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METRIC CONVERSIONS

Most units of measurement used in this report are inch-pound units. For
those readers interested in using the metric system, the inch-pound units may
be converted to metric units by the following factors:

From Multiply by To obtain
acre-foot 1,233 cubic meter .
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m°/s)
foot 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per mile (ft/mi) 0.189 meter per kilometer
inch 25.4 millimeter
mile 1.609 kilometer
ton 0.907¢ megagran

National Geodetic Vertical Datum of 1929 (NGVD of 1929): A geodetic datum
derived from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called "mean sea level."




PROJECTED EFFECTS OF PROPOSED CHLORIDE-CONTROL
PROJECTS ON SHALLOW GROUND WATER--PRELIMINARY
RESULTS FOR THE WICHITA RIVER BASIN, TEXAS

By
Sergio Garza
U.S. Geological Survey

SUMMARY

The U.S. Army Corps of Engineers' plan to control the natural chloride
pollution in the Wichita River basin includes the construction of Truscott
Brine Lake on a tributary of the North Wichita River. In connection with the
proposed brine lake, the U.S. Geological Survey was requested to: (1) Define
the existing ground-water conditions in the shallow fresh-water system of the
project area; and (2) project the post-construction effects of the proposed
lake on the fresh-water aquifer, especially 1in relation to hydraulic-head
changes but also with respect to possible changes in the chemical quality of
the ground water.

The fresh-water aquifer in the project area is a shallow water-table sys-
tem with relatively fresh water (generally a calcium sulfate type) that con-
tains approximately 500 to 5,000 milligrams per liter of dissolved solids.
The aquifer consists of Permian rocks with very small values of hydraulic con-
ductivity and overlies a brine system (sodium chloride type) that is even less
permeable. A thin transition zone separates the fresh-water aquifer and the
brine system. Small quantities of infiltration from precipitation throughout
the area's watershed constitute the recharge to the aquifer. Discharge from
the aquifer consists of the small base flow along creeks; well discharge is
negligible.

Two-dimensional mathematical computer models were developed for aquifer
simulation of: (1) Steady-state conditions in a fresh-water system and (2) tran-
sient conditions in a brine- fresh-water system where the density effects of
the brine are considered. The main results 'of projecting the effects of the
proposed Truscott Brine Lake on the fresh-water aquifer are: (1) Hydraulic-
head rises of 5 to 40 feet would be confined to areas near the proposed dam
and along the lake shoreline, and (2) migration of salt water downstream from
the dam generally would be limited to less than 1 mile and apparently would
not reach equilibrium during the 100-year duration of the project. The model-
ing efforts did not include possible effects related to hydrodynamic dispersion
in the brine- fresh-water system. Possible changes in the hydraulic conduc-
tivity of the aquifer, due to physical and chemical interactions in the brine
and fresh-water environments, also were not considered.



IMTRCDUCTION

In 1959 the U.S. Congress authorized the U.S. Army Corps of Engineers,
Tulsa District, to develop plans to control the natural salt pollution in the
Red River basin in Texas and CUklahoma. Chloride had been identified as the
principal pollutant in streams tributary to the upper Red River during previ-
ous studies; a high sulfate concentration also was found. Subsequently, a
regional chloride-control plan was developed for the Red River basin. The plan
includes three brine storage lakes; several low-flow, brine-collection areas in
four subbasins; and pipeline and pumping-station facilities for transporting
the collected brines to the storage lakes (U.S. Army Corps of Engineers, 1980).
The plan to retain the brines in a specific depository by storage and evapora-
tion was found to be the most feasible of several alternatives that were con-
sidered.

In 1966 the Congress authorized construction of the various structural
measures related to chloride-pollution control in the Wichita River basin, a
subbasin of the Red River basin (U.S. Army Corps of Engineers, 1980). These
measures are part of the regional chloride-control plan and include the con-
struction of Truscott Brine Lake on a tributary (Bluff Creek) of the North
Wichita River (fig. 1). In connection with the construction of Truscott Brine
Lake, the Corps of Engineers asked the U.S. Geological Survey to define the
shallow fresh-water aquifer in the vicinity of the proposed lake and to study
the effects of such a structure on the shallow ground-water system.

Purpose and Scope

The purpose of this report is to present preliminary results of the study
by the Geological Survey on the following: (1) The existing ground-water con-
ditions in the shallow fresh-water system in the vicinity of the proposed Trus-
cott Brine Lake (fig. 1) and (2) the projection of the post-construction
effects of the proposed Truscott Brine Lake on the fresh-water aquifer, espe-
cially in relation to changes in hydraulic head but also with respect to possi-
ble changes in the chemical quality of the ground water. The project area,
referred to in this report as the Truscott area, includes the drainage areas
of Bluff Creek, Buffalo Creek, and China Creek (fig. 2).

The existing ground-water conditions 1in the Truscott area were defined
principally through test-hole data provided by the Corps of Engineers in con-
nection with the test-drilling program related to the chloride-control project
in the basin. The data included borehole-geophysical and drillers' logs from
80 test holes. Fifty (50) private wells and springs were inventoried; most
of these were included in the water-level and water-quality observation-well
program. Fifteen (15) ponds in the Truscott area also were included in the
water-quality program. The Tlocation of the wells, test holes, and ponds is
shown in figure 2.

The projections of the effects of the proposed Truscott Brine Lake on the
fresh-water aquifer were obtained through two digital-modeling procedures. Gne
was used to simulate flow in the fresh-water aquifer for the principal purpose
of calibrating the digital model used in the projections. The other was used
to simulate the areal flow in a system containing both brine and fresh water
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for the purpose of projecting the effects of the brine lake on the fresh-water
aquifer. The period used in the projections was 100 years, the expected dura-
tion of the brine lake. Results of the simulations appear adequate, particu-
larly the projected rises in aquifer hydraulic head. Tracing the migration of
salt water in the fresh-water aquifer is limited to approximations because
of the inherent assumptions of the modeling procedures.

Physical and chemical interactions within the proposed brine impoundment
and in the affected areas of the fresh-water aquifer may change the hydraulic
conductivity in the fresh-water system. Projecting the results of these possi-
ble effects is beyond the scope of this study.

Proposed Chloride-Control Plan

Truscott Brine Lake is the only brine-disposal lake proposed in the
chloride-control plan for the kichita River basin. The plan includes the col-
lection of brines at low-flow dams located near the brine-spring area (fig. 1)
on the South and Middle Fork Wichita Rivers. Pumping-station facilities will
be used to transport the brines by pipeline to Truscott Brine Lake. Brines
collected in the North Wichita River are scheduled for impoundment in another
brine Take that is part of the regional plan of the Red River system.

The sources cf the brines that will be collected for impoundment in the
upper Wichita River basin are the brine springs and seeps issuing from Permian
rocks. The chemical quality of the runoff that is measured and sampled at
various streamflow stations in the basin may indicate the general chemical
character of these brines. Average discharge and the average concentration of
certain chemical constituents in the surface water at five streamflow stations
in the North, Middle Fork, and South Wichita Rivers are summarized in table 1.
Streamflow stations 4 and 5 (numbers arbitrarily assigned and keyed to fig.
1) are located near the source areas of the brines scheduled for storage at
Truscott Brine Lake. The water sample collected during low-flow conditions at
streamiflow station 4 on July 17, 1971, probably reflects the chemical concen-
tration of the brine issuing from springs in the South Wichita River. The
U.S. Army Corps of Engineers (1972, p. 6-10) reports that the brine in the
Wichita River system generally is a sodium chloride type with a high sulfate
concentration; chloride concentration ranges between 5,000 and 30,000 mg/L
(milligrams per liter).

Truscott Brine Lake, as conceived in the plan, is designed to store, with-
out outflow, the following: (1) Brine collected during 100 years of impound-
ment, (2) local runoff and sediment from Bluff Creek, and (3) the 100-year
flood discharge from the drainage area of Bluff Creek. Nearly 110,000 acre-
feet of 1iquids and sediment could be stored at the conservation-pool altitude
of 1,499 feet.

The Corps of Engineers selected Lake Kemp, an existing multipurpose-use
lake (fig. 1), as the downstream control point to check chloride—control goals
in the basin. The average chloride load of inflow to Lake Kemp is about 450
tens per day (U.S. Army Corps of Engineers, 1980), equivalent to a mean chlo-
ride concentration of more than 600 mg/L. A large part of this load is pro-

-5a
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jected for removal through the brine impoundment at Truscott Brine Lake, so
that the chloride concentration in the Lake Kemp water is expected to be de-
creased to the desired goal of 250 mg/L most of the time.

EXISTING FRESH-WATER AQUIFER

The fresh-water aquifer in the Truscott area is a shallow water-table sys-
tem that is separated from a deeper and confined Permian aquifer containing
widespread sodium chloride brines. The fresh water has a dissolved-solids
concentration ranging from about 500 to about 5,000 mg/L. Most of the water
in the system is termed "fresh" only in relation to the confined brines. The
chloride concentration of the brine springs in the Wichita River drainage sys-
tem may vary between 5,000 and 30,000 mg/L, but the chloride concentration of
the confined brines in deep aquifer systems is in excess of 100,000 mg/L.

Some of the less mineralized fresh water in the aquifer is a calcium
bicarbonate type, but most of the fresh water is a calcium sulfate type with
varying quantities of sodium and chloride. Most of the chemical analyses of
water from wells in table 2 (supplemental information) represent this general
type; however, some of the analyses probably reflect mixtures of water from
both the fresh-water and brine horizons penetrated in some wells. For example,
the analysis for the water sampled from test hole CH-39, which is more than
200 feet deep, indicates a mixture of fresh water and sodium chloride brine.
The range of well depth for test wells TW-4, TW-5, TW-6, and TW-7 is from 100
to 121 feet; all other wells in table 2 are l1ess than 1C0 feet deep. Also
included in table 2 are chemical analyses (L-1 through L-15) for ponded water,
the source of which initially was thought to be ground water; this water gener-
ally contains less than 250 mg/L of dissolved solids and apparently represents
surface runoff.

General Geology Associated with the Aquifer

The fresh-water aquifer consists of rocks of Permian age, which include
in order of increasing age, the Blaine Formation, the San Angelo Formation,
and the Clear Fork Group of the Leonardian Series. The Blaine Formation in
the Truscott area mostly consists of interbedded shale and gypsum with some
sandstone and dolomite. The San Angelo Formation mostly is a fine-grained
quartz sandstone with some shale and conglomerate, and the Clear Fork Group
generally is a red shale with some thin lenses of dolomite, sandstone, and
gypsum. The younger sediments in the Truscott area consist of thin and
unsaturated Quaternary deposits, which include Holocene floodplain material
plus the fluviatile terrace deposits and the Seymour Formation of the Pleisto-
cene Epoch. These unconsolidated deposits generally are not very significant
in the ground-water study of the area.

The area's surficial geology, which is shown in figure 3, was derived
mainly from information that is in preparation by the University of Texas,
Bureau of Economic Geology for a geologic atlas of the Wichita Falls area.
The Corps of Engineers, Tulsa District, provided additional ‘information used
in preparation of the geologic map. The Permian formations generally dip
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westward at about 25 feet per mile (U.S. Army Corps of Engineers, 1972).
The flow of the major streams generally is eastward; the topography of the
area's Permian strata consists of rolling hills, canyons, and gullies.

Recharge, Movement, and Discharge of Ground Water

Recharge to the fresh-water aguifer in the Truscott area is from precipi-
tation throughout the watershed. That small percentage of the precipitation
infiltrating into the unsaturated zone generally moves in a vertical direction
toward the water table, the upper surface of the saturated zone. The movement
of water in the water table is approximately in a horizontal direction, rore
or Tess parallel to the land surface, from areas of recharge to areas of dis-
charge.

The contours of the average altitude of the water table in the Truscott
area is shown in figure 4. The contours are based on (1) average water levels
in wells and test holes used for control, (2) estimates of Bluff Creek stage,
(3) altitude of small springs and seeps along Buffalo Creek, China Creek, and
those creeks tributary to Bluff Creek, and (4) Geological Survey topographic
maps (7-1/2 minute). The slope of the water table generally is from the west-
ern and southern parts of the area toward the east and northeast; in detail it
is from the high ridges and hills to the Tow areas along the creeks. The range
of the altitude contours is from about 1,640 feet in the extreme western part
to about 1,370 feet near the point where Bluff Creek joins the North Wichita
River. The water table appears to be a generalized image of the land surface;
and the shallow ground water is inferred to move from topographically high
areas to the lower creek valleys.

Accretion is the net rate at which water is gained or lost vertically
through an aquifer's surface, such as the water table, in response to external
forces (Stallman, 1956). In the Truscott area, the two major forces affecting
the water table are recharge (gains) from precipitation and discharge (1osses)
by evapotranspiration. Well discharge is small and may be neglected. The
long-term differences between these two major forces is the average rate of
base flow (ground-water effluent) discharging to the creeks. In this study,
the average base flow is assumed to be the average accretion to the fresh-water
aquifer. Base-flow analyses of the streamflow records for the stations listed
in table 1 indicate average accretion values from slightly less to slightly
more than 0.1 inch per year for areas in the vicinity of the Truscott area.
Short-term streamflow records for Tlow-flow, partial-record stations 6 and 7
(fig. 2) indicate negligible base-flow discharge. The average value of accre-
tion in the Truscott area probably is less than 0.1 inch per year. This very
small value for average accretion in the area appears to be closely related to
the very small overall permeability of the Permian strata, and also partly to
the Tack of rainfall. The average precipitation at Truscott for 1964-80 is
about 24 inches (U.S. Department of Commerce, 1964-80).

Base of Fresh Water

The base of the fresh-water aquifer in the Truscott area is assumed to be
a thin zone of transition, which can be approximated by a surface, between the
fresh water and the deeper brine. The confined brine system generally is much

-9-
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less permeable than the fresh-water aquifer, primarily because of the existence
of halite in the brine system. The zone of transition between the two systems
has been identified in studies of the upper Brazos River basin, which has sim-
ilar geohydrologic conditions to those found in the same Permian strata in the
upper Wichita River basin. Stevens and Hardt (1965, p. 7-8) called this zone
the "brine-freshwater interface" and assumed it to be a surface that was iden-
tified during test drilling and through interpretation of borehole geophysical
logs (Keys and MacCary, 1973). The shallow fresh water generally is a calcium
sul fate type, which is attributed to solution of gypsiferous material (Stevens
and Hardt, 1965). The deeper brine-saturated rocks are associated with the
existence of halite. According to Stevens and Hardt (1965), halite is present
in the brine rocks under an environment conducive to very small values of
permeability and small halite-solution rates. Water from some of the brine
springs in the upper Brazos River basin contains more than 200,000 mg/L of
dissolved solids, rostly sodium chloride (Baker, Hughes, and Yost, 1964, p.
58). In the brine springs area of the South Wichita River, a confined aquifer
system with brine containing 169,000 mg/L of chloride was penetrated during
test drilling (U.S. Army Corps of Engineers, 1972, p. 6-22).

The altitude of the base of the fresh-water aquifer in the Truscott area
is shown in figure 5. The delineation mainly was approximated through the
interpretation of borehole-geophysical data provided by the Corps of Engineers.
Comparison between figures 4 and 5 indicates a variation of aquifer thickness
of slightly less than 20 to slightly more than 70 feet; the average is about
45 feet. The aquifer appears to thin towards the creek areas in some places,
but no definitive pattern in this regard or in any other aquifer-thickness
variation is indicated.

Characteristics of Fresh-later Aquifer

The principal aquifer characteristics used in this report to describe the
fresh-water aquifer are hydraulic conductivity and specific yield. Hydraulic
conductivity is a term used to incorporate the permeability of a rock or soil
with the properties of the fluid, namely density and viscosity. In ground
water, the fluid properties are identified at temperatures normally found in
aquifer systems. Permeability of a rock or soil is a measure of its ability to
transmit fluid under a hydropotential gradient (Lohman, 1972, p. 4). The spe-
cific yield of an aquifer system is a measure of its capacity to store and
yield water by gravity drainage.

Determinations of hydraulic conductivity of the Permian strata in the
project area, as well as in the same formations of nearby areas, have indi-
cated extremely small values, ranging from very small fractions of a foot per
day to several feet per day. The U.S. Army Corps of Engineers, Tulsa District
(1972), conducted pressure tests in more than 20 of the test holes drilled in
the vicinity of the proposed Truscott Dam. Results of most of the tests indi-
cate a range of hydraulic conductivity of 0.03 to 8.5 ft/d as representative
of the Clear Fork Group in the area. The fresh-water aquifer in the Clear
Fork Group mostly consists of a red shale with thin Tenses of sandstone, dolo-
mite, and nodular gypsum. The Corps of Engineers identified a weathered
zone (blue-gray sandy shale) that is associated with the larger values of the
hydraulic—<onductivity range. The Corps of Engineers also identified the
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San Angelo Formation as mostly a massive, fine-grained sandstone with a gener-
ally small value of hydraulic conductivity. OCnly the basal part of the Blaine
Formation is found in the Truscott area; it mostly consists of a red-brown
shale with interbedded gypsum. The hydraulic conductivity of the fresh-water
system in the Blaine Formation generally is very small.

Laboratory values of hydraulic conductivity determined for sandstone
cores of the San Angelo Formation in the upper Brazos River basin range from
0.002 to 0.00S ft/d (Garza, 1982). Hogan and Sipes (1966, table 1) report the
following laboratory values of horizontal hydraulic conductivity (converted
from reported permeability) for Permian Basin formations: 0.0005 to 1.2 ft/d
for cores from the upper part of the San Andres Limestone (mostly equivalent
to Blaine Formation); 0.0005 to 0.306 ft/d for cores from the Glorietta Sand-
stone (equivalent San Angelo Formation); and 0.0002 to 0.06 ft/d for cores
from the Clear Fork Group.

The specific yield of a saturated unit of an unconfined aquifer is the
ratio (fraction) of the volume of water drained by gravity to the total volume
of the unit. The specific yield of most unconfined aquifers ranges from about
0.1 to about 0.3 and averages about 0.2 (Lohman, 1972, p. 8). The values used
in this study range from 0.15 to 0.2.

MODELING PROCEDURES

Two modeling procedures were used in the development of mathematical
(digital-computer) models to project the effects of the proposed Truscott
Brine Lake on the existing fresh ground water. Ground-water flow in a fresh-
water aquifer is simulated in one of the models; the other includes the simu-
lation of the areal flow in a system containing both brine and fresh water.

The modeling procedure used to simulate the flow of fresh ground water is
the two-dimensional finite-difference approach developed by the Geological
Survey (Trescott, Pinder, and Larson, 1976). This procedure is the basis for
the development and calibration of the model that is representative of the
fresh-water aquifer in the vicinity of the proposed Truscott Brine Lake. The
primary purpose of this model was to determine the distribution of hydraulic
conductivity of the aquifer. The main steps include: (1) Construction of a
model that 1is representative of the fresh-water aquifer, through development
of parameters derived from the geohydrologic data; and (2) calibration of the
model through a steady-state analysis by mainly adjusting the hydraulic conduc-
tivity until the model-computed water table approximately is matched with the
observed water table obtained from historical water-level records. The princi-
pal product of this modeling phase is the calibrated distribution of hydraulic
conductivity essential in the modeling effort to project the effects of the
proposed brine Take.

The effects of the proposed brine reservoir on fresh ground water were
approximated through the use of a finite-difference modeling procedure for
simulating two-dimensional areal flow of salt water and fresh water separated
by a sharp interface (Mercer, Larson, and Faust, 1980a). This modeling pro-
cedure was selected mainly because it incorporates the density effect of salt
water, which is considerable in the project area. A digital model was devel-
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oped to simulate the movement of this interface and was used to project the
effects of the proposed Truscott Brine Lake on the fresh-water aquifer. Items
related to the construction and use of the interface model include: (1) Trans-
ferring information from the calibrated fresh-water model; (2) quantifying
additional aquifer parameters essential in the transient analysis, including
fluid properties and the initial interface conditions; and (3) imposing the
hydraulic-head stress of the brine reservoir on the fresh-water aquifer. The
finite-difference grid and the areal dimensions of the interface model are the
same as the calibrated fresh-water model.

The principal stress in the interface model is simulated by using a con-
stant salt-water head that is representative of the hydraulic head throughout
the proposed brine-reservoir area. The initial model conditions consist of the
steady-state conditions (average aquifer hydraulic head) of the fresh-water
system plus the distribution and altitude of the initial interface. The only
period used in model simulation is 100 years, the projected duration of the
proposed brine lake and the simulation period specifically requested by the
Corps of Engineers. The final products of the simulation include the projected
rises of hydraulic head in the fresh-water system and the areal extent of the
brine- fresh-water interface throughout the aquifer.

SIMULATICN OF FLOW IN FRESH-WATER AQUIFER
Description of Modeling Procedure

The modeling procedure used in this study to simulate the flow of fresh
ground water can be used to simulate flow in an artesian aquifer, a water-table
aquifer, or a corbined artesian and water-table aquifer. It is possible to
treat aquifers that are heterogeneous and anisotropic and with irregular bound-
aries. Well discharge, constant recharge, leakage, and other features may
be incorporated in the basic flow equation. The derivation of the finite-
difference approximation to the partial-differential equation describing ground-
water flow is presented in the report by Trescott, Pinder, and Larson (1976).
Also presented is the documentation of the computer programs with three numer-
ical techniques to solve the approximation to the equation, as well as results
of numerical experiments and instructions for data entry.

Use of the modeling procedure in the development of the fresh-water model
for the Truscott area requires certain assumptions and boundary conditions nec-
essary for steady-state simulation. These are:

(1) The movement of water occurs in a single layer comprising the water-
table fresh-water aquifer.

(2) The modeled areas were divided into discrete units or cells by a rec-
tangular grid (cell blocks), and the hydrologic properties are constant through-
out the area of each cell.

(3) The aquifer hydraulic head is simulated at the center (node) of each
cell.

(4) The average water levels in wells and the average stream stages repre-
sent steady-state conditions in the aquifer-stream system. (The average water
level in a well 1is the average of measurements made throughout a historical
period that encompasses seasonal variations.)
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(5) The model is assumed to be calibrated when the water-table surface,
computed through steady-state analysis from an assumed position, matches the
water-table surface constructed from the averages of observed (measured) water
levels in wells. The principal parameter that is varied to match the two
water tables is hydraulic conductivity.

(6) The types of boundaries used in the simulation are constant head and
no-flow (zero constant flux or impermeable). For calibration purposes, a
constant-head boundary was imposed on Bluff Creek and parts of its principal
tributaries. A no-flow boundary was imposed along the drainage divide within
the Truscott area watershed. A no-flow boundary also was imposed at the base
of the fresh-water aquifer; any vertical leakage, upward or downward, is assumed
to be negligible. The borders of the rectangular model have no-flow boundaries
for reasons inherent in the computational scheme of the models (Trescott,
Pinder, and Larson, 1976, p. 30).

Construction and Calibration of Fresh-Water Model

The construction of the model for the Truscott area includes the design
of the rectangular-grid system plus the development and input of the aquifer
parameters from the geohydrologic data. The grid network for the model con-
sists of a matrix of 20 rows and 21 columns, and the grid spacing is C.5 mile.
The aquifer parameters used in the preparation of the model for the calibra-
tion procedure are as follows:

(1) The average altitude of the water table of the fresh-water aquifer in
the Truscott area (fig. 4);

(2) constant net recharge (accretion) rate, or a flux throughout the
entire watershed; the average accretion of (0.1 inch per year, obtained from
streamnflow records was used;

(3) distribution of hydraulic conductivity; the geologic formation is the
principal basis for the areal distribution of hydraulic conductivity in the
Truscott area (see fig. 6 for the range of values assigned); and

(4) the altitude of the base of the fresh-water aquifer in the Truscott
area (fig. 5).

The hydraulic conductivity, within the range assigned to each geologic
formation in the fresh-water zone, was the major parameter that was varied
during the calibration. Values of hydraulic conductivity that are representa-
tive of the fine-grained Permian formations in the area are difficult to obtain.
The average values of laboratory determinations from core samples were used to
obtain an approximate range of values for each geologic formation. Results of
the Corps of Engineers' pressure tests also were used to determine an approxi-
mate range of values. These determinations were the guidelines in the develop-
ment of the ranges of values shown in figure 6. In essence, the calibration
involved the modeling of the water-table surface as a function of hydraulic
conductivity. The other parameters derived from the geohydrologic data are
assumed to be representative and were not changed significantly during cali-
bration.

The calibration procedure involved matching a model-computed water table
with the ocbserved steady-state water table. It was achieved with the following
adjusted range of values for hydraulic conductivity (in feet per day): Blaine
Formation, 0.005 to 0.25; San Angelo Formation, 0.01 to 4.0; Clear Fork Group
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(blue-gray weathered zone), 0.01 to 3.0; and the Clear Fork Group, 0.001 to
0.5. The average altitude of the steady-state water-table surface in the
Truscott area, as computed during calibration is shown in figure 7. The map
showing the observed average altitude of the water-table surface (fig. 4) is
similar. Actually, the difference between the computed and observed hydraulic-
head values for each of the model nodes was 3 feet or less for 96 percent of
the nodes. The difference for each of the remaining nodes was between 3 and
3.5 feet. For the purposes of this study, the model was assumed to be cali-
brated and a reasonable representation of the physical system.

The cumulative mass balance between the volumetric sources and discharges
of the model during the calibration procedure was a small fraction of 0.1 per-
cent. The calibrated model was subjected to sensitivity analysis with regional
changes in hydraulic conductivity and accretion. A change in hydraulic conduc-
tivity of 50 percent resulted in hydraulic-head changes of 0 to 3 feet. A 50-
percent change in accretion resulted in hydraulic-head changes of less than 1
foot.

SIMULATION OF FLCW IN BRINE- FRESH-WATER SYSTEM
Description of Modeling Procedure

The modeling procedure used in this study to project the effects of a
salt-water impoundment on a fresh-water aquifer was developed by Mercer, Lar-
son, and Faust (1980a) to simulate the flow systems of coastal aquifers, where
the salt-water front is assumed to be approximated by a sharp interface sepa-
rating the salt and fresh water. The relationship between the salt and fresh
water in the coastal systems is similar, in principle, to the relationship
between the salt-water impoundment proposed in the Truscott area and the exist-
ing fresh-water aquifer. The interface modeling procedure was used in this
study principally because it incorporates the density effect of salt water.
The sharp-interface assumption, which is used in order to neglect the effects
of hydrodynamic dispersion, may not be particularly applicable to the fine-
grained fresh-water aquifer of the area. Use of the modeling procedure to
project the distribution of hydraulic head in the fresh-water system appears
adequate. However, the projected location of the sharp salt-water front
(interface) in this study is considered only an approximation. This interface
is wholly within the fresh-water system and is not related to the "interface"
defined by Stevens and Hardt (1965, p. 7-8) as the boundary that separates the
fresh-water aquifer and the deeper brine system.

The interface-modeling approach is based on the one-dimensional analysis
of Shamir and Dagan (1971) and the two-dimensional extension of Bonnet and
Sauty (1975). The two-dimensional partial-differential equation of ground-
water flow is integrated over the thickness of fresh water and also over the
thickness of salt water. The resulting two equations (one for the fresh water
and the other for the salt water) are interrelated with terms defining the
movement of the water table and the interface, along with the included densi-
ties and viscosities for the two water systems. The results are two vertically-
integrated, two-dimensional equations that are formulated in terms of fresh-
water and salt-water heads (equations 33 and 34, p. 17, Mercer, Larson, and
Faust, 19€0a). Finite-difference approximations of these equations are then
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solved through a block form of an iterative numerical technque called line-
successive over-relaxation, which was found to be the most efficient and accu-
rate of several matrix-solution techniques that were attempted (Mercer, Larson,
and Faust, 1980b). The interface-modeling procedure is designed to simulate
time-dependent problems and can be used to simulate water-table conditions or
confined conditions that may include the steady-state leakage of fresh water.
The computer program, documentation for construction of models, and data-input
procedures are included in Mercer, Larson, and Faust (1980a).

Most of the assumptions that were made for the model of the fresh-water
aquifer in the calibration procedure also are applicable to the interface-model-
ing procedure. In addition to the sharp-interface assumption, Mercer, Larson,
and Faust (198) include two others: (1) The Dupuit approximation (hydraulic
heads in both the salt-water and fresh-water systems do not vary vertically);
and (2) hydraulic conductivity and specific storage do not vary with depth.
The ratio of the storage coefficient (specific yield) to aquifer thickness is
the specific storage, a parameter which is essential in the transient analyses
used in the projections.

Development of the Interface Model

The interface model represents the same area as the fresh-water model
developed for the calibration procedure, but the interface model 1is used to
project the brine and fresh-water conditions in the fresh-water aquifer as a
result of the stresses imposed by the proposed brine reservoir.

The construction of the interface model involved the assimilation of the
information described under the data-input procedures in Mercer, Larson, and
Faust (1980a, p. 34-40). Other than items related to model size and model-
control parameters, the information may be separated into three general categor-
ies: (1) Aquifer parameters from the calibrated fresh-water model; (2) infor-
mation essential for the transient analyses, including additional aquifer
parameters, fluid properties, and the initial interface; and (3) stresses
imposed on the fresh-water system by the brine impoundment.

The aquifer parameters used or obtained from the calibrated fresh-water
model include: (1) The average altitude of the water table (fig. 4); (2) the
altitude of the base of the fresh-water aquifer (fig. 5); (3) the average accre-
tion (0.1 inch per year), and (4) the distribution of hydraulic conductivity,
which was the principal purpose of the calibration procedure.

The additional aquifer parameters used in the transient analyses with the
interface model include effective porosity and specific storage of the fresh-
water aquifer. An average value of 20 percent (0.2) was used to represent
effective porosity. Values of 0.15 to 0.20 were used to represent the specific
yield, which was used to compute specific storage.

The fluid properties needed for the interface model are the densities and
viscosities of the aquifer's fresh water and the brine proposed for impound-
ment. The density of fresh water is slightly more than 1.0 g/mL (gram per
milliliter) and is assumed to be 1; the absolute viscosity of fresh water at
20°C (Celsius) is about 1 centipoise. The average (100-year) density of the
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brine to be impounded in the proposed Truscott Brine Lake was determined from:
(1) The average 100-year chloride concentration of the impounded brine as
derived from the chloride-concentration curve estimated for the proposed Trus-
cott Brine Lake (fig. 8); and (2) the relationship between density and the
chloride concentration of brines from Permian formations in the upper Brazos
River basin (fig. 9). The 100-year average chloride concentration is estimated
to be about 34,000 mg/L and the average density about 1.04 g/mL. The absolute
viscosity of a pure sodium chloride solution with a density of 1.04 g/mL is
about 1.10 centipoises (Weast and Astle, 1978, p. D300), which is assumed to
be the same for the impounded brine. The Corps of Engineers provided the
information for the preparation of figure 8, which includes the estimated pool
altitude for the first 100 years of impoundment at the proposed Truscott Brine
Lake. Figure 9 was obtained from Garza (1982, fig. 12).

Part of the input data required for the interface model is the distribu-
tion of the initial interface between the brine and the fresh water. The ini-
tial interface consists of the altitude of the top of the brine pool through-
out the areal extent of the brine lake and the altitude of the base of the
fresh-water aquifer throughout the remainder of the modeled area. The inter-
face between model cells representing the brine-pool surface at the proposed
lake boundary and the cells representing the base of the fresh-water aquifer is
vertical and not the classical sloping interface presented by Mercer, Larson,
and Faust (1980a). In order to test the model computations associated with
the vertical interface, computations with several sloping (pseudo) interfaces
were attempted. The tests indicated that the computations with the vertical
interface are reasonable.

The only stress imposed on the fresh-water aquifer in this study is the
distribution of hydraulic head (constant salt-water head) in the area of the
brine impoundment. The 100-year average pool altitude estimated for the pro-
posed Truscott Brine Lake (1,488 feet above NGVD of 1929, as derived from fig.
8) was simulated in the interface model for the Truscott area. The average
density estimated for the brine is 1.04 g/mL and the average viscosity is
1.10 centipoises. Actually, the density of the brine is estimated to be nearly
1.07 g/mL (chloride concentration of about 58,000 mg/L) at the end of 100
years (figs. 8 and 9); however, the modeling procedure does not allow for the
variation of densities. Therefore, the average values were used.

Projections with Interface Model

The simulation period used in the projections with the interface model is
100 years, the expected duration of the proposed reservoir. The Corps of Engi-
neers required no additional simulation periods for this preliminary study.
The principal results of the simulation are the fresh-water heads in the aqui-
fer (or projected hydraulic-head rises) and the altitude and location of the
resultant interface or salt-water front.

The projected hydraulic-head rises in the fresh-water aquifer after 100
years of salt-water impoundment in the proposed Truscott Brine Lake are shown
in figure 10. Significant hydraulic-head rises (5 to 40 feet) are projected
only for the areas adjacent to the lake shoreline and the proposed Truscott
Dam. Hydraulic-head rises at the embankment in the central part of the dam
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probably will be about 80 feet and are not included in figure 10. Analysis of
the hydraulic-head gradients along the embankment may involve detailed seepage
studies not discussed in this report; the Corps of Engineers will incorporate
plans related to the embankment design for decreasing the hydraulic pressure at
the dam. The areal hydraulic-head effects of the proposed lake on the fresh-
water aquifer are not extensive. This is attributed mainly to the very poor
transmissive character of the fine-grained aquifer system.

No provisions were made in the interface model to simulate changes in
evapotranspiration (ET) with changes in depth to water as a result of the
projections. The average ET rate is incorporated in the average steady-state
accretion and is not modeled in the calibration of the fresh-water aquifer.
Changes in hydraulic head caused by the proposed brine structure may change ET
and with it the accretion. Under these conditions, the degree of the accretion
changes will depend on the factors affecting the ET changes (applied stresses,
depth to water, lithology of unsaturated zone), plus the quantity by which the
accretion itself can potentially change. The steady-state accretion in the
project area is very small (G.1 inch per year or about 2 X 10~ ft/d). Changes

Xhe ET rate per foot of water-level change in the area are estimated to be
10' to 10-° ft/d. Therefore, the small accretion can be nullified by 1 to
2 feet of water-level rises; however, rises in water level due to the proposed
impoundment are 1imited to only a few areas in the vicinity of the dam and the
lake shoreline. In order to test the effects of decreased accretion in these
areas, the model used in the calibration procedure was stressed by eliminating
the accretion in the areas of expected rise in water level. The effects were
small, generally less than 1 foot of projected hydraulic-head change in most
areas and 1 to 2 feet in a few areas. The effects of negative accretion (aqui-
fer-storage losses to ET) on hydraulic head in the vicinity of the lake are
considered to be minor, mainly because of the presence of the lake itself. 1In
summary, the effects of the changes in ET on the hydraulic-head projections
are assumed to be negligible, primarily because the major hydraulic-head rises
occur onty in a few areas along the lake shoreline and near the dam.

The projected altitude of the brine- fresh-water interface (salt-water
front) in the fresh-water aquifer after 100 years of brine impoundment in the
proposed Truscott Brine Lake is shown in figure 11. The approximate location
of the salt-water toe, which is the extension of the salt-water front at the
base of the aquifer, also is shown; its longest extension is Tess than 1 mile
downstream from the dam. It appears that conditions illustrated in both fig-
ures 10 and 11 did not reach equilibrium during the 100-year simulation.

The U.S. Army Corps of Engineers (1972, p. 6-17) has made provisions to
eliminate or decrease underflow seepage across the proposed Truscott Dam.
These include: (1) A positive cut-off trench, 15 feet wide and 10 feet deep
into bedrock, along the entire embankment and through the abutments of the
dam; and (2) a thick (as much as 100 feet) grout curtain across the full Tength
of the trench. Movement of the brine in the vicinity of the dam is expected
to be in the form of interstitial bedrock flow, which will take place mainly
in the thin sandy zones of the Clear Fork Group as underflow across parts of
the dam as well as around the abutments. Estimates of interstitial velocities
in areas downstream from the dam were made by assuming piston-type flow with
the use of hydraulic-head gradients from the simulation after 100 years of
impoundment. Gradients of 20 to 80 feet per mile and an effective porosity of
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20 percent were used to compute velocities of very small fractions of a foot
per year to nearly 15 feet per year. Velocities in the upper part of this
range reflect movement in the sandy zones of the Clear Fork Group.

The position of the salt-water front downstream from the proposed Trus-
cott Dam is controlled in part by discharge from the aquifer to Bluff Creek.
The fresh-water component of the discharge to Bluff Creek is a large percentage
of the steady-state fresh-water discharge, which 1is about 0.2 ft3/s in the
Truscott area. The salt-water component due to the proposed impoundment, 1is
estimated to be less than 0.1 ft3 /s by the end of the 100-year simulation.
If this salt-water discharge contains a chloride concentration of 34,000 mg/L
(average in the proposed reservoir), the chloride 1oad in Bluff Creek will be
about 8 tons per day at the end of the 100-year impoundment.

The interface model was subjected to sensitivity analyses by changing
accretion and hydraulic conductivity for the 100-year simulation. A regional
change of 50 percent in accretion resulted in hydraulic-head changes of 0 to 2
feet. A regional change of 50 percent in hydraulic conductivity resulted in
hydraul ic-head changes of 0.1 to more than 7 feet. The hydraulic conductivity
of the Clear Fork Group in the vicinity of and downstream from the proposed
Truscott Dam was increased by a factor of 100 in order to estimate changes
caused by these extreme increases in hydraulic conductivity in this critical
area. The results of the 100-year simulation included hydraulic-head rises of
1 to 8 feet in some places and hydraulic-head decreases of less than 1 to
about 5 feet in others. The salt-water toe generally was extended additional
distances downstream from the dam; most of the extensions were less than 0.5
mile, but in one area the extension was about 1 mile.

Significance of Results of Projections

The results of the projections made in this study may be evaluated in part
through a review of the modeling procedures used plus consideration of possible
effects of certain physical and chemical aspects not included in the modeling
effort. The interface model of Mercer, Larson, and Faust (1980a) has distinct
advantages and disadvantages that are reflected in the results of the projec-
tions. The primary consideration in the use of this modeling approach has been
the incorporation of the density effects of salt water in the projections. It
is believed that hydraulic-head changes, as a result of stresses imposed by the
proposed impoundment of brine, have been adequately projected. The projected
location of the sharp salt-water front or interface is believed to be an approx-
imation mainly because the sharp-interface assumption may not be particularly
applicable to the generally fine-grained aquifers in the area.

Use of the interface model in this study has produced some errors in the
salt-water mass balance. Mercer, Larson, and Faust (1980b) attribute this to
problems related to locating the salt-water toe. It seems that the equations
describing the flow system at node blocks along the salt-water toe may contain
non-zero terms for both the fresh water and salt water but may indicate an
interface position below the aquifer bottom. The changes in the interface
position necessary to balance mass-flow residuals for the block may produce an
artificial increase or decrease of mass within the block. One solution is
the regeneration of a grid system for each time step so that the toe coincides
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with the edge of a grid block; for two-dimensional finite-difference computa-
tions, this is prohibitive. Mercer, Larson, and Faust (1960b, p. 378) conclude
that mass-balance errors in many instances will have to be tolerated. In this
study, the fresh-water mass-balance error at the end of the 100-year simulation
was less than 1 percent; during the simulation, fluctuation of the error gen-
erally varied between less than 1 to about 5 percent for each time step. The
salt-water mass-balance error was about 8 percent at the end of the 100-year
simulation; however, the fluctuation during the simulation varied between 6
and 64 percent.

Changes in the hydraulic conductivity of the fresh-water aquifer that may
result from the physical and chemical changes in the salt-water and fresh-water
areas were not considered in the simulations in this study. These physical
and chemical changes may occur within the 1impounded salt water, between the
salt water and the native fresh water in the aquifer, and between the salt
water and the aquifer material. The impoundment of salt water will be accom-
panied by an accumulation of sediment that may clog parts of the aquifer sys-
tem. The reactions involving aqueous solutions include mineral precipitation
by thermodynamic supersaturation with respect to a particular mineral; this
reaction also may cause clogging of parts of the aquifer. The redox potential
for the salt water may be determined in order to assess redox reactions,
which are not Tikely to cause clogging but could cause a lowered pH (acid
solutions) and dissolution reactions. The reactions between the chemically
varying salt water and the type of material in the fresh-water aquifer can be
complex and may increase or decrease the hydraulic conductivity of the aqguifer.
Generally, studies to determine the effects of these interactions on hydraulic
conductivity will require: (1) Projections on the physical and chemical nature
of the impounded salt water throughout the duration of the project; (2) analy-
ses on the mineral composition of the aquifer material, particularly those
areas of the aquifer that may contain clay; and (3) additional analyses on the
chemical concentration of the fresh water.
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CONCLUSIONS

The fresh-water aquifer in the Truscott area is a shallow water-table sys-
tem with relatively fresh water (calcium sulfate type) containing about 500 to
5,000 mg/L of dissolved solids. The aquifer consists of Permian rocks with
very small values of hydraulic conductivity; it is separated from an even less
permeable and deeper brine system (sodium chloride type) by a relatively thin
transition zone. The variation of aquifer thickness is between slightly less
than 20 to slightly more than 70 feet; the average is about 45 feet. The
average annual accretion, assumed equivalent to the average stream base flow,
is about 0.1 inch per year.

The principal projected effects of the 100-year brine impoundment at Trus-
cott Brine Lake on the fresh-water aquifer in the project area are as follows:

(1) The areal hydraulic-head effects of the proposed brine structure
would not be extensive, and hydraulic-head rises of 5 to 40 feet would be 1im-
ited to the areas near the proposed dam and along the lake shoreline.

(2) The salt-water migration downstream from Truscott Dam generally would
be confined to less than 1 mile and apparently would not reach equilibrium dur-
ing the 100-year impoundment.

Results of the projections do not reflect possible effects associated
with hydrodynamic dispersion and physical and chemical changes interacting in
the salt-water and fresh-water environments, the results of which may effect
changes in the hydraulic conductivity of the aquifer.
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