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HYDROLOGY AND WATER QUALITY OF THE
EDWARDS AQUIFER ASSOCIATED WITH
BARTON SPRINGS IN THE AUSTIN AREA, TEXAS

By
Raymond M. Slade, Jr., Michael E. Dorsey, and Sheree L. Stewart

ABSTRACT

Urban development over the Edwards aquifer in the Austin, Texas, area has
caused concerns about the availability and quality of water in the aquifer.
The study area, the Edwards aquifer that discharges to Barton Springs, includes
parts of Travis and Hays Counties and extends from the city of Kyle to the
Colorado River. A large part of the aquifer lies within the Austin metropolitan
area--one of the fastest growing areas in the Nation. As of 1985, only about
30,000 people used water from the aquifer, however, according to recent official
city of Austin population projections, about 86,000 more people will be living
in the study area by the year 2000, many of whom will depend upon the aquifer
for water. Barton Springs, which discharges from the aquifer, serves as a
supplemental source of drinking water for Austin and as a major recreational
attraction.

The aquifer is a karst system composed of 1imestone and dolomite of Cre-
taceous age. The water occurs in solution channels in the Edwards and George-
town Limestones. Yields of adjacent wells often differ by as much as four
orders of magnitude. Storage within the aquifer is about 306,000 acre-feet, of
which about 31,000 acre-feet is within the "transient" part of storage--the
change in volume occurring between high flow and the lowest known flow of
Barton Springs. The average specific yield of the aquifer is 0.017.

Within the study area, the Edwards aquifer covers 155 square miles, of
which about 151 square miles discharge to Barton Springs, and the remaining 4
square miles discharge to Cold and Deep Eddy Springs. The westernmost 79
percent of the aquifer is under water-table conditions, and the remaining 21
percent is under confined conditions. Three geologic sections are presented
in the report, as well as maps showing the altitudes of the base and the top
of the Edwards aquifer.

Recharge occurs predominantly along faults and fractures crossing six
creeks in the recharge area, which covers the westernmost 90 square miles of
the aquifer. Leakage probably occurs into the Edwards aquifer from the under-
lying upper Trinity aquifer. A small amount of subsurface recharge also occurs
as "bad-water" encroachment during low-flow periods. Monthly values for water
levels, total surface-water recharge, and total discharge (springflow and pump-
age) for the aquifer are available for 4 years. Water-budget analyses show
that surface recharge and ground-water discharge (springflow and pumpage) are
reasonably balanced, suggesting that the ground-water system is in dynamic
equilibrium.



Based on 65 years of measurements, Barton Springs has a long-term mean
discharge of 50 cubic feet per second and a minimum and maximum discharge of
10 and 166 cubic feet per second. As of 1982, the estimated total ground-water
pumpage of about 3,800 acre-feet per year represented just over 10 percent of
the average annual discharge of 36,000 acre-feet to Barton Springs. Increased
pumpage associated with future ground-water development could reduce the dis-
charge at Barton Springs and reduce ground-water availability. Substantial
pumpage increases could cause increased subsurface flow into the aquifer in
the form of "bad-water" encroachment, leakage from underlying aquifers, or
both.

Water-quality data for 1979-83 are available for each creek that recharges
the aquifer, from Barton Springs, and for 38 wells. Water quality from Barton
Springs and the wells is better than the creeks providing surface recharge,
which have fecal-bacteria values as high as 100,000 colonies per 100 millili-
ters. Significant densities of fecal bacteria have been found in water from
Barton Springs. Significant concentrations of nitrate nitrogen, fecal-group
bacteria, and fluoride have been identified in samples from wells. Fluoride
originates in the aquifers that underlie the Edwards aquifer. Nitrate nitrogen
and fecal-group bacteria originate in residential developments and cattle
ranches located in the area.



INTRODUCTION

Much of the area over the Edwards aquifer which discharges to Barton
Springs is becoming urbanized rapidly. As of 1985, about 30,000 people used
the aquifer as their water supply; however, according to official city of
Austin projections, about 86,000 more people will be living in the aquifer area
by the year 2000, many of whom will depend on the aquifer for water. Barton
Springs is located in Zilker Park near the center of Austin, and is not only a
major recreational attraction for the city, but also provides water to Town
Lake--a source of drinking water for the city of Austin. Depending upon the
extent to which future population growth will rely on the aquifer as a water
supply, the resulting increase in ground-water pumpage could reduce the avail-
ability of ground water and could reduce or cease the discharge of Barton
Springs. Much of the study area lies within the recharge area of the Edwards
aquifer. Land development in the watersheds which contribute to recharge could
degrade the water quality of the aquifer to such an extent as to limit the
usefulness of the water or require chemical or physical treatment prior to use.

Barton Springs, currently the fourth largest spring in the State, has
served as a source of drinking water, water power, and recreation for at least
250 years. Brune (1975, 1981) has documented much historical information
regarding the Barton Springs area. Three Spanish missions were located by the
springs during 1730 to 1731, and a fort was established at the springs early
in the 1880's. Shortly thereafter, a number of saw and grist mills and ice-
making machines were constructed and used the water power of the springs (fig.
1A). In the early 1900's, Mr. A. J. Zilker purchased the land around the
springs and, in 1917, gave the property to the city of Austin for use as a park.
Construction of a dam and sidewalks soon commenced which made the springs a
popular tourist attraction (fig. 1B). Presently, Barton Springs serves as a
?nﬁmming)and recreational area attracting over 300,000 paid visitors annually

fig. 1C).

Purpose and Scope

The U.S. Geological Survey, in cooperation with the Texas Department of
Water Resources, began hydrologic studies in the Austin area in 1954. In coop-
eration with the city of Austin, the program was expanded in 1975 to include
an urban-hydrology study that investigated the magnitude and frequency of flood
peaks, the effect of urban development and watershed characteristics on flood
peaks, and the water quality of selected watersheds under urban development.

In 1978 the program was expanded further to include the study of the
Edwards aquifer that discharges to Barton Springs. The general objectives of
the ground-water study are to quantitatively appraise the ground-water resources
of the Edwards aquifer, which discharges to Barton Springs, and to examine and
describe effects of urbanization on the quality and quantity of water in the
aquifer. Four reports will address the objectives of the ground-water study.
The first report described some of the effects of storm runoff on the quality
of :?ter in the Edwards aquifer and in Barton Springs (Andrews and others,
1984). ‘

The second report concerns the hydraulic properties of the aquifer (Slade
and others, 1985). Synthesis and analysis of the hydraulic properties were
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performed using a computer-simulation model of the flow in the aquifer. Simu-
lations of present and projected water levels in the aquifer are presented in
that report.

The purpose of this, the third report, is to address the following objec-
tives for the Edwards aquifer that discharges to Barton Springs:

1. To present and evaluate the data collected to date.

2. To present the hydrogeologic framework of the Edwards aquifer.

3. To determine the boundaries of the aquifer and approximate boundaries
of the recharge area.

4. To determine the quantity and quality of recharge and aquifer water.

5. To determine the quantity and quality of outflow (springflow and
pumpage) from the aquifer.

6. To quantify the potential effectiveness of recharge enhancement of
the aquifer.

The fourth report, which is now in preparation, will present a map of the
areal extent of the recharge area in the Edwards aquifer study area. The bound-
aries of the recharge area are being determined by field investigations of the
hydrogeologic features which influence recharge.

Location and Extent of the Study Area

The Edwards aquifer supplies at least 10 counties in central and southern
Texas with water. The study area (fig. 2) includes that part of the aquifer
extending from Kyle to the Colorado River. Most of the Edwards aquifer within
the study area discharges to Barton Springs. The study area includes about 155
mi2. The northern boundary of the study area is the Colorado River (Town Lake);
the western boundary is the westernmost extent of the aquifer; the southern
boundary adjoins the northern extent of the "San Antonio area" of the Edwards
aquifer as designated by early ground-water investigators (Petitt and George,
1956, p. 3); and the eastern boundary is the divide between those parts of the
aquifer containing water with less than and more than 1,000 mg/L (milligrams
per liter) of dissolved solids. This boundary is referred to as the "bad-water"
line in this report, and the area east of this line is referred to as the
“bad-water" zone. West of this line, water moves readily from recharge areas
to Barton Springs, and east of this line, circulation to the springs is greatly
reduced.

Previous Investigations

Water-resources data in the Austin area have been gathered by the U.S.
Geological Survey, the Texas Department of Water Resources, and the University
of Texas at Austin, as well as other governmental agencies and engineering
consulting firms during regional, county-wide, or local investigations over the
past several decades.

A report by George and others (1941) contains records of wells and springs
in Travis County for 1937-40. This inventory was updated by Arnow (1957), who
presented additional data collected up to 1955. Brune and Duffin (1983) pre-
pared a data and interpretive report on the occurrence, availability, and qual-
ity of ground water in Travis County, which includes updated information on
wells and springs.

-5-
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Barnes (1938) presented records of wells and springs collected in 1937
and 1938 in Hays County. DeCook and Doyel (1955) presented similar and sup-
plementary data collected between 1938 and 1954. A discussion of ground water
in the Edwards aquifer in the San Antonio area included data for parts of
eastern Hays County (Petitt and George, 1956). DeCook (1960, 1963) presented
a detailed investigation conducted from 1954 to 1956 of the geology and ground-
water resources of Hays County. Ashworth (1983) presented information concern-
ing ground-water availability of the Lower Cretaceous formations (which includes
the Edwards aquifer) in Hays and other counties.

In 1978, the Geological Survey and Texas Department of Water Resources
began a cooperative study of the Edwards aquifer between the cities of Kyle
and Belton. Belton is about 60 mi north of Austin. Baker and others (1986)
presented a general description of the hydrologic and geologic framework of the
Edwards aquifer within that study area. The report contains geologic sections
and structure and thickness maps of the aquifer. Also presented in the report
are the extent of water use, the potentiometric surface in January 1981 and
changes in potentiometric levels, the quality of water throughout the Edwards
aquifer, and interrelationships of streamflow with the aquifer. Another report
from that study, now in preparation, concerns the hydraulic properties of that
part of the Edwards aquifer north of the Colorado River. A steady-state simu-
lation of the water levels, used to estimate transmissivities, will be presented
in that report.

Data-Collection Activities

In order to meet the objectives of this study, an intensive data-collection
program was begun in 1978. Geologic, hydrologic, water use, and water-quality
data were collected and analyzed for this study and compiled from other studies.
The type of data gathered for this study includes the following:

1. Geologic studies of the area were used along with drillers' logs and
geophysical logs to determine the hydrogeologic framework of the aquifer.

2. Precipitation was determined from gages installed in the watersheds of
the major creeks that recharge the aquifer and were used in runoff and recharge
computations.

3. Streamflow-losses were determined along the creeks in order to define
the distribution of recharge within the reaches.

4. Streamflow-gaging stations were located upstream and downstream from
the recharge area on the major streams that overlie the aquifer, so that quan-
tities of recharge could be determined.

5. A streamflow gage was located at Barton Springs to measure ground-water
discharge, and inventories of ground-water pumpage also were conducted.

6. Periodic water-level measurements were made in many wells and test
holes in order to define ground-water level trends. Historic water levels were
obtained from published reports.

7. MWater samples were collected and analyzed from the major creeks that
recharge the aquifer. Samples from Barton Springs and 38 wells also were col-
lected and analyzed. Analyses of water from wells and Barton Springs were
compiled from published reports.

A1l of the hydrologic and water-quality data collected by the Geological

Survey for this program have been presented in the report series by Slade and
others (1980, 1981, 1982, 1983, 1984) and Gordon and others (1985). A general
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explanation of data-collection activities, including the frequency of measure-
ment and period of record, for the hydrologic investigations of this program
are presented in table 1.

Well-Numbering System

The well-numbering system that is used in this report was developed by the
Texas Department of Water Resources for use throughout the State. It is based
on latitude and longitude and consists of a two-letter county-designation prefix
plus a seven-digit well number. The two-letter prefix for Travis County is YD
and for Hays County is LR.

Each l1-degree quadrangle in the State is given a number consisting of two
digits from 01 through 89. These are the first two digits of the well number.
Each l-degree quadrangle is divided into 7-1/2-minute quadrangles which are
given two-digit numbers from 01 through 64. These are the third and fourth
digits of the well number. Each 7-1/2-minute quadrangle is divided into 2-1/2-
minute quadrangles which are given a single-digit number from 1 through 9.
This is the fifth digit of the well number. Each well or spring that is located
within a 2-1/2-minute quadrangle is given a two-digit number beginning with 01,
according to the order in which it was inventoried. These are the last two
digits of the numbering system.

Only the last three digits of the well-numbering system are shown on the
maps of the well, spring, and test-hole sites; the second two digits are shown
in or near the northwest corner of each 7-1/2-minute quadrangle; and the first
two digits are shown by large block numbers. For example, a well near Barton
Springs that is designated YD-58-42-903 is shown in figure 14 with the number
903 beside the well symbol in the 7-1/2-minute quadrangle that bears the number
42. The large block number 58 designates the 1-degree quadrangle. Except for
the extreme southwestern and southeastern tip, the entire study area is within
this l1-degree quadrangle.
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HYDROGEOLOGIC FRAMEWORK OF THE EDWARDS AQUIFER

The Edwards aquifer occurs in parts of 10 counties from Kinney, in the
southwest, through Uvalde, Medina, Bexar, Comal, Guadalupe, Hays, Travis,
Williamson, and Bell, to the northeast. The aquifer generally parallels the
trend of and includes the Balcones fault zone. The depositional provinces of
the rocks forming the Edwards aquifer are shown in figure 3.
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Table 1.--Data-collection activities, frequency, and period of record for hydrologic investigations
of Barton Springs and associated tdwards aquifer

“HydroTogic ExpTanation , Period of record
investigation 9
Recharge Watersheds of six creeks provide almost all recharge. Streamflow-
quantity gaging stations located upstream and downstream from the recharge
zone provide quantities of recharge. Recharge period of record by
watershed: Watershed
Barton Mar. 1978 -
Williamson Jan. 1978 -
STaughter Feb, 1978 -
Bear July 1979 -
Little Bear July 1979 - Sept. 1983
.Onion 2/ July 1979 -
Recharge Water-quality samples at gages on all six creeks for analyses of
quality constituents presented in “Water Quality" section. Period of
record by watershed: Watershed
Barton Jan. 1975 -
Williamson Jan. 1974 -
Slaughter Jan. 1979 -
Bear Mar. 1978 -
Little Bear Nov. 1978 - Sept. 1983
Onion Jan. 1974 -
Rainfall Recording rainfall gages are located in all six watersheds.
records Period of record by watershed: Watershed
Barton Oct. 1975 -
Williamson Oct. 1975 -
STlaughter Mar. 1978 -
Bear May 1979 -
Little Bear June 1979 - Sept. 1983
Onion May 1979 -
Ground-water Water Yevels measured at Edwards aquifer observation wells for
elevations following number of sites and frequency:
Measurement frequency Number of wells
Once per year (Jan.) 712 1978-82
Three times per year 57 1978
Once per month 19 Jan. 1979 - Nov. 1982
Once per month 24 Dec. 1982 - Oct. 1983
Hourly (recorder) 1 Apr. 1981 - Nov. 1981
Hourly (recorder) 2 Apr. 1981 - Sept. 1983
Hourly (recorder) 1 Apr. 1983 - Sept. 1983
Hourly {recorder) 1 Mar. 1978 -
Ground-water Ground-water samples for the following constituents, number of
quality samples, and number of wells:
Number of Number
Constituent samples per year of wells
Tnorganic chemical 1 35 1978-83
Bacteria, nutrients 1 38 1978-83
12 minor elements 1 13 1978, 1979, 1981
28 pesticides 1 13 1978, 1979, 1981, 1982
Radio-chemical analysis 1 8 1980
Radio-chemical analysis 1 2 1981-83
Bacteria, nutrients, 12 minor elements 3 3 1982
Bacteria, nutrients, 12 minor elements 4 2 1982
Ground-water Inventory of annual ground-water pumpage from Edwards aquifer
pumpage wells reported to the Texas Department of Water Resources (TDWR)
by major public supply, industrial, and irrigation users.
Domestic and livestock pumpage estimated by TDWR. 1979-82
Springflow Discharge measurements of Barton Springs for following periods:
quantity Number of measurements
16 1894-1910
728 1916-78
Daily-mean discharge (recorder) May 1917 - Sept. 1918

Hourly and daily-mean discharges (recorder) Mar. 1978 -
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Table 1.--Data-colliection activities, freguem:!i and Eeriod of recbrd éor #yaroloﬂic investigations
of Barton Springs and associa ards aquiter--Con¥nued

rydrologic Explanation Period gf record
investigation Y
Springflow Constituents, frequency, and period of record for samples from

quality main springs of Barton Springs 3/:

Consti tuent Number of samples
Tnorganic chemical 1 1903 and 1955
Inorganic chemical, bacteria, nutrients About 5 per year 1978 -
Biochemical oxygen demand, physical

organics, nutrients, bacteria Once per week Aug. 1981 - Sept. 1982
12 minor elements, 28 pesticides About 4 per year 1979-81, 1983 -
12 minor elements, 28 pesticides 12 1982

Constituents, frequency, and period of record for samples taken
from Barton Creek immediately downstream from Barton Springs dam,
when total flow at that sampling site originated from Barton

Springs:
Constituent Number of samples
Inorganic chemical 10 1975-78
Nutrients, physical organics 18 1975-78
Bacteria, biochemical oxygen demand 17 1975-78
12 minor elements, 28 pesticides 9 1975-78

NOTE: Data frequency and period of record are generalized for this table. Except for ground-water pumpage,
all data fnvestigations 1isted above were collected and analyzed by the U.S. Geological Survey. This
table does not include data from other sources.

1/ If no ending date is given, data are still being collected.

Z/ Periodic discharge measurements were made of Onjon Creek at the location of the two streamflow-gaging
stations from 1961 to 1979.

3/ MWater-quality analyses for Barton Springs prior to 1978 are given in table 7.
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These rocks ware deposited during the Cretaceous Period of the Mesozoic
Era. The history of the Cretaceous in Texas is generally one of a gradual,
intermittent encroachment of the sea which filled the Gulf of Mexico geosyncline
to the southeast. The Lower Cretaceous Edwards Limestone of the Fredericksburg
Group was deposited on the Comanche Shelf. The seaward margin of this shelf
was the long, narrow belt that extended northeast from Mexico to Texas and is
known as the Stuart City Reef trend. The Comanche Shelf was shallow with broad
depressions and swells that greatly influenced the thickness and 1ithology of
the Lower Cretaceous units. The two most dominant depressions were the Maverick
basin in the southwest and the Tyler basin in the north-northeast. The central
Texas Platform separated these two depressions as a broad elongate swell bearing
southeasterly from San Angelo across the Llano uplift to the Stuart City Reef.
Ig§2§outheastern end of this platform is known as the San Marcos Platform (Rose,

After a period of nondeposition, the marine shale and limestones of the
Washita Group were deposited on top of the Edwards Limestone, followed by a
period of terrigenous deposition making up the Eagle Ford Group. Carbonate
deposition returned with the deposition of the Austin Group. The calcareous
clay of the Taylor Group was deposited next, and finally the deposition of the
marine marl and carbonaceous shale of the Navarro Group marked the close of the
Cretaceous Period. \

The Cenozoic Era was predominately a time of gradual withdrawal of the sea
to the presernt shoreline position. The Miocene Epoch is believed to be the
beginning of the major movement of the Balcones fault zone. On the upthrown
(northwestern) side of the fault zone, the lower part of the Edwards Limestone
is the youngest unit exposed as a result of continual erosion. On the down-
dropped side of the fault zone, units younger than the Edwards Limestone have
been preserved. The most recent geologic processes have resulted in stream
dissection of the upthrown side and deposition of fluvial terraces on the
downthrown side.

Areal Occurrence and Thickness

The discussion of the Edwards aquifer in the study area is limited to an
evaluation of the hydrogeologic framework of the aquifer. Other geologic and
hydrologic units that overlie and underlie the Edwards are referred to collec-
tively as formations younger or older than those of the Edwards aquifer. Table
2 shows the formations associated with the Edwards aquifer and presents brief
lithologic descriptions of them. The stratigraphic nomenclature used in this
report was taken from Rodda and others (1970), Garner and Young (1976), and
Brune and Duffin (1983). The division of the lower part of the Travis Peak
Formation and the Walnut Formation does not follow the usage of the U.S. Geo-

logical Survey.

The location of the outcrop of the geologic formations comprising the
Edwards aquifer within the study area is shown in figure 4. The outcrop
includes the Edwards Limestone and the overlying Georgetown Limestone. The
rocks generally strike northward and dip gently to the east except where dip
angle may be highly variable because of faulting.
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Table 2.--Summary of lithology of geologic units -

ys- Series Group Formation Hydro- Thickness Lithology
em and geologic
member unit (feet) k]
Buda Gray to tan, hard, resistant, glauconitic shell-
Limestone - 35-50 fragment limestone and a lower marly, nodular, and
less resistant limestone.
Washita DeTl Rio Confining ~60-75 | Dark gray to olive-brown, calcareous fossiliferous
Clay bed . clay containing selenite and pyrite.
Georgetown Thin interbeds of gray to tan, fine-grained, fos-
Limestone 40-100 siliferous limestone with layers of marly limestone
and marl.
E
d Member 40+ Hard, dense, thick to thin-bedded, fine-grained
w 4 limestone; soft dolomitic l1imestone and solution
a collapse zone near middle.
r
d Member 10-15+ Soft, nodular marly limestone and marl interbedded
s 3 Edwards lTocally with flaggy limestone.
aquifer
c c L
Fredericks- | 1 Member 40+ Fine- to medium-grained, hard, thick- to thin-
R [} burg m 2 - bedded 1imestone. Lower beds folded and fractured
£ e as a result of collapse in member 1.
m s -
t Member 200-250+ | Porous dolomite and dolomitic limestone. Nodular
T a o 1 chert common. A solution collapse zone within this
n member creates cavernous and vugular porosity.
A n e
Confining Hard, fine- to medium-grained fossiliferous 1ime-
C c Walnut bed 15-60 stone with layers of fine-grained marl, marly 1lime-
Formation . stone, and nodular limestone.
E h G L Upper .
1 i Upper Trinity Alternating beds of limestone, dolomite, and marl.
0 [ e m member aquifer Some anhydrite and gypsum.
n e
] a S 500-900
R t Lower Massive, fossiliferous limestone and dolomite at
S n ¢ o member base grading upward into thin beds of 1imestone,
s n shale, marl, and gypsum. Corbula bed at top.
e e Middle -
Hensell Trinity Sand, gravel, conglomerate, sandstone, siltstone,
Sand aquifer 70 and shale in western Travis County. Grades into
Trinity T Member sandy limestone and dolomite to east.
r F Cow Creek Massive, often sandy, dolomitic limestone, fre-
a o Limestone 100 quently forming cliffs and waterfalis. Contains
v or Member %%psum and anhydrite beds.
im Hammett ale and clay with some sand, dolomitic limestone
s a Shale - 60 and conglomerate.
t Member
P i - Stigo Limestone, doTomite, occasionally sandy, and shale.
e ofSyca-<, Member Lower 300 Thins to the west and is not present in northwest
a nlmore Trinity Travis County.
k Sand Hosston| aquifer Basal conglomerate grading upward into a mixture of
Member Sand 800 sand, siltstone, and shale, with some 1imestone
Member beds: Sycamore in outcrop; Hosston in subsurface.

dapted from Brune and Duffin (1983, table 1), and Young (1977).
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The Edwards aquifer is underlain and bordered on the west by Cretaceous
rocks older than those of the aquifer. These older rocks include from youngest
to oldest, the Walnut Formation, the Glen Rose Limestone with its associated
members, and the Travis Peak Formation with its associated members (table 2).
A11 of these rocks yield relatively 1ittle water compared to the Edwards aqui-
fer, and the water generally is more saline than water from the Edwards.

Cretaceous rocks younger than the Edwards aquifer overlie it and extend
eastward on the surface. These rocks include from older to younger, the Del
Rio Clay and Buda Limestone. The Del Rio Clay is relatively impermeable and
forms an upper confining layer of the Edwards aquifer. Neither the Del Rio
Clay nor the Buda Limestone is known to yield water in the study area.

Soils that typically are dark brown, grayish brown, silty to clayey loams
have formed on the outcrop of the Edwards aquifer. These soils have developed
on the underlying limestone and marl that comprise the aquifer and range in
thickness from a few inches to several feet. In some places, however, soil is
absent, especially on the steep slopes and where the bedrock is exposed.

Faulting associated with the Balcones fault zone can change the depth to
the top of the aquifer in very short distances. The depth to the aquifer given
in this report is based on interpretation of drillers' logs, 1ithologic descrip-
tions, and geophysical well logs. The aquifer dips in an easterly direction as
shown by the altitude of its top (fig. 5). In areas where logs are not avail-
able, the depth to the top was estimated from the altitude of the land surface
at a given spot and the thickness of the geologic formations overlying the
aquifer (table 2). The eroded top of the aquifer is exposed as outcrop (fig.
4). In the subsurface, the top is distinguishable on logs by a distinct change
in the rock type from clay of the Del Rio to limestone of the Georgetown.

The base of the aquifer is shown in figure 6. The base, 1ike the top of
the aquifer, is cut by many faults. These faults cause vertical offsets along
fault planes and break the continuity of the base. The offsets may be a few
feet to several hundred feet and may extend laterally for miles. The base of
the aquifer extends from about 100 ft below the land surface on the western
edge of the outcrop to hundreds of feet deep east of the outcrop. The base of
the aquifer is less easily distinguished on the drillers' logs and geophysical
well logs because the changes in lithology are not as distinct as at the top.

The thickness of the Edwards aquifer where not eroded, increases from
north to south (fig. 7). The thickness varies from about 400 ft in the north-
east part of the study area to about 450 ft in eastern Hays County. Along the
eroded outcrop of the aquifer, the thickness ranges from about 100 to about 450
ft. Faulting and the extent of the erosion on the outcrop affect the thickness
from place to place.

Three hydrogeologic sections are presented for the study area based on
interpretation of drillers' logs, geophysical well logs, and the surface geol-
ogy. The static water levels in wells during January-February 1981 also are
shown on the sections. The strike section (fig. 8) approximately follows the
outcrop of the aquifer and extends from the Blanco River near Kyle in Hays
County, to just north of the Colorado River in Travis County. The dip sections
(figs. 9 and 10), across Hays and Travis Counties, show the position of the
Edwards aquifer from its outcrop on the west downdip 12 to 15 mi to the south-
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east. The dip sections show the intensity of faulting that is associated with
the Balcones fault zone, which covers most of the outcrop area of the aquifer.
This faulting affects the flow within the aquifer.

Development of Porosity aﬁa Permeability

Knowledge of the history and the physical and chemical changes that have
occurred in the formations which now constitute the Edwards aquifer is essential
to identify and describe the hydraulic characteristics. The hydraulic proper-
ties of the aquifer are greatly influenced by porosity and permeability caused
by dissolution of the limestones. The processes leading to this permeability
can be described by distinguishing between lateral (along bedding) and vertical
(fracture) permeability. Significant lateral permeability was created through
dissolution by meteoric water during an interval of exposure at the close of
the Edwards Limestone deposition (Abbott, 1976). This lateral permeability is
frequently coincident with zones of collapse. High-angle normal faulting,
which began during the Miocene Epoch, has affected the lateral and vertical
permeability. Flow barriers are formed normal to fault traces, because lateral
beds of high permeability often are separated by vertical displacement along
the faults (Maclay and Small, 1984, p. 33). High lateral permeability, however,
often exists along fault traces. Ground water undersaturated with respect to
calcite and dolomite dissolved and increased the lateral and vertical permea-
bility, a process which still occurs. The vertical permeability along the
faulting in the outcrop also allows surface water to enter and move through the
unsaturated zone to the water table; thus, recharge to the aquifer, as well as
the hydraulic characteristics, are affected by faulting and dissolution.

The creation of cavities has been enhanced by the presence of carbon diox-
ide (COp) in water (Marek, 1981). This gas combines readily with water (H20)
to form carbonic acid (H2C0 ), a weak acid that has the ability to dissolve
Timestone (CaC03) easily. The reaction for this process is:

W0 + - CO  ——> . .HC03
water carbon dioxide cérbonié acid

Dissolving 1imestone produces calcium ions (Cay,) and blcarbonate ions (HCO3-).
The formula for this process is:

HpCO3 + CaCo03 —> (Ca++) -+  2HCO3-
carbonic calcium carbonate calcium bicarbonate
acid {1imestone) ions ions

Flow in the aquifer is primarily through the cavities and caves associated
with faults, fractures, and joints, and secondarily through porous media within
the limestone. Examples of a fracture system and a porous system are shown in
figures 11 and 12, respectively. These two illustrations are photographs of
the banks of Barton Creek, taken about 0.5 mi and 0.75 mi upstream from Barton
Springs.

Analyses were made of caliper logs and drillers’' logs for 79 wells in the
study area. The logs for 49 of the 79 wells showed at least one cave or cavity
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to be present within the saturated zone of the aquifer. Over one-half of these
49 wells were drilled very close to known faults. Of the 30-wells for which no
cavities were found, only 8 were close to known faults. This evidence, while
not conclusive, supports the theory that many of the cavities within the aquifer
are associated with faults that are prevalent in the study area. The cavities
noted in this study were analyzed with reference to four factors: the altitude
of the cavities; the cavity depths below land surface; the vertical position
of the cavities with respect to the base of the aquwfer, and the depth to the
cavities below the potentiometric surface of the aquifer. No significant cor-
relations of the cavities with respect to those four factors could be defined,
implying that stratigraphic control of the cavities was not significant.

A concept of how water occurs in the Edwards aquifer is presented in fig-
ure 13. Water from the land surface enters the aquifer at faults, fractures,
and associated cavities that intersect streams where the Edwards aquifer is
exposed at the surface, and moves through the aquifer through distinct vertical
and lateral channels that vary in size. The permeability is not uniformly dis-
tributed throughout the aquifer, and thus wells that penetrate the caves and
cavities in the aquifer generally produce large yields of water, while wells
that do not penetrate the large cavities tend to have small yields. The dif-
ference in yields between nearby wells may vary by several orders of magnitude.
Transmissivity values, calculated from specific-capacity determinations of 60
wells, range from 3 to about 47,000 ft2/d (Siade and others, 1985).

HYDROLOGY

The hydrologic and water-use data that were collected or compiled from
other studies were used to determine and evaluate the hydrologic characteris-
tics of the Edwards aquifer in the study area. Information concerning the
ground-water flow system, aquifer storage, recharge, and discharge from the
aquifer are presented in this section. The hydraulic properties of the Edwards
aquifer in the study area are presented by Slade and others (1985). Values for
transmissivity, hydraulic conductivity, and specific yield, determined for grid
cells representing the study area, are presented in that report. These hydrau-
lic properties were determined by using ground-water levels, recharge, and
discharge to calibrate a mathematical model that simulates flow in the aquifer.

Ground-Water Flow System

Potentiometric maps indicate the general direction of ground-water move-
ment and, together. with hydrologic properties, provide a measure of the amount
of water in storage. Altitudes of ground-water levels were determined for the
study area by measuring the depth of water levels in wells throughout the aqui-
fer and relating them to sea level. The altitude of the land surface at each
well was taken from topographic maps published by the U.S. Geological Survey.
Beginning in 1979, about 19 wells in the Edwards aquifer were measured monthly,
and beginning December 1982, 24 wells were measured monthly. The monthly meas-
urements were discontinued in October 1983. About 72 wells were measured once
a year, usually in January, from 1978 to 1982. Al1 the water-level measurements
from these wells are published each year in the annual report series by Slade
and others (1980, 1981, 1982, 1983, 1984) and Gordon and others (1985), and the
locations of these he1is are shonn in figure 14. Also shown in this illustra-
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depicting cavity distributions.

Figure 13.—Conceptual cross section of the Edwards aquifer
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tion are the areas characterized by confined and unconfined conditions in the
aquifer. Other wells in the study area that have provided historic water-level
data and geologic information also are shown in figure 14. Selected information
for these and other wells in the study area are presented in table 3 (supple-
mental information).

Hourly water-level recorders were installed on several wells to document
ground-water fluctuations during h1gh -recharge periods. A recorder has been
installed on well YD-58-42-903 since March 1978. Recorders on four other
wells have provided records of hourly water levels for periods ranging from a
few weeks to about 2 years. The wells include YD-58-42-915, YD-58-50-216,
YD-58-50-217, and YD-58-50-518 (fig. 14). Water levels from some of these
wells are presented in this section.

Water-level hydrographs for three of the monthly observation wells and the
discharge hydrograph for Barton Springs are presented in figure 15. The three
wells, LR-58-57-903, YD-58-50-704, and YD-58-50-216, are located in the south-
ern, central, and northern parts of the study area (fig. 14). The relationship
between the monthly water levels for the three wells, as presented in figure 15,
and the corresponding discharge at Barton Springs at the time of the measure-
ments is shown in figure 16. As these two illustrations show, the trends of
water levels throughout most of the aquifer are very similar and correlate
directly with discharges for Barton Springs.

Potentiometric surfaces for the Edwards aquifer during drought, low-
discharge, average-discharge, and high-discharge conditions are shown in f1g-
ures 17 to 20, respectively. Aquifer cond1t1ons during a severe drought in
1956, when Barton Springs was discharging 10 ft3/s (the minimum observed dis-
charge since 1894), are shown in figure 17. Aqu1fe§ conditions in August 1978,
when the discharge of Barton Springs was about 22 ft°/s, a flow that is exceeded
about 84 percent of the time, are shown in figure 18. The discharge at Barton
Springs 1n January 1981 was approximately equal to the long-term mean discharge
of 50 ft3/s. The potentiometric surface of the aquifer at this time is shown
in figure 19. The potentiometric surface, as shown in figure 20, represents
conditions in June 1979, when the discharge of Barton Springs was 105 ftJ/s, a
flow exceeded only about 3 percent of the time. Comparing ground-water alti-
tudes for these four conditions shows that the greatest water-level fluctuations
occur in the eastern part of the aquifer, where it is confined.

As of 1982, no trends of ground-water declines had been identified because
of pumpage increases, thus the fluctuations identified in this report are
believed to be caused by variations in recharge on]y Generally, water-level
fluctuations between high- and Tow-flow conditions increase from the western to
the eastern part of the study area. They are about 2 to 15 ft (except near
Barton Creek where the range is greater) in the western part of the study area,
10 to 50 ft in the central part, and 40 to 90 ft in the eastern part. Maximum
water-level fluctuations for selected wells developed in the Edwards aquifer
are presented by Slade and others (1985, fig. 4). Lines perpendicular to the
potentiometric contours indicate genera1 directions of ground-water movement.
Ground water flows toward Barton Springs by moving initially to the east and
then north to the springs. Ground water from recharge throughout most of the
aquifer converges to the common discharge point at Barton Springs.
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Water-level measurements for wells in the Rollingwood area (fig. 2), when
compared with the fluctuations of water levels in the Barton Springs area, in-
dicate that these areas are hydraulically independent. This was determined by
reviewing changes in ground-water levels caused by fluctuating surface-water
stages at a dam downstream from Barton Springs. This dam creates a water
surface that is about 8 ft higher than the main-spring elevation. This dam
also creates ‘"back-water" that affects ground-water altitudes proximate to
Barton Springs. Periodically, the pool level is lowered about 4 ft so that
cleaning and maintenance can be performed in the pool.

Water levels in wells YD-58-42-903, YD-58-42-915, and YD-58-50-216 con-
sistently show declines of varying magnitudes each time the pool is lowered
(fig. 21). The water level for well YD-58-42-913, located in the Rolling-
wood area about 0.5 mi west of the springs, shows no change during the period.
Additional water-level measurements in other wells in the Rollingwood area,
including YD-58-42-813, YD-58-42-911, and YD-58-42-925, have all consistently
shown no effect from changing the pool levels. All of the Rollingwood area
wells that were monitored are between 0.5 and 0.75 mi west of Barton Springs.
Water levels in wells that were monitored south of Barton Springs, including
YD-58-50-216 located 2.5 mi south of the springs, consistently display effects
from the pool being lowered. The location of the wells proximate to Barton
Springs is shown in figure 22.

Senger (1983) identified a difference in chemical quality between Barton
Springs and wells in the Rollingwood area which further suggests the lack of
hydraulic connection between this area and Barton Springs. He also noted that
water levels in wells in the Rollingwood area showed no correlation with the
discharge of Barton Springs, even though water levels in wells south of Barton
Springs do correlate well with flow of Barton Springs. The fault traces in
this area are shown in figure 22. These faults probably create barriers to
ground-water flow moving to the east, so that water movement in the Rollingwood
area cannot discharge to Barton Springs. Ground-water flow in the area probably
moges along the fault traces to discharge at Cold and Deep Eddy Springs (fig.
22).

Runoff flowing across the recharge area recharges the aquifer along frac-
tures and other openings that cross the creeks. The water reaches the water
table very quickly as indicated by water levels in wells close to creeks in the
recharge area. Figure 23 shows water levels for Barton Creek at Loop 360 and
for well YD-58-50-217, about 500 ft south of the creek (fig. 22), during and
after the storm of June 23, 1982. The water level in the well began rising
within 1 hour after the water level began to rise in the creek. The bottom of
this well is about 75 ft lower than the channel of Barton Creek near the well.
The water level in the aquifer is often below the bottom of the well at the
well site, and has been as high as 8 ft below the creek channel, a range of at
least 67 ft.

Water-level changes for well YD-58-50-216 after the storm of October 6,
1981, are shown in figure 24. The location of this well is shown in figure 22.
Geophysical logs show that the water level in this well is always below the
top of the Edwards aquifer, thus the well is clearly in the unconfined area.
As shown at the top of figure 24, the water level began rising within an hour
of the beginning of precipitation. Even though the well is not near a creek,
water levels in this well and in the other four wells which had water-level
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recorders rise very quickly after precipitation occurs. The discharge at
Barton Springs also begins to increase on the same day that substantial precip-
itation occurs (see figs. 29 to 31).

The hydraulic interconnection within the aquifer is also demonstrated in
figure 24. As illustrated, the water level in the well peaked on October 17,
the same day that surface recharge to the aquifer and the discharge at Barton
Springs were about equal. This phenomenon occurred for all five wells with
recorders for all large storms recorded. Generally, water levels throughout
the aquifer continue to rise as long as surface recharge exceeds discharge from
the aquifer. When recharge drops to a rate that is equal to the discharge,
storage and water levels are at their maximum for that period, and the discharge
at Barton Springs is at a peak. When the recharge rate is less than discharge,
water levels in the aquifer decline and the amount of water in storage, as well
as discharge at Barton Springs, decreases. Because this is a karst-type aquifer
system, the water moves primarily through cavities. Even though most of the
aquifer is considered to be unconfined (fig. 14), water levels change rapidly
and are highly correlated through much of the aquifer; a characteristic indica-
tive of a confined aquifer. This occurs probably because much of the water
moving through the aquifer is pressurized in the cavities that transport the
water.

Water movement within the aquifer is believed to be greatly dispersed.
This was demonstrated by a ground-water velocity experiment using dye-tracing
procedures near Barton Springs. A small amount of a traceable dye was injected
into well YD-58-42-903 (fig. 22), about 200 ft from the main spring of Barton
Springs. The well is not cased, and the dye was released at the level of a
large cavity. Samples taken from the well showed that the dye left the bore
shortly after injection. The first detectable part of the dye was discharged
from the springs about 10 minutes after the injection. About 1 hour after
injection, the maximum concentration of dye was discharging from the springs.
The dye concentration decreased slowly after that time, but 8 hours later a
detectable concentration of dye was still being discharged from the springs.
This test indicates that much dispersion occurs in the aquifer between the
well and the springs, a characteristic that probably is inherent throughout
much of the aquifer.

Aquifer Storage
Specific Yield

When water levels in the Edwards aquifer are at "average" altitudes, about
18 million acre-ft of the aquifer in the 155-mi2 study area is water-saturated.
Average water levels are considered to occur when Barton Springs is flowing at
its long-term mean discharge. Of this volume, about 12 million acre-ft is above
the 435-ft altitude of Barton Springs. Specific yield for the water-table part
of the aquifer was calculated by computing discharge originating from storage
for three separate periods when surface recharge was very low. Dur1ng each of
these periods, discharge from Barton Springs dropped from 69 to 37 ft3/s, and
the total discharge from storage was about 10,000 acre-ft for each period. The
periods were each about 4 months long. This discharge represents flow from
Barton Springs and pumpage volumes. Water-level declines in 40 wells and the
physical dimensions of the aquifer were used to determine the volume of aqui-
fer that was dewatered--about 590,000 acre-ft--during each period. It is

-40-




assumed that virtually all the discharge during each of these periods came
from the unconfined part of the aquifer. The volume of water that came from
the confined area during each of these periods was estimated to be less than
20 acre-ft. This was estimated by using: (1) the average decline of about 16
ft in potentiometric levels within the confined area during these periods; and
(2) the storage coefficient of 6 X 10-2 from the "Storage Coefficient" section
of this report. It is evident that almost all the outflow from storage was
from the unconfined area.

A mean specific yield of 0.017 for the unconfined part of the aquifer was
derived by dividing the volume of outfiow from storage (10,000 acre-ft) by the
volume of dewatered aquifer (590,000 acre-ft). A mean specific-yield value of
0.014 was determined from a transient-state simulation model of the study area
(Slade and others, 1985). The specific yields determined by the model ranged
from 0.008 in the western part of the study area, to about 0.06 near Barton
Springs. Using 0.017 as the specific yield for the entire aquifer, about
306,000 acre-ft of water is stored within the aquifer, of which about 204,000
acre-ft is stored above the 435-ft altitude of Barton Springs. This specific
yield, however, is based on data from only about 3 percent of the 18 million
acre-ft of total saturated aquifer and may not be representative of the entire
aqui fer.

As shown in figures 15 and 16, water levels throughout much of the aquifer
correlate well with discharges at Barton Springs, thus storage conditions may
be related to discharges at the springs. The relationship between the discharge
at Barton Springs and the total volume of water-saturated aquifer is shown in
figure 25. Also shown is the relationship between the discharge of Barton
Springs and the volume of water stored, based on the assumption that the spe-
cific yield of 0.017 is representative for the entire aquifer. The storage
between "high" and "low" water-level conditions is considered "transient" stor-
rage and represents the storage which discharges at Barton Springs.

As figure 25 shows the difference in aquifer storage when Barton Springs
is d1scharg1ng 10 ft3/s, the minimum observed flow since 1894, and when Barton
Springs is discharging 110 ftds, which is exceeded less than 2 percent of the
time, is about 31,000 acre-ft. This volume represents only 15 percent of the
total storage volume above the altitude of Barton Springs. The remaining 85
percent is presumab]y available to discharge Barton Springs at rates of less
than 10 ft3/s. The transient storage also represents only about 10 percent
of the total storage volume, and indicates that most water stored in the agui-
fer is not available to discharge Barton Springs at rates greater than 10 fto/s.

Storage Coefficient

In the confined area of the Edwards aquifer (fig. 14), the water derived
from storage comes from expansion of the water and compression of the framework
of the aquifer. The storage coefficient for the confined zone can be computed
from the equation given by Jacob (1950):

S = abc (d + e/b)

specific weight of water (62.4 1b/ft3),
porosity of the aquifer (d1mens10n1ess)

where: a

W ou

-41-




TOTAL VOLUME OF WATER-SATURATED
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Figure 25.-—Relationship between Barton Springs discharge and aquifer storage.
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¢ = thickness of the aquifer (ft),
d = compressibility of water (2.29 X 10-8 ft2/1b), and
e = compressibility of the limestone aquifer skeleton (ft2/1b).

The confined-area porosity of the aquifer varies enormously--the larger
values of porosity being associated with the larger values of storage coeffi-
cients. The lower limit of porosity is 0.017, which is the calculated mean
specific yield for the unconfined area. The highest specific-yield value
determined by Slade and others (1985) is about 0.06--which may be the upper
1imit of porosity. The thickness of the confined area varies from about 400 to
450 ft (fig. 7); an average thickness of 430 ft was assumed._ Maclay and Small
(1984) used an aquifer compressibility value of 6.95 X 10-10 ft2/1b for the
Edwards aquifer south of the study area, and this value is assumed to apply in
the study area. The storage coefficient will vary from place to place in the
study area depending mainly upon the porosity and the thickness of the aquifer
at any one place, however, the probable range is from about 3 X 10-5 to 6 X 10-5
based on porosity values ranging from 0.017 to 0.06.

Recharge

Recharge to the Edwards aquifer in the study area occurs primarily as the
infiltration of surface runoff into fractures in the Edwards outcrop area,
secondarily as the direct infiltration of precipitation falling on the outcrop
area, and as subsurface recharge. Surface runoff comes from about 354 miZ in
the watersheds of six creeks, of which about 90 miZ are within the recharge
area, and about 264 miZ are within the watersheds upstream from the recharge
area. The areal extent of the recharge area, along with quantities of recharge
and methods used to compute those quantities, are presented in this section.
Subsurface recharge to the aquifer also is discussed in this section.

Surface Recharge

The surface recharge area is defined as the area where surface water
enters the aquifer. The major creeks that cross the surface recharge area and
provide most of the recharge to the Edwards aquifer are Barton, Williamson,
Slaughter, Bear, Little Bear, and Onion Creeks (fig. 20). Flow in these creeks
percolates to the water table by seeping through fractures and other openings
in the creek beds (fig. 13).

During steady flow conditions in 1980, 1981, and 1985, flow-loss studies
were conducted on five of these creeks in order to identify the upstream and
downstream boundaries of the recharge reach and to determine the quantity and
location of the flow losses. Flow-loss studies were not conducted on Little
Bear Creek because its drainage area is relatively small, contained entirely
within the recharge area, and flow occurs only during periods of storm runoff.
The amount of recharge occurring between the measuring sites on each creek was
determined by calculating the difference in discharge for adjacent sites. Also
the "flow-loss reach" was defined for each creek by identifying the reach of
each creek in which flow is being lost to the aquifer. The locations, descrip-
tions, and flow data for these studies, and water-quality analyses for selected
sites were presented by Slade and others (1982). Similar flow-loss studies for
Barton Creek were conducted in 1970 by Baker and Watson (1974). Location and
flow data from the studies are shown in figure 26.
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The upstream or western boundary of the surface recharge area is defined
as the geologic contact between the Edwards aquifer and the Glen Rose Limestone
or the Walnut Formation. The downstream boundary of the recharge area was
determined from streamflow losses, geologic maps, and field identification of
the geologic outcrops in creek beds crossing the recharge area. This boundary
is considered as the most easterly of: the easterly extent of the aquifer out-
crop, or the boundary of the surface drainages which contribute runoff to the
downstream end of the flow-loss reaches of the six major creeks. In Williamson
and Slaughter Creeks, the downstream ends of the flow-loss reach coincide with
the geologic contact between the Edwards aquifer and the overlying Del Rio
Clay. Field identification of the geologic contacts between the Edwards aqui-
fer and overlying formations were used to determine the downstream end of the
flow-1oss reaches for the other streams in the study area. The recharge area,
therefore, includes the drainage area which contributes flow to those reaches,
and the outcrop area of the Edwards aquifer. The Edwards aquifer outcrop area
was defined by Garner and Young (1976) and De Cook (1963), and the recharge
area is shown in figure 27.

Rates and volumes

By July 1979, streamflow-gaging stations were installed at or near the
upstream and downstream boundaries of the flow-loss reaches on all six of the
major streams that recharge the aquifer, so that the volume of surface recharge
could be determined. Water-quality samples were collected at 9 of these sites
so that the quality of recharge waters can be evaluated, and 13 recording rain
gages were installed in the watersheds to provide precipitation data for the
storms associated with high-recharge conditions. The locations of these gaging
sites are shown in figure 28.

The method of estimating surface 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. The approach of
estimating recharge in each stream basin is a water-balance equation, in which
recharge within a stream basin 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
area between the two streamflow-gaging stations in each stream basin. Runoff
from that area is estimated on the basis of unit runoff from the area upstream
from the recharge area.

Hydrographs showing typical daily variations in surface recharge to the
aquifer and discharge from Barton Springs are presented in figures 29-31. These
hydrographs include August 1979-January 1980, February-Jduly 1980, and October
1981-September 1982, respectively. Also shown are daily values of precipita-
tion based on mean values from all 13 rain gages in the area. The recharge
hydrographs are based on calculated daily-mean values of surface recharge for
selected days and estimated recession rates between the calculated days. Fig-
ure 29 shows how quickly the discharge of Barton Springs can recede. The 6-
month period shown was very dry; surface recharge accounted for only about 20
percent of the springflow and the remaining 80 percent came from aquifer stor-
age. Figure 30 shows a very wet period. Several large storms produced large
volumes of recharge during the period. Figure 31 shows surface recharge and
discharge from Barton Springs for a year. Most of the surface recharge during
the year was produced from only a few storms which is typical of most years.
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DAILY-MEAN DISCHARGE AND SURFACE RECHARGE,

DAILY RAINFALL,

IN CUBIC FEET PER SECOND
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Figure 30.--Dalily precipitation, Barton Springs discharge, and surface recharge, February-July 1980.
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Monthly recharge volumes by watershed were computed for July 1979 to
December 1982 and are presented in table 4 along with the total surface recharge
and the discharge from Barton Springs. Based on data in this table, the contri-
bution of surface recharge by watersheds is:

“Watershed Percent of
total recharge
Barton 28
Williamson 6
Slaughter 12
Bear 10
Little Bear 10
Onion 34

Based on data from the streamflow-gaging stations, about 85 percent of the sur-
face recharge occurs on the main channels of the six creeks. During any given
period, recharge from the creeks may vary significantly because of precipita-
tion distributions and drainage basin runoff characteristics.

Each of the major creeks has a maximum infiltration rate that can be trans-
mitted from the creek bed to the water table. The maximum recharge rate was
estimated for each creek from the flow-loss studies and from the records of
streamflow aL the gaging stations. Maximum recharge for Little Bear Creek was
estimated from the Bear Creek value. With the exception of Barton Creek, the
water levels in the Edwards aquifer generally are greater than 100 ft below the
land surface throughout the recharge area; therefore recharge is not restricted
by a lack of storage -pace in the unsaturated zone. As a result, each creek
except Barton Creek has a consistent maximum recharge rate. The recharge occur-
ring at any given time within any of the six creeks will thus be the lesser of
the discharge within the flow-10ss reach or the maximum recharge rate.

Maximum recharge rates for the main channels of the creeks during steady-
state flow conditions have heen computed or estimated as follows:

Creek Maximum recharge
(ft3s)
Barton 30 to about 70
Williamson 13
Slaughter 52
Bear 33
Little Bear about 3V
Onion about 120

These rates were determined by comparing discharges at the upstream and down-
stream ends of the recharge area during times when little or no flow was enter-
ing the creek within the recharge area. Maximum recharge rates during flood-
flows probably are greater than these values because larger arcas of streambed
are directly in contact with faults or other openings to the aquifer. Maximum
recharge rates during floods cannot be accurately determined from discharge
measurements because the flow is variable, but total maximum surface recharge
may be as high as 350 to 400 ft3/s. This value generally will be greater than
maximum daily mean-recharge values during storms because the maximum surface
recharge rate generally occurs for less than 1 day. All hydrograpnhs in this
report present recharge in units of daily-mean values.
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Table 4.--Calculated monthly recharge by watersheds and Barton Springs discharge
for the Edwards aquifer, July 1979-December 1982

[acre-ft, acre-foot]

Monthly recharge by watershed Total Barton Runoff from
Year Month (acre-ft) surface Springs recharge
Barton WiTliamson  STaughter Bear Little Onfon recharge discharge zone 1/
Bear (acre-ft) (acre-ft) (acre-ft}
1979  July 1,020 198 654 496 452 1,190 4,010 6,030 3,370
Aug. 652 67 304 433 380 595 2,430 5,730 250
Sept. 151 99 65 138 120 278 850 4,980 342
oct. 41 2 15 90 78 231 460 4,220 13
Nov. 33 0 2 50 44 128 260 3,250 8
Dec. 37 30 2 68 59 119 310 2,800 107
1980 Jan. 9 10 1 50 44 151 350 2,370 52
Feb. 114 58 12 80 70 184 520 2,110 137
Mar. 493 64 116 229 196 271 1,370 2,170 600
Apr. 2,000 246 203 296 258 765 3,770 2,490 481
May 3,010 1,300 3,850 1,080 1,710 3,170 14,120 3,850 13,650
June 1,020 641 207 526 461 2,510 5,370 4,230 372
July 54 0 12 56 50 190 360 3,490 4
Aug. 8 0 0 8 7 79 100 2,560 17
Sept. 309 119 48 236 242 912 1,870 2,200 522
Oct. 1,710 27 52 613 536 1,940 4,880 2,840 1,900
Nov. 1,510 20 9 233 204 1,370 3,430 2,580 328
Dec. 3,260 80 399 585 512 2,730 7,570 3,060 932
1981 Jan. 1,800 45 313 366 320 2,070 4,910 2,980 633
Feb. 1,150 240 362 611 535 2,390 5,290 2,930 1,170
Mar. 4,460 1,500 2,010 1,540 1,780 3,570 14,860 4,070 14,680
Apr. 1,330 258 339 683 597 3,170 6,380 3,780 1,660
May 793 1,220 425 460 402 1,960 5,260 3,540 7,260
June 1,390 1,980 3,970 2,580 2,580 3,470 15,970 4,830 145,480
July 1,190 503 546 883 773 3,570 7,470 6,270 7,430
Aug. 710 10 36 201 176 957 2,090 5,770 110
Sept. 220 40 23 178 156 794 1,410 5,110 50
Oct. 2,830 40 208 484 422 2,580 6,560 5,270 6,140
Nov. 1,650 10 341 244 212 2,000 4,460 4,960 74
Dec. 832 .5 129 148 130 1,110 2,350 4,580 0
1982 Jan. 504 .1 75 99 87 698 1,460 3,700 73
Feb. 241 .1 43 56 49 480 870 2,910 53
Mar. 262 20 39 50 44 368 780 2,830 52
Apr. 855 347 339 124 109 579 2,350 2,560 387
May 3,370 400 2,370 1,010 1,080 2,780 11,010 3,790 23,940
June 2,020 40 538 460 486 1,680 5,220 4,050 1,410
July 319 0 63 151 132 533 1,200 3,480 .3
Aug. 44 50 . 19 17 104 230 2,690 0
Sept. 6 2 . 3 3 127 140 2,140 4
Oct. 5 .1 0 15 13 82 120 2,030 0
Nov. 6 64 1 110 97 141 420 2,020 0
Dec. 11 60 25 98 85 208 490 2,520 0
Total 41,510 9,790 18,230 15,840 15,710 52,230 153,310 149,770 233,690

1/ Total runoff occurring at the streamflow-gaging stations located at or near the downstream end of the
recharge area.
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The maximum recharge rate for Barton Creek varies from 30 to about 70
ft3/s during steady-state flow conditions depending upon the ground-water
levels under the creek bed. When ground-water levels are low, the saturated
zone is below the altitude of the Barton Creek streambed throughout the recharge
area, and the maximum recharge that can occur is about 70 ft3/s. When the
ground-water levels are extremely high, the top of the saturated zone is above
the bottom of the creek bed for a long reach of the creek upstream from Barton
Springs, and thus, that reach will reject recharge. During periods of high
ground-water levels, many intermittent springs in the creek bed will flow, and
only about 30 ft3/s can be recharged from Barton Creek. During the May 29,
1980, flow-loss study for Barton Creek, ground-water levels were high. As
shown in figure 26, the flow of Barton Creek 1ncreased from 41.8 ft3/s at site
14 to 46.2 ft3/s at site 16, an increase of 4.4 ft3/s. No local runoff was
occurring at the time, and the increase in flow was due to the discharge from
intermittently flowing springs in the creek bed within this reach. During the
February 9, 1981, flow-loss investigations, ground-water levels were low and
the streamflow decreased through that same reach. During much of the year, the
ground-water levels will be between the low and extreme high condit1ons men-
tioned above, and the maximum recharge rate will be between 30 and 70 ft3/s.

A water-budget analysis was done for the total inflow and outflow to the
surface area which contributes recharge to the aquifer by using the precipita-
tion, streamflow, and surface recharge data (Woodruff, 1984). This analysis
was done so that the portion of precip1tat10n which contributes to recharge and
runoff from the recharge area could be put in perspective. The area (354 mi?)
includes the recharge area (90 mi2) and the drainage area which contributes
runoff to the recharge area (264 mi2). The period of record used for the
analysis was July 1979 through December 1982. Inflow to the area is composed
of precipitation, which was determined from 13 rain gages in the area (fig.
28). Outflow from the area is composed of recharge to the aquifer (table 4),
runoff from the area (table 4), and evapotranspiration. Withdrawals of the
surface water in the area are probably minimal and thus not considered in the
computation. Storage change in the soil is also minimal because of the quanti-
ties of the other constituents.

Inflow values are known, as are two of the three components of outflow,
thus the water-budget equation was expressed as:

Evapotranspiration = Precipitation - Recharge - Runoff,

so that evapotranspiration could be calculated. During the 42-month accounting
period, the total mean precipitation over the area was 136 in., which averaged
about 39 in. per year. This is about 7 in. or 22 percent higher than the annual
long-term mean prec1p1tation for Austin. However, the mean surface recharge
during the period was 60 ft3/s, or 20 percent higher than the long-term mean
surface recharge. Because precipitation was higher than normal, runoff was
probably higher during the period. The calculated evapotranspiration, while
hased on precipitation higher than normal, is reduced by recharge and runoff
ligher than normal and thus may be representative of long-term conditions.

The precipitation during the period contributed about 2,580,000 acre-ft to
the area. Surface recharge and runoff were about 153,300 and 233,700 acre-ft
respectively, thus evapotranspiration calculates to be 2,193,000 acre-ft. The
monthly mean evapotranspiration is 52,200 acre-ft, or 0.23 acre-ft per acre
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over the entire area. This value is within 8 percent of the rate of 0.25
acre-ft per acre per month as reported from field tests of evapotranspiration
in the Edwards aquifer in the San Antonio area (Rugen and others, 1977).
Evapotranspiration, recharge, and runoff respectively compose 85, 6, and 9
percent of total precipitation.

Potential recharge enhancement

The Edwards Underground Water District implemented a recharge-enchancement
program in Medina County west of San Antonio that also may be applicable to
some degree in the Austin area. Between 1974 and 1982, the Edwards Underground
Water District constructed four dams on four small creeks within the Medina
River watershed, located within the Edwards aquifer recharge area about 75 mi
southwest of the study area. These four dams were designed to store runoff and
allow the stored water to recharge the aquifer through sinkholes underlying the
reservoirs. Annual recharge to the Edwards aquifer for three of the reservoirs
are summarized in the following table (Edwards Underground Water District,
written commun., 1983):

Reservoir site Year constructed Mean-annual recharge

(acre-ft)
Parker Creek 1974 091
Middle Verde Creek 1978 917
San Geronimo Creek 1979 758

Records are not yet available for the fourth reservoir, which was completed on
Seco Creek in 1982.

There probably are no sinkholes in the Edwards aquifer within the study
area that have the infiltration capacity of the four Medina County sites.
However, the six streams in the study area have flow-loss reaches that would
function as recharge sites in a similar manner as the sinkholes in Medina
County.

Under present (1985) unregulated conditions, storm runoff that exceeds
the maximum recharge rate for an individual creek flows beyond the recharge
area. In contrast, during low-flow conditions, the total flow in the six
creeks is less than the maximum recharge rate, and all of the flow is recharged
to the Edwards aquifer in the flow-loss reaches of the creeks. In order to
salvage the storm runoff that is not recharged to the aquifer, it would be
possible for State or local agencies to construct dams upstream from the flow-
loss reaches that would impound the storm runoff as was done by the Edwards
Underground Water District in Medina County. The stored runoff then could be
slowly released to the flow-loss reaches so that all the runoff would recharge
the Edwards aquifer within the flow-loss reaches. Because the complete elimi-
nation of streamflow in the downstream reaches of the creeks may be unaccepta-
ble for a variety of reasons, it may be possible to regulate release of the
stored storm runoff so that both significantly increased recharge to the aquifer
and some minimum streamflow in the creeks can be achieved.

Data from Williamson Creek can be used to illustrate the flow regime in

the six creeks under present unregulated conditions. On March 5, 1981, 19.0
ft3/s was flowing near the upstream boundary of the recharge area, and 6.4
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ft3/s was flowing at the downstream boundary (fig. 26). Thus, about 13 ft3/s,
which is the maximum recharge rate for the flow-10ss reach of w1111amson Creek,
was recharging the aquifer. In contrast, on May 20, 1980, 11.3 ft3/s was
flowing at the upstream boundary and discharge decreased downstream until there
was no flow in the channel at site 10, wh1ch is within the recharge area (fig.
26). Because the discharge of 11.3 ft /s was less than the maximum recharge
rate of 13 ft3/s for the entire flow-loss reach of Williamson Creek, all the
streamflow recharged the aquifer within the flow-loss reach.

As figures 29-31 show, daily-mean surface recharge varied from about 5 to
about 320 ft3/s for the periods represented and increased rapidly after precip-
itation began in the area. The flow-loss studies indicate that recharge rates
of the six creeks are fairly uniform within the flow-loss reach of an individual
creek. This results in a fairly uniform volume of recharge per mile of losing
reach.

The recharge hydrographs (figs. 29-31) show that maximum surface recharge
occurs for only short periods following heavy precipitation. This condition
exists less than 10 percent of the time; thus, over 90 percent of the time cer-
tain reaches of the creeks within the recharge area are dry. For most years,
about three to seven storms produce runoff that exceeds the maximum recharge
rate. About one-half of the time or more, total recharge is less than 20
ft3/s, and this amount occurs in the upstream part of the recharge area within
an area that represents less than one-fourth of the total recharge area. Thus
for about one-half of the time, more than three-fourths of the recharge drea is
not receiving recharge.

The large storms that produce much of the recharge generally produce much
more runoff than can be recharged. Figure 32 presents an example of surface
recharge and total runoff from the recharge area during a large storm. As this
figure shows, much more runoff is produced by large storms than is recharged to
to the aquifer. Runoff measured at gaging stations located at or near the
downstream end of the recharge area, along with monthly recharge, is presented
in table 4. The runoff from the recharge area represents that part of the
total runoff that exceeded the maximum recharge rate and, thus, did not recharge
the aquifer. From July 1979 to December 1982 the excess runoff was about
234,000 acre-ft, and the total surface recharge was about 153,000 acre-ft.

Most of the runoff leaving the recharge area is contained in two of the
six creeks--Barton and Onion Creeks. Of the 354 miZ total drainage area which
contributes to recharge, about 120 miZ is within the Barton Creek watershed,
and 166 mi2 is within the Onion Creek watershed. About 170,000 of the 234,000
acre-ft of excess runoff which occurred from July 1979 to December 1982 was
distributed almost equally between the two creeks. The maximum recharge rate
that Barton and Onion creeks can accept is also higher than that for the other
creeks. It is obvious that these two creeks could provide much more potential
recharge by enhancement than could the other creeks.

Onion Creek is the most southerly Creek in the study area (fig. 28), thus
enhanced recharge in this creek would probably raise ground-water Tlevels
between the flow-1oss reach on Onion Creek and Barton Springs as that water
moved toward the springs, thus providing wmore water available for pumpage
throughout much of the aquifer. Whereas recharge water from Barton Creek moves
eastward to Barton Springs, and because very little pumpage occurs along this
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creek, most of the enhanced recharge from this creek would probably be dis-
charged at Barton Springs, thus increasing the flow from the springs.

Local governing officials from cities in the study area are studying a
proposal to build a large reservoir on Onion Creek near the upstream end of the
recharge area. The proposed reservoir would impound more than 40,000 acre-ft
of water. Possible uses of the waters that are beiny studied are recharge
enhancement, source of water supply to the area, or botn. During July 1979 to
December 1982, about 52,000 acre-ft of recharge to the Edwards aquifer occurred
in Onion Creek (table 4). However, during this time, almost 88,000 acre-ft of
runoff occurred at the downstream end of the recharge area in Onion Creek. The
proposed reservoir would be large enough to store most of this runoff because
of the infrequent nature of the storms producing the runoff. If the outflow
were maintained at about 120 ft3 /s, the maximum recharge rate for Onion Creek,
much of this runoff would recharge the aquifer. If only one-half of this run-
off volume were converted to recharge, the total mean surface recharge, and
thus Barton Springs discharge, could probably be increased about 30 percent.
Some of the effects of this recharge enhancement on the Edwards aquifer and
costs and benefits of this reservoir are presented by Ruiz (1985).

Subsurface Recharge
Upward leakage

Water levels from wells completed in the Trinity aquifers within and near
the study area are presented in figure 33, along with the water levels and the
potentiometric surface of the Edwards aquifer in January 1981. The water levels
for wells in the Trinity aquifers were taken from George and others (1941),
DeCook and Doyel (1955), Arnow (1957), DeCook (1960), Brune and Duffin (1983),
and Slade and others (1983). Information concerning the Trinity aquifers is
presented in table 2.

West of the Mount Bonnell fault, which is the westernmost fault of the
Balcones fault zone and the western boundary of the tEdwards aquifer, the poten-
tiometric surfaces of the upper, middle, and lower Trinity aquifers are signif-
icantly different (Brune and Duffin, 1983). However, as figure 33 shows, the
water levels for many wells in the Trinity aquifers are compdarable to levels
of nearby wells in the Edwards aquifer, thus the possibility of leakage between
the aquifers exists. The data are not conclusive, because most of the wells in
the Trinity aquifers were measured only once between 1940 and 1981 and, thus,
the measurements reflect a large range in hydrologic conditions. There is
evidence, however, that water levels in the Edwards and upper Trinity aquifers
fluctuate very little.

As stated in the "Ground-Water Flow System" section of this report (and as
shown in Slade and others, 1985, fig. 4), water levels for wells in the Edwards
aquifer have fluctuated only about 2 to 15 ft in the western part of the study
area. Most of the wells in the Trinity aquifer are also in the western part of
the study area. Five of the 72 wells measured annually by the Geological Sur-
vey are developed in the upper Trinity aquifers within the Edwards outcrop
area. All of the water levels for each of the five wells are comparable to
levels of nearby wells in the Edwards aquifer. The five wells, YD-58-50-409,
LR-58-49-803, LR-58-49-805, LR-58-49-806, and LR-58-57-101 (fig. 14) had respec-
tive water-level fluctuations of 15, 11, 12, 10, and 16 ft based on 4 to 7
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Figure 33.-~-Ground-water ieveis in the Edwards and Trinity aquifers.
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measurements made of these wells from 1978 to 1982. Extreme "wet" and "dry"
conditions exist within the period of the measurments, thus the fluctuations
are probably comparable to maximum water-level changes due to hydrologic vari-
ations. These water-level fluctuations are comparable to fluctuations of
nearby wells in the Edwards aquifer (fig. 14) and indicate that water levels
change very little for wells in the upper Trinity aquifer, as in wells of the
Edwards aquifer in that area. Because water levels in the Edwards and upper
Trinity aquifers are relatively consistent, they probably can be meaningfully
compared regardless of hydrologic conditions.

Chemical analyses are available for about 140 wells developed in the
Edwards aquifer, and over 100 wells in the Trinity aquifer within and near the
study area (DeCook, 1960; Brune and Duffin, 1983; Slade and others, 1981, 1982,
1983, 1984; and Gordon and others, 1985). The results of chemical analyses for
major inorganic anions in water from selected wells (fig. 34) are evidence of
leakage from the Trinity aquifer to the Edwards aquifer. The anionic composi-
tion of solutes in water from well YD-58-50-215 is typical of most wells that
penetrate only the Edwards aquifer; about 90 percent of the anions in this
water, based on concentrations in milliequivalents per liter, represent alka-
linity (predominantly bicarbonate), and about 5 percent is sulfate. The anionic
composition of water from most wells that penetrate the upper Trinity aquifer
or the middle Trinity aquifer differs significantly from the composition of
water in the Edwards aquifer. For example, about 75 percent of the anions in
water from well YD-58-49-204, which penetrates only the upper Trinity aquifer,
is alkalinity, and about 15-20 percent is sulfate. Wells YD-58-49-112 and
YD-58-49-221 penetrate both the upper Trinity aquifer and the middle Trinity
aquifer. About 30-35 percent of the anions in water from these wells is alka-
linity, and about 60-65 percent is sulfate.

The anionic composition of solutes in several wells that penetrate only
the Edwards aquifer is atypical of water in the Edwards aquifer. About 60-70
percent of the anions in water from these wells is alkalinity, and about 25-35
percent is sulfate. This composition suggests a mixture of waters from the
Edwards and adjacent aquifers and is evidence that leakage to the Edwards
aquifer from the upper Trinity aquifer may be occurring.

Thirteen of about 140 wells in the Edwards aquifer suggest leakage from
the Trinity aquifers and include:

YD-58-42-818
YD-58-50-405
YD-58-50-407
YD-58-50-409
YD-58-50-503
YD-58-50-505

YD-58-50-805
YD-58-50-809
YD-58-50-812
YD-58-50-819
YD-58-58-407
E-43
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