970
274) 121082 5:26.90 2658433 4266.778
2801 1210/82 5:18:00 270200 4266 558
281} 1211002 10:08 FE7 4266,370
282 121082 B:82:00 272833 4266.228
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Pressura Data - Waii 3
Polnt Humber Reai Tinw of Day Efapsed Tima Maasured
. immfddiyy hk:mm:ss) kours) Fressura

283} 12710082 85200 212 BeY 4268.000
284} 1211002 5:.44:00 AT 4265.630
285 1210592 10:36:00 274 5K 4265.670
288) 121002 +1:28:00 275457 4263.480

267) 121292 8:52.00 44 867 2133.9%0 2120 pst

288 ) 12112192 B:53.00 44 863 2124250  added lo thesa

284} 1213192 8:34:00 344500 2134.450 uues
290} 12113492 5500 LLER: LI 234,750
291 1213192 B:56.00 244,923 2135.019
25921 12112092 B:57:0 384 850 2125.150
A3 121292 B:58:00 M4 567 2135419
M) 121392 9:00:00 345,00} 2136680
25 1211392 982.:00 5,032 2138950
298} 121392 5:04:00 ] 345067 2138430
247 ) 121382 3:07:00 M5.117 2136.350
2583 121292 911:00 5183 2138530
208 ) 1211302 54700 5282 2118720
300 1211392 8:48:00 345,800 2134660
0} 121992 40:12:00 346,200 2136.520
382) 121382 18:37:00 J45.617 138,400
' i) 1213482 11:08:00 N 2138.21G
.. 4] 121352 11:34:00 U7 567 2136.320
! 05 12113/92 12:07:00 8117 136,280
e 1213192 12:39:00 J45.6850 2138348
3077 121382 1312 9200 2134.360
3083 121382 124400 JaTiy 2135, 300
09} 121392 1417:00 - 350,283 2139.410
30 121382 +4:50:00 350833 2138.400
) 121392 15:10:00 KL 2136.500
kira| 12113482 155200 351067 MI6.480
333 121332 16:24:00 352.400 2138.550
314} 121392 toe55:00 352933 2435.580
115) 12113/82 17:27:00 153450 2136640
I16) 12113/92 17:50:00 353,967 2130.708
37y 12113192 16:25:19 354.410 2136840
31D} 1213152 18:51:00 354 850 2136.720
319) 121382 1%:17.50 355.297 2136.930
J2e} 121392 1%:46:38 365774 2130929
21 1211382 28:05:19 356.088 2137020
N 121392 201:25:48 158.428 7137250
323 1211092 28:44: 50 388,747 2157400
324 121292 20:55.00 256,082 2137 5T0
3251 121382 211320 a57 222 MITTaL
i26) 1213082 21:28:00 J5T7 467 2117918
) 1212082 21:4 1.0 357 BB 2128090
. 38) 121392 22:02:40 150,044 2138230
) 1213/82 22.13:28 Jeg 222 2118400
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Pressure Data - Well 3

Point Numbar Reai Tima of Day Elapnad Time Mezeurad
{mmfddfyy hb:mm:sa) (houra) Pressure
33 121202 22:23:50 358.307 Z133.580
331 T2 223550 J58.587 2138800
a3 12113182 225148 358.881 2138960
33} 12132 230330 339.050 2139.148
334 121382 231830 358,308 2139.304
435} 1211392 223220 359.539 2139470
336 ) 1213592 23:48:10 350.803 2139.640
37 121492 Bo2.60 368,033 2138.830
338} 1214182 04310 360.219 2140028
339} 12114/82 0:33:20 360,956 2140180
340 1214192 B.48:40 360.811 2140.348
1) 1211452 1:63.00 361.050 2140510
34z} 1214782 1.2000 361333 2140700
33} 1211487 1,37:80 3 g7 2140.870
344) 121492 1.54:.00 381.90¢ 2141.030
45) 1214092 31 300 E2.217 2141.218
348 ) 12492 2.26:60 362.423 2141428
T 1214192 24400 6275 2141 570
348} 1214/m2 30280 363.023 2141.740
M) 1211492 31760 363.283 2141.900
350 1214192 3:37:00 363,617 2142050
a1 12114152 3:56:00 36340 2142240
352} T2 A2 k1 264.233 2142 390
353) 1211492 43200 364,533 2142 550
354) 12/14/92 4:52.00 364,867 2142720
355) 121482 5:12:00 365.280 2142 Aan
358 1211492 5.30:00 365.900 2142.080
357 12114592 54940 365817 2143230
3a) 1214182 6:11.00 366,183 243,370
458} 1211442 6:25:00 368423 2142530
360} 1214492 6:47.50 366,783 2143.6M
1) 12114792 70800 kTR 2143.820
362} 121482 72700 367.450 2143870
363 12014492 750,80 367833 244120
364 ) 12f14/92 6:08.00 268,133 2144280
IEs) 12114/82 6:26:00 164.423 2144 450
368 12H 492 8:50:00 168832 2144.810
I67) 121482 5:04:00 J69.037 2144 810
158) 12114152 5:31.00 369517 2144.500
69} 121492 9:51:00 198,850 214508
e 12114752 18,4300 a7 2145.240)
KTal| 12104782 13600 378623 2145.360
ey 12114192 1057006 370,550 2145510
73} 121402 11:20:00 311.333 2145840
3r4 ) 1211492 11:4200 ©IFIB0 2145788
ars) 1214092 120800 ke Ak 2145900
ITE ) 121482 122800 3724687 2146 050
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Pressure Data - Wall 3
Palnt Kumber Raal Tima ¢f Day Elapaad Tima Meanured
. {mmiddiyy hi:mm:sa) (hour) Prassure
Krra| 1214192 12:49:00 rzdir 245180
Krs- B 1214092 131500 3731.750 2146.340
Kr N 2402 13:42:00 3¥3708 2146460
180) 24492 14.06.00 KFERIEH 2148.590
81y 1211492 1d.31:00 Fas17 24670
322 ) ) 12114092 14.50.00 a7 4 967 2146.830
iBn 1211482 15:24:06 aP5.400 2146840
384 12114192 15:50:00 IP5.AL 2147050
385) 12014/92 16:17-00 028l 7147.170
iza) 1211492 16:44:00 J76.711 247300
K1 12114582 17.08:00 K kX 7147430
a4) 1211492 17.38:00 a77 600 2147530
a9 12144/82 18.00-00 J78.000 2147.680
343 1211482 18:30:00 378,500 2147.780
ki) B 121492 18:58:00 arR.oeT 2{d7.090)
352) 121482 192000 379.467 2147 950
393) 121482 19.52:06 Ir0Rer 2148180
354 4 121412 20.24:00 00,400 2148.220
385 1214/92 20:58:00 J80.433 2148.340
306 ) 1214092 21:24:00 381.400 2148 440
- 307 ) 12114102 21:48:00 381.767 2143,580
. i 398} 1244192 22:18:00 362,300 2148.819
399 1211482 22:45:00 182,667 348,750
400 1214192 23:10:00 2B3.167 2148838
401) 12114192 23.38:00 31831 2148840
402 1215192 0:06:00 334100 2149.050
403) 1211592 0:36:00 384600 2149.420
404 ) 12115902 1:10:00 J85.187 2148, 160
405 ) 121592 1:38:00 Jn5.833 2149320
406 ) 121582 240:00 J8E6.167 2140280
487 ) 12 W52 242.00 386700 2149450
408 ) 12/15/92 3:42:00 387.200 2149.550
4093 121502 1:.44:00 LT3 2143610
did) 121592 4 14:00 3ga.2n 2149690
411) 1211592 4:48:00 348.800 148,730
412 121592 51800 389.267 2149850
4133 12115/82 5.50:00 09.833 214940
414) 12115062 8:20:00 395,433 2150 K}
415} 12/15/02 8:52:00 190.867 2150120
416.) 121502 7.24.00 394 350 2150220
4173 121592 7.54:00 39,500 250,250
418} 12158282300 3g2.5m 2150.340
419) 1211592 B:57.00 02,950 2150.390
4204 121592 9.25.10 Jgiag 2150.450
421 1211582 9:57:40 3493 951 2150.4%0
. 4221 121592 10:30:20 304 504 2150420
423} 12M5/M2 18:58:38 194,975 2158.374
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Pressura Data - Wail 3
Point Numbsr Real Tima of Day Elapned Tima Maaaursd
. {mmiddiyy hh:mm:sa) {hours) Preasury
424 } 121882 142230 35375 2180230
425) 1211502 114600 JOE.7ET 2150090
426 ) 121902 126100 Jes.017 2149810
427 121582 124730 356292 2148780
426) 12/15/92 12:28.00 06633 2148610
424} 1215082 12:50:00 356,833 2149440
420 1211592 13:08.00 87150 2149.250
d31) 12f15/82 13:24:00 JATA00 2144.130
432] 12115/92 13:40:00 307 567 2148976
433} 121582 13:55:00 T 817 2145810
did } 121582 14:09:00 Jga. 150 145630
435 124 582 14:27:30 Jga.484 2145480
436 1215/82 14.48:30 356,604 A148.340
437} {21582 1504:00 J99.067 2145180
438 } 12115/82 15:26:00 399,433 2148.030
439 } 1215/92 15:48:00 J89.800 2947 840
440) 1211592 16:05.00 40,133 2147 860
441) 12115482 16:29.00 40,483 247 520
4421 12115192 16:46:00 0. 767 A147.350
443} 1211582 17.08:00 401,133 2147210
: d4d 121582173200 481,550 2147.080
g 445) 121802 17:48:00 401,800 2146.300
. 446) 1215192 18:13.00 27 2145.780
447 ) 12M5M2 183400 402 567 2148.620
448} 1211582 16:53:00 ' 402,953 2148460
4 ) 12011582 152100 40,250 2146320
450} 12M15/92 19:45:00 432.750 45190
451) 12015/%2 20.10:00 404,167 2145.0680
452} 1215492 20.36:00 -404.600 2145930
453 ) 1201582 205300 404 883 245770
454) 12115/92 21:21:00 405.350 2145630
455 ) 121582 21,43:.00 405617 2145.500
456 ) 121682 221200 408.200 2145.250
457 | 1201 592 22:04:00 408567 214510
450 ) 1201582 230500 407 083 2145140
454 12115092 23:34:00 407567 2145010
480 1201642 0.02:00 408,023 2144500
461} ) 1219452 0-33:00 408.550 2144620
462 } 1218182 4:02.00 409033 244720
461 ) 121692 1.25:00 409.467 2144 580
454 ) 1211852 1.57.00 404,950 2144 450
465 121692 2:24.00 410400 2144 370
48 ) TEMI IS4G 410,909 TIA4 200
167 ) 12/16/2 3:18.00 411,317 2144160
468) 12113492 349:00 411317 2144 080
. 459 ) 121882 4:37.00 412.283 2143880
476) 121652 4:4300 12717 2143 860
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Prossure Data - Well 3

Paini Numbar Reai Time of Day Elapagd Tima Maasured
{mmfodhry hh:mm;sa} {haury) Frassura

i) 1216192 54300 $1a7 244270

472} 121682 5:43:00 11717 2138

N 121682 §-14:00 414183 2143810

474) 121692 §.41:00 414,683 2142.500

4] 121892 71300 415217 2142540

478 ) 12118292 7:36:00 415563 2143400

orr) 121692 80700 16,117 2143350

478) 12/16/82 8:39:00 418850 243270
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Pregsure Data - Well &

Point Humber Redl Tima of Bay Elapagd Timm Mewsured
{mmiddfyy hh:mm:ss) {helirs) Prassure

1) 121882 16:49:00 288817 4261 620

2] 1211002 17-11:88 281182 4252 580

k] 12110092 18:12.00 282,200 4262.280

¢} 1210/82 185600 282 533 4283 18

| 1210092 19:55:00 £A2.983 4283158

81 12116892 21:51.25 ZH5.025 4262 890

7l 121082 22:03:38 2rB.558 4763200

B} 12110092 23:406:30 287108 4283.200

g8 1211192 6:09:38 268.158 4263130
15} 121492 1:12:30 265,204 4263140
1"y 1211092 2:45:30 250,254 4262.130
12} 121192 2:18:38 291.300 4262318
13) TR92 42125 £92.358 4263278
14} 124182 $19:00 il It 4263.718
15) 121102 00740 24128 4254.300
16 1211102 54150 204 g97 4265.280
17) 124182 7:11:.28 205102 4264.278
18] 1211182 71 X230 295,225 4263.020
19} 121192 72430 295.408 4265.100
20) 12m1m2 7t 235525 4266.250
21} 12119/82 75530 285925 4267278
22) 121152 840020 298,858 4227 W7D
1) 12011592 24500 207 7 4260.230
24} 1200182 15200 208.567 4268.150
257 121182 11:54:00 295,900 4264.300
%) 1214/92 125700 00550 4258,430
7) 121102 14:00:03 302,000 4208558
24) X182 156200 303080 42460.720
2a) 121182 19-06:00 04,100 4263.930
K1} 1211182 17:08:00 303,133 429,240
LI 12111192 18:58:00 36133 4260550
32} 1241182 194800 BT 167 4265810
3 12M1/82 28:12:00 308.200 270,070
Hi 121182 211600 308.267 4270.268
34y 12111052 22.20:00 118.333 4275470
) 12001792 23:24:00 RER I 1] 4278.620
7 121292 6:28.00 Hade7 4278500
3 1242092 12200 11533 4270550
39} 121292 2:34.00 214.567 4278.760
40} 1311252 33800 M550 4278780
41) 121292 4.40:40 Ne678 4270926
42] 121292 53220 17530 4270250
431 1222 60520 B 4#2559.418
4 } 121292 6.48:50 B8N 4260600
45 ] 121252 73403 15,567 4287 850
46} 1212092 8:23:30 320352 4267 1684
47 ) 1271292 9:18:00 2.0 4266.6168
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Pressure Data - Well 4
Painl Numbar Reai Time of Bay Elapgad Time Magsurad
. {mmfddiyy hh:mm:as) thours) Frasnure
48) 1271282 18:15:00 122350 4266,120
49) 121282 11,16:00 J23 287 4265770
58) 121282 1216:00 324300 4265.530
51} 1213592 13:19:00 Krimci 4265260
52) 12282 142100 326,350 4265848
83) 141282 15: 2200 32787 4264.738
M) 12112/32 16.25:00 Jza.a7 264,560
55) 121282 11:26:00 326 457 4264510
58 12112092 16:30:00 330,500 4264,320
57} 12122 15:33.00 331,850 4264.180
56} 121292 203500 332,503 4263.950
899 12112082 21.36:00 33N 4283.880
£0) 12M 252 22:40.00 334687 4263 580
61) 12M 282 22:4 300 Jas.M? 4262538
62) 1313/92 9:48:00 J38.78¢ 4263380
B3} 1243482 1:459:00 13t at 423.218
g ] 1211392 2:52:00 338867 4263 270
£5) 1211392 3:55,00 333817 4283150
6 ) T2 382 4:58:00 40567 4263.040
67) 121392 5:01:00 342817 4262550
: - 69} 1211382 B:56:00 242983 4271.270
. E9) 1211392 7:.00:.00 343.000 4305020
8) 121402 10100 HIBH 4347.4410)
M) 123m2 10200 343032 436,540
72) 1411382 7.00:00 43,050 4426780
73 1211352 T,04:00 343.067 4461.540
14) 121392 10500 H.083 4454130
T5) 121092 1.06:00 3300 4521.000
T8) 1201382 18500 e 4544 620
1} 1271392 7.08:00 HA133 4581 500
) 121392 11800 M3 67 45885800
193 13192 T1200 32 4508550
80) ) 1202 T2 343350 4620518
81) 121382 73100 M5 4688870
82} 12713892 1. 35:0¢ HABHO 4827780
83) 121352 74200 343,700 4613.718
64 1211092 7:43.00 M3y 4592450
85]) 1211092 14400 373 4562068
86 ) T2 152 TAG00 HAIer 4503190
a7 1271382 7:45:50 KT KL 4481 750
B} 121382 7:45:00 4387 4433.520
89 ) 121392 7.50:00 43833 4415.520
433 12113082 152230 K* k1-FL 4376830
91} 121352 7:54.48 34391 43493650
. 92) 12/12/827.57:48 343,961 4328.280
93) 1213052 5:00:40 Jé4. 1 4299.510
o4 121382 8:05 .50 344 067 4277100
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Pressura Data - Waii 4

Point Humbar Real Time of Day Elapsed Tima Maaeured
. {mmiddlyy hhrmm:ss) {hours) Fressure

95 121392 B2 144,20 4257000

B} 12713152 8:15:48 344,328 4250190

87 121292 84900 344 817 4242.450

o8) Y2102 B2 345.033 4244049

9%) 1211392 9:20.30 J45.475 4247.040

106 121352 3:42:20 45.706 4240.23)

181) 1211202 16:02:40 246.044 4251.340

162) 12r13152 19.35:50 349597 4263 450

103) P02 105730 46.858 4284 479

104 ) 121382 1110019 79 4255400

105 12113192 12:00:40 KELEAR | 4256290

1081) 121392 13.04:00 0067 4258.244

187) 12113/92 148700 350017 4256.218

1049} 121382 15:08:00 35113 4253518

198) 12M3/52 16:11:00 352,183 4258.920

110} 121392 17,1300 353.217 4266830

11} 1211392 16:15:4¢ 354.261 4256 54y

112) 12113692 18:41:00 J54.683 4257.530

113} 12413052 18.51:30 354.958 4258960

: 114} 12113/92 19:58:4¢ 354,90 4260.020)

18] 121392 13:05:40 355,004 4261.000

.- e} 1201282 1912:20 355.208 4262140

17} 1213052 18:18:40 356,311 4263.180

114) 121392 18:25: 0 385,422 4264.260

118) 212 18:30.00 355.517 4265.338

1200 12113052 1%36.30 355,604 4265.380

12 121382 13:42:18 355.703 4267 489

122} 121392 19:47.50 355.757 4265.580

123} 12102 16:53:20 J355.508 4280640

124} 121392 18:58:58 355,091 4270748

125) 12413052 200349 356,061 4271630

126} 12013482 20:09:00 356,150 4272 690

127} 121392 26:14:40 356.244 4273940

128) 1213892 20.20.50 356247 4275 (60

120 1213082 202700 356.450 4274120

130} 1211392 10:330 356,558 4277178

131) 21392 040,10 158,663 4275.260

- 132§ PRI 20:47:39 356,792 4278.330

133} 1211382 20.56:50 356,531 4280430

134) 1211392 21.04:1D J57.089 4251.500

1351 PR32 21124 357211 4292 860

18] 12113092 20:22.50 357.261 4253.620

137 } 1213092 21:32149 357.536 4284.660

135 1213/82 21: 4218 357.703 4245.744

. 139} 1211392 21:52:18 J57 669 4205800

149 ) 11392 220310 159.053 4287879

141) 1201082 22:14:50) 58,247 4209930
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Fregssure Data - Well 4
Paint Number Raal Tima of Day Elapasd Tima Measured
. : frtmfddiyy hh:mm:ss) (haury) Pressure
142} 121392 22:26:00 150433 47288970
143} 12113092 22.37:40 153619 4201.040
144} 12113192 2250:00 358823 4292.070
145) 12113182 23:02:50 259,047 4283120
145} 1213092 23:18:20 359,272 4204168
147} 1211392 23:38:20 353508 4285.200
148) 1211392 23:45:30 159.758 47298.220
148 121492 0:00:40 364,011 4297 260
150} 1214192 (£ 15:50 68,264 4268298
1513 12H492 83220 360.539 4299,320
152} 121482 0:49:50 360,834 4300.348
153} 12114092 1.07:20 361,122 4301.360
154} 121 4192 1:27:00 J61.450 4302470
155} 121492 14700 381,783 4303510
156 ) 1211482 2:07:00 ‘217 4304.520
1573 1201402 2.27:00 382,450 A305.578
168} 12/14/92 247:00 382,783 4308.670
159 1214192 2:08:00 363,133 4307.610
160} 121482 33000 3B3.500 4308.628
161 ) 1211492 354:00 362.000 4308610
182} 1214/82 4:16:00 364.300 410,840
‘ 183} 121 492 4:45:00 384.750 4311698
164} 1214/92 5,18:00 368147 4312700
185} 1214557 5:38:00 365823 4313650
4 ) 12114792 6:08:00 386,100 4314.680
167 } 12114792 6:36:00 366,600 4315500
164) 1214/827:10:00 367987 4316.540
169) 121 492 7:40:00 w7717 4317.440
170} 12/4/92 8:17:00 368.283 4316.330
171} 12114192 8:48:00 368.800 4319.260
172} 1211492 9:24:00 380400 4328.160
173} 12114152 10:00.00 I70.000 4321060
174} 1211402104800 a7 ee7 4321880
175} 12/14/92 11:20:00 371.483 4322570
176} 12714192 12:18:00 372000 4323.274
177} 12114702 1367:00 krcR RV 4323530
1783 12H4/92 13:56:00 3r933 4324 620
178} 12114792 14:45.00 374.750 4325.340
180} 12014492 15.42.00 75700 4325.860
181} 121492 16:35:00 176583 43726.4%
182) 1211492 17-26:00 a77 467 4327.080
183} 12/14/92 16:21.00 376350 4327 650
184) 12/14/92 18:16:00 379.267 4328.210
185) 12114192 20:1200 380,200 A328.770
. 195 2R AR 210500 1 150 4329.220
187) 1211492 22.05:00 382,083 4329.720
138) 1211492 23.65:00 383083 4333090
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Pressure Data - Well 4
Polint Humbar Real Tima of Day Elapaad Time Maasured
. ) {mwdddiyy hhmm s {houn) Profure
188 121552 00600 84100 43X.400
199 ) 124582 10700 385.117 4330.750
1) 1211592 2.08.00 348150 4331.018
192} 12415082 30900 387150 433,370
183 121582 4:11:00 Ja5.183 431 570
1343 1215092 5:10.00 389187 4331.540
193] 121902 61100 390,183 4332.2%¢
196} 12M1592 7.1 39 233 4332 480
197 121592 81700 392.263 4332 560
198} 1214542 01950 39331 4332441
199} 120M6/82 942,20 3708 4331 450
200 1211502 9:49:50 393.83 4330.350
201 1211592 B.54:50 a4 4329300
202) 121582 35040 393.994 4328.220
203} 121592 100418 384089 4327.100
204 121902 10:06:20 J94 142 4376,0:48
2057 1215652 10:12:40 394,241 4224978
8 121158218.18.20 304,372 4323870
207 121592 102040 384,344 4322 740
208 ) 1211552 10:24:40 54,441 4321518
209) 121592 10,2820 54 472 4320.530
.I'I 210} TUI58E 103228 384530 4319.450
' a1 121582 10:38,00 34,600 4318.330
212} 121552 10.40:00 34 887 4317.280
213) 1215492 18:43:58 3. 4318150
214 121542 10:47:40 304, T 4315100
215] 121592 105140 354 954 4314 BM
218} 121502 185540 33928 4312078
7] 1211592 105950 354 997 4311.5930
18] 12415082 14.00:50 395.064 4310.828
5} 215092 11.08:20 395,135 430,750
220 121592 1111250 395214 4308690
221 12M59211:17:30 385,252 4307 598
222) 12113/92 11,2240 385378 4308 456
223} 1215092 11:27:30 J95 454 4305440
24 1215082 143240 355,544 4304 310
225) 121582 1. 3730 305825 4303.260
226} TE1S92 114300 o517 4302.218
227 12115842 11.43.00 mnaly 4301 080
228) 121562 115500 395817 4300.820
229} 121582 120100 K2 IoalFd 4298.960
23] 121592 120730 358,125 4797 870
231) 121502 12:14:00 396.233 4256818
33y 1211892122130 J96.354 4295 678
. 23 121582 12:20:00 39,483 £294.500
pxr Yl 12158212 F.00 356 617 4793.500
235) T892 124530 388 7548 4282 3%}
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Pressura Data - Wall 4

Point Numbar Raai Time of Day Elapaad Tima Messurad
[mmiddfyy hhimm:sa) (hours} Freasura
238) 1215482 125430 306,908 4294120
27 12115482 13:04-30 35r.075 4260, 240
23} 121602 13:16:38 397275 4283150
238 1215192 13:30:30 397 508 4288.050
240} 121592 13.46:10 387.775 4 287,060
2413 121582 140400 248087 4285.970
242} 1211582 142330 399.392 4284 920
43} 1271582 1429200 398700 4283318
244 1211582 15:81:00 355,847 4282 840
245) 12f15/592 15:18:00 309.140 4281 830
246} 12415092 15:34:00 399 567 4288.800
AT 1211582 15,5000 395,833 42479770
248} 121542 16:06:00 400,100 4272740
2493 1215092 16:25:00 Ji.383 4277 550
2561} 121592 16:44.00 40733 4276670
amh 12015092 17.08:00 401.180 4275880
53] 12115092 17:30:00 401,500 4274.680
253} 1215192 17:57:00 401 550 4273500
254} 1201592 18:28:00 402407 4272.820
258 12015482 19:01:00 403,817 4371720
253} 1211 5/82 19:35.00 42.833 4270.850
25¥) 12045/02 20:16:00 404, 267 4270.000
258) 1215092 21.00:00 405.000 4769 240
2593 1275482 21:47:00 406,783 4268.530
2603 12015/82 22:36:00 406,600 4287670
261} 121582 23:28:00 407 487 4267260
282 1211882 ¢330 408,353 266700
263} 12116/82 1:28:00 408.333 4266.220
264 } 1211652 2.20:00 418,333 4265.360
265 ) 12416/92 3:19:09 117 25470
266 ) 121682 4:28:00 41233 4765,110
287} 1211652 52200 413,387 4264.830
268 | 121692 6:23.00 414.383 £764.450
269 ) 12416192 7:26.08 415432 4264.320
210} 121652 3:26.08 416.433 426:4.550
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S1AE ocereerareerencs Mississippi Du Pont Delisle Plant TestDate .........uomeenn.. 5-DeC-82
Caunty ........... Harrison Weﬂ 2 Analysis Date ...o.oecnnees f-Jun-$3
Fieid wreeennae DELiSKE Piant Report Number ............. 830201
Rate History
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45500‘] 1 ] T ] T I 1 ] ] 1 | I b| 1 | 1 | I -1t ] 1 | '|' 1 [ T T | I 1 . T T | |' ] H o nlL | i T 1 T 1 1 'iﬂ'ﬂﬂﬂﬁ
#5000 — 7E0 G0
. i Pressure Data — L]
E‘. i g
a Rale Data >
L 335000 | ° —{ 500,00 A
=2 m
E i \ | E-,
— [l=]
0 - a""am% ' E




Rato History - Weil 2

Polnt Numbar Real Tims of Day Elzpsed Tima Injaction Rate  Injection Rate
{mmyddiyy hh:rm:sa) (haurs) (GPM} {BELD)
1] 11711592 00000 H72.0300 G532 227 .38
21 1111192 110000 B661.000 6.632 227.381
1) 182 110000 -581.000 122224 4224720
4} 117182 120000 -688.000 289842 9330.583
5] 11482 15:45:00 584250 T 1087 844
6] 184092 17 46:00 58223 0000 8ol
Tl 111502 44600 571.233 30.754 1055, 754
B} 11592 6.46:00 54821 16.336 6.26.063
8] 14/5/92 B:00.00 567000 13599 455, 251
18] 115582 +1.00:00 565,000 236086 B054.377
") 592 1300.00 -563.000 222110 7958057
121 13702 14150 513750 19.954 53,230
13) e 16150 511750 5712 166,874
14} 1583 231:.00 01,483 11.785 404,057
151} 11/8/52 44600 45923 264 086 9054 377
16) 1148082 &:4800 487,233 267 349 BE7E.200
17} 1170002 £.00:00 473000 2,745 085,543
13) 1499/92 3.00:00 4F7.000 6053 22,503
18]} 149092 8:00:00 471,000 8173 593
M} 11/5/92 11:00:00 459,000 9000 0.0
) 119092 21:48.00 -458.250 B8 2817
22} 110v92 224500 450,250 138771 4689,291
) 1140092 14500 454,250 250,181 577.634
241 111142 231400 -408. 767 2281 760,404
25 1112/92 1:15:00 =106 750 Fg21 248720
) TMHHE2 T A.ret B.g7B 236847
) 11120221400 -30a.767 153,558 5264088
iy TH2%82 111500 -308.750 12508 18715.588
2 1128/52 13:15:00 10,758 0,000 0.000
309 19728092 10:45:00 4,250 35,140 1204.600
3y 112802 214500 -2.250 balti ) 750.720
Kh B 1112602 234500 0,250 12587 418869
n; 11720092 $:45.00 1,750 20835 022314
M 112092 24500 3758 4750 162,057
35) 142992 14:00:00 14.000 X aar 78126
35 1112592 1423100 14.517 B8,151 1R3M
ar} F1/28/02 144500 14,750 253,385 DEGT. 435
4} 114232 15:00.00 15,000 62,370 12424114
m 112532 18:15:00 15250 I 12799.087
401 14729732 15:31.00 18.517 344535 Rk K]
411} 1412992 160000 16.000 K pre 1) 1324034
42} 12992 183100 16.517 282843 Q607 474
43} 11020/92 22:45:00 22750 324,381 11124.635
444 142992 234500 23750 9000 £.000
5] 126582133500 181.583 252 102.563
i} 12683 11:40.00 181.667 8.874d 307,749
47 12602124500 161,750 20198 82503

Irjection Rate Higlary - Page 1




Rate History - Weil 2

Polnt Humbar Real Time of Dey Elapaed Tima Injectlen Rafa  Injwction Rate
{mméiddiyy hh:mm:sa) {hours) {GFM) {BBLO]

48] 12682 13:55.00 181.817 ar443 1282389
491 12657 14:10:00 182,967 50.054 17421.909
B 1206192 14: 15063 182.250 58.344 2000.366
) 12682 14:20:00 182.333 55,825 2256857
521 1265092 14.25:00 182417 24123 827.074
51) 12682 15:41:00 1683.603 5139 183051
547 12682 15:5500 183917 15,678 3753
85) 12882 16:20:00 . 184.33 5.46% 187 589
56) 12682 182500 188.417 18.640 £39.588
57) 127682 18.38:00 1B5.60H0) 27533 843,589
58) 126592 18:45:00 188.757 4,297 147.32%
59 1216182 185100 188850 71875 2464286
80 ) 12/6/92 18:55.00 188,917 165.285 §769.772
613 1 2682 19.00:04 167.000 114341 263
62) 1298082 19:04.00 187087 LTS 4517 663
63) 129592 15:09:D0 187150 151.508 5276777
BG4 } 1206092 18:14:00 18%.233 126432 43344811
BS ) 126/92 19:19:04 187.317 158.203 5424413
i 128052 1. 24:00 167.400 211,189 F240.080
67) 128082 19.3%:00 187.500 223.082 vE48.811
68} 12/6/92 19:35:00 187.563 239174 3200143
88} 12892 20,0400 188.007 229,453 JHR6.960
) 1246/2 202400 188.400 22547 7630183
") 12602 284500 188750 211132 T444.528
23 1216092 20.54:00 186.500 185.321 8898,720
3 125/82 21.08:00 189.150 201.858 8320777
T} 127092 2:36:00 124,600 205.158 033,989
75 1217192 4:55:00 196817 H2N5 TETHE26
763} 187192 5:168:00 197.167 229.266 TBG0, 548
T 127192 8:45.00 XK.750 233.810 B016.343
78] 12792 171500 208,250 225,152 FTI0.254
Fi’)) 1217192 20:08.00 212150 219.778 7535.177
B0} 12f7192 24.09:00 213,450 234 582 A042.811

81} 120842 3:25.00 218.417 218534 8181797
Bz 1218052 $1:00.00 227.000 227 BRt TTHS A
B3) 12/8/92 11:19:00 27T 233.044 7930.080
B4 12892 11.38:00 227500 241537 H261.259
By 121882 11:35:00 237 583 282165 0AT4.002
86} 128152 15.40:00 27 687 269,124 8313,188
87} F2E02 121800 228,167 282,298 G674 789
B8 ) 1208092 12:40:00 220.667 1,000 8,000
89§ 1248182 12.30.00 275,500 218,000 72H.000

=1y 12H0687 13:85:00 2rrnal 0.600 8.000
81} 121182 172010 385333 01344 11.794
524 121182172500 285417 0.685 21569
93 121192 171400 AT 133 45,70
54} 13U 174100 5682 2323 T3 E46
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Rate Histery - Waell 2

Palnt Numbsr Real Time of Day Elapusd Timp injection Rute  Injoction Rale
{mm/ddlvy hhimm;se) (kaure) (GPM) {:1: 013
a8 } L2 17 5500 g5 N7 4.457 152,811
85 12112092 2.45.00 3475 8.873 21.280
a7} 1212092 250:00 114813 £.000 0.000
0g) T2 G2 8:35.00 Jd4. 583 §.465 T6.080
99) 121292 §:40:00 44 867 2811 96,446
1) 1211392 8:45.00 44758 .50 238,606
191} 12113492 §:50:00 344833 J6.113 1238.848
102} 1211482 &39:00 H5E50 o7.422 168, 754
193] 1211592 9:35:K) 345,583 47 563 1630.7 21
184) 12192 9:48:00 M5.567 165,755 SER1.629
05} 12013482 9:45:00 M5.750 37.283 1275531
1) T2 92 10:18:00 HEA87 19,688 1358877
1497 121382 11:24:00 347 400 6217 55011
108 121392 11:35:00 347.583 5.807 109,047
109 1211382 12:2400 8400 1,458 40.849
118) 1213682 12:38:00 MA.500 B.000 000
111) 12192 17.38:00 J51.500 6664 228,408
112} 12 N92 174100 J53.683 10.994 685,408
133 123482 1 74600 KL 45912 1574128
114) 12115682 175500 KRR £8.636 24 663
115] 1211992 1804:00 J54.817 83295 Z855.529
118} 12382 180500 J54.083 09,054 26004
117 12113482 18:10.00 354,167 100778 355000
18] 1213192 181 5:00 354.250 124,088 4254, 446
199] 1211382 {18.20:00 J54.333 154,297 5290.182
1) 1211 392 18:25:00 354,417 185,808 6371085
121 121392 153100 34,517 217578 7450417
122} 1213192 18:36.00 354 600 245,247 #408.463
123) 1213182 18:44:00 354,683 218877 72321
124) 12492 184500 354,767 348,280 11029
125) 121392 155500 354.017 Kra Al 12727 47d
128} 121382 19:14:00 J85.233 359558 12327 428
127) 1211382 194900 355.667 347.715 11924 657
128 1201382 200500 356.150 J3r07 11441383
129} 123 223500 358 583 334752 11374.355
130} 1201492 111 400 370233 337344 14566.080
131} 1214582 10:35:00 378.583 329.052 11283.155
132} 121582 1400 153233 252.018 AG40.817
133) 12115082 S24:00 393,400 20453 1382574
1) 1211552 9.30:00 393.500 0.000 8.000
135} 1258212350 J06.583 2.296 FA.72
138 ) 121592 1240:00 06 667 13,774 472,189
137} 12115192 12:45.00 208750 25.260 BEE.057
118} 121592 1250:0Q 305433 51042 1750811
139} 1211582 12:55:0 KRR 3g.687 1326.411
140 121592 144500 358,750 14.538 181,829
141) 12115042 15:05:00 153841 1535 121,200
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Rata History - Weil 2

Faint Number Real Tima of Day Eiapsed Time  injaction Rale  injaction Rabe
(mmiddfyy hhmmess} (haurs) (GPM} (|Balo}

142 1211592 15:15:00 190250 471 16,145
143) 1215082 15:20:00 393313 8.000 8.000
144 ) 12116:92 8:35:00 416.583 ] 20.674
145 1211602 8:40:00 418667 3618 124045
146 ) 121892 84500 416.750 7707 254,248
147) 12M68/92 B:54.00 416,500 14514 497 523
148} £2H 892 5:09.00 417150 23387 785.097
149} TANGME2 S 800 417 317 44792 1535.726
3510 121692 9:24:00 417400 125.651 4308034
151 12M6/92 9.30:00 417500 120.052 4116.069
152} 1201682 9:35.00 417583 131 445 4506686
153) 121 6/92 9:40:00 417 6587 121,328 4159.817
154 127%6/92 9.45.00 417.750 105587 3020926
155} 12M 682 3:55:00 7y 135,000 4682 514
196 ) 1216/92 18:00:00 410,000 20274 &350 848
157} 1216/92 10:05:00 418,083 2530 3441 577
158) 12M18/92 101000 418.167 J35.338 11487 303

159} 1216/82 18:35.00 418,583 5467 10803658
180) 12M6/82 184500 418.750 030 10391 008
161 121892 10:55:00 418817 291927 10008.576
162} 124892 11:05:00 415,083 2B 417 9785725
163} 1211692 11:10:00 415,167 280.571 9962.435
154} T2ME92 11:35.00 418.583 280,013 5600.446
1651 121162 11:55:00 418917 763.904 250,595
168} T892 121500 420,250 281,306 B955.063
167 ) 1211852 125000 420,833 252,550 BE52.13

168) 121692 13:40:00 42 B8T 265.929 9117565
162} 1216/92 12.50:00 421.833 2a3.883 8733.474
170 1211682 14:50:00 422,831 249,395 9022 148
1713 121852 15:50.80 42,833 278.835 8553200
172) 1211692 18:10:00 424,167 268.898 521%.360
173 1211682 163100 424547 280,574 HO47.680

i) 121792 1.20:00 43301 263.288 8684.180
5} 12147182 22500 435417 246.403 B448,1072

176} 121752 5:05.00 437 483 237.275 B135.143

177 1211792 5:08.00 434.7a3 224,533 7885474
1783 1217582 4100 430 GBI 222 45T TEIT 0a7

173) 12017182 70400 435.007 214,747 FIE2.754
188) 120782 72440 43840 208458 7878560
181) AT 7500 434583 194.005 6823.07%
1682 121782 74508 438,750 197.843 Gra7 131

183) 1271782 8:40:00 448 657 203.569 f383.223

184 1201792 3:30:00 441,500 08,711 7150094

185) 1217182101400 442,213 216318 7416517

1HG) P 10500 443083 2 468 FE95.97F
a7} 14117182 11:55:80 §43.9¢7 232246 ¥ohd, 424

168} 121752 12:35.00 444,583 239587 8214.412
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Rate Histary - Weil 2

Point Mumbar Resi Tims of Day Eiapsed Time  njection Rata  Infectlon Rata
{mmuiddbyy hh:mm:sa) {hours) {GRM) {BBLD)
189} 121782 133100 445,517 247024 8449.394
180} T2M7/52 14.05:00 446083 254,069 §738.365
191) 121752 15:00:00 447 000 263.419 B3 500
192} 121782 183100 4456 517 g LT 53(18.263
193} 12117192 19:45:00 451,150 2147125 9550.572
134) 1217092 23:30:00 455.500 283.264 9711909
185} 12117542 23.55:00 455,917 282.943 9700903

‘rijection Rae Hislory - Page b
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Rato History - Well 3

Puint Humbar Heal Time of Day Elapsed Tims Injaction Ratm  Injacticn Rate
{mm/ddfyy hh:mm:ss) hours) IGFM) {BBLD}
1] 1401082 O0: 0800 -472.000 0.806 £.806
2) 1104092 14:15:00 -H85.750 0.000 2.506
3} 11592 141500 -585.750 5.7 2597 280
4] 1492 18:15:00 58,780 0.000 0.806
L} TIM282 11:10:08 - 306,500 15157 519.889
L] 11292 133100 -34 483 14280 489 500
7l 1292150100 -102.483 J31.058 1064.777
8} 1282173100 -390.483 42,308 1450, 504
5) 111282 19.45:00 -388.250 107812 b8, 583
10 T2 74500 -376.250 205,866 758,267
1] 11482 &80 355,750 64 467 r0.297
12} 11H4/82 9:45:00 -350.250 132.06¢ 4527 808
13} 111582 31500 A32.750 85.503 2831 531
14y 1171502 5,15:00 -330.750 82162 2816.553
18] TIABa2 211400 242 76T 84,794 25907 223
16) 1M 992 181400 220,767 51007 1770669
17) 1M9E2 224500 216,250 70425 2414 572
15} 1/21/92 1%:00:00 173000 148.074 518252
19§ 11125032 24500 -86.25(] B.268 5.189
a0 11725/92 154500 80,250 027 8926
21} 1225082 17-48:00 -T8.213 0.000 0.000
221 120882 20:30:00 75500 4014 168.343
21) $1/25/92 223900 731500 2687 1120897
24 11128592 3100 -71483 100,882 ITav.623
5] 1172682 2:31-00 -59.483 72.281 2478.206
6] 128082 20:14:00 51,767 42.965 1473.088
27 11427/52 13.00:00 -35.000 5024 1715.004
28] 1112792 16:00:00 32000 31575 1184.857
2) 12082 180100 25 583 47303 1621347
K13 14728/92 B.45:00 -15.250 113,588 894,445
H} 1128092 10.45:00 -13.250 0.000 0.806
32 17192 15:00:00 207150 180,000 6171429
k) 127192 16:00.00 205,000 2,000 £.806
H) 12110192 15:36:00 270600 8073 278,789
kL] 12110/92 15:41:.00 279583 26.906 951,063
3} 1240092 15:45:00 273.750 51516 183484
K 1210/92 15:50:00 279,833 15.820 542400
I8} 12192 155500 78017 40,881 1481 634
) 121002 18:20:00 282333 10933 3r4.946
att) 1210/92 18:48:00 282767 4,557 186.248
4] P22 15:00:00 283.000 1.431 51,128
421 1210092 19:09:00 263.150 0569 19.500
é3) 12110/92 19:19:00 283 117 0.228 7817
44} 1210092 19:24:00 283.400 0033 113t
45] 1210092 19.30:00 283,500 0000 0.000
46 12111,92 338:00 291 800 0.245 B.400
ir) 1211932 341 00 201 BE3 1130 38743
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Rate History - Waell 3

Point Numbar Raal Tima af Bay Elapeed Time  Injeclian Rata  Injeciion Rata
. (mmiéddtyy hh:mm:sa) haure) IGPEM) (BBLB)
443 1211482 15840 25141 2267 7r.728
49} 1211192 4:00:00 252,000 ' 4913 117,555
5] 121182 4:20:00 ar R 5209 179.623
§1) 1211492 4:36:00 252800 65,104 2232137
52} 12014092 44100 292,683 §1.927 H51.783
53) 1211092 4:46:00 292. 767 57.552 1972.241
54} 121192 450400 292.833 75.812 2602.657
55) 1211182 4:55:00 292917 f4.180 2200457
56) 131 1152 5:25:00 293417 81.771 28011577
57 1211192 5:.34:00 292517 80.817 J085. 267
58} 3182 5:.06:00 203,500 08542 3376583
591 1211192 5:41.00 204681 115,104 046,423
801 12111132 54600 293.767 123413 422423
61} 121132 65100 291850 114.440 4609.372
62} 1211192 5:55:00 3.7 191262 4011.540
83} 1211192 6:01:00 204 847 153,177 §251.741
64} 1211192 1500 294,280 142424 4083.408
65} 1211192 6: 2000 204,323 120,584 4442 880
66) 1292 6:34:00 2id 517 122 386 4196,424
67 } 1211592 6:41.00 204,583 118.438 4060.712
o8} 1211092 6:51:00 284 850 114,595 3R28.074
.. £9) 124192 70000 205000 {10614 3792.480
' 0) 13111002 70800 705,158 100,771 J680.720
1} 1211192 74900 295317 192854 3580.708
72l 124152 7:24.00 295400 105,594 Je39.749
1 1211192 745:00 205,750 104467 J571. 440
74) 13102 7:50:00 205,831 167,262 I6TF 554
75 1211152 8:09:00 296,150 0n2e13 3528.445
78} 12M 1052 5:45:00 296,750 i00.929 LEG. 9
FES 1211182 8:50:00 204.853 52.8685 1672514
) 211102 §:54.00 298.500 B3.463 2864.589
74} 1211152 3:00:00 291000 80587 762,583
B} . 121192 17:20:00 365,013 191,595 3483 257
8] 1211492 18:91.00 306,583 1005 6RS5 523430
82) 12111182 1919:00 g7 M7 107 920 JBES.3FS
83) 1211/92 19:43:00 Jargi7 104.968 550,434
84 219782 20014:00 38.213 105654 3622 560
a5} 129092 1. 4:40 309.213 104.533 J583.588
B& ) 121192 231800 LIERITS 105.526 JB31.749
87} 121182 224000 111667 102,644 1519223
88) 12 2092 {:15:00 MR 98 262 J366.953
89} 1212192 1. 10,00 H1te7? 95,508 J274.580
8} TAAN2 115,00 313.250 102,608 J517.851
M) 12142092 1:20:00 111n t18.528 4063.714
. 92} 1211282 5:31:00 N1517 182 204 1504137
8l 12112092 1.45:00 M3.750 Bg 904 3294 551
o4 ) 121292 1:50.00 11187 AP E Jaszea8
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Rate History - Well 3

Pofnt Humber Real Timm of Gay Elapaed Tima Injsction Rete  Injaction Rate
{mmfddiyy hh:mm;ua) {hours) (GPM) (B2LD)

95 121282 1:55:06 Masr 106.380 JE4T.314

96 12112192 2:08.06 314000 115872 345326

LT 1211292 29506 314083 04,922 3254458

58) 121292 2.10:06 J14.167 192423 359161

98] 1212082 22008 314,333 106,120 3639.400
1081 12125892 2:.25:08 34447 101.488 47883
181y 120292 Z:40:00 NA.E6T 115,383 IB12.446
102]) 12M 22 3:08:00 HEDNW 187581 3ag1.020
103} 1212092 3:31.08 N8 112628 J661.551
14 1211292 24108 315683 116.893 4067760
105) 1212892 3:55:08 N5me 103.972 554,754
108} 1212192 4.05:08 ME.092 114.382 3518.812
107 1212162 4:25:00 AT faTe 2392 088
108) 121292 43100 HE817 8.080 2143
1949) 1242192 2:41.068 16.683 1020 8,004
1110} 12712002 4:48:0 a.e? 0.000 8,000
11) 121292 45508 a7 14,218 467.400
12} 12252 5:29:08 317.333 8.000 11.000
113} 121702 23:55:06 455917 1.000 (1.000

Injection Rate Histary - Page 3
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Rate History - Well 4

Polnt Numbar Raal Tima af Bay Elepsad Tima Injectlon Rate  Injaction Rate
{mmiddfyy hh:mm:ss} {houm) (GPM) (eBLD}
1} 11#1/32 0:00:00 572000 0.000 0.000
2] 111182 18:48:04 £53.231 8.248 B4
3] T1411/92 19:45:08 £52.250 0.11% Jg4a
41 11152 20:43:08 351.250 268.042 8915.725
5) 1911192 14500 -650. 250 23680 §119.548
6} 1403092 22:30:00 H01.500 43,341 1485.977
7l 11/3/92 22:30:00 £08.508 B8.531 294,208
) 174002 0:23:81 559,483 2075 71.142
9) 1144092 1:31.04 -504.483 0.459 185737
10} 1174452 5:46:01 -594.233 0000 0.0
1) 11442 171508 582,750 13.410 480,045
12} 11/4/32 18:13:08 581750 3475 1147714
13} 114082 191359 -580. 767 186581 6359, 806
4] 11/4/92 20:12:58 570767 237458 ¥798.594
15) TIA282 0:30:00 -399.500 38.653 1325.417
10} 111252 £30:08 -358.500 6.337 Z17.268
173 11712/92 10:30:08 -397.500 0.435 14,914
i} 111252 11:3008 -306.500 (1000 8000
18] 11/28/92 12:43.00 11,260 28.250 800.00¢
20 112402 134500 -10.250 60222 2323.040
2] 11128092 14:A5:00 8250 287.087 UB43.325
22) 1162882 1:.00.08 1.000 129.058 11281080
g3} 11/28/2 50600 5.000 MH1.372 11704.183
) 11120097 7.06:00 7.000 358,508 17182.205
25) 11729992 8:00:08 B.000 367698 12606789
. 1142992 2:30:08 9.500 360,879 13031.280
w) 112952 11:15:.08 11.250 J0M.658 10441.989
281 11/2332 12:15:08 12250 52,504 12473.280
29) 11728082 13,1500 13.250 381.468 12070.4902
) 11729/92 16:31.1 16517 330.759 11340303
i) 1129082 171184 17517 N4 11820.285
a2 1142952 193800 18.500 a6t 10569808
m 11029092 20:38:00 20.508 20108 9800777
Hi 11/25/92 21:30:00 2500 259,725 o247 M4
5 11/29/92 22:30:08 22.500 254,048 B709.943
38} 112982 23.38:08 23.580 240.044 B281.074
ar) 2092 14508 24758 253274 8683.852
L ) 11730482 1:45:08 25.150 200823 8543.950
39) 1173052 2:45.08 26.750 27T g5M 125
if) 11220092 3:45:08 27.750 gr102 72317483
41) 1173082 44804 24,187 T7.34 2651802
42} 11730432 5461 28767 £1.000 £.000
4£3) 12582 20.00:08 165.000 B.130 4 A48T
44 ) 124582 2118 185.117 104,786 502683
451 12682 213108 165.519 84,341 1234 548
45 125082 21:43:18 165722 108645 3656.408
47 1452 21:55:19 155922 129,644 44451049
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Rate History - Weii 4

Folnt Numbar Real Time of Jay Elapand Tima [nfwctian Rate  Injecton Rate
(miryddfyy hh:mm:ss)| {houre) [GPM) {98LD)
48} 1215/92 32.07:28 166,724 168.412 5774128
40 125/52 2219:50 166.333 204 558 {20434
51 124552 22.31:59 166,533 131.082 8551.383
) 12502 22:44:10 166.736 181,748 §231.350
527 127592 22,5617 155,928 173.924 6031.880
52} 12152 23:12.00 167.200 170,255 5838783
41 12592 2332147 167.538 1684754 5850880
55} 127682 8.04:59 168.083 158,943 5482760
58] Y2/6132 (ndi)-B1 168.667 154,640 5301.943
573 12892 1:31:.01 189.517 148576 5128.228
58] 1 24602 2:34M 170517 145181 4976.548
53} 1218092 2:25:0 1447 14,575 4818.714
60} 12642 44058 172683 $33.533 4680.560
61} 12682 6:36:00 174.500 132591 4549408
B2) 121652 G:45:50 177.B33 2510 3871.200
B3} 12582 10,13:50 178.233 98.11 3255.520
64} 12/6/82 10:34.59 178.583 103577 551242
653} 126192 11:30:00 179.500 103.541 3M0877
B8} 126092 15.25:01 183.417 106.281 542,520
B7) 126092 15:40k59 183.663 102.095 3534.686
68} 12/6/2 18:1E:00 186.250 4.7 JEBRG1T
89} 12/6/52 19:55:1 196817 104.282 3472 865
7a) 121692 20:54:00 186,900 102.033 3458.274
EA ! $27152 100 192,167 56.248 322253
72} 12792 0:24.00 192400 131151 449G 506
73} 127192 04001 192867 151.250 5185.714
74} 12782 4:25:01 156.417 152,683 5269.474
75 12752 5:40:50 197,683 150,738 5168.180
) 12792 5:55:01 197.917 131.728 5x2.407
7l 12782 B.31:01 198.517 165.260 5357486
78} 127782 7.18:01 197 151,382 5532 411
74, 127752 §:20:00 HKLE0 1685.713 5681.580
B} 12702 10.45:00 202750 127 481 4370091
61) 127192 11:00:00 202.000 108.362 J545.697
82} 127152 11:150:01 203317 106.267 JE43.440
82} raAE2 11:34:58 M3.583 108.552 766354
64 ) 127142 17:49.59 2483 1(%.543 J656.537
B5 ) 12732 141301 N7 101.559 3457109
BB) 12702 20:13:50 2112233 B9.495 J411.257
87} 127132 21.09:00 212150 106,511 3651.806
88} 127152 204000 31400 108849 Iraa.25t
89 1209132 1.00:00 7.0 1577 311.783
90} 127892 1:4¢-59 21782 115,407 J556.611
L) 12/8/92 94455 225802 105.553 3618 566
92} 128792 10.04:59 226.083 113.540 1303086
81 12892 11:04 59 227.083 116.748 4002 789
™) 12282122100 228157 119.818 4108.045
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Rate History - Well 4

Paint Numiyer Reai Time of Day Efapssd Tims  InjectonRale  Injection Rate
{mrddivy hhomm:as) {hours} {GPM] (BBLD)
95 128192 124500 228.750 ERItHr ) 37a2.503
861} 128792 13.00:00 22900 115.444 3552 386
97} 12892 13:19.59 2391333 170.552 133211
98} 128/52 13:49:59 2883 124,318 4263054
89} 12892 14:19:55 230.333 127129 4355851
100} 12892 14:49:53 230833 117.842 4040.297
101} 12/8/92 15:04:50 231,083 113.504 007 285
152) 12/3/92 15:49:59 21831 17.005 4014.685
100 12592 16:28.00 232800 123822 4213.103
104} 12582 7-54.00 247.500 115.728 J967 817
105} 120082 9.34:54 245583 132,365 4195371
106} 129192 9:.45:59 245813 117.8H 40292672
167 1209082 15:19:01 a0.17 122824 4214537
1093 125192 15.40:01 2540.867 118.862 4075, 268
109} 1242052 11:04:59 251.082 115.762 400.3.269
118} 12082 11:24:00 251.400 118168 4052194
111} 12/5152 $1:45:00 251.750 15.166 510977
112} 120082 1200000 252.000 G000 8.000
113} 12110092 12:04:58 275.583 12682 434,128
114 12110/92 12:48:58 276.533 §1.200 1750823
118} 1211082 131801 217167 119,195 40186, 656
116} 1211692 1.3:24:00 277400 184.701 - 332.556
17 12110882 {13:40:51 rra87 Jos.187 10462.588
1353 1210192 12:55:01 ;T 358,572 12236566
119} 12110092 14.36:09 278,600 BE.747 2208.468
120} 1218/482 14:49:59 75.803 8.000 9.000
ta} 1213182 6:55:1 H2517 219.000 700,000
122] 1213462 74084 343.687 0.000 B.000
123} 1218/482 21:45:59 420,80 853 J2.154
124} 1241802 22.04:55 430.083 203 61568
123) 12116/82 22:159:81 438.317 3,754 128.704
126 } 1241652 22:34:55 430 563 7.1 240 817
127} 116102 23:00:00 431 000 19.231 659,349
1281 1217E2 4GS 432.813 12281 421 053
128} FirkdrRlshdn! 433,167 33106 1133083
130} 1217092 1.25.01 4313417 18478 632463
1) 121702 1:40.0 433667 15493 54 617
132} 127192 1:55:01 433517 34859 1188309
1333 129782 2100 44 167 33 284 1827 223
134} 12117092 2.25:84 434 417 56.246 1928434
135} 121792 2409 434,867 16,748 ET4 207
136} 12752 21800 435.167 6.579 225 568
137} 1247742 3550 435917 2343 40,231
138) 1211782 41054 438,167 13643 467768
139) 1211702 5.00:558 4237 004 11.716 401.601
147} 12792 54500 437250 37042 1270511
141} 121 TR 5ALE 437.517 50436 1721 291
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Rate History - Well 4

Point Humbar Real Time of Qay Efapnad Time  injection Rais  Injactfon Rate
{mmviadiyy hh:mm:ss} (hours) (GPH) {BBLD)
1421 124782 6:10:01 438,167 30 502 3411 407
143} 121782 6:25:01 438 417 93,717 3213.154
144) 124782 6:40:59 438583 193348 3144766
145} 1417192 8.55.59 438,93 94.052 3255.497
148} 12017092 7.09:000 439,150 86.841 2971406
1473 124732 7240 438,400 B1.840 ZFra5d
148} 121752 T40:04 439 687 T5.681 26(H 524
1481} 124782 1:54:00 439,800 T.975 241914
150 1217002 B:09:00 440,150 65.838 2258022
151) 120117192 8. 2411 4404000 63.247 2168.489
§52) 1217782 8:48:04 448,867 86607 77,854
153} 12119/52 8:00:00 445000 58.209 1899.166
141 12117782 £:19:84 4137 58,843 1947 074
§55 ] 121702 11,04:59 443,083 £9.483 2038417
156 ) 12047152 1140-59 443.833 81235 2102814
187 ) 121782 121500 444,350 61247 2168.469
158 ) 12172 12:40:01 444,657 65.361 2240.949
159 ) 1217/92 13:10:0% 445,187 B7.501 2314320
160 124792 13:24:50 445,583 70.102 2403 497
164 ] 12r17/52 14:00:00 448.000 81.361 2709.520
162) 120082 144500 445.250 21718 2801 760
i6d} 1204782 15:00:00 447,000 85.378 2927245
164 ) 121 T2 15:25:01 47417 ga.nrz 30i9.641
165 12017/m2 15:55:M 44797 91.140 H2508
1080 ) 1472 16:2501 440 417 54,179 3228994
167) 121792 17:00:00 440,000 7.5 J337.200
168} 121782 1736100 448 600 100,452 3444069
169} 12172 181500 430,250 103.254 3540437
170} 1214752 19:04:04 451.087 108.504 3661989
1) 121792 20:04:04 452,067 10,402 Fes. 211
172) 12/17/92 20:54:00 452.900 113,766 3900548
1733 1217182 21:56:01 453947 j17.228 4019.623
174 1219702 23:84:59 455,082 120,830 4135.685
175} 12447192 235601 455,947 122191 41609.406
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SHALE POROSITY AND PERMEABILITY
W. M. Porter, S. W. Newsom  4/06/87

OVERVIEW

Hydrologic characteristics of shales are required for pressure
modeling and determination of maximum upward permeation. Site-
specific data on porosity and vertical permeability of shales are
usually not available, and generalized data must be used. This

paper presents guidelines for determining shale parameters so
that modeling assumptions may have a uniform basis.

DATA LIMITATIONS

Porosity and permeability data for shales, at depths of concem
in  waste injection, are scarce and frequently unretiable.
Sampling opportunities arise in the course of petroleum
exploration, but attention has primarily been focused on sand
reservoirs. When samples are obtained, they are usually sidewall
core plugs whose porosity and permeability can be affected by
rupturing or shearing associated with the sampling process.
Hydrologic properties of whole cores may also be affected by
drilling (Magara, 1978).

Several techniques are commonly used to determine porosity. The
results are not always comparable.  Qilfield service companies
frequently use a vacuum porosimeter, which yields values that are
less than true porosity, especially in lower porosity materials
(Legate, 1974).  Ancther technique involves measurement of bulk
wet density and dry weight, accompanied by assumptions on the
density of fluid and solid constituents. This method is
sensitive to drying time and temperature, since some of the water
removed is more closely bound to clay particles. Singer and
Mueller (1974) maintain that a significant part of the total
"immobilized” water content may be removed during sample drying
at elevated temperatures. Also, the extent to which “bound”




layers of water are involved in flow processes (the question of
effective porosity) is apparently unresolved.

Shale permeability can be measured by steady-state techniques
involving  equilibrium flow conditions, or by transient pulse
hydraulic and mechanical tests.  Steady-state permeabilities have
generally been determined without confining pressures typical of
the sample depth, Application of confining pressure can decrease
permeability by an order of magnitude or more (Young et al.,

1964). Sample orientation can be very significant, due to the
presence of fine laminae of coarser material. but is often not
stated in  reports; sidewall core data generally represent
horizontal permeability.

Steady or quasi-steady state fluid permeability measurements of
shales require long time periods, usually on the order of weeks,
Large hydraulic gradients and thin samples can reduce the
measurement times to some extent, but also increase the
possibility of inaccuracies associattd with sample rupture,
bypassing flow, and small scale inhomogeneities.

Gas permeants are often used because of their low viscosity, but
corrections for gas slippage are required (Scheidegger, 1974),
Because of physicochemical interactions, the relationship between
gas and liquid permeabilities in shale is uncertain (Neuzil,
1986).

Transient techniques can measure permeability at lower gradients,
but have been infrequently used. They also suffer from some
inacuracies associated with spatial and temporal variations in
hydrautic ~ properties  (Neuzil, t986). Transient tests and
mechanical  comsolidation tests (an  indirect measure  of
permeability) appear to agree fairly well with carefully
conducted steady-state flow tests,




The above caveats suggest caution in the use of porosity and
permeability values, whether obtained from literature or from
site-specific data.  Values that do not represent the actual
behavior of the shale may produce anomaious modeling results.
Modification of porosity and permeability inputs for shale
(within  reasonable  limits) is  justified by  uncertainties
associated with shale properties.

The range of shale porosity and permeability values, as cited in

various references, is indicated by the data in Table 1. This
table should not be wused for estimating permeabitity, since
methods are undocumented. Neuzil (1987, personal communication)
has stated that most techniques yield values which are upper
limits of permeability.

POROSITY

Shale porosity depends primarily on compaction due to burial, but
is also dependent on chemical and mineralogical phenomena
(Magara, 1978). Compaction is generally regarded as irreversible
(Mueller, 1967). In most Gulf Coast situations, erosion and
uplift have been minimal and porosity should represent present
burial depth.

Where fluid pressures are near hydrostatic and shales are at
compaction equilibrium, porosity will vary with depth in a
regular fashion. A number of authors (cited in Rieke and
Chillingarian, 1974) have produced curves representing variations
in shale porosity with burial depth. These curves are shown in
Fig. 1. Differences between curves are probably related to
several factors inherent to the data used:

o Different porosity measurement techniques were employed
(porosity logs, bulk density measurements, etc.).




0o Sediments differed in the amount of cementation, which
limited the effectiveness of compaction.

0o Composition and texture of shales varied.
o Shales had been subjected to different stress histories.

0 Increased fluid pressure due to thermal expansion or mineral

transformations, generally at depths of 7000 ft. or more, may
have affected compaction in some cases.

o Compaction disequilibrium, caused by burial rates that exceed
the shale's ability to release water, may have been a factor
in some sediments.

Since many factors can affect porosity-depth relationships, it is
clearly best to apply generalized data trends from the area of
interest,

Curve 6 in Fig. 1 is from Dickinson's (1953) data for Tertiary
shales from the Louisiana Guif Coast, and agrees fairly well with
curves 9 (Gulf Coast data) and 10 (Louisiana offshore). Magara
(1978) commented that this curve showed an exponential
relationship (normal compaction) above 7000 ft., with higher than
normal porosities at greater depths reflecting overpressure.
This curve is replotted in Fig. 2., along with other curves for
sets of Gulf Coast data.

Dickinson's curve is probably the best representation of average
porosity, considering the geographical area of our plants. Curve
(b) in Fig 2 may be taken to represent the minimum average shale
porosity in the area.

Clay porosity figures represent actual pore water plus a
considerable amount of water bound to clay minerals (relatively
immobile). For modeling, the effective porosity (involved in




flow) is needed, but no estimates have been found in the
literature,

One approach to estimating effective porosity is to determine the
quantity of bound water from theoretical considerations.

Powers (1967) cited work showing that four monomolecular water
layers remain on smectite at a burial depth of about 3000 ft.
The net thickness of these layers is the same as that of the

smectite unit layer, that is 10 Angstroms. One of the water
layers is gradually lost by progressive burial to 20,000 ft., so
the proportion of smectite to interlayer water should be approxi-
mately correct for depths of interest fo us. The interlayer
water is thought to represent most of the bound water, and has a
density of 1.4 gm/cc. (Powers, 1967). This is sufficient
information to calculate the volume of water immobilized by
smectite. The volume of water held on other clay species may be
estimated by considering their relative surface areas (about
80sq. m/gm for illite vs. 700 sq. m/gm for smectite).

To apply this method, core data from the Kaiser disposal well
near Du Pont’s Pontchartrain Plant was used. A core from 3067
ft. appears to be fairly typical of confining layers at our
sites.  Total water content (all water driven off at t200 F) is
approximately 28% of bulk volume (Davis Assoc., 1986) The
petrographic analysis of this core was used to determine the
percentage of bulk volume occupied by individual clay species.
If smectite and smectite/illite interlayers are assumed to
immobilize water to the same extent, and allowing for the greater
density of interlayer water, 16% of the butk volume is bound
water, Effective porosity is thus reduced to 28%-16%, or 12%.

The result will vary with sample mineralogy, but this is probably
a typical case. If the ratio of bound to unbound water is
assumed to be constant (pore and interlayer water lost at a
proportional rate), the effective porosity curve will follow the




normal compaction slope. Curve (c) in Fig. 2 has been drawn on
this basis.  Since the porosity of this sample (19.8%) measured
by conventional techniques is near curve (b} which represents
minimum porosity shales, curve (c) gives the approximate minimum
effective porosity of Gulf Coast shales. For convenience,

porosity values at various depths from this curve are tabulaled
in Table 2.

The minimum effective porosity is suggested for wuse in
calculating maximum upward permeation inio confining layers,
unless site-specific shale data support use of different values.

PERMEABILITY

Vertical shale permeability is required for model inpuls. The
horizontal permeability of a shale sample can be significantly
larger.  Modelers should be aware that values of permeability
obtained by testing sidewall and whole cores typically represent
horizontal flow, unless otherwise stated.

Permeability varies with  porosity, and several empirical
equations have been devised to express this relationship for
sands. The Kozeny-Carman equation is the best known
relationship, and involves factors for grain size, packing and
shape. But other factors (pore geometry, pore throat sizes,
interconnection of the pores) are so important that actual sand
permeability can easily vary several orders of magnitude from
computed values. Considering the above difficuities and the
potential for complex water-clay interactions in shales, these
relationships are of little value for estimating  shale
permeability.

Magara (1978), Bethke (1985) and others have concluded that an
exponential relationship exists between shale permeability and
porosity,  Neuzil (1987, personal communication) has stated that




this relationship is not particularly useful for computing
permeability where porosity is known, due 1o the amount of
scatter in the data. Additionally, some of the better documented
studies of shale permeability have not included data on porosity.

Shale permeability and sample depth are plotted in Fig. 3,
representing several sets of data with uniform measurement
techniques. Data form Neglia (1979) exhibits a fair amount of
scatter, and comes form several different locations in Italy.

Magara's data comes from two areas in Japan, and each location
shows a similiar trend of decreasing permeability with depth.
The measurements of Young et al. (1964) for shales from Alberta,
and Neuzil (1986) for the Pierre Shale in South Dakota, are the
best documented and also indicate the lowest permeabilities. The
range of permeabilities in this figure spans six orders of
magnitude.

To establish a useful relationship between depth and
permeability, a straight line was drawn through the log-log ptot
of Pierre Shale permeability vs. pressure in Fig. 4. This plot
includes many data points from mechanical consolidation tests,
and covers a wide range of pressures (and equivalent depths). A
straight line relationship would be expected on the basis of the
previously assumed exponential relationships among burial depth,
porosity, and permeability. In Fig. 5, this line has been
transferred to the semi-log plot of permeability vs. depth, and
thesame curve with different intercepts has been superimposed on
data points for each of Magara’s locations. The observed fit to
locations in Japan indicates that this curve may be generaily
valid for normally compacted sediments above geopressure.

Bethke (1986) computed a series of curves defining the maximum
shale permeability which would permit geopressuring on the Guif
Coast, for different sedimentation rates. He also states that
current sedimentation rates on the Gulf Coast have been estimated
at 1 to S mm/yr. Curves for these rates are shown in Fig. 6. A




curve derived from the Pierre Shale data is drawn so that the
intercept  with Bethke's limit falls at 7000 ft., the typical
depth of geopressures. This curve should indicate the maximum
average shale permeability for Gulf Coast locations, and can be

used for worst-case computations of upward permeation into
shales,

Permeability vatues from this upper-limit curve are tabulated in
Table 3.

Actual shale permeabilities at specific locations may be two to
three orders of magnitude lower than this upper-limit curve, but
probably follow similiar depth relationships. If site-specific
shale data i1s available and can be considered reliable, similar
curves may be constructed to estimate permeability at different
depths,

SUMMARY

o Site-specific data for porosity and permeability of shales
are unlikely to exist in most cases. When available, it
should be used with considerable caution and judgement.

o In the absence of other reliable data, minimum effective
shale porosity may be estimated using curve (¢) in Fig. 2, or
from Table 2.

o Maximum shale permeability may be estimated from Fig. 6 or
Table 3. If reliable measurements of shale permeability have
been made at a site, the curve shown in Fig. 6 can be used to
extrapolate the data to different depths.
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TABLE 2
MINIMUM EFFECTIVE SHALE POROSITY
IN GULF COAST ENVIRONMENTS

Depth (ft.) Porosity (%)
1000 18
1500 15.5
2000 13.5
2500 12.5
3000 , 12
3500 11.5
4000 11
5000 10.5
6000 9.5
7000 9

Porosities for depths cver 7000 ft. are not tabulated, since this data
appears to reflect low—density, overpressured shales (Magara, 1978).
where overpressuring exists, shale densities and porosities can vary
widely and generalized data are not valid.

TABLE 3
GENERALIZED UPPER-LIMIT VALUES OF SHALE PERMEABILITY
IN GULF COAST ENVIRONMENTS

Depth (ft.) Permeability (mD)
1000 3.5 BE-2
1500 1.5 B-2
2000 8.5 E-3
2500 5.5 E-3
3000 3.7 B-3
3500 2.9 E-3
4000 2.3 BE-3
4500 1.9 E-3
5000 1.6 E-3
5500 1.3 -3
6000 1.1 -3
6500 9.5 E4

7000 8.2 E4

T T T, [y Sy S, [N g S
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Relationship between porosity and depth of buriml for shales and
arglillacecus sediments.
1wProshlyakhov (1960); 2wMeads {1966); 3ImAthy (1930}; dmHowoi {19613);
SwHedberg (1936); Swdickinscn (1933); TwMagars {1964); s=Weller
(1959); 9wRam {1966); lOwPoater and Whalen (1966).

Figure 1 (from Rieke and Chillingarian, 1974, p. 42)
Locations of data used to construct curve:

1 = USSR, 2 = California? 3 = Oklahoma, 4 = Japan,

5 = Venezuela (Tertiary), 6 = Louisiana Gulf Coast,

7 = Japan, 8 = combined data from from various areas, 9 = Gulf
Coast (core data), 10 = Louisiana offshore.
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Louisiana offshore (Foster and Whalen, 1966), (a) curve for

"typical”
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KEY FOR FIGURES 3, 5, AND 6

Mudstones, Rambara and Obuchi wells, Japan.
Porosity 20-43%, av. porosity = 30%. Steady state
measurement, 8000-10,000 mg/1 NaCl. (Magara, 1978)

Mudstones, Yuza well, Japan. Porosity 15-38%
average porosity = 21.5%. Steady state
measurement, 10,000 mg/1 NaCl. (Magara, 1978).

Pliocene and Miocene shales, Italy. Steady state

permeability measurement, permeant not stated.
(Neglia, 1979).

Lower Cretacecus clayey siltstones and sandstones,
Western Canada. Porosity not given. Steady state
measurement, water permeant. (Young et al., 1964).

- vertical permeability, no confining pressure.

- vertical permeability, confining pressures 76 to
400 bars, equivalent to burial depths of 3500 to
11,100 ft.

Pierre Shale, Cretaceous, South Dakota. Initial
porosity 25-45%, compacted at stress equivalent to
depths shown. Transient pulse hydraulic test
(numerous mechanical compaction test results not
shown). (Neuzil, 1986).
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1.0 INTRODUCTION

Molecular diffusion is a transport process occurring exclusively in solution. It results in the
movement of solute molecules or ions from regions of high concentration to regions of low
concentration, driven by the random thermal agitation (Brownian motion) and collisions of
solute and solvent molecules.

At underground injection sites, molecular diffusion of a dissolved contaminant species can take
place vertically within the injection zone, in the water-saturated aquitard layer overlying the
layer containing the bulk waste plume. Thistype of transport can be visualized (see Figure 1) as
a cloud or halo of contaminant molecules rising above the bulk plume. The highest
concentration of dissolved contaminant will be found at the base of the aquitard, and will
decrease with vertical distance into this layer. Thisisillustrated schematically by the gradation
of shading shown in Figure 1.

Molecular diffusion can aso occur in the horizontal direction. However, this effect will
normally be negligible compared to the lateral movement of contaminants resulting from other
transport mechanisms, such as hydrodynamic dispersion. Horizontal diffusion will typically
contribute less than 500 ft to the lateral movement (calculated using the methods presented in
Section 4.0), even on a 10,000 year time scale.
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20 KEY CONSIDERATIONS

In evaluating molecular (or ionic) diffusion of contaminant species within an aquitard layer, it is
necessary to consider two key factors: (1) the magnitude of the concentration reduction (i.e., the
concentration reduction factor or CRF) required to render the most toxic and/or most mobile
species non-hazardous and (2) the vertical distance into the aquitard layer needed to obtain this
CRF after 10,000 years of diffusion (recall that species concentration decreases with increasing
vertical distance into the aquitard).

The required CRF is determined on the basis of published health-based standards or detectability
limits on the species under consideration, as outlined in the underground injection regulations,
together with the concentration of the species in the waste stream. This aspect of the molecular
diffusion calculation is not addressed in the present discussion, which focuses primarily on the
prediction of the species transport. It is assumed, for the present purposes, that the required CRF
has been established beforehand for a given site and waste stream.

Confident prediction of the vertical distance required to obtain the necessary CRF for the most
toxic species after 10,000 years dictates the use of a conservative model for molecular diffusion.
Such amodel must calculate the concentration profile as a function of vertical distance, based on
a conservative value for the effective diffusion coefficient of the species through the water-
saturated porous matrix of the aquitard layer. The following sections will describe the molecular
diffusion model adopted in the present no-migration demonstration, and the approach devel oped
for establishing a conservative value for the effective diffusion coefficient.

Moldiff.doc DuPont Molecular Diffusion Model
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30 MODEL DESCRIPTION

The present molecular diffusion model is based on the application of Fick's well-known Second
Law of Diffusion, which is expressed as.

aC_ ., 9C
E:D 0z* @

where C is the relative species concentration (with respect to the contaminant concentration in
the waste stream) at time t and vertical position z within the overlying aquitard layer. The
distance z is measured upward relative to the top boundary of the bulk waste, as it slowly
advances by advective seepage into the agquitard layer. The location of this top boundary (versus
time) can be determined using the Multilayer Vertical Permeation Model (Appendix D).

The parameter D* in Equation 1 is the "effective diffusion coefficient" for the contaminant
species within the water-saturated porous aguitard layer, defined on the basis of the mass transfer
rate per unit cross sectional area of material. In this definition, only the portion of the total cross
section occupied by the pores is included in specifying the area. (It is significant to note that
diffusion through the solid matrix will virtually always be negligible compared to diffusion
within the pore space, because diffusivities in solids are several orders of magnitude lower than
inliguids (Lerman, 1988).)

This form of Fick's Second Law, together with the associated definition of the diffusion
coefficient, is consistent with the description employed in number of key literature references,
including Freeze and Cherry (1979), Bear (1972), Walton (1985), Javandel et al. (1984), Fried
(1975), and Greenkorn (1981). On the other hand, an equivalent alternate representation, which
also frequently appears in the literature (Lerman, 1988; Huyakorn and Pinder, 1983; Currie,
1960; and Intercomp, 1976) deserves some comment. This form of Fick's Second Law for
porous mediais given by:

o= M

where @ is the porosity of the medium, and D is the "nominal diffusion coefficient” of the
contaminant species within the porous matrix, defined on the basis of the mass transfer rate per
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unit total cross sectional area, including both matrix and pores (rather than solely the pore cross
sectional area).

The two equivalent formulations of Fick's Second Law given in Equations 1 and 2 are related by
an expression linking the two diffusion coefficients D and D*:

D=D*g (©)

These two diffusion coefficients differ by a factor of the porosity ¢, and, since @ is always less
than 1, D isaways less than D*.

In discussing diffusion phenomena in porous media, it is extremely important to make the
distinction between which of these two diffusion coefficients is being referred to. There appears
to be considerable ambiguity and misinterpretation of information in the literature as a result of
overlooking this distinction.

Gillham and Cherry (1982) aluded to both D and D* in their discussions of porous matrix
diffusion. However, Walton (1985) later incorrectly assumed that they were referring to D* in
their evaluation of the effect of porosity on the diffusion coefficient, when, in reality, they were
referring to D. Thisled Walton to an unfounded conclusion.

Manheim (1970) discussed ionic diffusion in porous media on the basis of the Fick's Second Law
formulation given by Equation 1, which involves D*. However, he then expressed D* in terms
of the so called "formation resistivity factor" F, using an equation valid strictly for D. It is not
clear whether the relationship between the diffusion coefficient and porosity plotted by Manheim
for NaCl in porous mediarefersto D or to D*.

In the present development, Equation 1 is solved for the concentration reduction factor C as a
function of time t and vertical position z, assuming that, at the lower boundary z = 0, the
contaminant concentration is identical to the value in the waste stream at al times (i.e, C=1at
z=0). This assumption is conservative, since the diffusion process itself will act to cause the
concentration at z = O to drop below the waste concentration. Diffusion occurring upward into
the region above z = 0 will tend to deplete the neighborhood near z =0 of contaminants. Of
course, these contaminants can be replenished, to a certain extent, by upward diffusion out of the
region beneath the lower boundary of the model (z <0), comprising the lower portion of the
aquitard layer and the upper portion of the bulk waste plume. However, in order for such
diffusion to take place, it is necessary for a concentration driving force to be established, and
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thus, for the relative concentration at z = 0 to drop below C = 1. The actual relative
concentration at z=0 must always lie somewhere between C = 0 and C = 1. Therefore, the
assumption that C=1 at z=0 for al times automatically guarantees that the predicted relative
concentrations above z=0 will be overestimates of the true values.

Based on the assumption that C=1 at z=0, the solution to Fick's Second Law of Diffusion
(Equation 1) for the relative concentration profile C(t,z) of a contaminant species in the aquitard
layer overlying the bulk waste plume is given by

C(t2) = erfc%lf [Z)—*tﬁ 4

where erfc is the "complementary error function,” widely available in published tabulations and
virtually all computer function libraries.

Equation 4 constitutes a complete statement of the present model of molecular diffusion in a
water-saturated porous aquitard layer. Figure 2 shows a plot of Equation 4, expressed in terms
of the relative concentration C, while Figure 3 shows the same results, plotted using a
logarithmic scale for the relative concentration. These figures indicate that the concentration of
a contaminant species decreases monotonically with vertical distance above the bulk waste
plume.

To apply the results embodied in Equation 4 and Figures 2 and 3 on a practical basis, it is
necessary to convert the dimensionless distance parameter

z

2yD*t

into true vertical distance z in space. This can be accomplished once a defensible value for the
effective diffusion coefficient D* of the contaminant species in the porous matrix is known.
Determination of the effective diffusion coefficient is addressed next.

Moldiff.doc DuPont Molecular Diffusion Model



Appendix 3-3 - Page 6

40 DETERMINATION OF EFFECTIVE DIFFUSION COEFFICIENT

In general, very few direct experimental measurements of the effective diffusion coefficient of a
contaminant species in the water saturated aquitard layer will be available. Therefore, it is
necessary to predict a value for the coefficient on the basis of physical property data and other
reliable information extracted from the literature. Fortunately, a considerable body of such
information is available to achieve this with sufficient accuracy and confidence to provide a
conservative estimate of molecular diffusion in the aguitard layer, consistent with the
requirements of the no-migration demonstration.

The effective diffusion coefficient of a solute species within a water-saturated porous medium is
always lower than in free water solution (i.e., without the solid framework). This behavior can
be attributed primarily to the complexities inherent in the porous medium microgeometry (see
Figure 4). Constrictions in the pore channels inhibit the rate of diffusion along the pores, and
tortuosity of the channels lengthens the total path over which molecules must travel. These
geometric effects have been studied extensively in the literature, both theoretically and
experimentally. In genera, it is found that the influence of the microgeometry can be
characterized in terms of a "geometric correction factor" G for the porous matrix, equal to the
ratio of the effective diffusion coefficient in the matrix D* to the diffusion coefficient in free
solution Dy

G=D*/Dy = 1 (5)

In the absence of various complicated chemical phenomena discussed below, G is expected to be
a property of the matrix only, independent of the solvent and diffusing solute. It will typically be
a function of both the matrix porosity and of the lithology. For a specified lithology, G will
generally decrease with decreasing porosity.

In addition to the reduction in effective diffusion coefficient associated with the geometrical
complexities of the porous matrix, there are frequently chemica phenomena present which act to
reduce the extent of contaminant movement further. These chemical phenomena include
adsorption, ion exchange, steric hindrance, and osmotic exclusion, which slow or prevent the
movement of contaminants. They also include hydrolysis and decomposition, which destroy the
contaminants. Although these chemical effects are sometimes difficult to quantify in practice,
their presence will always result in a reduction in the extent of contaminant movement.
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Therefore neglecting these effects in the diffusion assessment automatically leads to an added
margin of safety in the calculations (see Section V for details).

The first step in determining the effective diffusion coefficient for a contaminant species within
the water-saturated aquitard layer is predict the value of the diffusivity in free aqueous solution,
Do. This is accomplished by making use of the extensive correlations available in the open
literature (Section 4.1).

The next step is to predict the geometric correction factor G for the porous matrix, for a given
matrix porosity and lithology. Using information assembled from a variety of literature sources,
including both theoretical and experimental studies (Section 4.2), a correlation for accomplishing
this has been developed, and is presented in Section 4.2. This correlation expresses the
geometric correction factor G as a simple function of the porosity, for various generic
lithologies.

4.1  Predicting Diffusion Coefficient In Free Solution

A number of well-validated correlations for predicting with confidence the diffusivity of solutes
in free agueous solution are documented in the literature, both for electrolytes (ionic solutes) and
non-electrolytes (non-ionic solutes). Techniques applicable to non-electrolytes include those of
Othmer and Thakar (1953), Wilke (1949), Li and Chang (1955), and Wilke and Chang (1955).
For electrolytes, diffusivities can be predicted very accurately (Perry and Chilton, 1973) using
the so-called Nernst equation (Nernst, 1888), which expresses the diffusivity in terms of known
values for the cationic and anionic electrical conductances at infinite dilution. Detailed
instructions on applying these techniques, in some cases together with examples, are presented in
a number of references, including the standard Chemical Engineers Handbook (Perry and
Chilton, 1973), as well as other well-regarded texts and handbooks by Treybal (1955), Lerman
(1988), and Horvath (1985). Also contained in these references are extensive tabulations of
species- and chemical group-specific physical property data required as input parameters to the
correlations. De Kee and Laudie (1973) have published a nomograph, based on the method of
Othmer and Thakar (1953), for predicting the diffusivities of 65 frequently-encountered non-
electrolytes, including many organics, as a function of temperature. The average accuracy of the
various predictive methods is roughly +10% (Perry and Chilton, 1973; Bird et a., 1960). This
high degree of accuracy is possible because of the very narrow range typically observed for the
diffusivities of most solutes, both ionic and non-ionic. With few exceptions, the total range of
variation at a given temperature isless than afactor of 10.
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In addition to the highly accurate techniques described above, there are frequently measured
values of diffusivities for specific solutes in water available in the literature. Broad tabulations
of observed diffusivities have occasionally been published (Johnson and Babb, 1956; Reid and
Sherwood, 1958; Perry and Chilton, 1973; Lobo, 1984). Of course, a directly measured value
for the diffusivity is often preferable to a value predicted using a correlation.

4.2  Predicting Geometric Correction Factor For Porous Medium

421 Theoretical

A great many theoretical studies have been conducted to gain a fundamental mechanistic
understanding of the diffusion phenomenon in porous media, and to develop quantitative
relationships for predicting the effect of porosity and microstructure on the geometric correction
factor G. The basic approach typically adopted in these studies is to first define an idealized
geometric model for the microstructure of the porous medium, and then to solve the basic
differential equations for diffusion through the open pore space in this geometry. Subsequent
averaging of the solution for the mass flux over the boundaries of the system leads to a
prediction of the effective macroscopic diffusion coefficient D* and the geometric correction
factor G.

One form of idealized model frequently used for porous media is that of a series of tortuous
tubes running at a spatially varying angle across the matrix. If the tubes are assumed uniform in
cross section and equal in total length, then the geometric correction factor G is found (Currie,
1960) to be given by the equation:

G = (L/L,)2 (6)

where L represents the length of the direct path for diffusion across the medium, and L denotes
the tortuous path length contained within the direct distance L. Because of the wide recognition
afforded this tortuous tube model, a parameter known as the "tortuosity factor” t is often defined.
In general, the tortuosity factor is equal to (L{/L)2, but, for the idealized tortuous tube model, it
also equals the reciprocal of the geometric correction factor G. Even in the case of more
complex geometries, the tortuosity factor t is frequently considered to be the reciprocal of G,
although, in a strict sense, this interpretation is not valid because G includes both tortuosity and
constriction effects.
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Another version of tube model often utilized for porous media features constrictions along the
length of the tubular pores [see Figure 4(a)]. These constrictions can be included in either a
straight-tube form of the model, or in a tortuous tube model. In general, the presence of
constrictions results in a reduction in G (relative to the value obtained for uniform straight or
tortuous tubes) by a factor equal to the ratio of the harmonic mean cross sectional area to the
arithmetic mean area. Unless the cross sectional area varies very drastically along the pores, as
in the case of a consolidated medium which features dead-end pores, this ratio will normally not
differ greatly from 1. Thus, for unconsolidated media, the effects of pore tortuosity will usually
dominate over those of pore constrictions.

Tubular models of porous media generally consider the matrix network of the system to be
comprised of a continuous solid phase. In contrast, another frequently-used geometric
idealization for porous systems typically describes the matrix as a discontinuous phase,
consisting of atwo dimensional array of discrete particles arranged in aregular repeating pattern
[see Figure 4(b)].

The advantage of this type of representation is that it permits one to examine the potential effects
of particle shape on the geometric correction factor. A variety of particle shapes have received
consideration using Discrete Particle Array models, including circles and squares, as well as
shapes with larger aspect ratios (ratio of maximum to minimum dimension), such as ellipses and
rectangles (De Vries, 1950; Maxwell, 1881; Burger, 1919; Weissberg, 1963; Hashim and
Shtrikman, 1962; Ryan, 1984; Kim et a., 1987).

Model arrangements with high-aspect ratio particles are expected to be particularly well-suited
to describing laboratory and geological systems featuring plate-like particles, such as clays and
shales, with their major dimensions aligned roughly along a sedimentary bedding plane. In such
configurations, the Discrete Particle Array models predict anisotropic diffusion behavior (Kim et
al., 1987), characterized by an effective diffusion coefficient perpendicular to the bedding that is
considerably lower than the coefficient parallel to the bedding. Thistype of anisotropic behavior
is, of course, to be anticipated because of the much more tortuous path the molecules must take
in migrating perpendicular to the bedding.

The theoretical predictions from Discrete Particle Array models have been found to be in
excellent agreement with experimental observations on unconsolidated granular beds, for cases
in which the aspect ratio of the particles is close to 1 (Kim et al., 1987), even in systems with
highly non-uniform particle size distributions. These results will be discussed in further detail
below.
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Fewer experimental and theoretical results are available on plate-like particles. Kim et al. (1987)
considered an idealized particle array model consisting of plate-like particles in which the major
axes were perfectly aligned along the horizontal bedding planes. However, in the accompanying
experiments, the particle orientations deviated significantly from perfect horizontal alignment, as
revealed by the published photographs of the particle arrangements. It is therefore not surprising
that the results of these experiments did not agree well with the predictions. While the theory
and experiments both gave a major reduction in the diffusion coefficient perpendicular of the
bedding plane (relative to free solution), the observed variations with porosity, and the ratio of
the horizontal- to vertical diffusivity, were not in good accord with the simple theory for a
perfectly aligned bed.

In laboratory and geological systems consisting of plate-like particles deposited in a sedimentary
fashion, it is reasonable to expect that, immediately after deposition has taken place, the particles
will be poorly aligned with the bedding planes, and the porosity of the sediment will be fairly
high. However, as the system is compacted, either by natural overburden pressure (in the case of
a geological system) or by directly imposed mechanical action (in the case of a laboratory
system), the porosity will decrease, and the particles will rotate into better alignment with the
bedding. Thisimproved particle alignment will result in an increase in the tortuosity of the pore
channels, which, in turn, will reduce the effective diffusion coefficient perpendicular to the
bedding plane. Therefore, for beds of plate-like particles, the compaction process will act to
bring about simultaneous reductions in both the porosity of the sediment and the geometric
correction factor for diffusion. Such systems will thus behave as if the geometric correction
factor were a unique function of the porosity, decreasing with decreasing porosity.

4.22. Experimental

Four different experimental techniques are typicaly used to establish the relationship between
the geometric correction factor G and porous medium microstructure. These techniques are: (1)
in-situ field measurements, (2) laboratory experiments on unconsolidated dry packings, (3)
diffusivity measurements on platelet-filled plastic barrier films and (4) electrical resistivity
measurements on core samples and sediments. This section will briefly describe each of these
measurement techniques, and present experimental results obtained with the various methods.
These experimental results will then be used, in conjunction with the theory discussed above, to
develop a simple relationship for confidently predicting the geometric correction factor G for an
arbitrary aquitard layer, based solely on knowledge of the layer porosity and its generic
lithology.
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4221 In-Situ Field Measurements

It is sometimes possible to determine a value for the diffusion coefficient of a solute speciesin a
layer of porous rock using direct in-situ field measurements of concentration profile as afunction
of vertical position. The applicability of this method depends entirely on whether, at some time
in the geological past, a sudden change took place in a concentration boundary condition for the
species, brought about by arelatively precipitous geological event, such as rapid uplift or retreat
of aglacier. The present-day concentration profile of the speciesin the porous rock layer can be
predicted using an unsteady state diffusion model, such as Equation 4, derived from Fick's
Second law. The effective diffusion coefficient D* is an adjustable parameter in the model
which is determined by matching the predicted concentration profile to the observed variation.

This technique is not expected to be very accurate for three reasons. First, the precise timein the
past at which the sudden geological event occurred is often difficult to establish. Secondly, the
observed variations in concentration, relative to the mean concentration profile, are frequently
too jagged and noisy to establish a confident value for the diffusion coefficient. And third, the
sediments are often stratified, containing several sublayers of distinctly different lithology; the
results are thus not characteristic of any one lithology, but, rather, an average over them all.
Therefore, values of the effective diffusion coefficient deduced using the direct in-situ
measurement technique should only be viewed as first approximations to the true values.

Leythaeuser et al. (1980, 1982) measured diffusion coefficients for light hydrocarbons (C, to C,)
through the water-saturated pore space of shales exposed after retreat of the polar ice cap from
west Greenland, using the direct in-situ measurement method, and obtained values 10 to 100
times lower than as in free solution. Thisimplies a geometric correction factor G of 0.01 to 0.1.
These measurements also mildly suggested that the heavier hydrocarbons were being adsorbed
onto the shale to some extent.

Several in-situ determinations of effective diffusion coefficients for ionic radio-isotope species
(self-diffusion) and major ions in near-surface unconsolidated silty/clayey deposits at various
sites in south-central Canada and north-central USA have been reported in the literature (Cherry
et al., 1979; Desaulniers et al., 1981; Desaulniers et al., 1982; Quigley et al., 1983; Desaulniers
et a., 1984; Desaulniers et a., 1986, Desaulniers et a., 1987; Desaulniers and Cherry, 1988).
These determinations were based on the existence of a sudden change in concentration boundary
conditions when glaciers or seawater retreated some 10,000-16,000 years ago. Values reported
for the effective diffusion coefficients ranged from 2X106 to 7X106 cm?/sec, with most values
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situated at the low end of the range. These are a factor of 2 to 10 as low as for free solution,
implying a geometric correction factor of 0.1 to 0.5.

4.2.2.2 Dry Granular Packing Method (DGP)

A great many laboratory studies have been conducted to characterize diffusion behavior in
unconsolidated dry porous media (Buckingham, 1904; Penman, 1940; DeVries, 1952;
Hoogschagen, 1955; Currie, 1960; Kim et al., 1987). The most extensive of these investigations
is the pioneering work of Currie (1960).

In these types of studies, dry samples of granular (particulate) material are loaded into a small
cylindrical tube. The samples are supported at the ends of the tube by wire- or fabric meshes.
Particlate forms examined include glass spheres (uniform and non-uniform size distributions),
sand, carborundum, sodium chloride, soil crumbs, and pumice, as well as plate-like particles
such as plastic disks, talc, kaolin, vermiculite, and mica. The effective diffusion coefficient of a
trace gas (such as hydrogen or argon) through the air-filled porous medium is measured. Since
the geometric correction factor G is expected to be independent of both the solute and the solvent
under consideration, the values obtained for G in these experiments should apply equaly well to
diffusion of contaminant species through water-saturated porous media of the same pore channel
geometry.

Figure5 presents a summary of the available results for dry unconsolidated granular beds,
plotted as G versus porosity ¢@. Separate data ranges are shown for "spherical" particles (Currie,
1960; Hoogshagen, 1955; Kim et a., 1987) and higher-aspect-ratio plate-like particles (Currie,
1960; Kim et a., 1987). Inthe latter case, the porous medium exhibits anisotropic behavior, and
the component of G perpendicular to the bedding plane is given. Also provided for comparison
is the theoretical curve for low-aspect-ratio particles calculated by Ryan (1984) using a discrete
particle array model, and later confirmed by Kim et a. (1987) using the same model. As noted
by Kim et al. (1987), this theoretical curve agrees closely with the range of experimental data on
"spherical" particles, even for the case of non-uniform particle size distributions.

The most striking feature of this plot is the very large reduction in the geometric correction
factor G obtained in going from "spherical particles’ to plate-like particles. Of course, such a
reduction was anticipated in the theoretical discussion presented earlier. This reduction is
caused by the increased tortuosity produced by the alignment of the particles along the bedding
plane. The magnitude of the reduction, relative to the spherical case, is on the order of 4X and
larger in some instances. Kim et a. (1987) specificaly noted a 4X reduction in their
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experiments on mica particles. Several of the plate-like particle forms included in the range of
data in Figure5 correspond to clay minerals, with particle shapes similar to those found in
typical aquitard layers.

The lines G=¢P3, G=@¢, and G=¢? are plotted for reference in Figure5. G=¢°3 and G=¢
represent the approximate relationships determined by Archie (1952) for a variety of natural (a)
unconsolidated sands and (b) consolidated sandstones, respectively (Bear, 1972; Lerman, 1988),
using the Electrical Resistivity (ER) Method (see Section 4.2.2.4 for more details).

4.2.2.3 PlasticBarrier Film Method (PBF)

In the food packaging industry, plastic films are frequently used as barriers to limit the diffusion
of water vapor and oxygen into and out of foodstuffs. This approach is very effective primarily
because of the low diffusivity of dissolved gases through plastic. However, for some
applications, the diffusivity is still not low enough to achieve desired shelf life. To overcome
this limitation, rigid particulate "filler" material is sometimes added to the plastic. The filler
consists of tiny plate-like flake particles distributed uniformly through the thickness, and aligned
with the plane of the film. This in-plane particle aignment is achieved automatically as a
consequence of the unique manufacturing process that produces the film. The embedded
particles act to reduce the effective diffusion coefficient through the film by creating a very
tortuous microgeometric diffusion path.

Plate-like fillers are very widely used in the manufacture of commercial packaging films and
containers to reduce diffusivity and achieve certain desirable mechanical and thermal properties.
In fact, many commercial plastic resin suppliers offer their products in pellet form, with the filler
particles predispersed within the pellets (Plastics, Edition 7, 1985; Modern Plastics
Encyclopedia, 1988). These pellets are designed to be fed to a plasticating extruder, which then
delivers a polymer melt containing suspended filler particles to a film-forming die. When the
quenched film is stretched and oriented to develop mechanical properties, the particles will align
with the plane of the film. Commercialy available plate-like fillers include talc, mica, clays, and
aluminum flake.

The diffusion of dissolved gases in a plastic film containing filler particles is completely
analogous to the diffusion of soluble substances in a water-saturated porous medium. The
plastic material serves the function of the pore water, while the filler particles are analogous to
the rock matrix, providing a tortuous barrier to diffusion. Since the geometric correction factor
G is dependent primarily on the microgeometry of the system (and is expected to be nearly
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independent of the specific substances involved), measurements of G for plastic barrier films
should tranglate directly into comparable results for porous media of similar microgeometry.

Because of the commercial importance of plastic barrier films, a considerable body of
experimental data has developed on diffusion in such systems, particularly for materials
containing plate-like filler particles (e.g., Arina et a., 1979; Kamal et al., 1984; Murthy et al.,
1986; Cussler et al., 1988; Bissot, 1988a,b). The quality of this dataistypically excellent, owing
to the business liabilities inherent in marketing products based on over-optimistic projections.
Results are normally reported as diffusion rate reduction factor (i.e., geometric correction factor
G) as afunction of filler loading. Filler loading can be converted directly into volume fraction
plastic (equivalent to porosity of a porous medium).

All available experimental data on diffusion in particle-filled plastic barrier films, both for the
case of spherical as well as plate-like particles, are found to fall entirely within the range of
behavior presented in Figure 5 for the Dry Granular Packing (DGP) Method. Thus, these two
strikingly different measurement techniques provide mutually consistent results, which enhances
confidence in findings from both techniques.

4.2.2.4 Electrical Resistivity Method (ER)

The Electrical Resistivity Method (ER) makes use of the physical analogy between conduction
of an electrical current through the open pore channels of a medium saturated with an electrolyte
solution, and the diffusion of molecules and ions through these same pore channels. In this
technique, a quantity known as the "formation factor" F is determined. The formation factor is
equal to the ratio of the electrical resistivity of a porous medium saturated with an electrolyte
solution to the resistivity of the same electrolyte solution, without the porous medium present.
Typicaly, a sodium chloride solution with over 10g per liter of NaCl is used. Electrical
resistivity is defined as the resistance of a unit cube of material subjected to a one-dimensional
current flow through one face and out the opposite face. The geometric correction factor G is
related to the formation factor F by the equation (Greenkorn, 1981):

G = @

According to Equation 7, alarge value for the formation factor implies a substantial reduction in
the effective diffusion coefficient, relative to the case of diffusion in free solution.
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Use of the Electrical Resistivity (ER) Method to determine geometric correction factors for
porous mediais valid, in the strictest sense, only for media that do not conduct electric current.
However, as pointed out by Manheim and Waterman (1974), for materials such as clays and
shales, which exhibit surface conductivity, the Electrical Resistivity Method will aways
underestimate the "true" formation factor associated with the pore microgeometry, and thus will
automatically produce a conservative overestimate for the geometric correction factor G.
Moreover, techniques have been developed (Waxman and Smits, 1968) to correct for the effects
of surface conductivity on formation factor, by saturating the porous medium with electrolyte
solutions of several different concentrations and measuring the corresponding resistivities.

In an early investigation, Archie (1952) measured formation factors for a variety of natural
unconsolidated sands and consolidated sandstones. He found that, over a significant range of
porosities, the experimental variations of formation factor with porosity could be described
(within a given sediment) by an empirical relationship of the form:

F= o (8)

The exponent m was found to be approximately 1.3 for unconsolidated sands, and to range
between 1.8 and 2.0 (Bear, 1972) for consolidated sandstones. Equation 8 has subsequently
come to be known as the "Archie Equation.” Substitution of Equation 8 into Equation 7 provides
an expression for the geometric correction factor G as a function of the porosity _.

G=¢" (9)

where n = m-1, with n approximately equal to 0.3 for unconsolidated sands, and ranging between
0.8t0 1.0 for consolidated sandstones.

In the intervening years since the pioneering work of Archie (1952), many experimental
investigations have been published describing measurements of the relationship between the
formation factor and porosity for various types of reservoir rocks, including unconsolidated
sands, consolidated/cemented sandstones, and unfractured carbonates (see e.g., Winsauer et al.,
1952; Carothers, 1968; Wyllie and Gregory, 1953; Baker and Worthington, 1973; Jackson et a.,
1978, Asquith, 1979; Waxman and Thomas, 1974). Survey articles have been published on this
subject (Asquith, 1980; Hilchie, 1984), textbooks have summarized the pertinent results (Asquith
and Gibson, 1982; Levorsen, 1967; Hilchie, 1982), and comprehensive reports have been issued
by the oil service companies recommending guidelines for predicting formation factors in
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different reservoir lithologies (Welex, 1978; Schlumberger, 1984; Dresser Atlas, 1979).
Moreover, for the case of reservoir sediments containing electrically-conductive clay and shale
mineral fractions, reliable experimental methods have been established (Waxman and Smits,
1968; Clavier et al., 1984) for determining the "true" formation factor, characteristic solely of the
pore microgeometry, from resistivity measurements. This development is particularly relevant in
the present context, since it is this "true" formation factor that relates directly to the geometric
correction factor G for diffusion.

The results of these extensive electrical resistivity investigations of reservoir sediments have
enabled researchers to identify certain well-defined trends in behavior. Typically, for a given
sediment, the measured variation in formation factor with porosity can be described over afairly
broad range of ¢ by means of the empirical Archie relationship, Equation 8 (in some cases
modified by a constant multiplying-factor close to 1.0). The exponent "m" in Archie's
expression (or, equivalently, the exponent "n" in Equation 9 for the geometric correction factor
G) normally varies as a function of lithology, increasing with increasing constrictions and
tortuosity of the pore channels. Thus, in the case of sands, for example, m rises from a value of
1.3 (n=0.3) for completely unconsolidated sediments, to 1.8 (n=0.8) for moderately cemented
sands (Martin, 1953). For this reason, m and n are frequently referred to as "cementation
exponents.” Such terminology, however, is somewhat of a misnomer, since both m and n are
also expected to increase with increasing plate-like character of the sediment particles (since

increasing particle aspect-ratio typically givesrise to greater pore tortuosity).

Figure6 presents a general summary of the extensive measurements on reservoir rocks
(including the measurements of Archie, 1952), obtained using the Electrical Resistivity (ER)
Method. Note that these findings have been reexpressed in terms of the geometric correction
factor G for diffusion, using Equation 7. (Also shown in Figure 6 are results from laboratory
measurements on clay sediments, to be described in detail below).

Separate ranges of behavior are indicated in Figure6 for unconsolidated sands,
consolidated/cemented sandstones, and unfractured carbonates. As suggested previoudly,
observed differences between unconsolidated sands and consolidated sandstones are related to
the degree of cementation in these deposits. Both types of sediments are comprised of
essentially "spherical" sand granules. However, in a consolidated sandstone, the cementation
process produces increased constrictions in the pore channels, and dead-end pores. These effects
severely retard the overall rate of diffusion, and result in a lower value for the geometric
correction factor G.  Apparently, G is generaly smaller for a consolidated particle matrix than
for the equivalent unconsolidated packing.
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Very few measurements have been carried out using the Electrical Resistivity (ER) Method to
characterize the relationship between formation factor and porosity for clays and shales. Thisis
unfortunate, since many of the aquitard layers used to restrict contaminant movement within the
permitted injection zone at underground injection sites are comprised of such sediments,
particularly in the Gulf Coast region.

Atkins and Smith (1961) measured formation resistivity factors for durries of various clay
minerals and mica particles in the laboratory, and found that the observed variations of F with
porosity were described adequately by the Archie equation (Equation 8). The clay minerals
tested included montmorillonite (Naand Ca), illite, kaolinite, and attapulgite. Unfortunately, the
results of these measurements could not realistically be expected to provide accurate estimates of

the "true" formation factors characteristic of pore microgeometry in actual clay-type geological
deposits, for two reasons. First, no attempts were made to correct for the effects of clay surface
electrical conductivity on the measured values of the formation factors. Secondly, the clay
slurries were agitated immediately before resistivitity measurements were taken, thus disrupting
any particle alignments that may have existed and virtually guaranteeing that the majority of the
plate-like particles were not oriented perpendicular to the direction of electrical current flow.
Both these effects would have resulted in significant underestimates of the true formation factor,
and, by Equation 7, overestimates of the geometric correction factor G for diffusion. Therefore,
Atkins and Smith's results are not applicable to oriented geologica deposits such as clays and
shales, and have been omitted from Figure6. However, even with these rather severe
restrictions, Atkins and Smith did find that, for the Na montmorillonite tested, the exponent min
Archie's relationship exceeded the rather large value of 3.0; equivalently, the exponent n in
Equation 9 for G was greater than 2.0. According to Equation 9, the larger the value of the
exponent n, the greater the reduction in the effective diffusion coefficient relative to free aqueous
solution. The large values for m and n observed by Atkins and Smith for the montmorillonite
dlurries can be attributed to the highly plate-like character of the particles, which resulted in very
tortuous conduction paths through the slurries, even though the particles were not aligned.

Jackson et al. (1978) investigated the effect of particle size and shape on the relationship
between formation factor and porosity in ssimulated laboratory sediments comprised of sands and
plate-like shell fragments. As in the previous studies, al the observations were adequately
described by the Archie equation. The exponent m in Archie's expression was determined to be
1.85 for the shell fragments (n = 0.85 in Equation 9 for G). Unfortunately, in these experiments,
the resistivity was measured in the direction parallel to the orientation of the fragments, rather
than perpendicular. Thus the results are not applicable to conductive or diffusive transport
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vertically through beds of horizontally oriented plate-like particles (such as clays and shales),
and they have therefore been omitted from Figure 6. If the resistivity measurements were made
perpendicular to the direction of the particle orientation, the exponent m would almost certainly
have been larger than 1.85.

The most definitive measurements to date of formation factors for clays of varying mineralogy
were made by Atlan, et a. (1968). These experiments employed simulated laboratory core
samples, comprised of kaolinites, illites, and montmorillonites. The results were corrected for
the effects of clay surface electrical conductivity, using the well-known method of Waxman and
Smits (1968). This enabled Atlan et al. to determine a value for the "true" formation factor for
the sediments, characteristic solely of the clay pore-channel microgeometry.

The observed relationship between formation factor and porosity for each of the clay minerals
tested was found to agree closely with the Archie equation. Values of the Archie exponent m as
high as 5.4 were obtained for the case of the montmorillonite clay. Thisis equivalent to avalue
of n=4.4 in Equation 9 for the geometric correction factor G.

Figure 6 presents a plot of the results from this study, reexpressed in terms of G. Separate data
ranges are shown for the various clays investigated. A salient feature of this plot is the much
lower range of values obtained for G in the clay sediments, compared that found for the sands,
sandstones, and carbonates comprising reservoir rocks. These much lower values can be
attributed to the greater tortuosity of the pore channels, caused by alignment of the plate-like
clay particlesin the direction perpendicular to the flow of electrical current or diffusion.

For sediments consisting of illites and montmorillonites (as well as for kaolinites with porosities
@ <0.4), al the data in Figure 6 fall below the reference line G = ¢°. This result is particularly
germane to the present situation, since shale and clay aquitard layers in the Gulf Coast region at
the depths of underground injection operations are comprised primarily of illites and
montmorillonites. Montmorillonites dominate at shallower depths, in relatively uncompacted
sediments, whereas illites become a more prevalent component at greater depths. Therefore, the
results in Figure6 strongly suggest that a_conservative upper bound to the geometric
correction factor for Gulf Coast clays and shalesis provided by the expression:

G <¢ (10)
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The validity of this bound is supported by a powerful body of additional evidence. This
evidence is provided by the remarkable consistency that exists between the results obtained
using the Dry Granular Packing (DGP) Method, the Plastic Barrier Film (PBF) Method, and the
Electrical Resistivity (ER) Method. Figure 7 combines the data from all three of these markedly
different measurement techniques into a single plot. The results for "spherica" particles
determined using the Dry Granular Packing Method lie comfortably within the mid-range of
results for unconsolidated sands (also consisting of basically "spherical” particles) obtained with
the Electrical Resistivity Method. Similarly, the data on high-aspect-ratio plate-like particles
(exhibiting shapes comparable to clay minerals) determined using both the Dry Granular Packing
Method and the Plastic Barrier Film method are in excellent agreement with the results on illite
and montmorillonite plate-like clay particle deposits, determined using the Electrical Resistivity
Method. Moreover, virtually al these data sets on plate-like particles fall below the reference
line G <¢?. Therefore, it is reasonable to expect that, for high-aspect-ratio plate-like sediments,
such as Gulf Coast clays shales, comprised primarily of illites and montmorillonites, the
relationship G <¢® can be used as a conservative upper bound for estimating the geometric

correction factor for molecular diffusion in no-migration demonstrations.

4.3 Summary and Conclusions

The rate of diffusion of a dissolved species through a water-saturated porous medium is always
lower than in free agueous solution. Complexities in pore channel microgeometry, resulting
from constrictions and tortuosity, are responsible for this reduction in diffusion rate. The effects
of pore channel complexities can be quantified in terms of a geometric correction factor G,
which expresses the reduction in the effective diffusion coefficient, relative to the diffusivity
value in free solution.

The geometric correction factor G is highly dependent upon the lithological characteristics of the
porous medium. For unconsolidated beds of |ow-aspect-ratio "spherical” particles, such as an
unconsolidated sand, the value will be relatively high, typically in the range 0.5 to 0.8 for
porosities in the working range 0.1 to 0.5. However, for an equivalent consolidated/cemented
"spherical" particle bed, such as a sandstone or unfractured carbonate, the geometric correction
factor is significantly reduced as a result of the constrictions and dead end pores produced by the
cementation process; typical values for G in such a bed could be expected to lie well below 0.5.
Sediments consisting of high-aspect-ratio plate-like particles aligned with the bedding planes,
such as clays and shales, are characterized by highly tortuous diffusion paths. This increase in
tortousity, relative to the "spherical” particle case, will bring about an enormous reduction in the

Moldiff.doc DuPont Molecular Diffusion Model



Appendix 3-3 - Page 20

geometric correction factor, with values normally expected to range from 0.01t0 0.1 and below,
for typical aguitard layer porosities less than 0.3.

Based on the considerable body of experimental data obtained using several distinctly different,
but mutually consistent, measurement techniques, it has been possible to establish reasonable
upper bounds to the geometric correction factor G as a function of porosity ¢ for various
sediments. These upper bounds can be expressed in terms of an "Archie" type relationship, of
the form G <@", where the exponent n depends on the sediment. Values of n for various
specific sediments are presented in Tablel. The results in Tablel for both sands and
clays/shales are consistent with the relationships recently employed by Ranganathan and Hanor
(1988). Vaues for the geometric correction factor determined using the present procedure will
automatically produce overestimates of the extent of molecular diffusion in the porous medium.

According to the current molecular diffusion model, described by Equation 4, the diffusion
distance for a contaminant species into the aquitard layer overlying the bulk waste plume is
proportional to the square root of the effective diffusion coefficient D*. Since D* is equal to the
diffusivity in free solution multiplied by the geometric correction factor, it follows that the
diffusion distance of a contaminant species into the overlying aguitard is equal to the diffusion
distance for the species in free solution multiplied by the square root of the geometric correction

factor G.

Tablel
Upper Bounds To Geometric Correction Factor “G” For Various Sediments

Sediment Type Exponent n G <(pn
Unconsolidated sand 0.3 G <2
Consolidated sandstone 0.8 08
G <o
Tight unfractured limestones 1.0 G 10
and dolomites =0
Gulf coast clays and shales 2.0 20
G <o
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50 MARGINSOF SAFETY

A number of margins of safety are inherent in the present molecular diffusion model and in the
recommended procedure for determination of the key input parameter, the effective diffusion
coefficient D*, guarantee that the predicted diffusion distance is an overestimate of the true
extent of vertical contaminant transport.

A. Concentration at z=0 Assumed Equal to the Waste Concentration for All Times

The conservativeness of this assumption was discussed in detail in Section 3.0 of this appendix.

B. Chemical Interactions With Aquitard Neglected

Chemical interactions with the aguitard material, resulting from phenomena such as adsorption,
ion exchange, molecular hindrance, and osmosic membrane effects are neglected in the model.
Such interactions have often been known to greatly attenuate or totaly eliminate solute
movement into typical clay and shale aquitard materials (Freeze and Cherry, 1979; Lerman,
1988; Neuzil, 1986; Wayman, 1967; Collins, 1961; Deen, 1987).

Adsorption is a process in which solute molecules or ions adhere to the surfaces of the particles
within the agquitard layer. This greatly slows their rate of diffusional transport in the aquitard.

lon Exchange occurs when contaminant cations (such as heavy metals) interchange places with
other cations (non-contaminant) electrostatically bound to the surface of the aquitard particles.
This partially immobilizes the contaminant cations, and greatly attenuates their diffusional
transport rate.

Molecular hindrance occurs in porous media when the dimensions of the diffusing solute
molecule or ion are on the same order as the dimensions of the pores (Deen, 1987; Lerman,
1988). This causes hydrodynamic frictional drag to develop between the diffusing molecule or
ion and the walls of the pores, and results in reduced diffusion rate through the matrix. If the
solute moleculeis sufficiently large, it can be hindered from even entering.

Clays and shales are often known to behave as semipermeable membranes (Collins, 1961; Freeze
and Cherry, 1979; Neglia, 1979; Neuzil, 1986), blocking the passage of ionic solutes, including
contaminant ions, through the aquitard material. Thisionic exclusion phenomenon is referred to
as osmosis, and is believed to be an important process in sedimentary basins (Freeze and Cherry,
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1979). The basic mechanism for this membrane behavior is typically ascribed to the effects of
an unbalance in eectrical charges on the surfaces and edges of the sediment particles. As
explained in detail by Freeze and Cherry (1979),

...the net charge on the clay particles is negative. This results in the adsorption of a
large number of hydrated cations onto the clay mineral surfaces. Owing to a much smaller
number of positively charged sites on the edges of the clay particles and the local charge
imbalance caused by the layer or layers of adsorbed cations, there is also some tendency for
anions to be included in this microzone of ions and water molecules around the clay
particles. The ability of compacted clays and shales to cause ...[osmosis] devel ops when clay
particles are squeezed so close together that the adsorbed layers of ions and associated water
molecules occupy much of the remaining pore space. Since cations are the dominant charged
species in the adsorbed microzones around the clay particles, the relatively immobile fluid in
the compressed pores develops a net positive charge. Therefore, ... cationsin the solution are
repelled.

The cationic species (e.g., heavy metal ions) in a waste are often the constituents responsible for
its hazardous characteristics. The osmotic membrane phenomenon can prevent these
constituents from even entering the overlying aquitard layer.

C. Horizontal M ovement of Waste Neglected

The model assumes that the waste plume is not moving horizontally after injection is
discontinued, and that, at a given lateral location, the base of the overlying aquitard layer is in
contact with the waste for 10,000 years. If asmall horizontal velocity exists within the injection
zone, driven by the action of natural gradients or buoyancy effects (density differences between
the waste and the formation brine) in a dipping formation, the contact time of the waste with the
overlying aquitard at a given lateral location can be substantially less than 10,000 years. This
will reduce the amount of contaminant that can diffuse into the aquitard at a given lateral
location, and will decrease the contaminant concentration in the aquitard.

D. Waste Assumed No M ore Dense than Formation Brine

If the waste is heavier than the formation brine, it will tend to sink within the injection zone, and
eventually lose contact with the overlying aquitard layer. This will reduce the contact time of
the waste with the aquitard to less than 10,000 years, which will decrease both the contaminant
concentration within the aquitard as well as the vertical extent of diffusional transport.
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If the waste is lighter than the formation brine, it will remain in contact with the overlying
aquitard for the full 10,000 years, and, thus, the vertical distance for diffusional transport will be
the same as with a neutrally buoyant waste.

E. Effective Diffusion Coefficient Determined Conservatively

The procedure for establishing a conservative upper bound for the effective diffusion coefficient
of a contaminant species within the water-saturated porous matrix of the overlying aquitard layer
is described in detail in Section 4.0.

F. Chemical Destruction of Contaminantsis Neglected

The model neglects the chemical destruction of the contaminant constituents diffusing into the
overlying aquitard layer. If these constituents decompose with time, exhibiting a half-life even
as long as 3,000 years, the buildup of contaminant concentrations in the overlying aguitard will
be significantly reduced. This will also trandate into a substantial reduction in the extent of
vertical movement after 10,000 years.
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6.0 SAMPLE CALCULATION

The following sample calculation is provided to illustrate the present methodol ogy:

Problem Statement

A contaminant species is diffusing into a shale aquitard layer overlying a sandstone injection
stratum in the Texas Gulf Coast region. From health-based standards, it has been determined
that the contaminant concentration would have to be reduced by a factor of a million (i.e.,
relative concentration C=106) in order to be considered non-hazardous. The diffusion
coefficient for the species in free aqueous solution, at a temperature corresponding to the depth
of injection, has been determined, using the method of Wilke and Chang (1955), to be 3X10-°
cm?/sec. The porosity of the shale is 0.15. Obtain a conservative, upper bound estimate of the
diffusion distance into the aquitard layer after 10,000 years.

Solution

From Figure 3, the dimensionless vertical diffusion distance required to produce a relative
concentration of 106 isfound to be 3.45:

z

2VD*t

=3.45

Thistranglatesinto an actual (dimensional) vertical diffusion distance of:

Z=6.9 JD*t

For Gulf Coast shales, a conservative estimate of the geometric correction factor G for
contaminant diffusion through the water-saturated porous matrix is given by the relationship G <
@2. In the present case of ¢ = 0.15, this results in an upper bound of 0.0225 for G. Since the
diffusivity in free solution is 3X10-2 cmZ/sec, the effective diffusion coefficient in the porous
shale mediumis:

D* <3 x 105 x (0.0225) = 6.75 x 107 c/sec

Substituting this value for D* into the equation given above for z, and using a value of 10,000
year (= 3.16 x 101 sec) for t yields:
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z<69 \/(6.75>< 10‘7) X (3.16 x 1011)

< 3190cm

<105 ft

Thus, the diffusion distance into the overlying aquitard layer after 10,000 years s predicted to be
no greater than 105 feet.
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APPENDIX 3-4
FLUID VISCOSITY GRAPHS
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GROUNDWRTER FLOW IN DEEP SALINE AQUIFERS

James E. Clark

E. I, du Pont de Nemours & Co.
P. 0. Box 3269
Beaumont, Texas 77704

ABSTRACT

Natural horizontal groundwater flow rates in deep saline aquifers are less than
those for shallower freshwater aquifers. Deep saline aquifers have natural
groundwater movement measured in inches per year compared to feet per year for
shallower freshwater systems. Therefore, the deeper units contain water that is
highly mineralized and exhibit a sluggish circulation system compared to the
shallow formations. 1In general, groundwater flow in the deeper saline aquifers is
a function of lower permeability of the sand units rather than hydraulic gradients.
The preparation of horizontal flow maps for deep saline aquifers can be difficult
due to the limited database. This limitation is both in number of data points and
quality of the reservoir pressure measurement.

Confining-layer studies in the Gulf Coast indicate that the vertical flow
migration rate for these deep saline aquifers to be on the order of 1 foot in
10,000 years. Typical Gulf Coast shale permeabilities were measured under
formation pressure, temperature, and salinity. The results indicate shale
permeabilities of 100° to 107° md. Case histories wusing geophysical logs,
formation tester tools, laboratory simulation of downhole conditions, and actual
monitoring illustrate the effectiveness of confining units to restrict vertical
flow, both in the Gulf Coast and in a carbonate sequence near Louisville, Kentucky.




Underground Injection Control Program

Subsurface waste disposal operators must demonstrate that there will be no
migration of hazardous constituents from the disposal unit or injection zone for as
long as the wastes remain hazardous (Hazardous and Solid Waste Amendments of 1984).
EPA {1987) has stated that a 10,000 year residence time in the injection zone would
be sufficient to render any waste non-hazardous. Currently, an injection well
operator must demonstrate that injected fluids will not migrate within the
injection zone to a point of discharge over a time span of 10,000 years.

Safe operating well practices such as mechanical integrity, proper well design
and compatibility, and suitable injection well siting criteria are necessary to
ensure that wastes are injected into the intended disposal formation. Adequate
injection well siting criteria include absence of the following: 1) solution
collapse features, 2) transmissive faults and joints, 3) improperly plugged
abandoned wells that would permit escape of injected wastewaters from the injection
interval, and 4) complex geclogic structures that cannot be assessed.  After
injection is terminated, and the pressures needed to achieve injection have
dissipated, the injected fluids move at the same rate as the natural brines within
a few years (EPR, 1987).

Groundwater Flow

Groundwater flow movement can be predicted using Darcy’s law. In 1856 Darcy
experimented with the flow of water through sand columns and determined that the
flux of water through sand is directly proportional to the hydraulic gradient,
which is the difference in head in feet between two points, divided by the distance
in feet between them. Darcy’s law can be written as:

v = —K dh/dl {Equation 1)

where: v = specific discharge
K = hydraulic conductivity
dh = change in hydraulic head
dl = distance between head measurements

By dividing the specific discharge (v) by the porosity (@) of the zone
of interest we can obtain the average movement (V), seepage velocity, of
groundwater through the porous media. The flow of groundwater does depend on many
factors including the geologic structure, boundaries, and the recharge/discharge
areas. Groundwater is continually in motion from natural and man-made influences;




it flows mainly under the influence of gravity from levels of higher potential
energy to levels of lower potential.

Experimental and theoretical evidence (Freeze and Cherry, 1979) show that water
can be induced to flow (coupled) through a porous media under the influence of
gradients other than the most important one, hydraulic head. The presence of a
temperature gradient can cause groundwater to move even if a hydraulic gradient
does not exist. Also, chemical gradients can cause the movement of chemical
constituents through the water from regions where water has higher salinity to
regions where it has lower salinity. Temperature and chemical parameters can be
useful indicators in determining if groundwater is flowing from other reservoirs.
Temperature has been used by investigators (Smith et al., 1982; Everett, 1986) to
indicate potential upwelling of deeper, warmer waters. Smith et al. (1982), using
groundwater temperatures within the Oakville aquifer in south Texas, illustrated
the effect of relative transmissivity differences within the aquifer and the
possibility of leakage of deeper, warmer waters along fault zones. This practical
method has usage in the deeper saline aquifers to determine local anomalies in the
regional groundwater flow where head data is lacking. Temperature profiles can be
a very useful tool in determining fluid movement. 1In fact, temperature profiles
are routinely logged in injection wells to determine if upward fluid movement is
occurring.

An increase in total dissolved solids (TDS} was also used by Smith et al.
{1982} to show that slower rates of groundwater movement reflect zones of lower
permeability and longer residence time. Warner et al. (1986) suggested that
geochemical criteria provide an inexpensive method to determine the degree of local
and regional confinement of various geclogic units. The chloride ion is the most
useful “indicator of cross-formational movement of fluids. In general, the chloride
concentration increases with depth and is not normally affected by ion exchange nor
by precipitation of minerals.

LeGrand (1962), in a study relating to the disposal of radioactive wastes in
the Atlantic and Gulf Coastal plains, reported on two important features of the
Cretaceous and Tertiary age deposits. Individual formations are finer grained and
less permeable toward the coast; therefore, most sand beds become finer grained and
grade into clay or silt downdip or seaward. The second important factor is the
tendency of the permeability and storage capacity of the sediments to decrease with
increased depth due to the weight of the overlying sediments which compact and
squeeze water out of the system, forcing it upward. Pore space decreases and some
sediments may become indurated into relatively dense rock. Generally, clays below
2000 feet become shaly, and sediments below 3000 feet are less permeable than those
of the unconsolidated, more shallow formations.

A detailed study of groundwater flow near Cypress Creek and Richton Salt Domes,
Mississippi, conducted by the Bentley (1983) confirmed LeGrand’s statement that
permeability decreases with depth. Table 1 shows that the dominant variable
controlling groundwater flow is permeability (K} of the sand units and not
hydraulic gradients (dh/dl}. 1In this case study, the permeability and groundwater
flow (V) of the freshwater sand units are two orders of magnitude greater than the
saline aquifers.




Table 1+

Groundwater Flow Near Cypress Creek
and Richton Salt Domes, Mississippi

Formation K(ft/day) dh/dl K2 V(ft/year)

Freshwater

Pascagoula and

Hattiesburg Formations 140 9/5280 0.30 300

Catahoula Sandstone 180 1/5280 0.30 | 300
Saline Water

Cook Mountain Formation 0.86 3.6/5280 0.20 1.0

Sparta Sand 0.11 11/5280 0.20 0.4

Wilcox Group 4.1 3.3/5280 0,20 4.0

*(Bentley, 1983)

Throughout the Atlantic and Gulf Coastal plain, LeGrand (1962) distinguished
three general zones in the vertical section in which water moves at different
rates. Zone 1 consists of water-table and artesian aquifers and extends from
approximately 100 feet to 200 feet below the base of streams where water is dis-
charged. The rate of groundwater movement is on the order of feet per day or feet
per year. 2one 2 may be from several hundred feet below surface to the depth where
water is salty. The water in this zone has limited discharge paths and flow rates
are generally on the order of feet per year. Zone 3 contains salty water and the
rate of movement can be described in terms of feet per century. Withdrawal or
introduction of fluids in wells could alter the hydraulic gradient in an aquifer
and would increase the flow in any of these zones.

Studies of deep saline waters typically rely on a more limited data base than
do studies of the more extensively developed freshwater aquifers because fewer
wells are drilled to these depths and hydraulic-head data are therefore difficult
to obtain.

Hydrodynamics Studies of Deep Saline Aquifers

Many of the studies for deep saline aquifers have been funded by the federal
government in search for suitable sites in which to isclate nuclear waste. These
studies have shown that groundwater flow rates in deep saline aquifers are less
than the rates in more shallow freshwater aquifers. The regional flow picture from
these studies indicates that the deeper units have less porosity and permeability,
and they contain saline water. This suggests that the water is practically static
(Warner et al., 1986). The sluggish circulation further demonstrates that
agenloadic confinement is effective on both a local and regicnal scale.




Wolfcamp Aquifer System-Palo Duro Basin-West Texas

The deep brine aquifers in the Palo Duro Basin were studied by Bassett and
Benpley (1983). Particular impertance was placed on the Wolfcamp carbonate saline
aquifer of early Permian age, at an approximate depth of 3500 feet. The head data
for this study came almost exclusively from drill stem tests (DST) performed in
petroleum exploration wells and bottom hole pressures (BHP) measured in the
production wells. Since there is no petroleum production in the central Palo Duro
Basin, the pressure measurements reflect natural pre-stress conditions. On the
basis of the hydraulic-head map (Figure 1) and the average reported permeability of
2 md for this aquifer, the average horizontal flow rate in this saline unit is
calculated to be approximately 0.25 inches per year.

Mt. Simon Aquifer-Northern Chio

The rate of natural groundwater movement of saline water in the Mt. Simon
aquifer in Ohio has been calculated by Clifford (1973, 1975—see Figure 2), Warner
and Lehr (1981) and Nealon (1982). The Mt. Simon is a well-cemented sandstone of
Cambrian age that occurs at a depth of less than 3000 feet below the surface
(Bentley et al., 1986). Preinjection well data in the form of DSTs were used to
extrapolate and obtain static pressure values. Warner and Lehr (1981) stated that
the Mt. Simon Formation has an average permeability of 24 md and a porosity of 10
percent near the Empire-Reeves injection well (see Figure 2}, All sets of
calculations revealed groundwater flow rates in the Mt. Simon aquifer to be less
than 6 inches per year. -

Lower Floridan Aquifer—Northwest Florida

The rate of natural groundwater flow for water containing 5000 to 10,000 mg/l
chlorides in the lower Floridan aquifer, northwest Florida, has been calculated by
Warner and Lehr (1981). The aquifer has a permeability of approximately 1000 md
and a porosity of 10 percent. The natural velocity of groundwater flow at a depth
of approximately 1300 feet below the surface in the lower Floridan aquifer is less
than 27 inches per year (see Figure 3).

Wilcox Aquifer-Gulf Coastal Plain-Mississippi

Groundwater flow rates near Mississippi interior salt domes for a nuclear waste
isolation study (Slaughter, 1981) were calculated from observation wells that were
constructed individually for each aquifer of interest. Hydraulic-head values were
determined from field measurements. Permeability (1000 md) and porosity (25
percent) values were determined from lab and field tests. The results of this
study showed that the natural horizontal fluid movement in the Tertiarf age Wilcox
saline aquifer is approximately 19 inches per year at a depth of nearly 3000 feet
(see Figure 4}.

Frio Aquifer - Harris County, Texas

The area near Houston, Texas, was studied for horizontal flow velocities
because a large number of waste disposal wells which are completed similar to water
wells should provide reliable head data measurements. Results {see Figure 5)
showed the Frio is recharged in the outcrop area, and the majority of the driving
force (head) is lost near the outcrop area, partially due to discharge to rivers.
The Frio becomes saline downdip of Grimes County, which is reflected by a lower
driving hydraulic gradient. The waste disposal wells located in Harris County
would have a hydraulic gradient of 1.6 feet per mile based on basinward or downdip
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flow._ The average permeability for the Frio in this area is 800 md. The average
downdip velocity flow rate is approximately 9 inches per year for the Frio
formation at a depth of 6800 feet near Harris County, Texas. Groundwater flow in
this area could reflect a static basin which is between geopressure and basinward
flow. This static basin flow would be less, however, more data are needed on north
Harris County to make this determination.

Our data indicated that basinward flow or static flow is still the dominant
mechanism for the Frio formation near Harris County, Texas, whereas geopressure
flow is not evident. This statement is supported in a study by Bethke et al.
(1988). Bethke et al.’s analysis of the Gulf Coast sedimentary basin near Houston,
Texas, showed that geopressured zones occur at depths >6400 to 9000 feet (2 to 3
km). The Tertiary sediments in offshore sections are clays that form thick,
impermeable shale successions which are different from the near-shore sandy facies.
Geopressures develop because the impermeable sediments cannot expel fluids quickly
enough to compact fully during burial. Therefore, in the offshore sections of the
Texas and Louisiana Gulf Coast, the geopressure zones occur at depths shallower
than 6400 feet. See Figure 6 for calculated present-day distribution of
geopressures in the Gulf basin. Pressure gradients >10 MPa/km (1 MPa = 10 atm) are
overpressures, and those >16 MPa/km describe hard geopressures. Bethke et al.
{1988} stated that groundwater flow rates in deep saline aquifers is probably on
the order of centimeters per year in the Gulf Coastal Plain.

Preparing horizontal flow maps for deep saline aquifers can be difficult due to
the limited database. This limitation is both in quantity of wells and quality of
the reservoir pressure measurement. Pressure measurement errors associated with
downhole pressure equipment do exist, For example, Figure 7 shows pressure
measurement versus depth for waste disposal wells (WDW} 222 and 223 in Harris
County, Texas. These wells are 500 feet apart were completed into the same zone at
the same time. The original bottom hole pressure measurements show a head
difference of 46 feet between the two wells, where the heads should have been
equal. This difference is caused by the inaccuracy of the pressure measurement

equipment,.

A summary of the natural horizontal groundwater flow rates in deep saline
aquifers is presented in Figure 8.

Flow Through Intact Confining Layers

Confining layers without defects provide assurance against vertical migration
of fluids from the injection zone into overlying aquifers. Recent reports and test
results have confirmed that the essential element for effective confinement of
injected fluids is the impermeable nature of the confining layers. Vertical flow
can be significant in confining layers with defects. These defects could include
the following: 1) transmissive fractured or faulted confining layers, 2) improperly
plugged abandoned wells, 3) discontinuous confining layers, and 4) confining layer
dissolution by injected wastes. These potential defects are site specific, and
migration of fluids through confining layer defects can only be addressed in the
area of review study for a particular site.

Natural groundwater flow through shales, siltstones, and limestones will be
through intergranular spaces and can be calculated by using Darcy’s law (Warner et
al., 1986, see Equation 1}, Warner et al. (1986) state that shales are suitable
confining layers where permeabilities are in the range of 0.001 to 0.000001 md.
sensitivity studies, conducted by Warner et al. (1986) for vertical flow
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calculations of injected wastewater through a 100 foot thick confining unit with

;:iious permeabilities and injection-induced pressure gradients, are tabulated
ow:

Table 2
AP (psi)
500 1000 2000 5000
k (md)
1.0 114 ftyr 228 ft/yr 456 ft/yr 570 ft/yr
0.01 1.14 2.28 4.56 5.7
0.0001 1,14 x 107° 2,28 x 107° 4,56 x 107° 5.7 x 107°

0.000001 1.14 x 10°° 2.28 x 107° 4.56 x 107° 5.7 x 107°

NOTE Effective porosity was assumaed to be 10 percent and
viscosity to be one centipoisw.

In summary, this sensitivity analysis indicates that, for a given permeability,
even with large pressure gradient differentials, the flow through the confining
layer does not increase significantly. This indicates that the permeability is the
main factor in controlling vertical migration. In addition, even if the confining
layer were reduced to a very thin zone, say 10 feet instead of 100 feet, the
vertical flow would increase by only one order of magnitude. Because of the very
lov permeabilities of suitable confining layers, the potential upward migration
rate is very low.

In a study by Conger (1986) on wupper Miocene confining layers of the
Gelismar-St. Gabriel area, Iberville and Ascension Parishes, Louisiana,
permeabilities of shale cores from 3600 feet indicate vertical permeabilities to
liquids of 0.001 to 0.0001 md. Conger calculated that it would take more than
50,000 years for upward migration to penetrate even the thinnest confining clay.

Clark (1988) conducted a study on shale permeabilities versus injection
pressure. Permeabilities ranging from 107" to 107 md were found. This study
shows the importance of confining pressure or over-burden pressure in reducing the
permeability of the shale material. The deeper the shale, the higher the confining
pressure, and, therefore, the lower the permeability.

A speclal core analysis was conducted for Du Pont on cores from injection well
No. 3 at Beaumont, Texas. Whole core samples were taken at various intervals with
special emphasis on coring the shale units, particularly the shale units directly
above permeable sand units (see Figure 9). Whole core samples were analyzed by
Core Laboratories (1987a,b) for cap-rock vertical permeabilities under formation
pressure, tempeggture, ggd salinity. The results indicated shale permeabilities on
the order of 10 to 10 ° md.

These permeability values indicated that the shale is essentially impermeable.
Such permeabilities are consistent with those for effective shale confining layers
(Warner et al., 1986).
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Using the sensitivity study of Varner et al. (1986), the vertical flow through
the confining layers at the Beaumont site would be approximately 1 to 10 feet in
IQ,OOOI years. This study indicated the extremely low potential for vertical
migration into intact confining layers (see Figure 10). In fact, this demonstrated
that the vertical migration will be so minute, in a non-induced (natural)

environment, that it probably cannot be measured in a 10,000-year time frame (on
the order of 1 foot per 10,000 years).

In a study conducted by Buss et al. (1984) for the EPA, only three orders of
magnitude (1000X) difference was used for modeling between the injection and con-
fining zone permeabilities. The results of the study showed containment even at
this small permeability differential. In reality, the injection reservoirs in the
Gulf Coast region approach a permeability of 1000 md, and, as shown in the
preceeding tabulation, the confining layer permeabilities are less than 0.00001 md.

This difference in permeability is not three orders of magnitude (1000X), but eight
orders of magnitude (100,000,000%).

Beaumont, Texas--Case History

Before construction of well No. 3, well No. 2 injected into the 4200-foot
Oakville sand as shown in Figure 11. The electric logs show a 10-foot shale layer
separating the injection unit from an upper sand. Injection well No. 3 was drilled
using an experimental Du Pont polymer mud system to limit mud invasion and obtain
representative fluid samples. Evidence from the microlog and sidewall cores
confirmed the 1limited mud invasion into the permeable formations. By using
Schlumberger’s Repeat Formation Tester (RFT) with dual sample chambers, . we
recovered waste reaction products from the current 4200 foot injection =zone.
Hovever, no waste or reaction products were recovered from the upper 4100 foot sand
unit showing that even thin shale units are effective barriers to upward migration.
Also notice that the spontaneous potential (SP) inversion confirms that injection
fluids have moved horizontally in the injection interval with no evidence of upward
migration through the 10 foot shale confining unit.

After protection casing was set, a temperature log was run in well No. 3. Tt
also confirmed injection fluid is present from well No. 2 and shows no upward
migration of fluids through the 10 foot shale unit (see Figure 11).

Sabine River Works, Texas--Case History

At the Sabine River Works, Orange, Texas, isolation ¢f an injection zone by a
low permeability confining zone was demonstrated in the field by measuring in situ
physical properties of an overlying formation before and after a period of
injection. This was shown by the geophysical logging of three injection wells at
the above facility. Well Nos. 3 and 4 vere drilled in 1969 and completed in a zone
from 48B0 to 5000 feet. The second zone, from 4630 to 4730 feet, was completed in
1981. Well No. 9 was drilled approximately 300 feet from well No. 4 through the
same injection zones with their overlying shales or clays. Figure 12 shovs the
geophysical logs for all three wells in the 4400 to 5000-foot interval.

A key characteristic of the logs is the difference in resistivity shown by the
three wells. The logs of Wells Nos. 3 and 4 show consistently low resistivity
within the injection =zone interval, which is characteristic of formations
containing highly conductive brine. The logs of these two vells were run prior to
injection and before the native brine was disturbed. The resistivity log of Well
No. 9, shown in Figure 12, exhibited a remarkable change within the injection zone
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1§ years later. These two zones at 4630 to 4730 feet and 4880 to 5000 feet
displayed resistivities that are more than twice the previously recorded values for
Wells Nos. 3 and 4. This higher resistivity has resulted from the replacement of
the native brine by the low-conductivity waste stream.

The most important observation was that the higher resistivity readings in the
log for Well No. 9 were confined to the injection sand interval. Consequently, no
detectable vertical migration of the waste stream has occurred. If significant
vertical migration had occurred, higher resistivity readings would be recorded
vithin the confining zones and/or the next overlying sands at 4450 to 4500 feet
(see Figure 12). This demonstration provided a direct field example of the lack of
significant migration across shales and clays at a site in the Gulf Coast.

Louisville, Kentucky--Case History

A third case study, demonstrating confinement of injected waste, involved our
Louisville, Kentucky plant. This facility started injection of an acid waste into
well No. 1 in 1973. Injection well No. 2 and the monitor well located in the
downdip direction were used to monitor the waste reaction front while injection
occurred only in well No. 1 (see Figure 13). The site injects into the Knox
dolomite at a depth of =3100 feet. Water quality and well head pressures were
monitored for both the monitor well at a depth of 2800 feet and injection well No.
2 at =3100 feet. The reaction products passed well No. 2 =460 days after well No.
1 injection startup. A wellhead pressure drop of several hundred feet below the
surface in well No. 2 was the first indication that reaction products had passed
and was due to the higher density of the reaction front.

Vhen the waste front passed well No. 2, water quality parameters were sampled
and substantiated that the reaction front indeed had reached well No. 2, passing
below the monitor well (see Figure 14). Continued monitoring of the monitor well
shows no pressure or water quality changes associated with the waste injection for
over 15 years.

Local Structural Features Affecting Groundwater Flow

Structural features such as faults, folds, and salt domes can affect ground-
vater movement. Any potential local discharge of fluids from the injection zone
caused by structural features can be identified in the area of review process,

Faulting is common in the Gulf Coastal Plain and is responsible for many of the
hydrocarbon traps in Texas and Louisiana. Faults appear to act as complete or
partial barriers to fluid migration. Evidence of sand-against-shale fault sealing
tendency can be seen in numerous oil and gas fields associated with a fault
trapping mechanism. There would not be large amounts of hydrocarbons in oil
fields, which indicate millions of years of containment and accumulation, if the
faults served as vertical pathways (Jones and Haimson, 1986).

In other instances faulting places sand against sand; either the same sands are
just slightly offset or displacement is greater than the confining layers and
places one sand unit against a different sand unit. A relatively deep injection
zone with a sufficiently thick confinement zone is preferred and can usually be
selected. Nevertheless, there are many examples where this type of faulting acts
as an impermeable boundary where hydrocarbons have not migrated across the fault
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from one sand to another. Two important fault-sealing processes in this case are
clay sheath (smear) and cementation.

Clay smear occurs when a soft shale is displaced past a sand unit during the
fault movement and shale impregnates the face of the faulted zone. This acts as an
impervious barrier to fluid flow. Weber and Daukoru (1975) concluded from field
evidence in the Niger Delta that a fault is sealing at a given depth when passed by
shale consisting of more than 25% shale on the downthrown side. Another fault
sealing mechanism is cementation. Galloway (1982) reported on sealing of fault
zones in the Oakville Formation by secondary minerals deposited from subsurface
vaters.

In another example of how faulted zones act as compartments or boundaries to
fluid flow, Kreitler (1976) issued a report on the fault control of subsidence in

the Houston-Galveston, Texas area. He observed pressure declines and differential
subsidence across approximately 87 fault zones in areas where the faults acted as
hydrologic barriers (impermeable boundary conditions).

Piercement salt domes can have an impact on the groundwater flow, and the area
around the flanks of a dome should be studied in detail to verify that this
condition does not serve as an area of local discharge. These domes were formed by
diapiric intrusion of the Jurassic and Tertiary sediments. Intrusion of the salt
stocks created complex geologic structures. Reservoirs may be truncated updip by
the salt stock due to a pinching out of the units or thrust fault. In some places
marine shale, due to its plastic nature, is dragged upward with the salt stock and
makes an effective seal for hydrocarbons. This shale sheath generally seals the
units that contain hydrocarbons and protects the dome from groundwater dissolution.

Artificial Hydraulic Gradients

No report on hydraulic gradients would be complete without discussion and
recognition of the importance of man-made infiuences. Man can have an impact on
groundvater flow in the production and abandonment of water, oil, injection, and
gas wells. Figure 15 shows the increased groundwater flow or hydraulic gradient
near the town of Columbia, Mississippi. This increase in hydraulic gradient in a
reservoir 2300 feet below mean sea level is caused by injection of brine fluids
from the cavern dissolution of Lampton Salt Dome. One needs to be aware of such
types of activities that can alter the natural flow gradient.

In general, man-made activities are short lived, measured in years rather than
thousands of years. This is favorable as it tends to minimize the impact on
long-term natural groundvater flow. In addition, once production or injection has
stopped the hydraulic gradient returns to a normal condition and, generally,

recovery time is much less than the production or injection time. Class I
injection wells also are not usually associated with other man-made activities,
i.e., oil, gas, and Class II injection wells. Figure 16 shows how a Repeat

Formation Tester tool run in open hole, before well construction, can indicate
vhether the reservoirs might be influenced by man-made activities
(underpressure/overpressure) or are limited in extent.

Suamary

Pubiished literature and research show that deep saline aquifers have natural
groundwater flow rates that are on the order of inches per year compared to the
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shallov freshvater aquifers of feet per year. 1In general, hydraulic gradient is
not the dominant variable controlling groundvater flow in deep saline aquifers
because the hydraulic gradient does not change by orders of magnitude for fresh
vater and saline wvater units. The dominant parameter controlling groundwater
movement relates to the hydraulic conductivity of the sand units. Freshwater sands
have a permeability of at least two orders of magnitude greater than the saline
water units. Confining layer studies have shown that the vertical migration
potential in Gulf Coastal Plain shales will be on the order of 1 foot in 10,000
years. Man-made influences may increase the natural low-flow gradient in deeper
saline aquifers; however, this influence can only change the gradient for a time
period of years and not thousands of years. Loecal discharge zones in the natural
gradient are of utmost concern in the context of long-term confinement of hazardous
wastes within the intended injection zone. Local discharge zones resulting from
structural features can be identified in the Area of Review study for the injection

site. Where head data is lacking, regional temperature maps are useful tools for
locating potential changes in the regional gradients.
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SWIFT Model Run Chemours 700x1250v8
Light Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours 700x1250v8 considers injection of a light density injection fluid into the Washita-
Fredericksburg Injection Interval. Model includes historical injection from October 1979 to
December 31, 2015 and future injection at 2,200 gpm (into a single well) from January 1, 2016 to
December 31, 2020. Chemours 700x1250v8.dat is the input file for the model run and Chemours
700x1250v8.out is the output file for the model run. The subject SWIFT model is a constant dip and
uniform thickness model constructed to closely match the DuPont Basic Plume Model for light

density fluid movement.

SWIFT Model Run Chemours 10KL Lat
Light Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours 10KL Lat considers injection of a light density injection fluid into the Washita-
Fredericksburg Injection Interval. Model includes historical injection from October 1979 to
December 31, 2015 and future injection at 2,200 gpm (550 gpm into Wells 2, 3, 4 and 5) from January
1, 2016 to December 31, 2020. Chemours 10KL Lat.dat is the input file for the model run and
Chemours 10KL Lat.out is the output file for the model run. The subject SWIFT is a variable
thickness dip and variable structure model. All reservoir fluid and injection fluid parameters match

the DuPont Basic Plume Model for light density fluid movement.

SWIFT Model Run Chemours 700x1101
High Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours 700x1101 considers injection of a high density injection fluid into the Washita-
Fredericksburg Injection Interval. Model includes historical injection from October 1979 to
December 31, 2015 and future injection at 2,200 gpm (into a single well) from January 1, 2016 to
December 31, 2020. Chemours 700x1101.dat is the input file for the model run and Chemours
700x1101.out is the output file for the model run. The subject SWIFT model is a constant dip and
uniform thickness model constructed to closely match the DuPont Basic Plume Model for high

density injection fluid movement.

SWIFT Model Run Chemours 10KL Lat
High Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours WF-HD Lat R considers injection of a high density injection fluid into the Washita-
Fredericksburg Injection Interval. Model includes historical injection from October 1979 to
December 31, 2015 and future injection at 2,200 gpm (550 gpm into Wells 2, 3, 4 and 5) from January
1, 2016 to December 31, 2020. Chemours WF-HD Lat R.dat is the input file for the model run and



Chemours WF-HD Lat R.out is the output file for the model run. The subject SWIFT is a variable
thickness dip and variable structure model. All reservoir fluid and injection fluid parameters match

the DuPont Basic Plume Model for high density fluid movement.
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SWIFT MODELING (DATA FILES PROVIDED ON CD-ROM)



Reservoir Pressurization (Washita-Fredericksburg Injection Interval)SWIFT Model

Run Chemours WF Prs — End of Operations Pressure Buildup
Chemours WF Prs models reservoir pressure buildup associated with the injection of an average
density injection fluid into the Washita-Fredericksburg Injection Interval. Model includes historical
injection from October 1979 to December 31, 2015 and future injection at 2,200 gpm (550 gpm into
Well Nos. 2, 3, 4 and 5) from January 1, 2016 to December 31, 2050. Chemours WF Prs.dat is the

input file for the model run and Chemours WF Prs.out is the output file for the model run.

SWIFT Model Run Chemours WF Prs(2) — End of Operations Pressure Buildup

Chemours WF Prs(2) models reservoir pressure buildup associated with the injection of an average
density injection fluid into the Washita-Fredericksburg Injection Interval. Model includes historical
injection from October 1979 to December 31, 2015 and future injection at 2,200 gpm (400 gpm into
Well Nos. 2, 3 and 4 and 1,000 gpm into Well No. 5) from January 1, 2016 to December 31, 2050.
Chemours WF Prs(2).dat is the input file for the model run and Chemours WF Prs(2).out is the output

file for the model run.

SWIFT Model Run Chemours WF Prs(3) — End of Operations Pressure Buildup

Chemours WF Prs(3) models reservoir pressure buildup associated with the injection of an average
density injection fluid into the Washita-Fredericksburg Injection Interval. Model includes historical
injection from October 1979 to December 31, 2015 and future injection at 2,200 gpm (250 gpm into
Well Nos. 2, 3,4 and 5 and 1,200 gpm into Well No. 6) from January 1, 2016 to December 31, 2050.
Chemours WF Prs(3).dat is the input file for the model run and Chemours WF Prs(3).out is the output

file for the model run.



Reservoir Pressurization (Tuscaloosa Massive Sand)

SWIFT Model Run Chemours TMS Prs — End of Operations Pressure Buildup

Chemours TMS Prs models reservoir pressure buildup associated with the injection of an average
density injection fluid into the Tuscaloosa Massive Sand. Model includes future injection at 2,200
gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from January 1, 2020 to December 31, 2050. Chemours
TMS Prs.dat is the input file for the model run and Chemours TMS Prs.out is the output file for the

model run.

SWIFT Model Run Chemours TMS Prs(2) — End of Operations Pressure Buildup

Chemours TMS Prs(2) models reservoir pressure buildup associated with the injection of an average
density injection fluid into the Tuscaloosa Massive Sand. Model includes future injection at 2,200
gpm (400 gpm into Well Nos. 2, 3 and 4 and 1,000 gpm into Well No. 5) from January 1, 2020 to
December 31, 2050. Chemours TMS Prs(2).dat is the input file for the model run and Chemours
TMS Prs(2).out is the output file for the model run.

SWIFT Model Run Chemours TMS Prs(3) — End of Operations Pressure Buildup

Chemours TMS Prs(3) models reservoir pressure buildup associated with the injection of an average
density injection fluid into the Tuscaloosa Massive Sand. Model includes future injection at 2,200
gpm (250 gpm into Well Nos. 2, 3, 4 and 5 and 1,200 gpm into Well No. 6) from January 1, 2020 to
December 31, 2050. Chemours TMS Prs(3).dat is the input file for the model run and Chemours
TMS Prs(3).out is the output file for the model run.

Lateral Migration — Light Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours WF-LD considers injection of a light density injection fluid into the Washita-
Fredericksburg Injection Interval. Model includes historical injection from October 1979 to
December 31, 2015 and future injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from
January 1, 2016 to December 31, 2050. Chemours WF-LD Lat.dat is the input file for the model
run and Chemours WF-LD Lat.out is the output file for the model run.



Lateral Migration — Light Density Injection Fluid (Tuscaloosa Massive Sand)

Chemours TMS-LD considers injection of a light density injection fluid into the Tuscaloosa
Massive Sand. Model includes future injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and
5) from January 1, 2020 to December 31, 2050. Chemours TMS-LD Lat.dat is the input file for the
model run and Chemours TMS-LD Lat.out is the output file for the model run.

Lateral Migration — High Density Injection Fluid - (Washita-Fredericksburg Injection Interval)

Chemours WF-HD considers injection of a high density injection fluid into the Washita-
Fredericksburg Injection Interval. Model includes historical injection from October 1979 to
December 31, 2015 and future injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from
January 1, 2016 to December 31, 2050. Chemours WF-HD Lat.dat is the input file for the model
run and Chemours WF-HD Lat.out is the output file for the model run.

Lateral Migration — High Density Injection Fluid (Tuscaloosa Massive Sand)

Chemours TMS-HD considers injection of a high density injection fluid into the Tuscaloosa Massive
Sand. Model includes future injection at 2,200 gpm (550 gpm into Well Nos. 2, 3, 4 and 5) from
January 1, 2020 to December 31, 2050. Chemours TMS-HD Lat.dat is the input file for the model
run and Chemours TMS-HD Lat.out is the output file
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