PROJECTED EFFECTS OF PROPOSED SALINITY-CONTROL
PROJECTS ON SHALLOW GROUND WATER--PRELIMINARY
RESULTS FOR THE UPPER BRAZOS RIVER BASIN, TEXAS

By Sergio Garza

U.S. GEOLOGICAL SURVEY
Open-File Report 82-908

Prepared in cooperation with the U.S. ARMY
CORPS OF ENGINEERS, FORT WORTH DISTRICT

Austin, Texas
1982




UNITED STATES DtPARTMENT OF THE INTERIOR

JAMES G. WATT, Secretary

GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information
write to:

District Chief

U.S. Geological Survey
649 Federal Building
300 E. Eighth Street
Austin, TX 78701

IT

For sale by:

Open-File Services Section
Branch of Distribution

U.S. Geological Survey, MS 306
Box 25425, Denver Federal Center
Denver, CO 80225



CONTENTS

1
2
Purpose and SCOpE-=-~==emmmmccccacmacccccccccccceceeeeece——ee————— 2

Plan to control natural salt pollution====-=es--ecmcocee oo ccaean 4
Existing fresh ground water----ee-eeemmme o 5
North Croton Creek aread--==-emcmmecmm oo 7
Croton Creek area---=--eeeeecaccamcccccaccccccccccccaccccccccncaa—an 10

Salt Croton Creek area==-e=~=eemmmeoom e mm e ceamam 17
Modeling proceduresS-=--eemaccacecmcacmccccccmcaccee e emececaem—————— 17
Simulation of flow in fresh-water aquifer---=-=-=m--coamomomomomoaooooo 18
Description of modeling procedure-=-=-—eeeeocccmoocaamc e 18
Construction and calibration of fresh-water model s~~====ceeccaaaaa- 19
Simulation of flow in brine- fresh-water systefM~=meeececamccmcecanccacan 23
Description of modeling procedure-=s=eeememmmcm oo oo 23
Development of interface model Se==memmemcmcmccmmccc o caaeaae 24
Projections with interface model S=me=mmmem oo oo ;e eeemeeemeeaeea 28
North Croton Creek ared-==seeeecemccccoeccmccccccc e ccceccaaea 28

Croton Creek area---=--ememeececmeeccomcacccccmmmccmcmmocccceann 32
Significance of results of projections==----mcacamecommccaoaaoanoo 35
CoNClUSTONS==mmmmmmecccccccccccceccecccceecmacccc ;e cccec——ee—— e ——————— 38
Selected references-~=eeeemmmcmc oo cecmeccmcmccemeeeemeceecacaaea- 39
Suppl emental information=--=~=eemmeame oo eccmeeaeaee 42

IT1



Figure 1.

2-4.
2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

4.

ILLUSTRATIONS

Index map showing location of project area and proposed

rESerVO T MSmmm e o e e e e e e

Maps showing:

Geology of the project area----------ccmcmmmmmc e

Average altitude of the water table in the fresh-water

aquifer, North Croton Creek area------------c--comcmeuono

Altitude of the base of the fresh-water aquifer, North

Croton Creek area===-===mccocmmmm e e

East-west section A-A' through North Croton Creek area

showing approximate thickness of fresh-water aquifer-------

Map showing average altitude of the water table in the

fresh-water aquifer, Croton Creek area--------c--ccmcemaca-

Map showing altitude of base of the fresh-water aquifer,

Croton Creek area------------—cccmmmmmccc e

East-west section B-B' through Croton Creek area showing

geologic and hydrologic relations-----eececcmmmccmmcccccaaoo

Map showing average altitude of the water table in the
fresh-water aquifer of the North Croton Creek area, as

derived from model calibration----ccecccmmcmmmcccccce- -

Map showing average altitude of the water table in the
fresh-water aquifer of the Croton Creek area, as derived

from model calibration-=-=-cemmem e

Graph showing projected pool altitude and chloride concen-
tration for 100-year brine impoundment in the proposed

Kiowa Peak Lake, North Croton Creeke==-eecccmmmmccacmcaacas

Graph showing density versus chloride concentration
of sodium chloride solution and brine from Permian

formations in the upper Brazos River basin------cceccea---

Map showing projected head increases in the fresh-water
aquifer after 100 years of brine impoundment in the

proposed Kiowa Peak Lake, North Croton Creek----=-aceceuaa-

Map showing projected altitude of brine- fresh-water
interface in the fresh-water aquifer after 100 years
of brine impoundment in the proposed Kiowa Peak Lake,

North Croton Creeke===ceccmecmmmmcmcmc e

East-west section C-C' showing projected water table and

interface, North Croton Creek arede=----eeccccccecccccnaaa

Map showing projected head increases in the fresh-water
aquifer after 100 years of brine impoundment in the

proposed Croton Lake, Croton Creek--==ceccemccccmcncnnen—-

Map showing projected altitude of brine- fresh-water
interface in the fresh-water aquifer after 100 years
of brine impoundment in the proposed Croton Lake,

Croton Creek===c-cmcmcmm e e

Iv

Page

11
12
14
15
16

21
22
26
27
29
31
33

34

36



Table 1.
2.

TABLES

Records of test holes in the North Croton Creek area
Chemical analyses of water from selected test holes
sampled in the North Croton Creek area------------



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
foot 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per mile (ft/mi) 0.189 meter per kilometer
foot per year 0.3048 meter per year
inch 25.4 millimeter
mile 1.609 kilometer
square mile 2.590 square kilometer
ton 0.9072 megagram

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."

VI



PRCJECTED EFFECTS OF PROPOSED SALINITY-CONTROL
PROJECTS ON SHALLCW GRCUND WATER--PRELIMINARY
RESULTS FOR THE UPPER BRAZQGS RIVER BASIN, TEXAS

By
Sergio Garza

SUMMARY

As part of the plan to control the natural salt pollution in the upper
Brazos River basin of Texas, the U.S. Army Corps of Engineers recommended con-
struction of three impoundment and retention reservoirs. In connection with
the proposed reservoirs, the U.S. Geological Survey was requested to define
the existing ground-water conditions in the shallow ground-water system of the
area and to project the post-construction effects of the reservoirs on the
shallow aquifer, especially in relation to aquifer-head changes but also with
respect to possible changes in the chemical quality of the ground water.

The Corps of Engineers' plan includes a total impoundment reservoir (Kiowa
Peak Lake on North Croton Creek) with more than 170,000 acre-feet of storage at
the 100-year average pool altitude of 1,550 feet. Croton Lake (23,000 acre-
feet of storage at the 100-year average pool altitude of 1,760 feet) on Croton
Creek and Dove Lake (no permanent storage) on Salt Croton Creek are projected
to hold salt water for transfer to the large Kiowa Peak Lake.

The aquifer in the project area is a shallow water-table system with
relatively fresh water (calcium sulfate type), in comparison to the saline
streamflow, and contains 2,000 to 5,000 milligrams per liter of dissolved
solids. The aquifer consists of Permian rocks with very small permeability and
is separated from an even less permeable and deeper brine system (sodium
chloride type of up to 200,000 milligrams per liter of dissolved solids) by a
thin transition zone. Small quantities of infiltration from precipitation in
the drainage area constitute the recharge to the aquifer. Discharge from the
aguifer consists of the base flow along creeks; well discharge is negligible.

Two-dimensional digital-computer models were developed for aquifer simu-
lation of steady and transient conditions in which the density effects of salt
water are considered. The models were used to project the effects of the 100-
year impoundment of salt water in Kiowa Peak Lake and Croton Lake on the fresh-
water system. Rises in aquifer head of 10 to 50 feet are projected only for
areas near each dam and along each lake shoreline. The maximum migration of
salt water downstream from each dam is projected to be about 1 mile. The
modeling efforts in this study did not include the effects of hydrodynamic
dispersion nor consideration of possible changes in the hydraulic conductivity
of the aquifer due to physical and chemical interactions in the salt-water and
fresh-water environments.



INTRODUCTICN

The Rrazos River is a major source of water in Texas; however, during
base-flow conditions, the water of the upper Brazos River basin contains
excessive concentrations of chloride and sulfate. A large part of this upper-
basin water is impounded in Possum Kingdom Reservoir (fig. 1), which is used
to supply water for irrigation and industrial needs. An average daily load of
3,440 tons of dissolved solids, which includes 1,250 tons of chloride and 760
tons of sulfate, was transported into the reservoir by the Brazos River dur-
ing water years 1957-66 (Rawson, Flugrath, and Hughes, 1968).

The sources of the salts are the natural brine springs and seeps issuing
from Permian formations into streams tributary to the upper Brazos River, prin-
cipally the Salt Fork Brazos River (fig. 1). The springs and seeps in Croton
and Salt Croton Creeks, tributaries of the Salt Fork Brazos River, contribute
most of the salt load. The discharge-weighted average chloride concentration
of water in Croton Creek on a long-term basis is more than 2,000 mg/L (milli-
grams per liter), and that for water in Salt Croton Creek is more than 33,000
mg/L. Another tributary, the Morth Croton Creek, contributes some salt but is
of considerable importance mainly because its drainage area has been included
in a project recommended by the U.S. Army Corps of Engineers to control the
natural salt pollution. The discharge-weighted average chloride concentration
of water in MNorth Croton Creek on a long-term basis is nearly 800 mg/L.

Three total impoundment and retention reservoirs, which have no provi-
sions for controlled releases, are recommended in the Corps of Engineers plan
for controlling the natural salt pollution in the area. The controlling method
is disposal or retention of the brines through storage and evaporation. The
three proposed reservoirs (Kiowa Peak Lake, Dove Lake, and Croton Lake) are
interconnected by pipeline and are shown in figure 1. The recommended plan is
the result of feasibility studies that included consideration of various alter-
native solutions to the problem (U'.S. Army Corps of Engineers, 1973). In con-
nection with the plan, the Corps of Engineers requested the U.S. Geological
Survey to study the effects of the proposed reservoirs on the shallow aquifer
in the vicinity of each reservoir. Specific recommendations included the use
of digital-computer models as part of the study.

Purpose and Scope

The purpose of this report is to present preliminary results of the study
on: (1) The existing ground-water conditions in the shallow aquifer systems
in the project area and (2) the projection of the post-construction effects of
the proposed reservoirs on the shallow aguifers, especially in relation to
changes in aquifer head but also with respect to possible changes in the chemi-
cal quality of the ground water.

The data used to determine the existing ground-water conditions were
obtained from various sources. The Ceclogical Survey drilled 34 test wells in
the project area in connection with a study by Stevens and Hardt (1965). Geo-
physical logs from these test wells and from more than 100 oil-company strati-
graphic test holes were interpreted by Keys and McCary (1973). The Corps of
Engireers provided test-hole date in connection with the foundation drilling
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program at dam sites 10, 14, and 19 (fig. 1). Geophysical Togs were obtained
from 43 test wells drilled by the Corps of Engineers in the North Croton Creek
area; the test wells also were used for measuring water Tevels and for sampling
water for chemical analysis. Approximately 100 domestic and stock wells in
the project area also were used for water-level measurement and sampling of
water for chemical analysis. Useful information on the geology and hydrology
of the area was derived from Blank (1955), Mason and Johnson and Associates
(1955), McMillion (1958), Baker, Hughes, and Yost (1964), and Rawson, Flug-
rath, and Hughes (1968).

The modeling procedure used to simulate the flow of fresh ground water is
the two-dimensional finite-difference method developed by the Geological Survey
(Trescott, Pinder, and Larson, 1976). The effects of a salt-water reservoir
on ground water were approximated through the use of a finite-difference
modeling procedure for simulating areal flow of salt water and fresh water
separated by a sharp interface (Mercer, Larson, and Faust, 1980a). The den-
sity effect of salt water is incorporated in the modeling procedure, but the
effects of hydrodynamic dispersion are neglected with the assumption of a
sharp interface. Therefore, predictions related to changes in the chemical
quality of water are limited to generalizations.

The projections of the post-construction effects on the shallow ground
water have been limited to Kiowa Peak Lake and Croton Lake because only these
lakes will have permanent-storage facilities. The projections also are limited
to simulations of Tlong-term (100-year) average stresses of reservoir storage
and salt-water density and viscosity. Physical and chemical changes in the
reservoir and aquifer environments may affect the hydraulic conductivity of
the aquifer; results of the projections do not reflect these possible effects.

Plan To Control Natural Salt Pollution

The plan proposed by the Corps of Engineers to control the natural salt
pollution in the upper Brazos River basin includes three total retention dams
and connecting pipelines. Dam 19 (Kjowa Peak Lake, fig. 1) will be located on
North Croton Creek 5.4 river miles upstream from its junction with the Brazos
River. The earthen embankment stucture is des1gned to impound all runoff orig-
inating upstream from the dam plus 29 ft3/s of brine transferred from Dams
10 and 14 (fig. 1). Reservoir storage at the projected top of the brine pool
(altitude of 1,583 feet above NGVD of 1929) is more than 400,000 acre-feet.
The average pool altitude estimated for the first 100 years of impoundment is
1,550 feet, a level designed to store mcre than 170,000 acre-feet. A cut-off
trench along the axis of the dam has been designed to prevent seepage under
the dam.

Dam 10 (Croton Lake) will be located on Croton Creek 3.3 river miles up-
stream from its junction with the Salt Fork of the Brazos River (fig. 1). It
is an earthen embankment designed to impound temporarily all runoff or1g1nat1ng
in the drainage area upstream from the dam, and a flow of 11 ft 3/s will be
pumped from the impoundment through a subsurface pipeline to Kiowa Peak Lake
whenever there is water in storage. The reservoir level is expected to fluc-
tuate greatly, but the long-term (100-year) average pool altitude is estimated
to be 1,760 feet, at which level the reservoir storage is about 23,000 acre-
feet.
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Dam 14 (Dove Lake) will be located on Salt Croton Creek 5.6 river miles
upstream from its junction with the Salt Fork of the Brazos River. The earthen
structure is designed to impound all runoff temporarily, until it can be trans-
ported by pipeline for storage in Kiowa Peak Lake. The U.S. Army Corps of
Engineers (1973) has estimated a long-term average transfer of 18 ft3/s to
Kiowa Peak Lake. Dove Lake will have no permanent storage.

A11 three proposed reservoirs will be located downstream from natural
brine springs, the major sources of salinity in the basin. Dam 19 (Kiowa Peak
Lake) purposely will be located in an area underlain by fine-grained sandstone
and shale (Early Permian age) that contain very little permeability. The two
other small reservoirs will be Tlocated in areas where the underlying fine-
grained sandstone and shale are interbedded with dolomite and gypsum formations
that contain extensive openings related to zones of solution, particularly in
the gypsum beds. Dam 14 (Dove Lake) in particular has been excluded from per-
manent storage because of expected inundation of a salt flat (discharge point
of brine) upstream from the dam site. Therefore, Croton Lake and Dove Lake
have been designed mainly to hold the brine for transfer to the large Kiowa
Peak Lake; Croton Lake will have some long-term storage capability. In effect,
the Kiowa Peak Lake will become the central area in the basin for the disposal
of the natural brines through the process of storage and evaporation. The
Corps of Engineers has estimated the duration of the project to be 100 years
and has found it to be the most acceptable plan of the many alternatives that
were considered (U.S. Army Corps of Engineers, 1973).

Projecting the effects of the proposed Kiowa Peak Lake on the shallow
aquifer is of paramount importance because of the impoundment of significant
quantities of brine in the reservoir and the need to determine the effective-
ness of the reservoir for controlling brine contributions to the aquifer and
eventually to the runoff downstream from the reservoir. Projections were
made for the proposed Croton Lake; none were made for Dove Lake because no
permanent impoundment is planned.

EXISTING FRESH GROUND WATER

The only relatively fresh ground water in the project area is found in
the shallow water-table system and contains 2,000 to 5,000 mg/L of dissolved
solids. The ground water is termed "fresh" in relation to the widespread
sodium chloride brine confined in deeper Permian rocks (up to 200,000 mg/1
of dissolved solids), the source of the salt springs and seeps in the area.
Very small quantities of the fresh water in the project area are withdrawn
from small-capacity wells and used for domestic and stock purposes.

The fresh-water aguifer consists of rocks of Permian age. The only
younger materials in the area are thin floodplain and fluviatile-terrace depos-
its, and windblown sand, which generally are not hydrolegically significant in
the project area. The area's surficial geology, derived from a geologic atlas
developed by the University of Texas, Bureau of Economic Geology (1967) is
shown in figure 2. Except for the QOchoan Quartermaster Formation, the Permian
strata in figure 2 are very significant to the project's ground-water study.
For purposes of this report, the Whitehorse Sandstone and Cloud Chief Gypsum
of the Guadalupian Series, as used in the geologic atlas (University of Texas,
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Rureau of Economic Ceology, 1967), will be referred to as the Whitehorse Group,
a designation also used by McMillion (1958) and Baker, Hughes, and Yost (1964).
McMillion (1958) refers to the Rlaine Formation and the San Angelo Formation
as the E1 Renc Group. PRaker, Hughes, and Yost (1964) make reference to the
same strata as the Pease River Croup (north Texas designation). The Choza
Formation is the upper part of the Clear Fork Croup.

The Permian formations dip westward at about 26 ft/mi according to Baker,
Huches, and Yost (1964). Streams generally flow east or southeast; the result-
"ing topography consists of rolling hills, canyons, and gullies--all products
of the differential erosion within the Permian strata. A unique topographic
feature in the project area is the salt flat, the discharge area of the brine.
(See fig. 2 for major salt flats.) Additional information related to ground-
water geology of the project area may be found in McMillion (1958) and in
Raker, Hughes, and Yost (19A4).

North Croton Creek Area

North Croton Creek flows across the oldest Permian formations in the proj-
ect area (fig. 2). The drainage area upstream from streamflow station 1 (fig.
1) is 250 scuare miles, and the averace discharge for water years 1966-77 was
about 15 ft3/s (U.S. Geological Survey, 196S%a, 1972a, 1973a, 1974a, 1975a,b,
1076-78). The discharge-weighted average chloride ccncentration of North
Croton Creek water at the streamflow station for this period was more than
785 mg/L  (U.S. Ceological Survey, 1965-68, 1969b, 197C-71, 1972b, 1973b,
1974b, 1975c, 1976-78). This stream contributes about 4 percent of the chlo-
ride load reaching Possum Kingdom Reservoir (fig.l). The proposed site for
Pam 19 is located in strata of the Choza Formation and San Angelo Formation.
The part of the Chcza containing fresh water is a shale that is interbedded
with sandstone. The Choza Formation has no known system of extensijve frac-
tures. The San Angelo Formation is a massive sandstone that is interbedded
with shale and conglomerate. The San Angelo Formation also has no extensive
fracture system. The Rlaine Formation crops out at higher altitudes generally
west of the dam; the fresh-water aquifer in the Blaine consists of shale and
sandstone, interbedded with gypsum. Farther to the west, some gypsum beds may
become massive, and dolcmite also may be present. The Vhitehorse Group (fig.
?) in the western part of the North Croton Creek area consists of interbedded
sandstone, sand, shale, gypsum, and dolomite. Some of the gypsum beds have
extensive systems of solution openings.

The water-table contours of the fresh-water aquifer and the Tlocation of
test holes and wells in the MNorth Croton Creek area are shown in figure 3.
Delineation of water-table contours is based on: (1) Average water levels in
wells used for control, mainly test holes drilled by the Corps of Engineers for
this project (table 1), (2) stage estimates of North Croton Creek, (3) altitude
of small springs and seeps along creeks tributary to Morth Croton Creek, and
(4) topographic maps (7-1/2-minute) published by the Geological Survey.

The slope of the water table generally is from west to east; in detail it
is from the high ridges and hills to the Tow areas along the creeks. The steep
sTopes near North Croton Creek and its tributaries are due to the large amount
of topographic relief in these areas plus the minimal transmissive character



of the aquifer material. The contours indicate a range in altitude from about
1,920 feet above NGVD of 1929 in the extreme northwestern part of figure 3 to
about 1,440 feet near the junction of North Croton Creek and the Brazos River.
The water table appears to be a modified image of the land surface, and the
shallow ground water 1is inferred to move from topographically high areas to
the Tower creek valleys.

Recharge to the fresh-water aquifer is the quantity of water percolating
to the water table from precipitation throughout the watershed. The total
discharge from the aquifer is the springflow and seeps along the major creeks
and tributaries, plus an unknown quantity of evapotranspiration, plus the
quantity withdrawn through wells. The discharge from wells in the project
area is assumed to be negligible. The fresh-water springflow and seeps in the
North Croton Creek and its tributaries mix with the brine-system discharge
along the creek beds. The average rate of this fresh-water base flow to the
creeks is assumed to be the average accretion to the aquifer. Accretion is
the net rate at which water is gained or lost vertically through the aquifer
surface in response to external forces (Stallman, 1956). Records from the
streamflow station North Croton Creek near Knox C1ty (station 1, fig. 1) were
used to derive an average rate of base flow of 2 ft3/s (U.S. Geological Survey,
1969a, 1972a, 1973a, 1974a, 1975a,b, 1976-78). More than 90 percent of this
base flow is est1mated to be contr1buted by the fresh water aquifer; the
assumed average accretion is slightly more than 1.8 ft3/s, or less than 0.1
inch per year over the watershed (250 square miles). Average precipitation
at Aspermont is slightly more than 22 inches per year (U.S. Department of
Commerce, 1978); this general scarcity of rainfall, high evapotranspiration
rates, and the small permeability of the Permian strata are the main reasons
for the small accretion.

The base of the fresh-water aquifer is a thin zone of transition, which
can be approximated by a surface, between the fresh water and the deeper
brine. This zone, which Stevens and Hardt (1965, p. 7-8) called the "brine-
freshwater interface", has been found by test drilling and through interpre-
tation of borehole geophysical logs (Keys and McCary, 1973). The water in the
fresh-water aquifer is a calcium sulfate type that has a dissolved-solids con-
centration ranging between 2,000 and 5,000 mg/L. Stevens and Hardt (1965)
attribute this general chemical composition to solution of gypsiferous material
at shallow depths. The deeper brine-saturated rocks contain halite, and water
from these rocks is a sodium chloride type, with dissolved solids of more than
200,000 mg/L (Baker, Hughes, and Yost, 1964, p. 58). (See table 2 for the
chemical analyses of water samples from selected test holes in the North Croton
Creek area.) An important factor indicative of the hydraulic separation of
the two systems is the presence of halite in the brine rocks in an environment
described by Stevens and Hardt (1965) as conducive to very small permeability
and small halite-solution rates. Halite occurs in the unweathered and unflushed
brine-rock system, which also is much less permeable than the flushed fresh-
water system. Additional information regarding the "interface" may be found
in Stevens and Hardt (1965), Keys and McCary (1973), and Zohdy and Jackson
(1973). The base of the fresh-water aquifer is assumed in this report to be
represented by this "interface", which constitutes a hydraulic boundary sepa-
rating the fresh water from the brine system.
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The altitude of the base of the fresh-water aquifer in the North Croton
Creek area is shown in figure 4. The delineation is based on the interpreta-
tion of test-hole data from the Corps of Engineers and commercial oil compan-
jes (table 1). Specific-conductance measurements of the drilling fluid were
made by the Corps of Engineers in most of the test holes. These data provided
a good measure of the "interface" position as it was penetrated during drill-.
ing. East-west section A-A', which indicates the approximate thickness of the
fresh-water aquifer, is shown in figure 5. The specific-conductance traces are
used to indicate the relatively sharp breaks in relation to the large differen-
ces in the chemical quality of the water in the fresh and brine systems. The
absolute values of specific conductance reflect a mixture of the original drill-
ing fluid and the ground water. The results for areas near North Croton Creek
indicate thinning of the fresh-water system toward the areas of discharge.

The Corps of Engineers cored shallow test holes near observation wells
8 and 13 (table 1). Core samples representative of the San Angelo Formation
and the Blaine Formation were analyzed in the laboratory for permeability.
Permeability, the transmissive property of a rock or soil, was converted to
hydraulic conductivity, a term used to reflect not only the permeability of
the rock but also the fluid properties of the ground water at temperatures
normally found in this environment. Values of hydraulic conductivity deter-
mined in the Tlaboratory from cores of the sandstone in the San Angelo ranged
from 0.002 to 0.009 ft/d and averaged about 0.005 ft/d; those for the shale
in the Blaine averaged about 10-8 ft/d (U.S. Army Corps of Engineers, written
commun., 1978). Results cf several aquifer tests using Geological Survey
test wells in the vicinity of Jayton indicated an average value of about 0.5
ft/d for hydraulic conductivity in the fresh-water aquifer of the Whitehcrse
Group (P. R. Stevens, U.S. Geological Survey, written commun., 1980). Results
of laboratory analysis of core samples representative of the brine rocks in
the same area indicated average hydraulic-conductivity values that are about
100 times smaller. Hogan and Sipes (1966, table 1) reported laboratory values
for horizontal hydraulic conductivity (converted from reported permeability)
in the Permian basin of Texas and New Mexico, as follows: (€.002 to 0.07 ft/d
for cores from the Artesia Group (equivalent to the Whitehorse Group); 0.0005
to 1.2 ft/d for cores from the San Andres Limestone (equivalent to the Blaine
Formation, San Angelo Formation, and Clear Fork Group); 0.0005 to 0.306 ft/d
for cores from the Glorietta Sandstone (equivalent to the San Angelo Forma-
tion), and 0.0002 to 0.06 ft/d for cores from the Clear Fork Group. These
determinations indicate that values of hydraulic conductivity in the Permian
rocks of the area generally are very small, from very small fractions of a
foct per day to perhaps 1 or 2 ft/d. The values for the shales are extremely
small, probably 1076 to 10-8 ft/d.

Croton Creek Area

Croton Creek drains the western part of the project area and cuts across
the entire outcrop of the Whitehorse Group (fig. 2). The proposed site for
Pam 10 is located downstream from the two major salt flats on tributaries of
Croton Creek (fig. 2). The drainage area upstream from streamflow station 3
(fig. 1) is 290 square miles, and the average discharge for water years 1960-78
was almost 15 ft3/s; the average base flow was about 1.4 ft°/s, 9C percent of
which is estimated to have been contributed by the fresh-water aquifer (U.S.
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Geological Survey, 1960, 1969a, 1972a, 1973a, 1974a, 1975a,b, 1976-78). The
discharge-weighted average chloride concentration of Croton Creek water at the
station for water years 1966-78 was about 3,400 mg/L (U.S. Geological Survey,
1965-68, 1969b, 1970-71, 1972b, 1973b, 1974b, 1975c, 1976-78). Croton Creek
contributes about 6 percent of the chloride Tload reaching Possum Kingdom
Reservoir.

The Whitehorse Group consists of silty sandstone, interbedded with gyp-
sum, dolomite, and some shale. According to McMillion (1958), who summarizes
the correlation of the different formations and marker beds in the Whitehorse
Group, the circulation of ground water is controlled by the geologic structure
and the stratigraphy. Local inconsistencies within the regional structural
pattern indicate slumpage due to solution of gypsum. Systems of solution chan-
nels are extensive in some gypsum beds.

The configuration of the water table of the fresh-water aquifer in the
Croton Creek area is shown in figure 6. The contours are based on: (1) Water
levels in wells (private domestic and stock wells and Geological Survey and
Corps of Engineers test holes); (2) stage estimates of Croton Creek; (3) alti-
tude of small springs and seeps tributary to Croton Creek; and (4) topographic
maps (7-1/2-minute) published by the Geological Survey. The water-table con-
tours range in altitude from about 2,000 feet above NGVD of 1929 in the north-
western area of figure 6 to about 1,700 feet near the Jjunction of Croton
Creek with the Salt Fork Brazos River. Recharge to the aquifer is from precip-
jitation throughout the watershed, and discharge is along the major creeks and
tributaries. The fresh-water discharge mixes with the brine-system discharge
along Croton Creek and its major tributaries. The shallow ground water is
inferred to move perpendicular to the contours from topographic highs to the
lower creek areas. The average annual accretion, determined from records of
streamflow for station 3 (fig. 1) and estimates of fresh-water discharge,
is less than 0.1 inch.

The altitude of the base of the fresh-water aquifer in the Croton Creek
area is shown in figure 7. Data for this illustration were derived from inter-
pretation of oil-company and Geological Survey test-hole information (Stevens
and Hardt, 1965). Comparison of figure 6 with figure 7 indicates a general
thinning of the fresh-water body toward the major discharge points, which are
Croton Creek, Short Croton Creek, and Hot Springs Canyon. The fresh-water
aquifer is practically nonexistent at the discharge points of the deeper brines,
namely the salt-flat areas at Short Croton Creek and Hot Springs Canyon. The
thickness of the aquifer in some of the topographically high areas in the west-
ern part of the Croton Creek area is about 200 feet; the thickness in most of
the Croton Creek area, however, ranges from about zero at the salt flats to
about 150 feet. East-west section B-B' (modified from Stevens and Hardt,
1965, p. 11), indicates the water table, the base of the fresh-water aquifer
("interface" 1ine), and some of the subsurface geology (fig. 8). Location of
section B-B' is shown in figure 7.

-13-



BeJB jeel) uojoid ‘Jejinbe Jejem-yselj ey} u| 91qe} J8}BM 8Y} JO apn}jije ebeisAy-'g 8inbi4
$916u0ipond 21ydoibodoy
Aoaing 100601009 §N WOy DG

Lo
-

SHILINOUN § 1 4 £
A 1 A

T T ~T L
£

r
S3MNS 14 2

o-4+o

(301A10 03IHSYI LYM-3DVINS) ¥IJINDY

G2Z6| 4O WRIDQ |0311I0A N 8POIY
1DUOHIBN |88) OF IDAIBIW JN0UODH 819D}

MIM HOOLSIAIN
96 'IPIOK PUD SUBANS
wos4 --3I0M LSIL AZANNS TVII901030 'S N
LIS O} WOP 1D JI0M UOHOPUND) YitM UOLIIBULOD U}
~370H 1531 SUIINIONI JO Sd¥OD ANNY § N

[NOILYNVdx3

YILVM-HSIWS 3O AUVONNOD ILVYNIXOUGHY mmmeme

1004 0 BpNLILI0 SMONG --MNOLNOD IWAVL-YILYM — 02F/——

(o]

é

-

v
A

. A
mmt.

4



1918Mm-yse2} 8yl jO e8Rq JO 8pPNI|I Y2 inBi4

veiw 081D UOI0ID ‘iejnbe
29{0UDIPOND Nydoidodo;
Aoamng 1051801009 SN WOl ss0g
&
SUILINOMN § y € 2 1 0 i
1 1 L i i — &
r T T T T 1
s31M s » H ] ' 0 y
/
/
&
¥
¢

8 0in0y) Uy UMOYS-UIBNNN 3T0H
-1531 ONV NOI103S J190T103908AAN 40 INT 8 O_E. vo..m

(3QIAIQ Q3HSYILVM-IIVIUNS) ¥IJINOV
U31VM-HEIYS JO AUVONNOER ILVAIXOUAAY emmmmmms
6261 )0 WRIDQ (031110A N{OPOIY {OUO1ION

“§08) (2 IDAIS}UL INOIUOY 18)|NDO J10j0m. Y881}
-~HUNOLNOD FUNLONYLS ——O2L/—

10 830q JO 8PN} IID SMOYS
inpnbo
JOI0M-y04) JO 93DQ JO IPNIHIID SHIDIPY) - WIBNNN
370H 1831 ANVANOD 110
G961 ‘IPIDH pud UG
Wos4--3T0H 1631 AIAUNS TVII90T039 § N [
NOILYNVdX3

22
[+




suolle|ea o160|0ipAYy pue
o0160j]006 Buimoys eoJe 8810 UO0}04D Ybnoiy} ,g-g uol}des }sem-ise]-g ainbig .

(S961) +PIDH PUD SUBAR}S WOLY paljiponN

Q31vY399VX3 ATLVIYO ITVOS TVIILH3IA

SH3IL3IWOIN § 14 £ 2 | [o}
| : L L L | |
SATN S 1 ¢ 2 | 0 626] 40 wnyng
|DOI}IB A 2142P0O3Y [DUOIIDN
oszl — oszl
oosif ————————— 7 _+——  Joo0s!
—_— I \Ilj
omm_f T —— —osg!
00t 1 - Lanl — - peJigjul @40YMm poysog
- — \\\\\\\\ speq a414pAYuD 10 wnsdho -100%I
a—
oSbI[- \H\\\ - hl L ostl
0061+ — \\\\\\\\\ W\\nl\l\l\l\l\
g p— 4006
—
0SS - osst
0091 . ——- -oo09
osoir —_ ] — . Hosgo!
S
oozt z..*mm _ @90j404u| oo
osif m mw _ - 06!
008If N H.m o — 008!
ossif m -8 o 3 Hoss
~ N
006!} M Q ~ e 4006l
™ )
osetf R m 3 2 .
H ul R 3 066!
ooz o ﬂ m |__ {0002
oS0z Y NOLOHD —  dogoz
3 LHOHS =~ |
oolz}t 0 > ootz
osiz| - 40812
oozz} * Joozz
Ogect ISv13 18am -0see
1334 8 2] 1334

~16-



Salt Croton Creek Area

The Salt Croton Creek area is the small drainage area in the vicinity of
proposed Dam 14 (Dove Lake), located on Salt Croton Creek downstream from the
confluence of its tributaries, Dove Creek and Haystack Creek (fig. 2). A
large salt flat is located along Dove Creek, and smaller ones are found along
Haystack Creek. The drainage area upstream from streamflow station 2 (fig.
1) is 64 square miles. _The average discharge at the station for water years
1957-76 was almost 6 ft3/s (U.S. Geological Survey, 1960, 19€9a, 1972a, 1973a,
1974a, 1975a,b, 1976-78); the base flow was almost 1 ft3/s, of which less
than 50 percent was fresh water. This area contributes about 42 percent of
the chloride Toad at Possum Kingdom Reservoir (U.S. Corps of Engineers, 1973,
p. [11-22). The discharge-weighted average chloride concentration of Salt
Croton Creek water at the station for water years 1969-77 was about 33,200
mg/L (U.S. Geological Survey, 1965-68, 1969b, 1970-71, 1972b, 1973b, 1974b,
1975¢c, 1976-78).

Dam 14 (Dove Lake) is an important part of the plan to control the natural
brine pollution because of the relatively large quantities of brine contributed
from the Salt Croton Creek area. A permanent impoundment is not planned for
Dove Lake, and the effects of the proposed structure on the fresh-water aquifer
are expected to be minimal. Therefore, no projections of these effects were
made, and the description of the existing ground-water conditions in the area
is limited to generalizations.

The Salt Croton Creek area encompasses the outcrops of the Blaine Formation
and the Whitehorse Group (fig. 2). The lithologic character of these units are
described by McMillion (1958), Raker, Hughes, and Yost (1964), and elsewhere in
this report. Solution openings appear extensive and widespread in the gypsum
beds.

A water-table map of the fresh-water aquifer in an area described as the
Croton Creek-Salt Croton Creek area is presented by Stevens and Hardt (1965,
p. 5). The altitude of the water table in the included Salt Croton Creek area
ranges from about 1,640 feet above NGVD of 1929 at the mouth of Salt Croton
Creek to about 1,500 feet in the northwestern part of the drainage area. The
thickness of the fresh-water aquifer ranges from about zero at the salt flats
to about 150 feet in the topographically high area between proposed Dam sites
10 and 14 (Stevens and Hardt, 1965, p. 13), but probably averages less than 50
feet. Recharge to the fresh-water aquifer is from precipitation throughout
the watershed; discharge occurs 1in the topographically low areas along the
creeks. The average annual accretion, assumed equivalent to the average base-
flow discharge, is less than Q0.1 inch.

MODELIMNG PROCEPURES

The Corps of Engineers requested the Geological Survey to develop digital-
computer models for projecting the effects of proposed brine reservoirs on
existing fresh ground water. The modeling procedures that were used for this
purpose include the simulation of ground-water flow in a fresh-water aquifer
as well as in a system containing both brine and fresh water.

=17~



The modeling procedure used to simulate the flow of fresh ground water is
the two-dimensional finite-difference approach developed by the Ceological
Survey (Trescott, Pinder, and Larson, 1976). This procedure is the basis for
the development and calibration of each model that is representative of the
fresh-water aquifer in the vicinity of each proposed brine reservoir. The
primary purpose of each calibrated model was to determine the distribution of
hydraulic conductivity of the aquifer. The main steps include construction
of a model that is representative of the fresh-water aquifer thrcugh develop-
ment of parameters derived from the hydrologic data and calibration of the
model through a steady-state analysis by adjusting mainly the hydraulic conduc-
tivity until the model-computed water table is matched approximately with the
water table (from historical data). The principal products of this modeling
phase are the adjusted parameters, mainly hydraulic conductivity, that are
used to develop the modeling effort to project the effects of the brine reser-
voirs.

The effects of a 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). The procedure was adopted for
this study mainly because it incorporates the density effect of salt water,
which is considerable in the project area. The modeling procedure was used
to develop interface models to project the effects of Kiowa Peak and Croton
Lakes on the fresh-water aquifer. Items related to the construction of each
interface model include: (1) Information from each of the calibrated fresh-
water models, (2) additional aquifer parameters essential in the transient
analyses, including fluid properties and the initial interface conditions,
and (3) the various stresses imposed by the brine reservoirs on the fresh-
water aquifer.

The principal stress in each interface model is simulated by using a con-
stant salt-water head that is representative of the hydraulic head throughout
the brine-reservoir area. The initial model conditions consist of the distri-
bution of parameters derived from steady-state conditions of the fresh-water
system plus the distribution and altitude of the initial interface. The model's
simulation period is 100 years, which is the projected duration of the proposed
reservoirs. The final products of the projecticns include the increases of
hydraulic head in the fresh-water system and the areal migration of the brine-
fresh-water interface throughout the aquifer.

SIMULATION OF FLOW IN FRESH-WATER AQUIFER
Nescription of Modeling Procedure

Ground-water flow in the modeling procedure used in this study can be
simulated in an artesian aquifer, a water-table aquifer, or a combined arte-
sian and water-table aquifer. It is possible to sinulate aquifers that are
heterogeneous and anisotropic or that have irregular boundaries. Well dis-
charge, constant recharge, leakage, and other features may be incorporated in
the basic flow equation. The derivation of the finite-difference approxima-
tion to the partial differential equation describing ground-water flow is pre-
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sented in the report by Trescott, Pinder, and Larson (1976). Also presented
is the documentation of the computer programs with three numerical techniques
to solve the approximation to the equation, as well as results of numerical
experiments and instructions for input operations.

The assumptions and boundary conditions imposed on the aquifer system in
the development of the two-dimensional fresh-water models used in the study
were as follows:

(1) The movement of water occurs in a single Tayer comprising the fresh-
water aquifer;

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

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

(4) The average water Tevels in wells and the average stream stages repre-
sent steady-state conditions in the aquifer-stream system. (The average water
level of a well represents the average of the historical measurements in which
the seasonal fluctuations are accounted for.);

(5) A 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 derived from the average of observed water levels in wells.
The principal parameter modeled as a function of aquifer head is the distribu-
tion of hydraulic conductivity; and

(6) The types of boundaries used in the simulations are constant head
and no flow (zerc constant flux or impermeable). For calibration purposes,
constant-head boundaries were imposed on North Croton Creek and Croton Creek
and parts of their principal tributaries. A no-flow boundary was imposed
along the drainage divides within each of the watersheds. 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 models,
including the western border lcocated in an area distant from the principal
area of interest, have no-flow boundaries for reasons inherent in the computa-
tional scheme of the models (Trescott, Pinder, and Larson, 1976, p. 30).

Construction and Calibration of Fresh-Water Models

The constructicn of the models for the North Croton Creek and Croton Creek
areas includes the design of the rectangular-grid systems and the development
and input of the aquifer parameters from the basic data. The grid netwerk for
the mocdel of the North Crotcon Creek area consists of a matrix of 28 rows and 47
columns; the Croton Creek area model has a matrix of 22 rows and 27 coclumns.
The nodal spacing for both mcdels is C.5 mile. The aquifer parameters used in
the preparation of the mcdels for the calibraticn procedure are as follows:

(1) The average altitude of the water table of the fresh-water aquifer in
the North Croton Creek area (fig. 3) and in the Croton Creek area (fig. 6);

(2) A constant accretion rate, or a flux throughout each entire water-
shed; the value used for the Morth Croton Creek model was 0.08 inch per year,
and that for the Croton Creek model was 0.06 inch per year;

(3) Distribution of hydraulic conductivity; the initial range of values
assigned tc each geolecgic unit (fig. 2) are: Whitehorse Group - 0.1 to 0.8
ft/d; Blaine Fermation - 0.1 tc 0.5 ft/d; San_ Angelo Formation - 0.2 to 1.0
ft/d; and Choza Formation - 1 X 106 to 5 X 108 ft/d; and
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(4) The altitude of the base of the fresh-water aquifer in the North Cro-
ton Creek area (fig. 4) and in the Croton Creek area (fig. 7).

The calibration procedure involved matching a model-computed water-table
surface with the observed steady-state, water-table surface. The hydraulic
conductivity, within the range assigned to each geologic formation in the
fresh-water zone, was the major parameter that was varied during calibration.
Accretion values were changed only slightly, about 20 percent for each model.
Values of hydraulic conductivity that are representative of the fine-grained
Permian formations in the area are difficult to obtain. In spite of the many
values of reported hydraulic conductivity that are available for the Permian
aquifer systems of the area, the reliability of these values as the basis for
an areal distribution of hydraulic conductivity remains questionable. There-
fore, determination of a representative distribution of hydraulic conductivity
was accomplished through calibration. The other parameters derived from the
basic data are assumed to be representative and were not changed during cali-
bration, other than the small changes in accretion.

The altitude of the steady-state, water-table surface as computed during
the calibration of the North Croton Creek area model 1is shown in figure 9.
Comparison of figure 9 with figure 3, which is the map showing the observed
altitude of the water table, indicates the good similarity accomplished in the
calibratation procedure. Actually, the comparison between the "computed" and
“observed" heads was made at each cell node of the model grid system, and
figure 9 is used only to show the general agreement with figure 3. The differ-
ence between the computed and observed heads for about 84 percent of the model
cell nodes was less than 3 feet; it was between 3 and 4 feet for about 13 per-
cent of the nodes; and the remainder of the nodes (3 percent) had differences
ranging from 4 to 6 feet. The significant factor is that the essential param-
eter variations were made for only one parameter (hydraulic conductivity),
and only within the ranges of values originally assigned. The North Croton
Creek model is assumed to be calibrated and to be a reasonable representation
of the physical system.

During calibration of the North Croton Creek ground-water flow model, the
errors in the mass balance were less than 0.1 percent. The calibrated model
was subjected to sensitivity analysis by changing hydraulic conductivity and
accretion. A change in hydraulic conductivity of 50 percent produces up to 6
feet of head change. A change in accretion of 50 percent produces only 1 to 2
feet of head change.

The altitude of the steady-state, water-table surface, as computed during
calibration of the Croton Creek model, is shown in figure 10. Comparison of
figure 6 (altitude of the water table) with figure 10 shows good similarity
achieved during calibration. The difference between the computed and observed
head values for about 80 percent of the ncdes was less than 3 feet; it was
between 3 and 4 feet for about 18 percent of the nodes, and the remainder of
the nodes (2 percent) had differences ranging between 4 and 6 feet.

In contrast to the North Croton Creek model, calibration was accomplished
with changes in hydraulic conductivity that were 10 to 30 times greater (as
much as & ft/d) than the values originally assigned in some places. The range
of the original values was 0.1 to 0.2 ft/d. Corsideration was given to chang-
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ing other parameters, such as accretion and the basic interpretation of fig-
ures 6 and 7, in lieu of the large increases in hydraulic conductivity; how-
ever, calibration could not be achieved with changes consistent with the
information derived from the basic data. Therefore, the model reflecting
hydraulic-conductivity values that are larger than originally anticipated in
some places of the Croton Creek area appears reasonable and was assumed to be
calibrated. The Tlarger values probably are due to the solution zones that
exist in the gypsum beds of the Whitehorse Group. Assuming this to be true,
the applicability of the modeling procedure to such aquifer systems may be
questioned. In essence, the representation of any calibrated model to the
actual system generally is a matter of degree, which largely reflects the
confidence placed in the applicability of the modeling approach and the iden-
tification and accuracy of the important model parameters. The modeling tech-
nique used in this study is not exactly applicable to systems of large and
extensive solution openings. However, hydraulic-conductivity values of as
much as & ft/d are actually small when compared to those found in most systems
of this type of porosity; the values are large only in relation to the very
small hydraulic conductivities commonly found in the area. Although the Croton
Creek model is assumed to be calibrated, the results of the projections made
with the model in this study are considered to be approximations.

The important product derived from the calibration procedures is the
distribution of hydraulic conductivity for each of the models. The range of
values determined for each geologic unit (fig. 2) of the North Croton Creek
area model are: Whitehorse Croup - 0.2 to 0.5 ft/d; Blaine Formation - 0.1 to
0.5 ft/d;_San Angelo Formation - 0.1 to 0.8 ft/d; and the Choza Formation -
0.4 X 10-7 to 0.4 X 10-6 ft/d. Most of the values that resulted from calibra-
tion of the Croton Creek area model are between slightly less than 0.1 and 0.7
ft/d, but values between about 1 and 8 ft/d were used in several places.

, SIMULATION OF FLOW IN BRIME- FRESH-WATER SYSTEM
Description of Modeling Procedure

The modeling procedure used in this study to project the effects of salt-
water impoundments on the fresh-water aquifer is the finite-difference approach
used to simulate the areal flow of salt water and fresh water separated by an
interface (Mercer, Larson, and Faust, 1980a). This procedure mainly was devel-
oped to simulate the flow systems of coastal aquifers, where the salt-water
front is assumed to be approximated by a sharp interface. The relationship
between the salt water and fresh water in the coastal systems is similar, in
principle, to the relationship between the salt-water impoundments proposed
for the upper Rrazos River basin and the existing fresh-water aquifers. The
interface modeling procedure was used in this study principally because it
incorporates the density effect of salt water, which is significant in the
project area. A sharp-interface assumption is used in this modeling approach
in order to neglect the effects of hydrodynamic dispersion. Use of the model-
ing procedure to project the distribution of hydraulic head in the fresh-water
system appears valid. However, the projected location of the sharp salt-water
front (interface) in this study 1is 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.
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The interface modeling approach used by Mercer, Larson, and Faust (1980a)
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 throughout the thick-
ness of fresh water and also throughout 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 densities 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, 1980a). Finite-
difference approximations of these equations then are solved through a block
form of an iterative numerical technique called line-successive over-relaxa-
tion, which was found to be the most efficient and accurate of the several
matrix-solution schemes that were attempted (Mercer, Larson, and Faust, 1980b).
The interface modeling procedure is designed to simulate time-dependent prob-
lems and can be used to simulate water-table conditions or confined condi-
tions 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 modeling of the fresh-water
aquifer in the calibration procedure also are applicable to the interface-
modeling procedure. In addition to the sharp-interface assumption, Mercer,
Larson, and Faust (1980b) include two others: (1) The Dupuit approximation
(hydraulic heads in both salt water and fresh water do not vary vertically);
and (2) hydraulic conductivity and specific storage do not vary with depth.
The ratio of the coefficient of steorage to aquifer thickness is the specific
storage, which is essential in the transient analyses used in the projections.

Development of Interface Models

Interface models were developed for the North Croton Creek and Croton
Creek areas. The interface models represent the same areas as the fresh-water
models developed for the calibration procedures, but are used to project the
brine and fresh-water conditions in the fresh-water aquifer as a result of the
stresses imposed by the brine reservoirs.

The construction of the interface models involved the assimilation of the
information described under the data-input procedures in Mercer, Larson, and
Faust (1980a, p. 24-40). Other than items related to model size and model con-
trol parameters, the information may be separated into three general categories:
(1) Aquifer parameters from the calibrated fresh-water models; (2) information
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 impoundments.

The aquifer parameters used in or determired from the calibrated fresh-
water models include: (1) The average altitude of the water table (figs. 9
and 10), (2) the altitude of the base of the fresh-water aquifers (figs. 4 and
7), (3) the average accretion (Tess than 0.1 inch per year), and (4) the dis-
tribution of hydraulic conductivity, which was the principal purpose of the
calibration procedures.
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The additional aquifer parameters used in the transient analyses with the
interface models include the effective porosity and specific storage of the
fresh-water aquifer. Values of porosity determined from sandstone cores that
are representative of the principal part of the fresh-water aquifer range from
about 10 to more than 33 percent (Hogan and Sipes, 1966; P. R. Stevens, written
commun., 1980). An average value of 20 percent was used to represent effective
porosity, which is the interconnected pore space. Values of 0.15 to .20 were
used to represent the coefficient of storage (specific yield), which was used
to compute specific storage. The specific yield of the fresh-water system
probably is somewhat less than the effective porosity. The difference in pro-
jected hydraulic head using values of specific yield with a difference of 0.02
is less than 1 foot.

The fluid properties needed for the interface models are the densities
and viscosities of the aquifer's fresh water and the impounded brine. The den-
sity 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 density and viscosity of brines that will be impounded
in Kiowa Peak Lake were determined from the chloride-concentration curve pro-
jected for the 100-year brine impoundment (fig. 11), and the relationship
between density and the chloride concentraticn of brines from Permian forma-
tions in the upper Brazos River basin (fig. 12). Also shown in figure 11 is
the projected pool altitude for the 100-year impoundment; the relation between
chloride concentration 1in a pure sodium chloride solution and density is
included in fiqure 12. Water stored in Kiowa Peak Lake at the end of the 100-
year period 1is projected to have a chloride concentration of about 120,000
mg/L and a density of 1.14 g/mL. For the purpose of simulating the 100-year
brine impoundment, a chloride concentration of 60,000 mg/L and a density of
1.07 g/mL (100-year average values) were used for Kijowa Peak Lake. The abso-
lute viscosity of a pure sodium chloride solution with a density of 1.07 g/mL
is 1.18 centipoise at 20°C (Weast and Astle, 1978, p. D300), which is assumed
to be the same for the impounded brine.

A similar analysis was made to determine the density and viscosity for the
small impoundment in Croton Lake. For the purpose of simulating the 100-year
brine impcoundment, a density of 1.035 g/mL and a viscosity of 1.08 centipoise
(100-year average) were used for Croton Lake.

The basis for the projected chloride concentration and pool altitude for
Kiowa Peak Lake (fig. 11) is: (1) Information from the U.S. Army Corps of
Engineers (1973) in relation to hypothetical lake-regulation routings using
streamflow records for 1940-66 and (2) streamflow and water-quality records
from the U.S. Geological Survey (1965-68, 196%b, 1970-71, 1972a,b, 1973a,b,
1974a,b, 1975a,b,c, 1976-78). Density and chloride-concentration information
in figure 12 for the brine and pure sodium chloride solution were obtained
from P. R. Stevens (written commun., 1981) and from Weast and Astle (1978, p.
D299-300), respectively.

Part of the input data required for each 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 throughout
the areal extent of the proposed brine lake and the altitude of the base of the
fresh-water aquifer throughout the remainder of the modeled area. The inter-
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face between model nodes representing the brine-pool surface at the proposed
lake boundary and the nodes representing the base of the fresh-water aquifer
is vertical and not the classical sloping interface presented by Mercer, Lar-
son, and Faust (1980a). In order to test the model computations associated
with the vertical interface, computations with several sloping (pseudo) inter-
faces were made. The tests indicated that the computations with the vertical
interface are reasonable.

The main stresses imposed on the fresh-water aquifer are the hydrau-
lic heads (constant salt-water heads) in the area of each brine impoundment.
The 100-year average pool altitude estimated for the proposed Kiowa Peak Lake
(1,550 feet above NGVD of 1929) is the principal stress simulated in the North
Croton Creek interface model. The principal stress simulated in the Croton
Creek interface model is the 100-year average pool altitude estimated for the
proposed Croton Lake (1,760 feet above NGVD of 1929).

Projections with Interface Models

The simulation of the 100-year average brine-pool altitude in each of the
interface models was effected by imposing a constant salt-water head throughout
the areal extent of each proposed brine reservoir. The initial conditions in
each interface model consisted of the steady-state aquifer head and accretion
in the fresh-water system plus the distribution and altitude of the initial
interface. The simulation period was 100 years, the expected duration of
each proposed reservoir and the only simulation period requested by the Corps
of Engineers for this preliminary study. The use of time steps of 4 to 12
months in the initial projections produced no significant head differences
after 100 years. A time step of 1 year was used in the remainder of the pro-
jections. The principal results of the simulation are the fresh-water heads
in the aquifer (or projected head increases) and the altitude and location of
the resultant interface or salt-water front.

North Croton Creek Area

The projected head increases in the fresh-water aquifer after 100 years
of brine impoundment in the proposed Kiowa Peak Lake in the North Croton Creek
area are shown in figure 13. The interface model for the area consists of a
grid system with a matrix of 21 columns and 22 rows (square cell of 0.5 mile
to the side), an area large enough so that the projections are not affected by
the no-flow boundaries imposed as borders of the model. Significant head
increases (10 to 50 feet) are projected only for the areas in very close prox-
imity to the lake shoreline and Dam 1. The line of zero head increase gen-
erally will not be far from the shoreline and will spread out somewhat in the
vicinity of the dam and downstream from it. The precision derived from the
grid system, which is suitable for the general purpose of this study, is inad-
equate to attain more detailed projections in the area immediately downstream
from the dam. Therefore, the distribution of the head increases shown in
figure 13 for this area is only approximate. The hydraulic-head effects of
the proposed lake on the freshwater aquifer will not be extensive. This may
be attributed to: (1) The large altitude difference between the lake and that
part of the aquifer upstream from it, (2) the small accretion, and (3) the
minimal transmissive property of the fine-grained aquifer systen.
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Mo 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 effects of the average ET rate is reflected in the average
steady-state accretion, and ET is not modeled in the calibration of the fresh-
water aquifer. Changes in hydraulic head brought about by the proposed brine
structures 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 volume by which the accretion itself can potentially change. The
steady-state accretion in the project area is very small (less than C.1 inch
per year or about 2 X 10-5 ft/d). Changes in the ET rate per foot of water-
level change in the area are estimated to be 104 to 10-5 ft/d. Therefore,
the small accretion can be nullified by 1 to 2 feet of water-level rises; how-
ever, rises in water level due to the proposed impoundment will be limited 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 head change and only 1 to 2 feet in two small areas.
The effects of negative accretion (aquifer storage losses to ET) on heads in
the vicinity of the lake shoreline are considered to be minor, mainly because
of the presence of the lake itself. These losses will be 1imited by the area's
potential ET and are included in the inflow-outflow analyses that result in
the estimate of the long-term average pool altitude, which 1is treated as a
constant-head stress in the model. In summary, the effects of the changes in
ET on the head projections are assumed to be negligible, primarily because the
major head increases will occur in only a few areas along the lake shoreline
and near the dam.

Simulations with the interface model are different than those with the
calibrated fresh-water model; therefore, additional sensitivity analyses were
made with changes in accretion and hydraulic conductivity. A regional change
of 50 percent in accretion produced head changes of O to 2 feet. A regional
change of 50 percent in hydraulic conductivity produced head changes of 0 to 5
feet.

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 Kiowa Peak Lake is shown in figure 14. 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 slightly more than 1
mile downstream from the dam.

Movement of the salt water in the vicinity of the dam is expected to be
in the form of interstitial bedrock flow, which will take place mostly in the
San Angelo Formation, particularly around the abutments of the dam. Minor
underflow is expected in the older part of the Choza Formation, a shale with
very small hydraulic conductivity. Assuming a flow with no dispersion (piston-
type), estimates of the interstitial velocities in areas downstream from the
dam were made using hydraulic-head gradients derived from the simulation after
100 years of impoundment. Gradients of 40 to 80 ft/mi and an effective poros-
ity of 20 percent were used to compute velocities in the San Angelo Formation
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of a few feet to more than 20 feet per year. Velocities in the Choza Forma-
tion are limited to very small fractions of a foot per year under similar con-
siderations of gradients and porosity; for practical purposes, the Choza may
be considered impervious. Flow through fractures and solution openings,
which are probably minor and not very extensive, was not considered in the
velocity computations. The gradients in the vicinity of the dam at the start
of the 100-year simulation period, as well as the average gradients during
the entire period, are larger than at the end. It appears that the movement
of salt water after 100 years will not have reached equilibrium (steady-state)
under the stated conditions and assumptions.

East-west section C-C', located in figure 14 and shown in figure 15, is
used to indicate the projected water table and the approximate location of the
interface in the vertical dimension. Included in figure 15 are the location
of the salt-water toe and the approximate contact between the San Angelo Forma-
tion and Choza Formation. The interface and water-table surface immediately
downstream from the dam can only be estimated because of the model's coarse
grid system. The vertical extension of the dam section, which will include a
cut-off trench and a grout curtain, also is estimated. The Corps of Engineers
will incorporate plans on these items with the embankment design to decrease
the Teakage through the abutments of the dam.

Additional simulations with the interface model were made for the purpose
of projecting model results with changes in hydraulic conductivity. Increasing
the hydraulic conductivity of the Choza Formation by a factor of 103 in the
100-year simulation produced only small changes in both the head and in the
location of the salt-water front. However, increases by a factor of 106
(hydraulic conductivity similar to the San Angelo Formation) produced addi-
tional aquifer-head rises of as much as 8 feet in places near and downstream

_from the dam and decreases of 1 to 3 feet in other places; the salt-water
front was extended an additional 0.5 mile downstream from the position shown
in figure 14.

The Tocation of the salt-water front in figure 14 is considered only an
approximation, mainly because the simulation was completed under the modeling-
technique assumption that the salt water is separated from the fresh water by a
sharp surface or interface. In some cases, this interface can be a significant
transition zone caused by the effects of hydrodynamic dispersion.

Croton Creek Area

The projected head increases in the fresh-water aquifer after 100 years
of brine impoundment in the proposed Croton Lake in the Croton Creek area is
shown in figure 16. The interface model for the Croton Creek area consists of
a grid system with a matrix of 27 columns and 22 rows (square cell of 0.5 mile
to the side). The fictitious no-flow boundaries at the model's borders do not
affect the projections. The projected head increases (10 to 40 feet) appear
significant only in areas near the lake shoreline and in the vicinity of Dam
10. The distribution of the head increases immediately downstream from the
dam are approximate. In general, the hydraulic-head effects of the proposed
structure on the freshwater aquifer will not be extensive. One explanation is
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that a large part of the fresh-water aquifer Ties upstream from the proposed
lake at significantly higher altitudes than the projected lake surface. Others
are the small accretion in the area and the small hydraulic conductivities
representative of the fresh-water aquifer.

The projected altitude of the brine and fresh-water interface (salt-water
front) in the fresh-water aquifer after 1G0 years of brine impoundment in the
proposed Croton Lake is shown in figure 17. Also included is the approximate
location of the salt-water toe, which is shown only for areas where its exten-
sion is most significant. The greatest distance of migration of the toe is
about 1 mile downstream from the dam. The salt-water migration probably did
not reach steady-state equilibrium during the simulation. The salt-water toe
would be very close to the lake shoreline, and the contours that represent the
steep interface near the shoreline and immediately downstream from the dam are
not included in figure 17. The primary purpose of the illustration is to
show the approximate extent of the salt-water migration after the 100 years of
impoundment at Croton Lake. The projections are based on the same stated
assumptions under which the simulations for the North Croton Creek model were
made. The U.S. Army Corps of Engineers (1973, p. IV-26-27) will provide for
a cut-off trench in the alluvial section of Dam 10 and a grout curtain into
fractured bedrock along the axis of the dam; if necessary, an additional imper-
vious barrier will be used to cover the reservoir's valley floor in areas
where leakage through gypsum beds (solution openings) might occur.

Hydraulic-head gradients (after the 100-year simulation period) were used
to estimate interstitial-flow velocities in areas downstream from the dam.
Velocity estimates of a few feet to more than 17 feet per year were computed
for a gradient range of 40 to 100 ft/mi and an effective porosity of Z0 percent
for the fresh-water aquifer in the Whitehorse Group. Again, piston-type flow
was assumed, and flow through systems of fractures and solution openings was
not considered.

The most probable source of error in the projections made for the Croton
Creek area appears to be the inability to model the type of flow through frac-
tures and solution zones that may be extensive in parts of the fresh-water aqui-
fer. Recognizing the leaky aspects of such a system, the Corps of Engineers
has Timited the proposed Croton Lake to a small storage reservoir (23,000 acre-
feet at average pool altitude of 1,760 feet), from which a large part of the
watershed's salt water will be transferred by pipeline to Kiowa Peak Lake.

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 procedure 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 projec-
tions. It is believed that head changes, as a result of stresses imposed by
proposed impoundments of salt water, have been adequately projected. The
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projected location of the sharp salt-water front or interface is believed to
be an approximation mainly because the sharp-interface assumption may not be
particularly applicable to the generally fine-grained aquifers in the area.

Use of the interface models 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 cell blocks along the salt-water toe may contain
non-zero terms for both fresh 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 artifi-
cial increase or decrease of mass within the block. One solution is the regen-
eration of a grid system for each time step so that the toe coincides with the
edge of a grid block; for two-dimensional computations, this is prohibitive.
Mercer, Larson, and Faust (1980, p. 378) conclude that mass-balance errors in
many cases will have to be tolerated. In this study, the fresh-water mass-
balance errors in most of the simulations were less than 10 percent; however,
the salt-water mass-balance error for the Kiowa Peak Lake projections varied
between about 2 percent to more than 40 percent, and that for the Croton Lake
projections varied between less than 1 percent to more than 100 percent. The
location of the salt-water front will be considered as an approximation, pend-
ing additional efforts with perhaps new modeling approaches to verify these
results.

Changes in the nydraulic conductivity of the fresh-water aquifer that may
be brought about specifically by 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 impounded salt
water, between the salt water and the fresh water in the aquifer, and between
the salt water and the aquifer material. The impoundment of salt water will
result in an accumulation of sediment that may clog parts of the aquifer sys-
tem. The reactions involving aqueous solutions (salt water, salt water and
fresh water) include mineral precipitation by thermodynamic supersaturation
with respect to a particular mineral; this action 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 1ikely to cause clogging but
could result in decreased pH and mobilization of trace metals, if present in
the aquifer material. 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 aquifer. Generally,
studies to determine the effects of these interactions on hydraulic conductiv-
ity will require: (1) Projections of the physical and chemical nature of the
impounded salt water throughout the duration of the reservoir, (2) analyses of
the mineral composition of the aquifer material, particularly those areas of
the aquifer that may contain clay, and (3) additional analyses of the chemical
quality of the fresh water.
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CONCLUSIONS

The fresh-water aquifer in the North Croton Creek and Croton Creek areas
is a shallow water-table system with relatively fresh water (calcium sul fate
type) containing 2,000 to 5,000 mg/L of dissolved solids. The aquifer consists
of Permian rocks with very small hydraulic conductivity; it is separated from
an even less-permeable and deeper brine system (sodium chloride type) by a
relatively thin transition zone. The average annual accretion, assumed equiv-
alent to the average base-flow discharge, is about 0.1 inch per year.

The principal effects of the 100-year salt-water impoundments on the
fresh-water aquifer in the project area are as follows:

(1) The hydraulic-head effects of the proposed Kiowa Peak Lake (North
Croton Creek area) will not be extensive, and head increases of 10 to 50 feet
will be limited to the areas near proposed Dam 19 and along the lake shoreline;

(2) The salt-water migration downstream from Dam 19 will be confined to
approximately 1 mile and apparently will not have reached steady-state equi-
1ibrium;

(3) The hydraulic-head effects of the proposed Croton Lake (Croton Creek
area) also will not be extensive, and head increases of 10 to 40 feet will be
1imited to areas near proposed Dam 10 and along the lake shoreline; and

(4) The salt-water migration downstream from Dam 10 will be confined to
approximately 1 mile and apparently will not have reached steady-state equi-
Tibrium.

The principal intent of this study has been to provide the Corps of Engi-
neers with preliminary results on the effects of the 100-year brine impound-
ments on the fresh-water aquifer in the project area. The results of the pro-
jections do not reflect possible effects associated with: (1) Hydrodynamic
dispersion; (2) ground-water flow through systems of extensive fractures and
solution openings; and (3) the 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. Extension of the projec-
tions beyond 100 years might be undertaken when additonal information and new
approaches are available.
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Quality-of-water records for the Brazos River basin are published in the
following U.S. Geological Survey Water-Supply Papers and Texas Department
of Water Resources reports (including reports formerly published by the Texas
Water Development Board, Texas Water Commission, and Texas Board of Water
Engineers).

Water USGS Water- TDWR Water USGS Water- TDWR
year Supply Paper No.| Report No. year Supply Paper No.| Report No.
1940-45 -- *1938-45 1952 1252 *1952
1941 942 -- 1953 1292 *1953
1942 950 -- 1954 1352 *1954
1943 970 -- 1955 1402 *1955
1944 1022 -- 1956 1452 Bull. 5905
1945 1030 -- 1957 1522 Bull. 5915
1946 1050 *1946 1958 1573 Bull. 6104
1947 1102 *1047 1959 1644 Bull. 6205
1948 1133 *1948 1960 1744 Bull. 6215
1949 1163 *1949 1961 1884 Bull. 6304
1950 1188 *1950 1962 1944 Bull. 6501
1951 1199 *1951 1963 1950 Rept. 7

* "Chemical Composition of Texas Surface Waters" was designated only by water
year from 1938 through 1955.
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