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VERTICAL DATUM AND ABBREVIATIONS

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929—a geodetic datum derived from a general
adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Per mil: A unit expressing the ratio of stable-isotopic abundances of an element in a sample to those of a standard material. Per mil units are
equivalent to parts per thousand. Stable-isotopic ratios are calculated as follows:

_ ( R(sample) ]
38X (R(standard) 1 j>1.000.

where X is the name of the heavier stable isotope, and
R is the ratio of the heavier, less abundant stable isotope to the lighter stable isotope in the sample or standard.

The & values for stable-isotopic ratios discussed in this report are referenced to the following standard materials:

Element R Standard identity and reference
oxygen oxygen-18/oxygen-16 (8'%0) Vienna-Standard Mean Ocean Water
_ (Fritz and Fontes, 1980, p. 11)
hydrogen hydrogen-2/hydrogen-1 or deuterium/protium (8D) Vienna-Standard Mean Ocean Water

(Fritz and Fontes, 1980, p. 13)

Abbreviations:

km, kilometer

km?, square kilometer

m, meter

mm, millimeter

mz, square meter

m>/d, meter squared per day
m?, cubic meter

ppt. part per thousand

TU, tritium unit
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endangered species might be dependent on constant
substantial flow at springs.

The Edwards aquifer primarily consists of lime-
stone with some dolostone; however, the geologic struc-
ture and hydrostratigraphy are complex. Flow of water
recharging the aquifer is assumed to be vertical through
fractures and solution-enlarged holes or caves, or sub-
horizontal along bedding planes in the recharge or
water-table area. The horizontal movement of water
from the recharge area to the updip part of the aquifer
(freshwater zone) is not fully understood. The water in
the main freshwater part of the aquifer is confined
between overlying and underlying low permeability
strata, known as the confined zone.

Maclay and Small (1976, p. 23, table 1) defined
eight hydrostratigraphic units within the rocks that com-
pose the Edwards aquifer. Only three of the hydrostrati-
graphic units have high permeability. Most of the
horizontal flow of water occurs within the high perme-
ability layers of the aquifer. The same hydrostratigraphy
also restricts vertical flow between high permeability
layers, except where fault displacement has juxtaposed
two high permeability layers that otherwise would not
be contiguous.

Displacement of faults commonly offsets the high
permeability layers against low permeability layers.
Faults form barriers to horizontal flow where relative
displacement is about one-half or more of the total aqui-
fer thickness (Maclay and Small, 1984, p. 33). Maclay
and Land (1988, p. 39) reported that the length and loca-
tion of faults have substantial control on the discharge
at springs and on the path that water follows from
recharge to discharge.

Water from the recharge area in Medina County
and part of Uvalde County flows parallel to fault barri-
ers down into the deeper part of the confined zone to an
area where the displacement along the fault decreases to
less than about 50 percent of the total aquifer thickness
(Maclay and Land, 1988, p. 38). Where the fault dis-
placement is minimal, the water then moves around the
barrier and flows toward the springs to the northeast, or
is withdrawn by wells. In most of Bexar County and in
all of Comal and Hays Counties, water in the aquifer
flows generally parallel to faults (Maclay and Land,
1988, p. 20).

Proper development and protection of the
ground-water resources depends on full understanding
of the aquifer, including detailed knowledge of the dis-
tribution and movement of water within the aquifer. The
U.S. Geological Survey (USGS), in cooperation with

the San Antonio Water System, conducted a study to
determine the major paths of ground water flowing in
the San Antonio region.

Purpose and Scope

This report describes the major hydrogeologic
factors that affect the pattern of flow in the Edwards
aquifer and determines whether the flowpaths can be
used to improve understanding of hydraulic and chemi-
cal gradients within selected zones of the aquifer.

The major objectives of the study were to obtain
a detailed analysis of the hydrogeology, including the
geologic structure and three-dimensional geometry of
the Edwards aquifer and an analysis of the water levels
and geochemistry along two selected flowpaths. The
specific objectives of the report are: (1) to understand
the hydrogeologic, structural, and stratigraphic charac-
teristics of the Edwards aquifer and their effects on the
flow of water; and (2) to interpret historical or current
data within the framework of two major flowpaths
delineated by previous studies.

The scope of this report covers the San Antonio
region. The data used in this report were compiled pri-
marily from previous investigations. Also, wells were
sampled during the study and analyzed for concentra-
tions of volatile organic compounds to trace the move-
ment of recent recharge.

Methods of Investigation

Geologic data for the Edwards aquifer were
obtained from previous investigations (Maclay and
Small, 1976, 1984). Recharge estimates for 1982—89
were analyzed for each river or stream basin in the
recharge area. The analyses of the recharge estimates
helped determine the spatial and temporal distribution
of recharge to the aquifer. The geologic data were com-
piled, checked, and edited for accuracy of location.
The data then were entered into a spatial database/
geographic information system (ARC/INFO) for verifi-
cation and storage. Land-surface data were compiled
from digital elevation models and digitized elevations
were selected from U.S. Geological Survey 7-1/2-
minute quadrangles. The geologic data and land-surface
elevation data then were transferred to a contouring and
graphic computer program.

A computer-based, geologic-surface modeling
system was used to generate geologic-structure surfaces
for the top of the Edwards aquifer from 1,818 verified
data points. The number of control data points for the
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base of the aquifer were not as numerous as for the top
of the aquifer. ARC/INFO was used to estimate values
for all 1,818 data points used for the top surface from
aquifer thickness determined at wells that penetrated the
entire aquifer. These geologic-structure surfaces were
verified for accuracy and consistency. Land-surface
data were used to generate the outcrop of the Edwards
aquifer. Geologic sections from Small (1986) were used
to verify the accuracy and consistency of the data and to
generate surfaces for the base, top, and outcrop of the
aquifer.

Flowpaths in the Edwards aquifer were deter-
mined on the basis of geologic-surface-modeling
analysis and work by Maclay and Land (1988). Two
major flowpaths were selected for this study. Using
computer-generated geologic surfaces, hydrogeologic
sections were drawn along the center lines and also
across the selected flowpaths. Available water-level
data were plotted and contoured to help determine if
the water-level gradient could be better understood
when interpreted along the selected flowpaths. Major
dissolved-ion concentrations along the selected flow-
paths were used to determine any substantial geo-
chemical changes of water in the aquifer. Tritium
concentrations were used to help trace movement of
water along a flowpath.

Data were interpreted from wells completed in
the confined zone of the Edwards aquifer (Maclay and
Small, 1976, 1984); therefore, the hydrostratigraphic
definitions apply to the confined zone only. Unlike the
confined zone, the outcrop of the Edwards aquifer
recharge area has been subjected to more physical and
chemical weathering. One of the selected flowpaths lies
almost entirely within the recharge area. Therefore, it
was necessary to determine if the hydrostratigraphy and
fault-barrier concepts of the confined zone also apply to
the recharge area. To better define the hydrostratigraphy
and fault displacement in and near the recharge area,
hydrostratigraphic units of Maclay and Small (1984),
karst or karst-related features and faults, and associated
displacements were mapped in the Edwards aquifer
recharge area in Bexar County. Many of the faults in the
Edwards aquifer area have displacement of 50 percent
or more of the total aquifer thickness across the fault
surface Maclay and Small (1984).

Selected wells and lakes in or near the study area
were sampled early in the study to determine the utility
of stable isotopes of oxygen and hydrogen in the water
samples for tracing water movement. Historical water-
level measurements of wells completed in the Edwards

aquifer and historical and recent water-chemistry data
were examined to improve understanding of the pat-
terns of water movement from the Edwards aquifer
recharge area. To help refine the flowpaths, 43 wells
were sampled for volatile organic compound concentra-
tions to determine their utility for tracing water move-
ment within the selected flowpaths.

Well-Numbering System

The well-numbering system in Texas was devel-
oped by the Texas Water Development Board for use
throughout the State. Under this system, each 1-degree
quadrangle was given a two-digit number from 01 to 89.
These are the first two digits of the well number. Each
1-degree quadrangle is divided into 7—1/2-minute quad-
rangles (similar to the 1:24,000 topographic quadrangle
sheets), and each 7-1/2-minute quadrangle is assigned
another two-digit number from 01 to 64. These are the
third and fourth digits of the well identification number.
Each 7—1/2-minute quadrangle is divided into 2—1/2-
minute quadrangles numbered 1 through 9 for the fifth
digit of the well number. As each well within a 2—1/2-
minute quadrangle is inventoried (beginning about
1965), a number from 01 to 99 is appended to the one-
digit 2—1/2-minute quadrangle for the last three digits of
the well number.

In addition, each county in Texas is assigned a
unique two-letter code. The county code is placed at the
beginning of the well number. In the San Antonio
region, the two-letter county codes include: AY, Bexar;
DX, Comal; LR, Hays; RP, Kinney; TD, Medina; and
YP, Uvalde.
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HYDROGEOLOGIC FRAMEWORK
Geology

The geologic formations that crop out in the ,
Edwards aquifer are shown in figure 2. The stratigraph-
ically equivalent units that compose the Edwards aqui-
fer are the Kainer and Person Formations and overlying
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Table 2. Estimated monthly recharge to the Edwards aquifer for Nueces-West Nueces River Basin, San Antonio region, Texas,

1982-89'
) Diffuse Other Streamflow
Month Year lfe_t recharge estimate nfiltration direct recharge nto recharge basin  Out of recharge basin
(millions of cubic meters)
(Percentage of net recharge estimate for month)
May 1982 3.7 440 89 360 780
May 1983 73 49 8.4 62 20
June 1983 20 24 1.8 95 21
September 1983 10 78 5.0 28 12
November 1983 19 66 23 21 9.6
October 1984 7.5 80 13 20 14
November 1984 14 68 12 25 4.8
January 1985 6.6 380 230 240 760
March 1985 25 79 12 56 47
June 1985 9.6 40 17 76 33
July 1985 11 49 25 81 56
November 1985 28 80 15 28 23
February 1986 7.6 40 2.6 87 30
May 1986 41 88 1.7 14 4.5
June 1986 26 67 6.6 55 28
September 1986 50 84 16 8.6 9.1
October 1986 43 100 29 61 94
November 1986 24 92 14 95 100
December 1986 26 85 7.1 68 60
January 1987 30 84 43 67 55
February 1987 14 62 4.2 100 71
March 1987 17 69 6.0 97 72
April 1987 15 62 44 100 67
May 1987 27 100 79 190 270
June 1987 250 92 25 49 66
September 1987 23 81 30 210 220
December 1987 3.6 130 7.6 320 360
May 1988 74 60 4.1 82 46
June 1988 21 65 7.9 43 15
July 1988 14 34 5.0 100 4]
August 1988 8.7 50 i 92 43
September 1988 9.2 68 3.0 60 31
January 1989 14 77 3.6 36 16
February 1989 9.2 53 25 65 20
March 1989 7.6 35 1.7 88 25
May 1989 6.4 50 1.6 73 24
November 1989 14 63 7.2 35 5.3

| Recharge estimates are only for those months that had sufficient precipitation to compute storm runoff.
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Table 3. Estimated monthly recharge to the Edwards aquifer for Hondo Creek Basin, San Antonio region, Texas, 1982—89'

Diffuse Other Streamflow

Net recharge estimate

Month Year infiltration direct recharge Into recharge basin  Out of recharge basin

(millions of cubic meters)
(Percentage of net recharge estimate for month)

May 1982 11 a 24 2 0
March 1983 3.0 59 16 25 0
May 1983 35 45 36 20 i
June 1983 4.5 52 67 48 68
November 1983 1.4 34 20 45 0
January 1985 12 40 40 22 1.9
March 1985 9.9 27 30 45 2.0
May 1985 i1 27 48 40 14
October 1985 6.9 57 44 14 15
December 1985 39 24 11 64 0
May 1986 2.2 31 8.8 60 0
June 1986 6.2 42 50 42 34
September 1986 2.7 30 5.4 64 0
October 1986 9.2 38 39 32 8.7
November 1986 6.0 19 6.4 74 0
December 1986 13 38 28 44 11
March 1987 12 31 13 56 0
May 1987 14 15 120 220 250
June 1987 77 50 51 100 100
August 1987 33 20 2.0 78 0
November 1987 1.6 32 7.1 61 0
December 1987 1.6 34 8.0 58 0
July 1988 31 17 16 74 6.2
September 1988 8 32 6.0 62 0
October 1989 2.0 44 18 38 0

! Recharge estimates are only for those months that had sufficient precipitation to compute storm runoff.

Table 4. Edwards aquifer annual net recharge, direct recharge, and diffuse infiltration for Nueces-West Nueces River and
Hondo Creek Basins, San Antonio region, Texas, 1982—89

[Annual net recharge is the estimated recharge for the year; direct recharge is the sum of diffuse infiltration and other direct recharge
(floodflow and base flow)]

Annual net Direct Diffuse Annual net Direct Diffuse
Year recharge recharge infiltration recharge recharge infiltration
(millions of (millions of (percentage of (millions of (millions of (percentage of
cubic meters) cubic meters) net recharge) cubic meters) cubic meters) net recharge)
Nueces-West Nueces River Basin Hondo Creek Basin
1982 24 37 15 17 4.8 28
1983 98 29 30 18 6.2 34
1984 40 15 38 3.7 0 0
1985 100 59 59 61 15 25
1986 230 190 83 47 14 30
1987 380 330 87 140 46 33
1988 73 33 45 8.2 .8 10
1989 65 30 46 5.0 9 18
Cumulative 1,000 690 69 300 88 29
recharge for
198289
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water in the recharge area. Inferring that much of the
Edwards aquifer recharge typically is spread over most
of the recharge area, and only in dry periods is the
recharge restricted to the stream channels, implies that
tracing water through the recharge area and then toward
discharge areas is complex.

Internal Flow Boundaries

After recharge enters the subsurface, factors such
as bedding planes, dissolution porosity, and fractures
and faults can affect the movement of water in the
Edwards aquifer. Caves comprise a wide range of sizes
of dissolution porosity. Veni (1988) reported that few
caves in the outcrop area in Bexar County appear to
have developed along faults. Veni (1988) also reported
that caves did appear to have developed along fractures
and concluded that there were sufficient fractures to
account for the abundance of caves and other karst fea-
tures. Many caves and sinkholes in the outcrop area are
short pathways for recharge to the Edwards aquifer.

Recharge occurs more frequently in western
Medina and northern Uvalde Counties where there are
fewer faults than in Comal and Hays Counties where the
aquifer is intensively faulted (fig. 9) and where precipi-
tation, on the average, is greater (Carr, 1967). Part of the
discrepancy in recharge from west to east results from
the smaller area of outcrop and deeper entrenchment of
streams in the eastern area. Therefore, the lack of cave
development along faults and the disparity in recharge
from west to east imply that it is likely that faults in the
outcrop area and, by inference, the confined zone, gen-
erally are not vertical pathways for water movement.
Exceptions exist where fault displacement juxtaposes
permeable layers of the Edwards aquifer against perme-
able Austin Chalk layers where the Austin Chalk lies at
or near land surface. Major springs are present at all
known exceptions.

Fault surfaces in the Edwards aquifer typically
are impermeable to vertical water movement; other-
wise, the faults probably would provide pathways for
water to flow into adjacent aquifers or to land surface.
These conditions are not observed at most faults that are
lateral flow barriers. Some faults that are not near
springs might provide vertical or horizontal flowpaths
because of the possibility of narrow breccia zones along
the fault surface that might be inherently more perme-
able or more susceptible to dissolution than the sur-
rounding rocks (T.A. Small, U.S. Geological Survey,
oral commun., 1986).

Location and Rate of Spring Discharge

The last two factors that influence the direction of
flow in the Edwards aquifer are the location and rate of
flow to points of discharge. Although one-half or more
of the discharge from the aquifer is withdrawals from
wells (Nalley and Thomas, 1990), the springs have
existed for a much longer time and have had a greater
effect on developing the flow patterns than the wells.
Geologic and hydrologic factors are less important for
well location than for natural outlets, thus the wells are
more evenly distributed over most of the aquifer area
than the natural outlets. Therefore, the springs and
springflow, rather than well withdrawals, are empha-
sized as major regional controls of flow direction even
though wells will continue to have an increasingly
important effect on local flow directions.

The rocks forming the Edwards aquifer are
impermeable and do not allow substantial water flow,
except where secondary dissolution porosity exists
(Maclay and Small, 1984). Most secondary porosity
occurs within stratigraphically limited layers (Maclay
and Small, 1984). Vertical movement is limited, espe-
cially in the confined zone. Most natural discharge from
the aquifer is through a few large springs (fig. 8). To an
uncertain extent, the locations of these springs are deter-
mined by the locations of faults with large displace-
ments. According to Woodruff (1977), one or more of
these springs have been near their present location since
about the Miocene Epoch. During the Miocene Epoch,
movement along many of the faults in the area began or
recurred (Weeks, 1945).

A negligible quantity of water (Maclay and Land,
1988) in the Edwards aquifer probably moves into
overlying confining units by diffuse upward leakage.
Ground water in the Edwards aquifer also moves into
overlying aquifers where they have been laterally juxta-
posed by fault displacement. Flow into these overlying
aquifers and to land surface occurs at most of the major
springs. Other than major springs, subsurface discharge
from the Edwards aquifer probably is negligible.

San Antonio and San Pedro Springs

San Antonio and San Pedro Springs (fig. 8) rise
along the downdip edges of the Alamo Heights horst
(pl. 3, block 3b). The Alamo Heights horst was dis-
placed upward with respect to the surrounding area,
juxtaposing impermeable older rocks in the lower part
of the horst block against the highly permeable layers
of the Edwards aquifer surrounding the block. The
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impermeable older rocks are either nonporous layers of
the Edwards aquifer or, more likely, the Glen Rose
Limestone. The displacement of the Alamo Heights
horst. relative to the lower permeable layers of the aqui-
fer, is about 140 m at the southwestern corner and much
less toward the northeast.

The exact flowpath between the Edwards aquifer
and San Antonio and San Pedro Springs is uncertain.
The flowpath might be a circuitous route, zigzagging
between permeable layers in the Edwards aquifer and
permeable layers in the Austin Chalk until the water dis-
charges at land surface. Allan (1989) described fault-
related fluid movement in oil-containing aquifers where
oil, because of buoyancy eftects, can follow such a zig-
zag path to an overlying geologic structure where the oil
accumulates. Lateral juxtaposition of permeable [ayers
of two or more aquifers could develop a similar path for
water with sufficient hydraulic-head gradient to reach
land surface.

The Austin Chalk and the Edwards aquifer might
be hydrologically connected by juxtaposition at faults,
such as the southwestern corner of the Alamo Heights
horst. Livingston and others (1936, p. 70) reported that
wells tapping the Austin Chalk aquifer are known to
fluctuate in unison with the Edwards aquifer, especially
near faults. Hydraulic continuity between the Austin
Chalk aquifer and the Edwards aquifer implies that
water takes a tortuous path from the Edwards aquifer
within the horst, then through the Austin Chalk aquifer
to land surface. San Pedro and San Antonio Springs
issue from faults that have Austin Chalk at land surface
on the downthrown side. An alternative hypothesis is
that flow might simply move upward through a near-
vertical conduit from the Edwards aquifer to the surface
with little or no hydrologic involvement of the Austin
Chalk aquifer. Available data are insufficient to deter-
mine the validity of either hypothesis.

Comal and San Marcos Springs

The two largest springs, Comal and San Marcos
(fig. 8), account for most of the natural discharge from
the Edwards aquifer, but they appear to be unrelated to
blockage by upthrown fault blocks like San Antonio
and San Pedro Springs. However, the faults where both
sets of springs issue have substantial displacements
(thickness of the aquifer or greater), and Austin Chalk
lies at or near land surface near the springs (Small,
1986, figs. 3, 4). An unnamed fault intersects the Comal
Springs fault at an acute angle. The intersection of these

two faults might be important in creating an obstruction,
or zigzag pathway between juxtaposed permeable lay-
ers and aquifers to land surface near the spring orifices
(R.W. Maclay, retired, U.S. Geological Survey, oral
commun., 1987). Not all of the flow in the narrow con-
fined freshwater zone (pl. 3, block 4b) in Comal County
is discharged at Comal Springs. One-half or more of the
flow at San Marcos Springs flows past Comal Springs
from the southwest (Pearson and others, 1975; Puente,
1976).

A hypothesis for the existence of San Marcos
Springs, caused by fault displacement and juxtaposition
of the Edwards and Austin Chalk aquifers, is supported
by a series of structural features east-northeast of the
spring orifices. Two fault blocks formed by the Comal
Springs fault, the San Marcos Springs fault, and a major
fault immediately west-northwest from the San Marcos
Springs fault (pl. 3. block 4a), plunge downward to the
east-northeast into the subsurface. Also, another series
of faults through the Edwards aquifer in Hays County
translate to the northwest just north-northeast of the San
Marcos Springs (Grimshaw and Woodruff, 1986, p. 72).
This is shown by the northward offset of the outcrop
area of the Kainer and Person Formations in central and
northern Hays County (pls. 1, 2).

Leona Springs

Leona Springs near Uvalde (fig. 8) is a series of
small seeps that might or might not be associated with
faults. Many subsurface plugs of igneous rock breach
the Edwards aquifer over most of southern Uvalde
County, especially in the Leona Springs area. The low
permeability of these plugs could obstruct flow to the
east. The Devils River Limestone, Salmon Peak,
McKnight, and West Nueces Formations that compose
the Edwards aquifer in Uvalde County lie close to land
surface in south-central Uvalde County. In some areas,
the formations form domes that penetrate the overlying
rocks and expose the formations at land surface (pl. 3,
block 1a).

Leona Springs is near the southern end of an
inferred structural ridge in the subsurface formations
southeast and east of Uvalde known as the Uvalde
salient (Welder and Reeves, 1964, p. 27). Overlying the
Uvalde salient, the upper confining unit—Eagle Ford
Group, Buda Limestone, and Del Rio Clay (fig. 3)—is
discontinuous or absent locally. The area also is over-
lain by the Leona Formation (fig. 2) that yields large
quantities of water to wells in parts of Uvalde County,
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Table 6. Selected properties and constituents of water samples from four wells in the western Medina flowpath in the Edwards

aquifer, San Antonio region, Texas

[Specific conductance, microsiemens per centimeter at 25 degrees Celsius; pH. standard units; nc, not calculated; temperature, degrees
Celsius; all other units in milligrams per liter]

Property or No. of . Standard Standard - . First Third
. Mean Median o, Minimum Maximum . .
constituent samples deviation error of mean quartile  quartile
TD-68-41-303 (1972-90)
Specific conductance 19 480 480 10 5 440 500 470 490
pH 19 nc 7.2 nc nc 6.7 7.6 nc nc
Temperature 19 23.8 24.0 3 .1 23.0 24.5 23.5 24.0
Calcium, dissolved 18 69 69 14 3 66 71 68 70
Magnesium, dissolved 18 15 15 7 2 14 16 15 16
Sodium, dissolved 17 89 8.6 7 2 79 10 8.4 94
Potassium, dissolved 17 1.1 1.1 .1 0 9 1.2 1.1 1.1
Alkalinity as CaCO; 18 205 205 3.1 7 200 210 204 206
Sulfate, dissolved 18 16 16 2.1 5 13 23 16 17
Chloride, dissolved 19 19 19 1.6 4 14 22 18 19
TD-69-29-901 (1976-90)
Specific conductance 7 490 460 60 20 450 610 460 480
pH 7 nc 7.1 nc nc 6.9 7.4 nc nc
Temperature 7 22.7 23.0 7 3 21.5 23.7 22.0 23.1
Calcium, dissolved 7 87 84 10 4.0 79 110 81 87
Magnesium, dissolved 7 7.3 7.0 1.3 5 57 10 6.8 7.5
Sodium, dissolved 7 6.1 5.6 1.7 i 4.7 10 54 59
Potassium, dissolved 7 9 9 1 0 7 I.1 7 1.0
Alkalinity as CaCOxy 6 224 222 9.4 3.8 213 240 218 232
Suifate, dissolved 7 13 13 3.9 1.5 7.2 19 10 16
Chloride, dissolved 7 15 8.7 17 6.3 7.7 53 7.8 12
TD-69-37-302 (1975-90)
Specific conductance 8 500 500 20 10 480 550 480 530
pH 8 nc 7.2 nc nc 6.9 7.4 nc nc
Temperature 8 23.0 22.8 1.4 5 21.5 26.0 22.0 234
Calcium, dissolved 8 81 80 8.2 29 72 98 74 84
Magnesium, dissolved 8 13 14 1.6 .6 9.9 14 1 14
Sodium, dissolved 8 7.6 7.4 1.0 3 6.6 9.3 6.8 8.5
Potassium, dissolved 8 1.1 1.1 1 0 1.0 1.2 1.0 1.2
Alkalinity as CaCO4 8 221 220 11 39 208 244 212 224
Sulfate, dissolved 8 20 21 35 1.2 16 26 16 23
Chloride, dissolved 8 12 12 1.9 7 10 15 10 14
YP-69-45-405 (1979-90)
Specific conductance 8 480 480 10 4 460 490 480 490
pH 8 nc 7.2 nc nc 7.0 7.4 nc nc
Temperature 8 22.7 22.8 3 .1 224 23.0 225 23.0
Calcium, dissolved 8 72 72 2.1 7 67 74 71 73
Magnesium, dissolved 8 14 14 5 2 14 15 14 15
Sodium, dissolved 8 7.8 7.6 6 2 6.9 9.1 7.4 8.1
Potassium, dissolved 8 1.1 1.1 0 0 1.0 1.1 1.0 1.1
Alkalinity as CaCOx 7 210 210 2.4 9 206 213 210 213
Sulfate, dissolved 8 19 19 2.5 9 16 23 16 21
Chloride, dissolved 8 13 13 .6 2 12 14 13 14
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Table 7. Selected properties and constituents of water samples from seven wells in the eastern flowpath in the Edwards

aquifer, San Antonio region, Texas

[Specific conductance, microsiemens per centimeter at 25 degrees Celsius; pH. standard units; nc, not calculated; temperature, degrees
Celsius: all other units in milligrams per liter]

Property or No. of i Standard Standard - . First Third
R Mean Median . Minimum Maximum | .
constituent samples deviation error of mean quartile  quartile
AY—68-28-903 (1968-90)
Specific conductance 33 710 700 70 10 560 910 670 740
pH 32 ne 7.0 nc nc 6.6 7.5 nc nc
Temperature 3 22.0 220 4 .1 21.2 23.0 21.7 224
Calcium, dissolved 23 115 110 13 2.6 91 140 110 120
Magnesium, dissolved 23 13 13 1.0 2 11 14 12 13
Sodium, dissolved 22 22 21 7.1 1.5 5.4 38 18 25
Potassium, dissolved 22 1.7 1.6 3 Bl 1.2 2.5 1.5 1.8
Alkalinity as CaCO; 28 322 320 32 6.0 258 399 304 334
Sulfate, dissolved 23 23 22 4.2 9 15 34 21 26
Chloride, dissolved 23 24 23 5.4 1.1 14 35 21 26
AY-—68-29-109 (1973-90)
Specific conductance 17 580 580 20 50 540 620 560 590
pH 15 nc 6.9 nc nc 6.5 7.4 nc nc
Temperature 17 230 23.0 3 1 22.5 235 230 23.1
Calcium, dissolved 14 101 100 6.0 1.6 88 110 98 102
Magnesium, dissolved 14 11 10 2.1 .5 9.9 17 10 11
Sodium, dissolved 14 8.0 8.0 1.3 3 6.3 11 6.9 8.9
Potassium, dissolved 14 .8 .8 .1 0 v 9 7 8
Alkalinity as CaCO3 15 279 279 8.1 2.1 270 295 271 287
Sulfate, dissolved 14 83 8.2 2.3 .6 2.0 11 7.2 10
Chloride, dissolved 14 5 14 2.8 7 11 21 13 17
AY—68-29-303 (1972-90)
Specific conductance 17 520 520 30 10 460 560 490 550
pH 17 nc 6.9 nc nc 6.7 7.5 nc nc
Temperature 17 224 224 4 .1 22.0 235 220 22.8
Calcium, dissolved 15 92 92 5.2 1.3 79 100 89 95
Magnesium, dissolved 15 9.1 89 1.8 5 6.6 12 7.4 L1
Sodium, dissolved 15 4.8 4.7 4 1 42 5.8 4.5 5.1
Potassium, dissolved 15 9 .9 3 .1 i 1.8 .8 9
Alkalinity as CaCO4 16 246 253 27 6.8 200 276 220 270
Sulfate, dissolved 15 11 10 4.6 1.2 1.0 18 8.7 14
Chloride, dissolved 15 9.1 8.9 2.3 .6 5.5 15 7.8 9.7
AY—68-29-401 (1968-90)
Specific conductance 13 560 550 20 10 520 610 540 560
pH 12 nc 7.0 nc nc 6.8 7.7 nc nc
Temperature 13 235 23.5 .5 .1 23.0 24.8 232 23.5
Calcium, dissolved 12 91 88 8.8 2.5 78 110 85 99
Magnesium, dissolved 12 15 16 32 9 8.9 20 12 17
Sodium, dissolved 12 6.8 6.4 1.0 3 5.7 8.6 6.1 7.9
Potassium, dissolved 12 .8 8 N (4] .6 1.1 .8 .9
Alkalinity as CaCOs5 12 273 271 7.6 2.2 260 287 268 280
Sulfate, dissolved 12 10 9.6 3.8 1.1 6.6 21 7.6 11
Chloride, dissolved 12 12 11 2.7 8 8.5 18 10 14
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Table 7. Selected properties and constituents of water samples from seven wells in the eastern flowpath in the Edwards

aquifer, San Antonio region, Texas—Continued

Property or No. of . Standard Standard . First Third
. Mean Median o, Minimum Maximum B X
constituent samples deviation error of mean quartile  quartile
AY—68-29-405 (1968-90)
Specific conductance 10 610 610 30 10 570 660 590 640
pH 10 nc 7.0 nc nc 6.8 7.6 nc nc
Temperature 10 23.4 23.2 2 225 24.5 229 24.0
Calcium, dissolved 9 106 110 8. 2.9 90 120 100 110
Magnesium, dissolved 9 11 11 2 9.9 11 10 11
Sodium, dissolved 9 10 10 2 8.6 11 9.8 10
Potassium, dissolved 9 1.5 1.5 . 0 1.2 1.8 1.4 1.6
Alkalinity as CaCO;3 9 288 287 17 5.7 253 31t 281 302
Sulfate, dissolved 9 15 15 2.1 7 13 19 13 17
Chloride, dissolved 9 15 14 2.2 8 12 20 14 16
AY—68-29-503 (1968-90)
Specific conductance 6 540 540 7 3 531 550 532 545
pH 6 nc 74 nc nc 6.9 7.6 nc nc
Temperature 5 229 23.0 4 215 24.0 222 235
Calcium, dissolved 6 96 96 3.0 1.2 90 98 94 98
Magnesium, dissolved 6 11 11 2 11 12 11 12
Sodium, dissolved 3 4.5 4.4 1 44 4.6 4.4 4.6
Potassium, dissolved 3 8 7 .1 7 1.0 7 1.0
Alkalinity as CaCO;y 6 275 277 6.5 2.6 262 279 272 279
Sulfate, dissolved 6 5.0 4.8 3 44 6.1 44 5.7
Chloride, dissolved 6 7.1 7.1 2 6.6 7.6 6.8 7.4
AY—68-30-102 (1971-90)
Specific conductance 5 510 510 10 5 490 520 500 S10
pH 5 nc 7.0 nc nc 6.9 7.4 nc nc
Temperature 5 224 22.5 .1 220 225 22.2 22.5
Calcium, dissolved 5 91 90 2.3 1.0 88 94 89 93
Magnesium, dissolved 5 6.9 6.8 3 6.3 8.0 6.4 7.4
Sodium, dissolved 4 6.5 6.4 2 6.2 7.0 6.2 6.9
Potassium, dissolved 4 9 9 . 0 8 1.0 .8 1.0
Alkalinity as CaCO3 5 219 223 8.8 39 208 230 210 226
Sulfate, dissolved 5 25 24 6.0 2.7 18 32 20 31
Chloride, dissolved 6 11 11 3 10 12 11 12

zone. These well samples were considered representa-
tive of recharge water chemistry.

A series of boxplots indicating summary statistics
for specific conductance, dissolved calcium, dissolved
magnesium, alkalinity, dissolved sulfate, and dissolved
chloride for well samples is shown in figure 20. The
data in the boxplots are presented from left (recharge
area) to right (down along the western Medina flow-
path) indicating relative positions along the flowpath.
Boxplots of all the analyses for Comal Springs (1968—

90) are shown to represent the water chemistry at the
distal end of the flowpath.

Dissolved calcium and alkalinity concentrations
decrease down the western Medina flowpath, while dis-
solved magnesium concentrations increase (fig. 20).
Specific conductance remains about the same along the
flowpath. Data from the two shallowest wells (TD—69—
29901 and TD—69-37-302) plot somewhat close
together (fig. 20) and do not represent a progression
away from the recharge area but rather similar points
along two parallel flow [ines down the path. The two
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Table 8. Selected properties and constituents of water samples from three Edwards aquifer springs, San Antonio region, Texas

[Specific conductance, microsiemens per centimeter at 25 degrees Celsius; pH, standard units; nc, not calculated; temperature, degrees
Celsius; all other units in milligrams per liter]

Property or No. of . Standard Standard . 3 First Third
. Mean Median o Minimum Maximum . N
constituent samples deviation error of mean quartile  quartile
Comal Springs (1968-90)
Specific conductance 36 527 528 20 5 480 560 520 540
pH 36 nc 72 nc nc 6.5 7.6 ne nc
Temperature 33 23.4 23.5 4 1 23.0 24.5 23.0 23.5
Calcium, dissolved 29 79 79 1.9 4 75 82 78 80
Magnesium, dissolved 29 16 16 4 .1 15 17 16 16
Sodium, dissolved 25 9.0 9.2 7 .1 7.6 10 8.4 9.5
Potassium, dissolved 25 1.4 14 .1 1.2 1.6 1.3 14
Alkalinity as CaCO;5 35 235 233 12.7 2.2 212 300 230 238
Sulfate, dissolved 34 24 23 2.8 5 17 35 23 24
Chloride, dissolved 34 14 14 1.6 3 11 19 13 15
Hueco Springs (1968-90)
Specific conductance 19 580 580 30 10 490 600 560 580
pH 18 nc 6.9 nc nc 6.5 7.4 ne ne
Temperature 18 21.5 21.5 .6 .1 20.0 22.5 21.0 22.0
Calcium, dissolved 19 96 97 6.4 1.5 80 110 93 100
Magnesium, dissolved 19 13 13 24 .6 9.3 18 11 15
Sodium, dissolved 18 7.5 7.6 8 2 5.2 9.0 7.2 8.1
Potassium, dissolved 18 1.3 1.3 .1 0 1.1 1.5 1.2 1.4
Alkalinity as CaCO, 18 273 273 114 2.7 238 286 270 282
Sulfate, dissolved 19 15 15 34 9.7 22 14 18
Chloride, dissolved 19 12 11 1.6 4 9.7 16 11 13
San Marcos Springs (1968-90)

Specific conductance 24 570 580 20 5 510 610 570 580
pH 23 nc 7.1 nc nc 6.5 7.6 nc nec
Temperature 21 21.8 22.0 4 .1 21.0 23.0 21.5 22.0
Calcium, dissolved 20 84 84 2.5 6 79 90 82 86
Magnesium, dissolved 20 18 18 8 2 17 20 18 19
Sodium, dissolved 18 1 11 11 2 9.2 13 10 1
Potassium, dissolved 18 1.6 1.5 2 0 1.4 2.0 1.5 1.7
Alkalinity as CaCO; 24 254 253 6.1 1.2 246 267 250 259
Sulfate, dissolved 24 24 24 2.2 5 18 29 22 25
Chloride, dissolved 24 19 19 1.6 3 16 22 17 20
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SPECIFIC CONDUCTANCE, IN MICROSIEMENS
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wells in the Edwards aquifer western Medina flowpath area and from Comal Springs, San Antonio region, Texas,

1968-90.
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Table 9. Saturation indices for calcite and dolomite average composition in water samples from selected wells in the western
Medina and eastern flowpaths in the Edwards aquifer, San Antonio region, Texas

Well no. No. of samples Saturation index' for calcite  Saturation index' for dolomite
Western Medina flowpath
TD—69-29-901 -0.01 -0.79
TD—69-37-302 .10 -.27
YP-69-45-405 -.02 -43
TD—68-41-303 19 -.04 -40
Eastern flowpath
AY-68-28-903 23 .10 -45
AY—68-29-109 14 -.07 -.76
AY—-68-29-303 15 -13 -.95
AY-68-29-401 12 -.01 -48
AY—68-29-405 10 .05 : -.57
AY—-68-29-503 35 .10
AY—-68-30-102 5 -.12 -1.04

! Saturation index is defined as the logarithm of the ratio of activity product of ionic species to the equilibrium solubility constant for
the selected mineral at a specific temperature. Because of uncertainty associated with the analyses, especially pH measurements, saturation
for calcite ranges from -0.10 to 0.10 and for dolomite ranges from -0.20 to 0.20.

deepest or most distant wells—YP—69-45-405 and
TD-68—41-303——-show the smallest distribution of
dissolved calcium, dissolved magnesium, and alkalinity
concentrations. As water moves along the western
Medina flowpath, the concentrations of these three ions
might become more closely equilibrated with calcite
(CaCOs3) and dolomite (CaMg(CO3),) as the geochem-
ical environment becomes more stable and the temper-
ature increases slightly. The saturation indices of the
mean concentration data are listed in table 9. Calcite is
at saturation concentration and dolomite is below satu-
ration concentration for all sample means.

Dedolomitization is a process whereby calcite
precipitates as magnesium dissolves. The hypothesis of
dedolomitization contends that as dolomite dissolves, it
releases calcium, magnesium, and bicarbonations; the
increased amount of calcium and bicarbonate in solu-
tion causes the solution to become supersaturated with
respect to calcium and, thus calcium precipitates. Dis-
solved magnesium would increase relative to dissolved
calcium along the flowpath.

The dissolution of gypsum (CaSO4*2H,0) or
anhydrite (CaSQy) is assumed to cause substantial
amounts of dedolomitization in carbonate aquifers
similar to the Edwards aquifer (Deike, 1990). A trend
of decreasing dissolved sulfate for three of the wells

(fig. 20) indicates that dissolution of gypsum or anhy-
drite probably is not involved in the presumed dedolo-
mitization reaction. Rightmire and others (1974) and
Rye and others (1981) determined that the sulfate in the
Edwards aquifer freshwater zone entered the aquifer
with the recharge water, and that the sulfate is from a
distant gypsum rock source transported by wind from
west Texas. Therefore, it is unlikely that gypsum or
anhydrite dissolution is occurring, or that it drives the
dedolomitization process in the freshwater zone.

Available data are insufficient to determine if the
bulk chemical or mineralogical composition of the
Edwards aquifer varies along the flowpath, and the
water-chemistry data alone are not sufficient to confirm
that dedolomitization occurs along the flowpath. The
water-chemistry data also are not sufficient to confirm
that water flows from the recharge area along the lines
of these wells toward a distant discharge point.

Specific conductance is constant along the flow-
path, and dissolved sulfate data indicate no consistent
trend. The magnitude of the mass transfer between
dolomite and calcite probably is so small that the dis-
solved uranium species studied by Cowart (1980) were
not affected substantially. The data set for those wells
sampled five or more times during 1968—90 also indi-
cates no identifiable trend over time.

Hydrogeologic Factors that Affect the Flowpath of Water in Selected Zones of the Edwards Aquifer, San Antonio Region, Texas
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HYDROGEOLOGIC CHARACTERISTICS OF SELECTED FLOWPATHS OF WATER IN THE EDWARDS AQUIFER



the Edwards aquifer. The condition is possible because
the flow system in the Edwards aquifer between the
southern boundary of the eastern flowpath and the
Alamo Heights horst area is dominated by uncontami-
nated water moving from the west. If the physical bar-
rier is effective and water levels should decline
substantially, then water from the contaminated section
of the eastern flowpath would be less likely to move
south into the area where most public water-supply
wells are located than if there were no physical barrier.

SUMMARY AND CONCLUSIONS

The Edwards aquifer supplies drinking water for
more than 1 million people in south-central Texas. The
aquifer primarily consists of limestone with some dolo-
stone. Flow of water recharging the aquifer is assumed
to be vertical through fractures and solution-enlarged
holes or caves or subhorizontal along bedding planes in
the recharge area. Faults form barriers to horizontal
flow where relative displacement is about one-half or
more of total aquifer thickness. Stratigraphic, structural,
hydrologic, and geochemical data were analyzed to
improve understanding of the movement of water in
two major flowpaths in the Edwards aquifer.

A major hydrogeologic factor that affects the pat-
tern of flow of water in the Edwards aquifer is the spa-
tial and temporal distribution of recharge. The amount
of precipitation to the recharge area is an important fac-
tor of spatial and temporal distribution. Other factors
that affect the flowpath of water in the Edwards aquifer
are internal boundaries formed by faults or aquifer
geometry and the location and rate of spring discharge.

Estimated recharge is obtained from the recharge
and catchment areas. Analysis of the estimated recharge
during 1982—89 indicated that during years of sub-
stantial precipitation, a large part of the net recharge
probably is diffuse infiltration of precipitation over
large parts of the recharge area. During years with
below-normal precipitation, most recharge is leakage
from rivers and streams that drain the catchment sub-
basins. In 1987, a year with intense rainstorms and
above-normal precipitation during the first one-half of
the year, 87 and 33 percent of the total annual recharge
to the Nueces-West Nueces River and Hondo Creek
Basins, respectively, were estimated to have resulted
from diffuse infiltration of precipitation.

Once recharge has entered the subsurface of the
Edwards aquifer, factors such as bedding planes, disso-
lution porosity, and fractures and faults can affect the

movement of water. Caves at the surface and in the sub-
surface of the Edwards aquifer contain various sizes of
dissolution porosity, but few caves in the outcrop area in
Bexar County appear to have developed along faults.
Many caves and sinkholes in the outcrop area are short
pathways for recharge to the Edwards aquifer. Fault sur-
faces in the Edwards aquifer typically are impermeable
to vertical water movement. Some fauits that are not
near springs might provide vertical or horizontal flow-
paths because of possible breccia zones along the fault
surface that are more permeable or susceptible to disso-
lution than surrounding rocks.

Although one-half or more of the Edwards aqui-
fer discharge is from well withdrawals, springs are
major regional controls of flow direction because they
have a greater effect on developing flow patterns than
wells. Most natural discharge from the aquifer is
through a few large springs including San Antonio, San
Pedro, Comal, San Marcos, Leona, and Hueco Springs.
Other than these major springs, subsurface discharge
from the Edwards aquifer is negligible.

Two major flowpaths in the Edwards aquifer
were selected for intense study. The western Medina
flowpath is in parts of Uvalde, Medina, and Bexar
Counties. The eastern flowpath is in Bexar and Comal
Counties. The average annual recharge is similar for
areas traversed by the flowpaths, about 140 million m
(about 17 percent of the average annual recharge during
1982-89).

Spatial and temporal trends in water chemistry
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