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METRIC CONVERSIONS

For readers preferring to use metric units rather than inch-pound units,
the conversion factors for the International System of Units (SI) and abbrevi-
ations for terms are listed below:

F rom Multiply by To obtain
acre-foot (acre-ft) 1,233 cubic meter
cubic foot per second (ft3/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
foot per day 0.3048 meter per day
foot squared per day 0.09290 meter squared per day
gallon per day (gal/d) 0.003785 cubic meter per day
million gallons per year (Mgal/yr) 10.36 cubic meter per year
mile (mi) 1.609 kilometer
square mile (mi?) 2.590 square kilometer




DEFINITION OF TERMS

Anisotropic aquifer - An aquifer having one or more hydraulic properties that
are not the same in all directions.

Aquifer - Formation, group of formations, or part of a formation that contains
sufficient saturated permeable material to yield significant quantities of
water to wells and springs.

Artestian aquifer - A confined aquifer.

Confined aquifer - (artestian aquifer) An aquifer which is overlain by a rela-
tively impermeable layer so that the water is under hydrostatic pressure.
The water in an artesian well will rise above the top of the aquifer to the
level of the potentiometric surface.

Constant-flux boundary - A model boundary condition that has a fixed value of
voTumetic flow rate per unit area (discharge) across the boundary.

Constant-gradient boundary - A model boundary condition that changes flow rate
across the boundary as saturated thickness changes. The hydraulic gradient
across the boundary remains constant with changes in saturated thickness.

Constant-head boundary - A model boundary condition that has a fixed value of

static head, which is the height above a standard datum of the surface of
a column of water that can be supported by the static pressure at a
given point.

Digital model - A simplified mathematical representation of a complex system.

A computer program to solve ground-water flow equations.

Discharge - Flow of water expressed as a volume per unit of time.

Ephemeral stream - A stream that flows briefly only in direct response to pre-
cipitation in the immediate locality and has a channel that is, at all
times, above the water table.

Evapotranspiration - Volume of water lost through transpiration of plants and
evaporation from the soil.

Geophysical log - A record obtained by lowering an instrument into a borehole
or well and recording continously on a meter at the surface some physical
properties of the rock material being logged.

Hydraulic conductivity - Volume of water a medium will transmit in unit time at
the prevailing viscosity through a cross section of unit area, measured at
right angles to the direction of flow, under a hydraulic gradient of unit
change in head through a unit length of flow.

Hydraulic gradient - Rate of change of hydraulic head per unit of distance of
fTow at a given point and in a given direction.

Hydraulic head - Height of the free surface of a body of water above a given
subsurface point.

Isotropic aquifer - An aquifer having one or more hydraulic properties the same
in all directions.

Perennial stream - A stream that flows throughout the year.

Potentiometric surface - A surface representing the hydrostatic head. In an
unconfined aquifer, the surface coincides with the water table. In a con-
fined aquifer, the surface is defined by the levels to which water stands
in tightly cased wells above the water body in the aquifer.

Recharge - Amount of water added to the zone of saturation.

Saturated thickness - Amount of water-bearing material filled with water under
pressure greater than atmospheric.

Specific capacity - Rate of discharge of water from a well divided by the draw-
down of water in the well. If constant except for the time variation, it
is approximately proportional to the transmissivity of the aquifer.
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Specific yield - Ratio of the volume of water that the material after being
saturated will yield by gravity to the volume of the material,

Steady state - Equilibrium water levels of heads; water levels do not vary
significantly with time.

Storage coefficient - Volume of water an aquifer releases from or takes into
storage per unit surface area of the aquifer per unit change in head.
Transient state - Nonequilibrium water levels of heads; water levels do vary

significantly with time.

Transmissivity - rate at which water of the prevailing kinematic viscosity is
transmitted through a unit width of an aquifer under a unit hydraulic
gradient.

Unconfined aquifer - Aguifer in which a water-table body exists.

Water table - Surface in an unconfined water body at which the pressure is
atmospheric., It is defined by the levels at which water stands in wells
that penetrate the water body just far enough to hold standing water.




SIMULATION OF THE FLOW SYSTEM OF BARTON SPRINGS
AND ASSOCIATED EDWARDS AQUIFER IN THE
AUSTIN AREA, TEXAS

By

Raymond M. Slade, Jr., Linda Ruiz,
and Diana Slagle

ABSTRACT

A digital model of two-dimensional ground-water flow was used to estimate
the hydraulic properties of the Edwards aquifer in a 15l1-square-mile area near
Austin, Texas. The transmissivity, hydraulic conductivity, and specific yield
were estimated for the part of the aquifer that discharges at Barton Springs in
Austin. The aquifer is composed of the Edwards and overlying Georgetown Lime-
stones of Cretaceous age and ranges in thickness from about 100 to about 450
feet..

More than 60 years of discharge measurements and 5 years of gaged discharge
for Barton Springs were used to adjust springflow for the simulations. Barton
Springs accounts for about 96 percent of springflow from the study area and 90
percent of the total discharge. The remaining discharge was pumpage from wells
which was entered in the model. Four years of gaged recharge were used in the
simulations. The potentiometric surfaces used by the models were constructed
from water-level measurements in as many as 75 wells.

The transmissivity was calibrated through steady-state simulations that
used the mean value of recharge and mean potentiometric surface to represent
average conditions for the aquifer. The transmissivities vary from about 100
feet squared per day in the western part of the aquifer to more than 1 million
feet squared per day near Barton Springs. Specific yield was calibrated through
transient-state simulations for 5 consecutive months using time-dependent data
for recharge, discharge, and water levels. The mean specific yield for the
aquifer is 0.014 and ranges from 0.008 to 0.064. Additional aquifer properties
used in the simulations include storage coefficient, altitudes of the base and
top of the aquifer, and hydraulic conductivity.

A simulation for the year 2000 using projected pumping rates for munici-
pal, industrial, agricultural, and domestic supplies indicates that the aquifer
would be dewatered in the southwestern part of the study area and have large
declines in the southeastern part of the study area. Another simulation of
projected conditions using potential recharge enhancement predicts a rise in
the potentiometric surface of about 50 feet in the southwestern part of the
aquifer and moderate water-level declines in the southeastern part of the
aquifer.,



INTRODUCTION

Barton Springs is located in Zilker Park near the center of Austin and is
a major recreational attraction for the city. The Austin Parks and Recreation
Department reports more than 300,000 paid attendances annually to the Barton
Springs swimming pool the last few years. Discharge from Barton Springs sus-
tains flow in Barton Creek and enters Town Lake, which serves as a source of
drinking water for the city of Austin.

As of 1981, the Edwards aquifer from which Barton Springs issues provides
water for municipal, industrial, agricultural, and domestic uses for about
15,000 people in the study area. Many communities, such as Sunset Valley, San
Leanna, Manchaca, Hays, Buda, and Kyle, depend solely on the Edwards aquifer
for their water supply.

Much of the land within the aquifer area is being rapidly developed.
Recent population projections by the city of Austin indicate that by the year
2000, about 86,000 more people will live in the aquifer area, many of whom will
depend on the Edwards aquifer for water. The water supply of the aquifer is
sufficient to handle current (1985) rates of pumpage. However, as the aquifer
use increases, the resulting pumpage could decrease the availability of ground
water and could decrease or even stop the flow of Barton Springs. Determina-
tion and evaluation of the hydrologic, geologic, and hydraulic properties of
the aquifer need to be made in order to predict and evaluate the regional
effects of future stresses on the aquifer.

Purpose and Approach

This report is a summary of a study to quantify the areal distribution of
selected hydraulic properties of the tdwards aquifer by use of a mathematical
model. The mathematical model was used to test the conceptual model of the
aquifer and to simulate two possible plans of aquifer management being consid-
ered by Tocal governing officials. One simulation indicates the effect of
projected pumpage on the present potentiometric surface, and another simulation
indicates the combined effect of projected pumpage and potential recharge
enhancement on the poterciometric surface.

Pertinent hydrogeolcgic information was used to design and develop a con-
ceptual and mathematical model of the Edwards aquifer. Much of the hydrologic
data collected for this study is puplished in annual reports by Slade and
others (1980, 1981, 1982, 1983, 1984) and Gordon and others (1985). Infor-
mation concerning the wells and test holes are given in the aforementioned
reports. A brief geologic description and generalized information concerning
the frequency, period of record, and explanation of the hydrologic data col-
lected and used for the model are given in the "Hydrogeologic Framework" sec-
tion of this report.

fodels simulating the flow in the aquifer were developed using: maps Show-
ing the altitude of the base and the top of the Edwards aquifer; potentiometric-
surface maps; long-term mean and short-term periodic discharges of Barton
Springs; location of major well fields and rates of pumpage from the Edwards
aquifer; and location of recharge areas and rates of surface recharge to the









charges to San Marcos Springs, about 8 mi south of Kyle (Petitt and George,
1956, p. 3). The eastern boundary of the aquifer is the locally referred to
"bad-water" line where water circulation to Barton Springs is decreased sub-
stantially. East of the line, the dissolved-solids concentration of the water
is greater than 1,000 mg/L. The line is well defined and fairly stable.
Leakage from east of the line into the aquifer is minimal and only detectable
during extreme low-flow conditions.

HYDROGEOLOGIC FRAMEWORK
Geology

The Edwards aquifer is composed of the Edwards Limestone and Georgetown
Limestone of Cretaceous age that dip eastward and strike northwardl/. The
aquifer crops out in the western part of the study area (fig. 1). A summary of
the characteristics of the geologic units of the Edwards aquifer and adjoining
formations is presented in table 1.

The Edwards aquifer is underlain and bound on the west by Cretaceous rocks
that are older than the aquifer. These rocks include, from youngest to oldest,
the Walnut Formation, which is as much as 60 ft thick, and the Glen Rose Lime-
stone, which is 500 to 900 ft thick. The Walnut Formation yields little or no
water in the study area. The Glen Rose Limestone yields small quantities of
water that is chemically distinct and more saline than water from the Edwards
aquifer.

Cretaceous rocks younger than the Edwards aquifer overlie the aquifer and
extend eastward at the land surface. These forrmations include, from oidest to
youngest, the Del Rio Clay and the Buda Limestone. MNeither formation is known
to yield water in the study area. The Del Rio Clay, which is 60 to 75 ft
thick, is relatively impermeable and forms an upper confining layer of the
Edwards aquifer. The approximate divide between the confined and unconfined
zones of the aquifer are shown in figure 1. The Buda Limestone, which is 35 to
50 ft thick, is not known to yield water in the study area.

Geophysical well logs, lithologic descriptions of well logs, surface geol-
ogy, and drillers' logs were used to determine the position of the Edwards
aquifer in the subsurface. Baker and others (in press) presented two hydrogeo-
logic sections along the dip of the aquifer and one hydrogeologic section along
strike, as well as maps showing the altitude of the base and top of the aquifer.
Large variations in the angle of dip as well as variations in the altitude and
depth to the top occur locally within short distances due to faulting. The
fault blocks are normally stair-stepped downward to the east. There are verti-
cal displacements of as much as 200 ft along faults. However, no evidence has
been presented to indicate that the aguifer is discontinuous, thus, ground-water
flow probably is not greatly impeded by the faults. The aquifer is eroded
where it outcrops; in the subsurface, the aquifer thickness varies from about
400 ft at the northern boundary of the study area to about 450 ft at the south-
ern boundary.

17 The stratigraphic nomenclature and descriptions used in this report are
‘adapted from Rodda and others (1970), Garner and Young (1976), and Brune and
Duffin (1983).



Table 1.--Characteristics of geologic units

Formation Hydro- Thickness
System Series Group and geologic (feet) Lithology
member unit i
Buda Gray to tan, hard, resistant, glauconitic shell-
Limestone 35-50 fragment limestone and a lower marly, nodular, and
less resistant limestone.
Washita Del Rio Confining 00-7/5 Dark gray to olive-brown, calcareous fossiliferous
Clay bed clay containing selenite and pyrite.
George town Thin interbeds of gray to tan, fine-grained, fos-
Limestone 40-100 siliferous limestone with layers of marly limestone
and marl.
E
C C d Member 40+ Hard, dense, thick to thin-bedded, fine-grained
W 4 - Timestone; soft dolomitic limestone and solution
R 0 a collapse zone near middle.
r
E m d Member 10-15+ Soft, nodular marly limestone and marl interbedded
S 3 Edwards - locally with flaggy limestone.
T a aquifer .
L
A n Fredericks- | i Member 40+ Fine- to medium-grained, hard, thick- to thin- .
burg m 2 bedded limestone. Lower beds folded and fractured
C c e as a result of collapse in member 1.
S
E h t Member 200-250+ | Porous dolomite and dolomitic limestone. Nodular
0 1 ~ | chert common. A solution collapse zone within this
0 e n member creates cavernous and vugular porosity.
e
u a alnut Confining Hard, fine- to medium-grained fossiliferous Time-
Formation bed 15-60 stone with layers of fine-grained marl, marly lime-
S n stone, and nodular limestone.
G L Upper
1 i Upper Trinity Alternating beds of limestone, dolomite, and marl.
e mj member aquifer Some anhydrite and gypsum.
n e
Trinity S Upper part 500-900
R t Lower of Massive, fossiliferous limestone and dolomite at
0 0| member Middle base grading upward into thin beds of limestone,
s n Trinity shale, marl, and gypsum. Corbula martinae bed at
e e aquifer top.

Modified from Brune and Duffin (1983, table 1).

]
Vel
]















Recharge to the Aquifer

Recharge to the Edwards aquifer is from the infiltration of runoff in six
watersheds that cross the recharge zone. Flow-loss studies were conducted on
five of these creeks in order to determine the boundaries of the recharge reach
for each creek and the quantity and location of the flow losses. By July 1979,
streamflow-gaging stations were installed at the upstream and downstream bound-
ary of the recharge reacn on each creek, so that flow-loss volumes could be
calculated. The method of estimating recharge to the Edwards aquifer is pre-
sented by Garza (1962). Recharge consists of the infiltration of streamflow
plus direct infiltration of runoff in the interstream areas. A water-balance
equation was used to estimate recharge in each watershed. Recharge within a
watershed is the difference between gaged streamflow upstream and downstream
from the recharge area plus the estimated runoff in the intervening area. The
intervening area is the drainage area within the recharge zone between the two
streamflow-gaging stations in each watershed. Runoff from that area is esti-
mated on the basis of unit runoff from the area upstream from the recharge
zone.

Based on data from the streamflow-gaging stations, about 85 percent of
the total recharge in the watersheds occurs along the main channels of the 6
creeks, and the remaining 15 percent occurs along channels of tributaries and
by diffuse infiltration between these creeks within the recharge zone. The
recharge zone has an area of about 90 miZ (fig. 1). The drainage area of the
watersheds upstream from the recharge zone is about 264 mi2.

Monthly volumes of recharge were determined for each watershed for July
1979 to December 1982 and are given in table 2. These determinations are
believed by the authors to be accurate to within 15 percent of actual values.
Based on these data in table 2, the contribution to total recharge by watershed
is:

Watershed Percent of total
recharge to aquifer
Barton Creek 28
Williamson Creek 0
Slaughter Creek 12
Bear Creek 10
Little Bear Creek 10
Onion Creek 34

The flow-loss studies also provided the means to define the distribution
of recharge within reaches of each creek. Maximum recharge capacities were
estimated from the flow-loss studies and the records of streamflow at the gag-
ing stations. The maximum recharge capacity for the main channels of the
creeks during sustained flow conditions has been computed or estimated as
follows:

-11-



Table 2.--Recharge by watersheds and Bartor Springs discharge,
July 1979-December 1982

Monthly recharge by watershed Total Barton
(acre-feet) recharge Springs
Year Month Barton Williamson STaughter Bear Little Onion (acre- discharge
Creek Creek Creek Creek Bear Creek feet) (acre-
Creek feet)
1979  July 1,020 198 654 496 452 1,190 4,010 6,030
Aug. 652 67 304 433 380 595 2,430 5,730
Sept. 151 99 65 138 120 278 850 4,980
Oct. 41 2 15 90 78 231 460 4,220
Nov. 33 0 2 50 44 128 260 3,250
Dec. 37 30 2 68 59 119 310 2,800
1980 Jan. 90 10 1 50 44 151 350 2,370
Feb. 114 58 12 80 70 184 520 2,110
Mar. 493 64 116 229 196 271 1,370 2,170
Apr. 2,000 246 203 296 258 765 3,770 2,490
May 3,010 1,300 3,850 1,080 1,710 3,170 14,120 3,850
June 1,020 641 207 526 461 2,510 5,370 4,230
July 54 0 12 56 50 190 360 3,490
Aug. 8 0 0 8 7 79 100 2,560
Sept. 309 119 48 236 242 912 1,870 2,200
Oct. 1,710 27 52 613 536 1,940 4,880 2,840
Wov. 1,510 20 96 233 204 1,370 3,430 2,580
Dec. 3,260 80 399 585 512 2,730 7,570 3,060
1981 Jan. 1,800 45 313 366 320 2,070 4,910 2,980
Feb. 1,150 240 362 611 535 2,390 5,290 2,930
Mar. 4,460 1,500 2,010 1,540 1,780 3,570 14,860 4,070
Apr. 1,330 258 339 683 597 3,170 6,380 3,780
May 793 1,220 425 460 402 1,960 5,260 3,540
June 1,390 1,980 3,970 2,580 2,580 3,470 15,970 4,830
July 1,190 503 546 883 773 3,570 7,470 6,270
Aug. 710 10 36 201 176 957 2,090 5,770
Sept. 220 40 23 178 156 794 1,410 5,110
Oct. 2,830 40 208 484 422 2,580 6,560 5,270
Nov. 1,650 10 341 244 212 2,000 4,460 4,960
Dec. 832 . 129 148 130 1,110 2,350 4,580
1982 Jan. 504 75 99 87 698 1,460 3,700
Feb. 241 . 43 56 49 480 870 2,910
Mar. 262 20 39 50 44 368 780 2,830
Apr. 855 347 339 124 109 579 2,350 2,560
May 3,370 400 2,370 1,010 1,080 2,780 11,010 3,790
June 2,020 40 538 460 486 1,680 5,220 4,050
July 319 0 63 151 132 533 1,200 3,480
Aug. 44 50 .9 19 17 104 230 2,690
Sept. 6 2 .2 3 3 127 140 2,140
Oct. 5 . 0 15 13 82 120 2,030
Nov. 6 64 1 110 97 141 420 2,020
Dec. 11 60 25 98 85 208 490 2,520
Total 41,510 9,790 18,230 15,840 15,710 52,230 153,310 149,770

-12-~

























































Aquifer Properties
Hydraulic conductivity

The hydraulic heads varied as much as 60 ft in the unconfined zone of the
aquifer during this period, so hydraulic conductivities were used in place of
transmissivities. Hydraulic conductivities for each cell were computed based
on the transmissivities and potentiometric surface from the steady-state simu-
lation by the following: (1) The saturated thickness for the water-table part
of the aquifer was computed by subtracting the altitude of the base of the
aquifer from the potentiometric surface, or for the artesian part of the aqui-
fer, subtracting the altitude of the base of the aquifer from the altitude of
the top of the aquifer, and (2) the transmissivity was divided by the saturated
thickness. The computed hydraulic conductivities are presented in table 5.
The hydraulic conductivities are subject to errors because of lack of data for
determining the altitude of the base of the aquifer. Large vertical displace-
ments along many faults cause Tlarge variations in the altitude of the base of
the aquifer within short distances.

L
Storage coefficient

The storage coefficient for the confined part of the aquifer varies with
the porosity and thickness of the aquifer and probably ranges from about 3 X
105 to 6 X 102 (R. M. Slade, Jr., and others, written commun., 1985). A value
of 5 X 10-5 was assigned to all the cells in the confined zone, which is about
21 percent of the aquifer.

Altitude of aquifer base and top

Contour maps of the altitude of the base and top of the Edwards aquifer
were prepared from drillers' Togs and geophysical logs (Baker and others, in
press). The model compares, for each cell, the water level throughout the sim-
ulation with the altitude of the top of the aquifer to determine whether con-
fined or unconfined conditions apply.

Specific yield

Specific yields were estimated and used as an "unknown" property in the
simulation. They were adjusted as explained in the next section.

Calibration of the HModel

Values for the specific yield were adjusted in a series of model simula-
tions until a reasonable calibration was obtained. Water levels and discharges
for Barton Springs were computed at specific time steps during the 164-day sim-
ulation and were compared to the measured values. The lengths of the time
steps are shown in figure 11.

Increasing the specific yields used in the simulation tends to increase

the computed springflow and Tower the simulated hydraulic heads. The single
value of specific yield which provided the best calibration of discharge was

-31-
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Figure 14.--Hydrographs of simulated Barton Springs discharge and simulated
ground-water levels in selected wells caused by increasing
calibrated hydraulic conductivities by 20 percent.
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Figure 15.--Hydrographs of simulated Barton Springs discharge and simulated
ground-water levels in selected wells caused by decreasing
calibrated hydraulic conductivities by 20 percent.
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Figure 16.—--Hydrographs of simulated Barton Springs discharge and simulated
ground-water levels in selected wells caused by increasing
calibrated specific yields by 25 percent.
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Figure 17.--Hydrographs of simulated Barton Springs discharge and simulated

ground-water levels in selected wells caused by decreasing

calibrated specific yields by 25 percent.
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Table 6.--Specific yield values for the transient-state sSimulation

Column number

2 | 3 4 5 | 6 | 7] 8] 9 |10 {11 |12 |13 |14 |15 |16 |17 |18 |19 |20 J 21

1]

2| 0.008 0.008

3] .008 .008 0.008

4] .008 .008 .008 0.008 0.008 0.012 0.064

5] .008 .008 .008 .008 .008 .012 .056 0.012

6] .008 .008 .008 .008 .008 .0i2 .056 .012

7] .008 .008 .008 .008 .008 .012 .048 .016

8] .008 .008 .008 .008 .008 .012 .048 .016

9] .008 .008 .008 .008 .008 .012 .040 .020 0.012
10} .008 .008 0.012 0.016 0.016 .016 .032 .028 .012
11§ 0.008 .008 .008 .008 .008 .008 .012 .020 .032 .016
12| .008 .008 .008 .008 .008 .008 .008 .016 .032 .020

13 .008 .008 .008 .008 .008 .008 .008 .012 .032 .020

14] 0.008 .008 .008 .008 .008 .008 .008 .008 .008 .020 .028 0.012

15] .008 .008 .008 .008 .008 .008 .008 .008 .008 .016 .028 .020

16 0.008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .020 .020

17] .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .016 .020 .012 0.012
18] .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .020 .016 .012

19] .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .020 .016 .012

20] .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .016 .016 .016 0.012
21| .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .016 .016 .012
22| .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .016 .016 .012
23| 0.008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .016 .016 .012
24] .,008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .016 .016 .012
25| .008 .008 .008 .008 .008 .008 .008 .008 .008 .008 .012 .012 .012 .016 .012
26| .008 .008 .008 .008 .008 .008 .012 .012 .012 .012
27| .008 .008 .008 .008 .008 .008 .008
28] .008 .008 .008 .008 .008

29]
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