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Analysis of Data from Test-Well Sites Along the
Downdip Limit of Freshwater in the Edwards
Aquifer, San Antonio, Texas, 1985-87

By George E. Groschen

Abstract

Many researchers have studied the downdip
limit of freshwater in the Edwards aquifer or vari-
ous aspects of the saline-water zone and its rela-
tion to the freshwater zone. These studies were
summarized and used to synthesize a consistent
hydrologic and geochemical framework from
which to interpret data from field studies. The con-
cept derived from the previous work on the down-
dip limit of the freshwater zone is that fresh
recharge water entered the aquifer and developed
a vast flow system controlled by barrier faults.
Some recharge water flows into the saline-water
zone rather than toward major freshwater dis-
charge points. The water that enters the saline-
water zone continues to dissolve gypsum and
dolomite, and calcite precipitates out of the water.
This process of dedolomitization has helped to
develop the large secondary porosity of the fresh-
water zone as the downdip limit of the freshwater
zone progressively moved downdip in recent geo-
logic time.

The drilling of test holes and installation of
monitoring wells began in 1985 and helped to
define the downdip limit of the freshwater zone at
one location. Dolomite was found in greater
amounts in rocks from the saline-water-zone test
hole than in rocks from the freshwater-zone test
hole. Other mineralogic and lithologic contrasts
between the saline-water-zone test hole and the
freshwater-zone test hole support the conceptual
model of dedolomitization. Geophysical logs and
test-hole survey logs helped to define the stratifica-
tion of freshwater and associated altered rock tex-
tures, secondary porosity development, and water

chemistry in the freshwater-, saline-water-, and
transition-zone test holes.

The differences in actual measured head
among the seven completed monitor wells varied
over time, especially during periods of substantial
water use. The water levels in two monitor wells
completed at the freshwater zone (site D; wells D1
and D2) responded quickly and strongly to with-
drawals. In the transition zone (site C; wells C1
and C2), the water level in the shallow monitor
well (C1) completed in a cavern responded
quickly, but because it was farther from the water-
supply wells near site D, it did not respond as
strongly to changes in withdrawals at the nearby
well field. The water levels in the three saline-
water wells at site A (Al, A2, and A3) and the
deep site C well (C2) were less responsive to
stresses relative to the water-level changes in the
freshwater wells (D1, D2, and C1).

Large amounts of freshwater were produced
from the upper 300 to 350 feet of the aquifer in the
freshwater zone (site D). Water produced from
below this interval was as saline as that from the
saline-water zone (site A). The cavern near the top
of the aquifer in the transition zone (site C) pro-
duced large amounts of freshwater. The freshwater
produced from the cavern was of a different geo-
chemical type than the water from the other wells.
The saline-water-zone test hole (site A) produced
small amounts of water having specific conduc-
tance generally about 5,800 to 6,200 microsie-
mens per centimeter at 25 degrees Celsius.

A consistent trend in the water quality was
not detected in the monitor-well data for July
1986-April 1987. This was caused, in part, by the
average to above-average rainfall and by the lack
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of large withdrawals during the period. The water
quality of samples from several of the wells was
similar to the water quality determined by a previ-
ous study of the area. Geochemistry of the oil- or
gas-well brines from downdip in the saline-water
zone had slight resemblance to the geochemistry
of the water at the downdip limit of freshwater;
updip flow of saline water toward the freshwater
zone was not indicated.

INTRODUCTION

The Edwards aquifer in south-central Texas sup-
plies water for more than 1 million people in the San
Antonio metropolitan area, for industry and agricul-
ture, and for human and environmental needs down-
stream of major springs flowing from the aquifer
(fig. 1). The updip part of the aquifer contains fresh-
water (freshwater zone) and the downdip part contains
saline water (saline-water zone). Perez (1986) con-
cluded that, under certain conditions, movement of
saline water into the freshwater zone is possible. It is
therefore critical to know: (1) if and under what condi-
tions saline water will move into the freshwater zone;
and (2) if it does, how rapidly and how much of the
saline water will move. Should saline-water intrusion
occur, the extensively leached freshwater part of the
aquifer could allow rapid mixing of the saline water
and freshwater, possibly causing contamination of the
most productive part of the aquifer near San Antonio
and northeastward toward the major springs at New
Braunfels and San Marcos.

In 1985, the U.S. Geological Survey began a
study to improve the definition of the downdip limit of
freshwater and to assess the potential for saline-water
movement into the freshwater zone. This study was
conducted in cooperation with the San Antonio Water
System (formerly the City Water Board), the Edwards
Underground Water District, and the Texas Water
Development Board.

The freshwater and saline-water zones of the
aquifer are three-dimensionally complex and only
roughly defined. The interface (surface) between the
freshwater zone (dissolved-solids concentration less
than 1,000 mg/L) and the saline-water zone (dissolved-
solids concentration of 1,000 mg/L or greater) is
defined for this report as the downdip limit of fresh-
water. The downdip limit of freshwater is an irregularly
shaped surface, roughly concave upward, but tilted

toward the freshwater zone, similar to freshwater/sea-
water interfaces in coastal aquifers. The updip horizon-
tal extent of the surface where it underlies freshwater in
the Edwards aquifer is unknown, but its approximate
intersection with the top of the aquifer is mappable on
the basis of water-sample data from wells because most
Edwards aquifer wells tap the uppermost section of the
aquifer. The line on land surface directly overlying the
intersection of the downdip limit of freshwater with the
top of the aquifer locally is termed the "bad-water" line.
With some exceptions, this imaginary "bad-water" line
is the farthest horizontal extent of freshwater down the
southeastward dip of the aquifer.

In addition to the freshwater and saline-water
zones, a third zone of water quality in the Edwards
aquifer is defined qualitatively for this report because
the downdip limit of freshwater is not well character-
ized anywhere within the aquifer. The "transition
zone," as used in this report, comprises subzones of the
freshwater zone and the saline-water zone approxi-
mately within 1,000 ft on either side of the downdip
limit of freshwater (fig. 2).

A series of test holes was drilled and tests were
run in the open holes during drilling. Following those
tests, permanent monitor wells were installed at three
sites in or near the transition zone in San Antonio
(fig. 3). Different tests were run in the open test holes
than were run in the completed monitor wells. In this
report, the terms "test hole,” "open hole," or "primary
test hole" refer to the first hole drilled at each of the
three sites. Thus, three "test holes" or "open holes" are
defined: the site A (saline-water-zone) test hole, in
which monitor well A1 was completed; the site C (tran-
sition-zone) test hole, in which monitor-well C1 was
completed; and the site D (freshwater-zone) test hole,
in which monitor-well D1 was completed. The other
test holes and the tests conducted in them during drill-
ing generally are not discussed in this report.

The terms "monitor well” or "well" refer to the
wells completed in either the primary or other test hole
at each site. Three wells were completed at site A (A1,
A2, A3), two wells at site C (C1, C2), and two wells at
site D (D1, D2). In addition, water-level and water-
quality data were obtained from several wells that were
not part of the test-drilling and monitor-well program.
These wells are referred to as "observation wells."

2 Analysis of Data from Test-Weil Sites Aiong the Downdip Limit of Freshwater in the Edwards Aquifer, San Antonio, Texas, 1985-
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identification of the formations from preliminary
examination, are modified from Pavlicek and others
(1987) in figures 9-11. The informal members of the
Person and Kainer Formations (Rose, 1972) are shown
in these figures. Also shown in these figures are the tex-
tural terms used in table 1, which is the carbonate-rock
classification system of Dunham (1962, table 1,
reprinted by permission). The porosity-classification
system of Choquette and Pray (1970, fig. 2, reprinted
by permission), shown in figure 12, also is used in fig-
ures 9-11. Comparison of figures 9-11 indicates that
there are many distinct differences in geologic charac-
teristics across the downdip limit of freshwater.

In the drill cuttings taken from the site A test hole
in the saline-water zone (fig. 2), dolomite was identi-
fied in 7 of the 20 cuttings from above the RDM and in
14 of the 29 cuttings from below the RDM (fig. 9). In
the site C test hole, located in the transition zone, dolo-
mite was identified in 10 of the 21 cuttings from above
the RDM and in 17 of the 32 cuttings from below the
RDM (fig. 10). In the site D test hole in the freshwater
zone, dolomite was not identified in any of the 18 cut-
tings from above the RDM, but was identified in 19 of
the 33 cuttings from below the RDM (fig. 11). If these
cuttings are representative of the rocks in the Edwards
aquifer at the sites, less dolomite above the RDM is
related to greater water yield and less salinity. This
relation does not exist at site C, but a cavern, located in
the top of the Person Formation at this test hole, domi-
nated the results. The large amount of dolomite in the
cuttings from all the test holes below the RDM, and the
presence of saline water in these sections, indicate that
freshwater has not circulated in the section of aquifer
below the RDM as much as it has in the rocks above the
RDM at all the sites.

Pyrite was identified in the Georgetown Forma-
tion at all sites and in the top 5 to 15 ft of the Edwards
aquifer at sites A and C. The presence of pyrite indi-
cates that oxygen rich freshwater probably has not cir-
culated through these rocks. The Georgetown Forma-
tion generally is one of the least permeable hydrostra-
tigraphic units in the Edwards aquifer (Maclay and
Small, 1984).

If calcite precipitates in the aquifer matrix, as
proposed by Mench-Ellis (1985), the presence of
megascopic crystals, or aggregates of crystals, of clear
or drusy calcite would be an indication of the progres-
sion of the dedolomitization reaction. In the cuttings
from site A, single-crystal calcite or aggregate or cal-
cite crystal druse were identified in eight of the cuttings

from above the RDM and in three of the cuttings from
below the RDM (fig. 9). In the site C test hole, single-
crystal calcite or aggregate was identified in five of the
cuttings from above the RDM and in two samples from
below it (fig. 10). In the site D test-hole samples, sin-
gle-crystal calcite or aggregate calcite crystal druse
was identified in nine cuttings from above the RDM
and in eight cuttings from below the RDM (fig. 11).
Substantially more of the site D cuttings contained sin-
gle-crystal calcite or aggregate calcite crystal druse
than did the site A cuttings. According to the dedolo-
mitization reaction, calcite precipitation should pre-
cede the preferential dissolution of dolomite; if the
cuttings are representative of the sites, this relation is
borne out.

Celestite was identified in one sample from
above the RDM in the site A test hole and in eight sam-
ples from below the RDM. In cuttings from site C, cel-
estite was not identified in any of the samples from
above the RDM, but was identified in two samples
from below it. In cuttings from the site D test hole, cel-
estite was identified in two samples from above the
RDM, but was not identified in any samples from
below it. Celestite identifications were tentative
because celestite is difficult to identify accurately by
optical microscopy alone. The cause of the distribution
of celestite in these test holes is not well understood.

Another possible indication of the amount of
water circulating in the rocks is the number of calcite
filled microfractures identified in the drill cuttings.
Microfractures filled with mineral precipitates (calcite)
were identified in five cuttings from the site A test hole
above the RDM, but not in any cuttings from below the
RDM. In the site C test hole, filled microfractures were
identified in five cuttings from above the RDM and in
one cutting from below it. Filled microfractures were
not identified in cuttings from site D. Filled microfrac-
tures could be an index of the relative state of saturation
of the pore water residing in the rocks. Lack of filled
microfractures indicates that the pore water in the rocks
of the freshwater zone is not supersaturated with
respect to any mineral; however, the presence of filled
microfractures at site C and site A test holes indicated
that the saline water is supersaturated with respect to
calcite.

The most important geologic and hydrologic dif-
ferences among the three lithologic columns (figs. 9-
11) are the amount and type of porosity in the aquifer
matrix. In the site A test hole, eight drill cutting sam-
ples from above or in the RDM and six cutting samples

ANALYSIS OF DATA FROM THE TEST-WELL SITES 19
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Figure 9. Stratigraphy, lithology, textures, and matrix porosity of the drill cuttings, site A test hole, San Antonio,
Texas. (Modified from Pavlicek and others, 1987, p. 21.)
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Figure 10. Stratigraphy, lithology, textures, and matrix porosity of the drill cuttings, site C test hole, San Antonio,
Texas. (Modified from Pavlicek and others, 1987, p. 47.)
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Figure 11. Stratigraphy, lithology, textures, Neogene diagenetic features, and matrix porosity of the drill cuttings,
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Table 1. Carbonate-rock classification system

[from Dunham, 1962, table I, reprinted by permission]

Depositional texture recognizable Depositional texture
not recognizable
Original components not bound L &
together during deposition Original components were bound
together during deposition... as .
Contains mud Lacks mud shown by intergrown skeletal Crystalline carbonate
(particles of clay and fine silt size) and is matter, lamination contrary to
rain- gravity, or sediment-floored Subdivid di
Mud-supported Grain- s 8 rted cavities that are roofed over by (Su ]lw §ﬁacct]pr ing
supported upporte organic or questionably organic to classifications
Lessthan | More than matter and are too large to be designed to bear
10 percent 10 percent interstices. on physmal texture
grains grains or diagenesis.)
Mudstone | Wackestone | Packstone | Grainstone Boundstone
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from below it had negligible matrix porosity. In the
samples from the site C test hole, negligible matrix
porosity was identified in nine samples from above or
in the RDM and in seven samples below it. In the site
D cuttings, negligible matrix porosity was identified in
all 18 samples from above the RDM; matrix porosity
was identified in 4 of the 33 cuttings from below the
RDM (including the Glen Rose Formation beneath the
Edwards aquifer). This distribution follows the pattern
identified by Maclay and Small (1984) in cores from
the freshwater and saline-water zones.

Only the cuttings from the site D test hole had
Neogene diagenetic features, on the basis of the
description of diagenesis in the Edwards aquifer by
Mench-Ellis (1985). These include ferric (reddish) iron
staining, "altered" texture (primarily referring to exten-
sive dissolution and recrystallization of the rocks), and
tentatively identified dedolomite (Pavlicek and others,
1987). These are the major textures and petrographic
characteristics of matrix rocks that were identified by
Maclay and Small (1984) and Mench-Ellis (1985) as
indicative of the final stages of the dedolomitization
reaction and formation of the large secondary porosity
responsible for the greater permeability of the fresh-
water zone. These diagenetic features were identified in
all the cuttings from above the RDM, in the RDM cut-
ting, and in 11 cuttings from below the RDM of the site
D test hole. The diagenetic features were not observed
in the deepest 20 cuttings from the site D test hole, but
dolomite was identified in most of these cuttings. All of
the petrographic observations about the drill cuttings
were taken from Pavlicek and others (1987). Petro-
graphic examination of rock thin sections is necessary
to document, in detail, the Neogene diagenetic features.

Video logs made of the test holes revealed sev-
eral interesting and important aspects of the geology of
the rocks. The site A test hole had more vertical frac-
tures that appeared to be open to water flow below the
RDM than above it. Relatively good development of
vugs and openings for water flow was apparent in the
site A and the site C test holes. Most vugs and openings
were restricted to distinct strata several feet thick. The
site D test hole, however, had few indications of vugs
or other strictly solution-mediated openings. Broken
rubble and boulders were common from the top of the
Person Formation to about one third of the way down
the Kainer Formation. Below this zone, the Kainer For-
mation in the site D test hole appeared similar to that in
the other two test holes.

Geophysical Data
Site A

Geophysical logs for the test hole in the saline-
water zone at site A are shown in figure 13. The hole-
diameter log indicates that the test hole was not compe-
tent through most of the section. A number of washouts
and greatly fractured or cavernous zones coincided
with places where the diameter of the test hole was sub-
stantially greater than 8 in.

The tool used to measure gamma radiation
responds to gamma rays emitted by the naturally occur-
ring radioactive minerals usually present in clays. The
amount of natural gamma radiation is directly related to
the amount of clays and clay minerals in the rocks,
especially in the pure carbonate rocks that make up the
Edwards aquifer. The spike at point T in the natural
gamma log (fig. 13) was caused by the reduction in
gamma rays from the larger diameter test hole because
the tool does not compensate for hole diameter. The
enlargement of the test hole can be seen on the hole
diameter log at the same depth. The spike at point 8
(fig. 13, RDM) was caused by the substantially greater
clay content of the RDM. This is one of the reasons that
the RDM usually can be positively identified on
gamma logs (Small, 1985). Combined with the hole
diameter, which shows a narrow "in-gage" hole (the
hole diameter is close to the diameter of the drill bit),
the natural gamma and hole diameter indicate a compe-
tent and clayey section that is distinct from the rest of
the test hole. The spike at point 1 (fig. 13) indicates the
increase in clay content of the basal nodular member,
which usually is a distinguishing trait of the base of the
Kainer Formation (Small, 1985).

The spontaneous potential logs and resistivity
logs generally are not useful in carbonate rocks with
freshwater fluid in the hole. The test holes were drilled
using a reverse air rotary process without drilling fluid,
which explains why distinguishing characteristics were
not apparent in the spontaneous potential log (fig. 13).
The resistivity logs show distinct spikes of increased
resistivity above the RDM, but it is not known whether
these indicate water with less salinity than water below
the RDM. The fluid resistivity and temperature logs
(fig. 14) indicate that the fluid above the RDM has
greater resistivity than the fluid below the RDM.
According to these data, the responses of the resistivity
logs probably were caused by salinity variations of the
formation water or the rugosity of the holes.
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Figure 14. Spinner survey, temperature, and fluid resistivity logs of site A test hole, San Antonio, Texas.
(Modified from Pavlicek and others, 1987.)
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The neutron porosity log (fig. 13) is compensated
for hole diameter. Therefore, the response of this tool
can be interpreted directly as porosity where the test
hole is not rugose based on a relation established
between the tool response and a standard limestone
with known porosity. Other minerals that affect the
neutron response are dolomite and silica. The apparent
limestone porosity represents the actual porosity only if
the rock is pure limestone with no substantial amount
of silica (either chert or sandstone) or dolomite. Sub-
stantial dolomite was present in the drill cuttings. For
instance, a limestone porosity of 10 percent corre-
sponds to a dolostone porosity of 7.5 percent. The log
indicates a distinct difference in the nature of the poros-
ity from above the RDM to below the RDM where the
hole is rugose. A number of large spikes are apparent in
the neutron porosity log of material above the RDM.
Spikes are more numerous, but smaller in the porosity
log of material below the RDM. The log shows slight
porosity of material in the RDM.

The gamma-gamma (density) log was compen-
sated for the diameter of the test hole by a single-arm
caliper, but this cannot adequately -ompensate for
strong hole rugosity or small caverns (MacCary, 1978).
The compensated density log responds to the bulk den-
sity of a volume of rock and water around the tool. Less
density indicates substantial secondary porosity filled
with water—density about 1.0 g/cm3. Some extensive
secondary porosity filled with water is probable where
the sections of test-hole diameter greater than 8 in. cor-
responded to spikes of lesser density on the density log.
Pure limestone has a density of about 2.71 g/cm3 and
dolomite has a density of about 2.88 g/cm3. The RDM
has a bulk density of less than 2.71 g/cm3 and only a
few small layers have a density greater than 2.71
g/cm3. Many of the spikes indicating lesser density in
the log correspond to spikes in the neutron porosity log
that indicate greater porosity, which further indicate
water filled fractures and pores. The spikes in the
gamma-gamma (density) log are subdued below the
RDM as are the spikes in the neutron porosity log.

The acoustic velocity log (fig. 13) measures the
speed of a sound wave transmitted through the rocks
surrounding the tool. The velocity in rock is greater
than the velocity in water, so relative velocity is indic-
ative of the porosity and interconnections of the water
filled pores and fractures in the rocks. The spikes show-
ing long transit times just above and below the RDM
indicate zones with substantial secondary porosity.

The spinner survey and the temperature and fluid
resistivity logs (fig. 14) measure attributes of the fluid
in the test hole. The spinner survey indicates that most
of the flow from the open test hole was from above the
RDM. The geophysical logs (fig. 13) indicate that this
is caused by greater secondary porosity above the
RDM. The uniform temperature with depth is indica-
tive of the slow movement of the water in the saline-
water zone. The slow movement of fluid in the saline-
water zone allows the geothermal heat to flow up
through the fluid and rocks uniformly. The fluid
resistivity log indicates that the fluid usually is more
saline with depth.

Site C

The logs for site C (the transition zone) are
shown in figures 15 and 16. The hole diameter (fig. 15)
indicates that this test hole was a more uniform in-gage
hole than the site A test hole in the saline-water zone.
Several spikes in the log indicate a hole wider than 8 in.
(out of gage). At the top of the Person Formation, just
below the Georgetown Formation, is a cavern about 8
ft deep (vertical measurement). The caliper did not give
an indication of the true size of the cavern because the
cavern extended more than several feet from the center
of the test hole. Another relatively smooth spike is evi-
dent 20 to 30 ft below this cavern. This probably was
caused by the widening of the test hole resulting from
incompetent rocks or fractured rocks that fell into the
hole. Again, the RDM appears to be a competent dense
rock. The hole diameter shows slight openings of
unknown origin in the test hole just below the RDM
and midway between the RDM and the bottom of the
hole.

The natural gamma log starts below the top of the
Edwards aquifer. Major deflections in this log include
one at the RDM and one near the bottom where an
increase in gamma radiation was caused by the
increased clay content of the basal nodular member.

The spontaneous potential log is ineffective in a
test hole drilled without drilling mud. The only spike is
at the RDM. The 16- and 64-in. resistivity logs have a
major deflection at 10 to 20 ft below the cavern at the
top of the Person Formation. The deflection might be
related to the smooth spike in the hole diameter near
this level, indicating a wider hole.

The neutron porosity log shows substantial
porosity at the same level as the cavern and an appar-
ent zero-porosity layer just below it. Effects of the
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freshwater in the cavern at the top of the Person Forma-
tion are not known. Many large spikes in the neutron
porosity log of the Person Formation correspond to
porous layers. Examination of the drill cuttings
revealed that a considerable amount of dolomite was
present in this interval; therefore, the limestone poros-
ity from the log appears to be greater than actual poros-
ity. The porosity of the RDM is slight, as indicated by
this log. The spikes in the neutron log are subdued in
the Kainer Formation below the RDM. This could be
caused by the less developed secondary porosity, such
as that noted in the saline-water-zone rocks by Maclay
and Small (1984). About midway down the Kainer For-
mation, the spikes in the neutron porosity log become
noticeably smaller than those in the log of the upper
half of the Kainer Formation. This indicates the level
below which little to no alteration by freshwater has
occurred.

The gamma-gamma (density) log starts above
the Georgetown Formation and indicates that the for-
mation is a dense carbonate rock with slight porosity.
Maclay and Small (1984) stated that the Georgetown
Formation is composed of limestone containing little or
no dolomite. A large spike below the Georgetown For-
mation in the top of the Person Formation indicates the
cavern at this level. The spike in the density log of the
rock just below the cavern could be an indication of the
same dense layer of slight porosity shown by the neu-
tron log. This dense layer might prevent the freshwater
in the cavern from moving down through the rocks
below. The characteristics of the neutron and density
logs from the site A test hole and from the site C test
hole indicate that thin, porous, less dense layers alter-
nate with thin, slightly porous, dense, layers through
the Person Formation above the RDM.

The acoustic velocity log also indicates stratifi-
cation of porous zones. The major spikes on this log are
at the cavern near the top of the Person Formation and
20 to 40 ft above the RDM. Large spikes are not appar-
ent below the RDM.

A static spinner survey (fig. 16) was conducted
while the test hole was shut-in (no flow was allowed to
come out of the casing at the surface), and a dynamic
spinner survey was conducted while water was allowed
to flow at the surface. On the basis of static spinner
results, flow could have continued in the test hole even
when flow was not allowed at the surface. The limited
data were not corrected for hole diameter variations
and do not indicate where the water was flowing. Water
could have been flowing out of the cavern into the test

hole and then down the test hole into the saline-water
zone below the cavern. The dynamic spinner survey
was run as the tool was lowered down into the test hole
at 0.74 ft/s. Because the tool was moving down the test
hole, it was difficult to determine if there was flow
downward in the test hole while the water was flowing
at the surface. The constant 0.74 turns per second of the
spinner tool as it was lowered below the RDM could
indicate no-flow conditions in the test hole below the
RDM.

The curve of the temperature log (fig. 16) with
depth indicates that the saline water at depth was
substantially warmer than the freshwater near the top.
Unlike the smooth shape and slight slope of the temper-
ature log for the site A test hole, the temperature log of
the site C test hole is marked by breaks in slope and is
steeper from top to bottom. This is caused by the
greater velocity of the freshwater in the cavern near the
top relative to the velocity of the saline water. The fast
flowing water is able to absorb and rapidly transfer
geothermal heat; therefore, the temperature of the
freshwater was less than would be expected if the water
was stagnant.

The stratification of salinity shown by the fluid
resistivity log (fig. 16) could be related to this stratifi-
cation of porosity. The flow tests to determine relative
permeabilities also indicate that rock stratification
affects flow in these rocks. Because of the drilling
methods used and the structure of these deep test holes,
detailed vertical profiles of water chemistry and rock
stratification were not obtained. Maclay and Small
(1984) indicated the presence of considerable perme-
ability stratification in the cores of the Edwards aquifer
rocks they studied from the saline-water and freshwater
zones. The unexpected increase in resistivity of the
fluid shown in the fluid resistivity log in the Kainer For-
mation could have been caused by fresher water flow-
ing down into the aquifer in the lower part of the open
hole.

Site D

The geophysical logs of the freshwater-zone test
hole (site D) are shown in figure 17. The hole diameter
has a distinctly different shape from the diameters of
the other two test holes. The scale on the site A and site
C test holes is 6 to 14 in.; the scale on the site D test
hole is 6 to 42 in. to accommodate the larger diameter
of this test hole. At least one of the spikes near the top
of the Person Formation exceeded 42 in. The hole
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diameter indicates that the entire section of the Person
Formation, excluding the RDM, is incompetent and
broken. Much of the matrix rock in this section proba-
bly fell into the test hole and was pulverized by the drill
bit. The section of the test hole that had large broken or
fractured sections extends below the RDM about the
same distance as the porous and less dense zones
extend below the RDM in the site C test hole. Below
this point, the site D hole diameter shows a much more
competent rock that is closer to the size of the drill bit
(in gage), although still much wider than the other test
holes. This widening at the bottom could be the result
of the instability of the drill stem caused by the caverns
created as the drill bored through the incompetent and
broken sections in the upper Kainer and Person Forma-
tions.

The fluctuations in the natural gamma log indi-
cate the changes in test-hole diameter, except in the
Georgetown Formation, the RDM of the Person For-
mation, and near the bottom of the Kainer Formation in
the basal nodular member. In the RDM, small spikes
appear in the natural gamma log, which could be the
result of wide sections of test hole. This is confirmed by
the large spike in the acoustic velocity log in the RDM.

The spontaneous potential log shows nothing
substantial. The 16- and 64-in. resistivity logs exhibit a
number of spikes, but these do not appear to be related
to any noticeable feature of the rocks. Neutron porosity
and density logs were not run in this test hole. The frac-
tures and broken nature of the rocks of the Person For-
mation and the top of the Kainer Formation indicated
that the rocks were unstable and could collapse on top
of the tool, causing possible loss of a radioactive source
in the freshwater zone of the aquifer.

The acoustic velocity log indicates that so little
competent rock surrounded the tool that only water
transmitted the sound wave from the transmitter to the
receiver. This resulted in a condition whereby the sig-
nal received by the transmitter was received later than
is normally expected for competent rock surrounding
the tool; thus, the cycle of transmitted signal being
picked up by the receiver was offset by one or more
cycles. This phenomenon is called cycle skipping
(MacCary, 1978). A cycle skip was evident in the
RDM; even this otherwise competent layer has been
extensively fractured or dissolved. The cycle skipping
stopped at the same level in the Kainer Formation
where the hole diameter corresponds to more in-gage
conditions of the test-hole diameter, and where the neu-
tron and gamma-gamma logs of the transition-zone

(site C) test hole show distinct changes. The logs indi-
cate that the rock below this level was more intact than
the rock above it.

Static and dynamic spinner surveys were made in
the site D test hole (fig. 18). Three static measurements
were made at depths of 847.5 ft (17.5 turns per second),
860 ft (5 turns per second), and 870 ft (S turns per sec-
ond), when no flow was allowed at land surface. These
data indicate that more flow occurred at a depth of
847.5 ft than at the other two depths. Some of the
increase in flow rate might have been caused by a
slightly smaller diameter of the test hole at 847.5 ft.
Flow occurred in this test hole even when flow was
stopped at the surface, as it did in the test hole at site C.
The dynamic spinner survey was run while water was
allowed to flow at the surface. The tool was lowered
down the test hole at about 1.8 ft/s. The data were not
corrected for test-hole diameter. Because the log was
not run in the opposite direction, data from this
dynamic spinner survey were difficult to interpret. The
smallest number of turns per second could indicate
either that the tool was moving through still water, or
water was moving slowly past the moving tool. The
increases in the readings correspond to an increase in
the velocity of water moving up past the downward
moving tool. Increases in the upward movement of
water are indicated near the top of the Person Forma-
tion, 40 to 50 ft above and below the RDM. Most of the
flow from the test hole came from the top 100 ft of the
Person Formation.

A slight increase in the fluid temperature (fig. 18)
is evident in the Kainer Formation where the cycle
skipping of the acoustic velocity log ceased. The fluid
resistivity log recorded an increase in salinity in this
part of the Kainer Formation.

A number of similarities are apparent between
the logs of the sites C and D test holes. Both suites of
logs indicated that the most porous and permeable sec-
tions of these test holes were above the middle of the
Kainer Formation. The Person Formation appeared to
be leached and porous in both test holes. The greatest
difference was that the freshwater and most of the flow
of the site C test hole was confined to the cavern near
the top of the Person Formation. Flow in the freshwater
section was more evenly distributed over the leached
and porous zone of the site D test hole than in the site
C test hole. Another difference between the sites C and
D test holes is that, on the basis of texture and fractur-
ing of the rocks at the freshwater zone, the site D test
hole was drilled within a fault zone. A fault zone where
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rocks are extensively broken up would be more perme-
able to freshwater infiltration and the associated alter-
ation of the rocks as described by Mench-Ellis (1985).

Hydrologic Data

Hydrologic analysis of ground water commonly
is based on observed fluctuations in water levels. These
fluctuations could be caused naturally by changes in
recharge and discharge or caused artificially by pump-
ing water from wells. In this section, the following top-
ics are discussed: (1) water-level fluctuations caused
by allowing certain sections of the open drill hole to
flow before installing well casing; (2) water-level fluc-
tuations caused by changes in natural recharge and dis-
charge and pumping (drawdown tests); and (3) water-
level fluctuations caused by artificially imposed water
withdrawals in completed wells.

Flow Tests Before Installing Well Casing

During drilling, and before installing well cas-
ing, tests of the flow of water from certain sections of
each test hole were possible because the static hydrau-
lic head was above land surface. In the following dis-
cussion of these tests, the terms cumulative-depth flow
tests or cumulative-depth tests refer to the process of
stopping the drilling after approximately each 50 ft,
allowing the water to flow around the drill stem and
other equipment in the test hole for 1 hour, and then
measuring the rate of discharge from the test hole. The
water level was measured before flow began and after
an apparent equilibrium of flow was established. Open-
hole tests were made after all the drilling equipment
was withdrawn from the completed test hole and the
water was again allowed to flow. Single-packer tests
were made after the open-hole test. Equipment was
lowered into the test hole to hydraulically divide the
test hole into vertical sections by an inflatable packer.
The packer was set at predetermined depths and
inflated to press against what was assumed to be unbro-
ken and solid low-porosity rock. Flow from above and
below the packer was measured along with the water
levels before flowing and after equilibrium flow was
established. Flow was allowed from only one isolated
section at a time. The data from the cumulative-depth
flow tests at test holes A1, C1, and D1, plotted in figure
19, are modified from Pavlicek and others (1987).

William F. Guyton Associates, Inc. (1986) made
a number of assumptions about the nonoptimal condi-

tions of the cumulative-depth flow tests to estimate
transmissivities of each section of each hole tested. All
transmissivities discussed below are from William F.
Guyton Associates, Inc. (1986, p. 25-27). In the site A
test hole, the transmissivity began at 5,030 fi2/d in the
top 100 ft and, with few exceptions, increased to
12,400 ft2/d. The transmissivity from the open-hole test
at Al was 11,600 ft2/d. Transmissivity in the secondary
test hole at site A in which well A3 was completed
began at 8.0 ft/d for the top 50 ft and increased to
2,400 ft2/d for the open 200 ft.

At the site C test hole, the transmissivity was
42,400 ft2/d for the top 50 ft and generally decreased
with increasing cumulative depth of the hole. Slight
increases were observed at certain levels in the wells;
the decrease probably resulted from the poor condi-
tions for measuring transmissivity, primarily for mea-
suring discharge. The transmissivity from the open-
hole test was 39,600 ftzld, which is similar to the larg-
est value of the cumulative-depth flow tests. Almost all
flow from the open test hole at site C was from the top
50-ft section.

The flow tests using a single packer to divide the
site C test hole into two sections resulted in transmis-
sivity for the top section of the test hole that was greater
than that from cumulative-depth flow tests for the top
section and much greater than the open test-hole trans-
missivity. These discrepancies resulted primarily from
nonoptimal conditions for measuring aquifer-test data,
but indicate that downward flow occurred in the test
hole during the cumulative-depth and open-hole flow
tests.

The single-packer or interval flow tests indicated
that the transmissivity for most of the lower 500 ft of
the site C test hole was 50 to 180 times less than the
transmissivity for the top 39 to 100 ft (William F.
Guyton Associates, Inc., 1986, p. 25-27). The greater
observed transmissivity was caused primarily by the
cavern located in the top 8 ft of the Edwards aquifer
below the Georgetown Formation. It is possible that
water from the cavern at the top of the aquifer in the
transition zone was flowing down the open test hole
into the lower section of the aquifer through the open
hole. This flow could explain the discrepancy between
the test results, assuming that the differences in the
flow rates were not caused by measurement error.

A cumulative-depth flow test in the site C sec-
ondary test hole (in which well C2 was completed)
yielded a small transmissivity. The transmissivity was
52 ft%/d in the top 50-ft section (the same depth interval
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where the cavern was encountered in primary site C
test hole) and 48 ft2/d in the top 100-ft section. The
transmissivity for the open-hole flow test at the second-
ary site C test hole was 694 ft2/d. The secondary test
hole at site C apparently was in a zone that has a small
transmissivity relative to the zone where the primary
site C test hole was.

Because of difficulties in obtaining the necessary
data, only one of the cumulative-depth flow tests at the
site D test hole produced an estimate for transmissivity.
The transmissivity was estimated as 72,300 ft%/d in the
freshwater zone from a depth of 854 to 1,052 ft. The
transmissivity from the open-hole test was estimated at
79,000 ft2/d. Single-packer tests indicated that most of
the transmissivity (almost 95 percent) was in the sec-
tion of the test hole above a depth of 1,040 ft. Depth to
the RDM at this site is between 1,030 and 1,045 ft
below land surface.

Drawdown Tests

Several drawdown tests were conducted before
and after monitor wells were completed in the second-
ary test holes at sites C and D and in wells Artesia 1 and
Artesia 3. Artesia 1 was an observation well that was
open above the RDM at the depth interval 863 to 977 ft
below land surface. Artesia 3 is a water-supply well
that is open to most of the Edwards aquifer (860 to
1,108 ft depth). The drawdown tests were conducted to
compare the response of the monitor-well water levels
to drawdown resulting from allowing the primary test
hole or completed well to flow. The data were pub-
lished in Pavlicek and others (1987). The effect of
drawdown on water levels in monitor-wells C1 and C2
and in observation well Artesia 1 while water flowed
from the site C open hole is shown in figure 20a. The
response of well C2 to drawdown in the C1 open test
hole was slight. Over the period tested, the drawdown
in the test hole was about 30 ft and the response of the
well C2 water level was between 2 and 3 ft. The water
level of the Artesia 1 well showed no discernible
response to the flow from the site C test hole.

After the monitor well was completed in the site
C test hole (well C1), a similar test was conducted. The
water-level drawdown (fig. 20b) in the completed mon-
itor-well C1 was greater by about 4 to § ft than was
drawdown in the open test hole (fig. 20a). The response
of the water level in well C2 was negligible. The water
level in the Artesia 1 observation well did not respond
to the flow of the completed well at C1.

The slight drawdown in well C2 caused by flow
at site C open test hole, and the lack of response of C2
when the completed monitor-well C1 flowed, indicated
vertical anisotropy in that part of the aquifer. The inter-
val of test hole C1 that was completed as a monitor well
(fig. 3) was above the RDM. When only this interval
was allowed to flow at land surface, well C2, with its
monitor interval below the RDM, did not produce a
measurable response.

The drawdown test conducted at the site D test
hole (fig. 20c) was equally inconclusive. The draw-
down in the open test hole (depth interval 854 to 1,384
ft) was about 14 ft. The water levels in Artesia 1 and
Artesia 3 did not respond to the flowing of the site D
test hole. The lack of response of the two Artesia wells
indicates horizontal anisotropy at the site D/Artesia
well-field area. During the test, the site D test hole was
open to the entire thickness of the Edwards aquifer.
Related studies indicated that the site D test hole was in
or near a fault zone, and that Artesia 1 probably was
located outside this fault zone (P.L. Rettman, U.S. Geo-
logical Survey retired, oral commun., 1987). This
could account for the difference in response to the
water levels, but the results are inconclusive.

Water-Level Fluctuations in Completed Wells

Water levels were observed in the completed
monitor wells from July 1986-May 1987 to interpret
the effects of variations in precipitation and artificially
induced discharge changes on the hydrology of the
aquifer at the downdip limit of freshwater. The water
levels of the monitor wells and corresponding precipi-
tation amounts are shown in figures 21a-i. Water levels
are expressed as absolute hydraulic head (altitude
above sea level) in these figures, rather than as equiva-
lent freshwater head, because equivalent freshwater
head can lead to inappropriate interpretations of flow
directions (Davies, 1987).

The relation among the wells at the various
depths was generally consistent between site A and site
C. The shallowest wells usually had the highest
hydraulic heads and the deepest wells had the lowest
heads. At site A, the differences in head were caused
primarily by increased salinity (density) between the
various monitor intervals and by the difference in the
length of the water column in each well. The difference
between the head in the shallow freshwater well (D2)
and the deep saline-water well in the transition zone
(C2) was frequently greater than could be accounted
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Figure 21a. Water levels in monitor wells A1, A2, A3, C1, and C2 and precipitation, San Antonio, Texas, July 16-
31, 1986.
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Figure 21b. Water levels in monitor wells A1, A2, A3, C1, C2, D1, and D2 and precipitation, San Antonio, Texas,
August 1986.
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Figure 21c. Water levels in monitor wells A1, A2, A3, C1, C2, D1, and D2 and precipitation, San Antonio, Texas,
September 1986.
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Figure 21d. Water levels in monitor wells A1, A2, A3, C1, C2, D1, and D2 and precipitation, San Antonio, Texas,

October 1986.
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Figure 21e. Water levels in monitor wells A1, A2, A3, D1, and D2 and precipitation, San Antonio, Texas,
November 1986.
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Figure 21f. Water levels in monitor wells A1, A2, A3, C1, C2, D1, and D2 and precipitation, San Antonio, Texas,

December 1986.
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Figure 21h. Water levels in monitor wells A2, A3, and D2 and precipitation, San Antonio, Texas, February 1987.
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Figure 211. Water levels in monitor wells A2, A3, D1, and D2 and precipitation, San Antonio, Texas, April 1987.
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for by salinity differences and by different lengths of
the water columns. The cause of this vertical head gra-
dient is not well understood, but could be related to the
difference in transmissivity between the cavernous
zone and the saline-water zone below the RDM, and to
the varying response of water levels in each zone to
changes in stresses or recharge.

The relation between the water levels in wells D1
and D2 was variable during the summer months.
Because of the shorter water column, the shallow well
(D2) usually had a slightly higher water level. Changes
in pumping, either regionally or locally, at the nearby
Artesia well field periodically caused the water level in
well D2 to decline below the water level in the deep
well (D1). At these times there was a slight upward
head gradient from the zone below the RDM to the
zone above it. This could have been caused by the Arte-
sia wells withdrawing more water from above the
RDM than from below it. The zone above the RDM
probably was more transmissive at all the Artesia wells
as indicated at the site D test hole. The transient vertical
gradients probably were short term because most of the
Artesia wells (and most of the water-supply wells in
San Antonio) are open holes for most or all of the thick-
ness of the Edwards aquifer. At times when the water-
supply wells are not being pumped, water flow between
zones probably occurs in the open holes to equalize any
head differences. When these open-hole wells were
drilled, any naturally existing vertical gradient could
have been reduced or eliminated. Only transient verti-
cal gradients resulting from well withdrawals can be
established in the aquifer near a water-supply well or
well field.

Water levels in the freshwater wells at site D
(D1 and D2) and at site C (C1) responded quickly and
strongly to withdrawals and other aquifer stresses.
Water levels in the saline-water wells at site A (A1, A2,
and A3) and at site C (C2) were less responsive and
responses were delayed from several minutes to several
hours compared to those of the freshwater wells (figs.
21a-i).

On March 25, 1987, a test of the response of the
monitor wells to discharge from all the Artesia water-
supply wells was conducted. Because of equipment
problems, the data from wells C1 and C2 are not reli-
able. The water levels in wells A2, A3, D1, D2, and
Artesia 1 observation well are shown in figure 22, At
6:00 a.m., all the Artesia wells, except for Artesia 1
(fig. 2) were turned on and pumped for 12 hours. The

discharge was estimated by comparing pressure read-
ings to pressure/discharge curves. The estimated aver-
age discharge was 56 ;:gls (25,000 gal/min) and the
computed transmissivity was 790,000 to 950,000 ft2/d
(William F. Guyton Associates, Inc., 1988, table 1).
The water level in Artesia 1 observation well did not
respond as quickly or as strongly as the water levels in
wells D1 and D2 even though Artesia 1 observation
well was located closer to the pumped wells. Differ-
ences in the construction of wells D1 and D2 and the
Artesia 1 observation well could account for the differ-
ent responses. As previously mentioned, wells D1 and
D2 might be completed in a fault zone, and the Artesia
1 observation well was outside the fault zone.

The responses of the water levels in wells A2 and
A3 were much attenuated with respect to the instanta-
neous response shown by water levels in wells D1, D2,
and Artesia 1 observation well. For wells A2 and A3, it
is difficult to separate the water-level response caused
by the pumping of the Artesia wells from the response
caused by regional increase in water use. Water levels
in most Edwards aquifer observation wells respond to
changes in regional water use through the day. Water
levels that decline because of municipal water use usu-
ally reach a minimum at about 6:00 p.m., and the water
levels rise to maximum altitude in the early morning
between 12:00 a.m. and 5:00 a.m. Between 6:00 a.m.
and 7:00 a.m., water use begins to increase again and
water levels in observation wells decline from the early
morning peak. This regional effect was observed in
wells A2 and A3. The test conducted at the Artesia well
field, about 1 mi from the site A wells, did not cause a
decline in the water levels in wells A2 or A3.

Hydrographs detailing some of the short-term
relations of water levels among the monitor wells and
comparing the water-level responses to abrupt changes
in aquifer stresses are shown in figures 23a-d. These
are extracted from the month-long hydrographs shown
in figures 21a-i. The first short-term water-level
hydrograph (fig. 23a) shows 3 days in August when
withdrawals were large, a substantial portion of which
went for lawn watering. Because of the large withdraw-
als, water levels in the wells that responded quickly to
pumping—wells C1, D1, and D2—were drawn down
near or below water levels in the slowly responding
saline-water wells. Changes in the water levels in the
four saline-water wells (A1, A2, A,3 and C2) lagged
behind the changes in the freshwater well levels by sev-
eral minutes to less than 2 hours. The effect of density
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Figure 22. Water levels in monitor wells A2, A3, D1, and D2 and Artesia 1 observation well, San Antonio, Texas,
before, during, and after an aquifer test, March 24-26, 1987.

contrasts on potential flow is not indicated because
actual measured altitudes are plotted in these figures.

The short-term water-level hydrograph (fig. 23b)
for September 5-7, 1986, includes a period of rain
showers when lawn watering was still intense. The
hydrographs show that the smaller water withdrawals
caused small fluctuations in water levels in wells C1,
D1, and D2, but caused few changes in the four slowly
responding wells (A1, A2, A3, and C2). Water levels
increased during the 3 days.

The relation between wells C1 and C2 for Sep-
tember 5-7, 1986, also is shown in figure 23b. The
water level in the shallower freshwater well (C1) was
consistently higher than the water level in the deep
saline-water well (C2). The two hydrographs were usu-
ally parallel, although the deep well was less respon-

sive than the shallow well. The average difference in
water levels was about 4 ft throughout the period
shown. The difference expected from the contrast in
salinity and lengths of the water columns was about 3
ft. Because the fluctuations of the shallow well were
greater (daily fluctuations of about 2 ft) than the deep
well fluctuations (less than 1 ft), the apparent vertical
gradient varied throughout the day during periods of
intense pumping. The vertical gradient between wells
C1 and C2 could reverse during a day of intense with-
drawals.

A steeper upward trend is shown for October
10-13, 1986 (fig. 23c). During this period, all the
water levels rose substantially in response to a large
rainstorm on October 11, 1986. Part of the rise was
caused by recharge from rainfall, but most of the rise in
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the water levels was caused by a decrease in lawn
watering.

Another large rainstorm occurred on December
22, 1986; its effect on water levels in the monitor wells
are shown in figure 23d. The rise in the water levels
shown in figure 23d resulted mainly from recharge to
the aquifer because lawn watering was minimal during
December, and because more rain fell during Decem-
ber than during October.

Well D2 had the highest water levels during
December 20-23, 1986. Wells D1 and D2 had similar
high water levels, the water level in well C1 was below
the water level in wells D1and D2, and wells Al, A2,
and A3 had water levels intermediate between the
freshwater-zone wells (D1 and D2) and well C2. The
salinities in water from wells C1, D1, and D2 were sim-
ilar enough to negate the density differences between
them. Therefore, the differences in water levels among
these wells reflect the gradient. The gradient that was
almost always from the shallow transition-zone well
(C1) to the freshwater-zone wells (D1 and D2) was
reversed in December. The salinities of water from the
other four wells at the saline-water zone and at the tran-
sition-zone sites (A1, A2, A3, and C2) were similar. A
comparison of the water levels indicates that the gradi-
ent was usually from A1, A2, and A3 toward well C2.

The dip of the aquifer and the gradient in equiv-
alent freshwater head can be used to determine the
direction of ground-water flow (Davies, 1987). In the
study area, the dip of the aquifer is large enough and the
relative difference in equivalent freshwater heads is
small enough that dense saline water will tend to flow
downdip regardless of the existence of a small updip
gradient in equivalent freshwater head. The denser
saline water usually is downdip from or beneath the
freshwater, and tends to remain there because of its
greater density and the dip of the aquifer.

Water-Quality Data

A consistent and unresolved problem exists with
most of the analyses of the saline-water samples from
wells Al, A2, A3, and C2, and for historical analyses
of samples from the saline-water zone. The electrical
balance check on the ratio of cations to anions indicates
that major anion equivalents from the analytical data
usually were greater than the equivalents of cations. An
approximate check on the accuracy of a complete water
analysis is a balance between cations and anions. A
water solution is electrically neutral. The sum of the

equivalents of cations is equal to the sum of the equiv-
alents of anions. The difference between the two must
be less than 1 or 2 percent of the total equivalents for a
good complete analysis (Hem, 1985, p. 164). Hem
(1985) also states that the cation-anion balance might
not be a good indication of the accuracy of the smaller
ion concentrations when the total dissolved-solids con-
centration exceeds.1,000 mg/L. The cation-anion bal-
ance error for saline-water samples ranged from +0.73
to -7.03 percent. The apparent excess of anions is
restricted to those samples with individual anion con-
centrations that are greater than 1,000 mg/L and major
individual cation concentrations greater than about 100
to 200 mg/L. Lack of precision (two significant digits)
of the reporting format for concentrations that exceed
1,000 mg/L might contribute to the cation-anion imbal-
ance. Also, the analytical methods used to determine
the major ions in these saline-water samples might be
inappropriate for samples where individual ion concen-
trations exceed 1,000 mg/L.

Undetermined sulfide anion concentrations are
an unlikely factor of the charge imbalance because the
anion concentrations in the saline-water samples were
greater than the cation concentrations. The possibility
that the imbalance was caused by undetermined stron-
tium also is not likely because the available strontium
concentration data indicate that strontium could not be
present in concentrations as great as 7 percent of the
total cation equivalents (Pearson and Rettman, 1976).

The data from the saline-water samples are ques-
tionable because many of the analyses of the saline
water did not meet the requirement of analytical bal-
ance between equivalents of cations and anions. A
comparison of individual ion concentration uncertain-
ties would be useful because the source of the apparent
problem in the saline-water samples is unknown.
Unfortunately, the apparent error could be the resuit of
a single ion determination; several ion determinations;
all ion determinations; or none. Therefore, the error
distribution is difficult or impossible to quantify. Nev-
ertheless, the possibility of a significant error exists in
the saline-water-zone analyses. The effects of data
uncertainty on geochemical modeling of the type
described in the section on water chemistry evolution
are discussed in detail by Plummer (1984).
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Changes in Specific Conductance with Flow and
Depth

Site A

Plots of the specific conductance of water from
the cumulative-depth flow tests with depth of the inter-
val tested are shown in figure 24a. The data are modi-
fied from Pavlicek and others (1987). A comparison
of specific conductance for the site A test hole (A1)
(fig. 24a) with the discharge (fig. 19a) indicates that the
specific conductance of the water and the flow rate
changed appreciably with the length of the hole tested.
These data were not from discrete samples; water from
the more permeable top of the aquifer almost always
was mixed with the more saline water from the less per-
meable lower part of the aquifer in the open hole. These
data represent a qualitative indication of salinity and
water productivity from the various rock strata. Dis-
crete samples (samples from sections less than 10 ft
long) and flow from multiple-packer tests could have
delineated these vertical differences more accurately.
Multiple-packer tests were assumed to be infeasible
because of the nature of the rocks that make up the
aquifer. ~

The increase in flow and specific conductance
from the interval between the bottom of the George-

town Formation (965 ft) and 1,279 ft indicate that this
interval is uniform in permeability, but yields water of
increasing salinity with depth. The water with the
smallest dissolved-solids concentration was produced
from the top half of the Person Formation. The section
of the test hole below 1,279 ft produced less than
one-tenth of the open-hole flow, but is slightly more
saline than water from other intervals.

The specific conductance of the open-hole flow
was 5,230 uS/cm. The depth of interval tested, average
discharge, and measured specific conductance for the
discrete-interval flow tests of the site A test hole are
listed in table 2. The specific conductance of the inter-
val between 1,276 and 1,489 ft (bottom of the test hole)
was 6,650 uS/cm. The interval from 965 to 1,075 ft
depth had a specific conductance of 2,680 uS/cm,
smaller than the specific conductance of 3,198 uS/cm
(fig. 24a) obtained from only the upper 50 ft of the
Edwards aquifer during the drilling. A zone of less
saline water could be present below the upper 50 ft of
the Person Formation and above 1,075 ft depth. Data
from the other shallow monitor wells drilled at this site
were insufficient for further understanding the stratifi-
cation of the salinity in the saline-water zone.

Table 2. Selected data from the discrete-interval flow tests at the site A test hole, San Antonio, Texas

[ft, feet; gal/min, gallons per minute; jtS/cm, microsiemens per centimeter at 25 degrees Celsius; --, no data]

Interval Average discharge Specific conductance
(ft) (gallmln)l (uS/em)

965-1,489 2378 5,230
1,276-1,489 333 6,650
1,180-1,489 444 6,060
965-1,180 5238 4,360
965-1,075 6128 2,680
61,200-1,275 3723 -

1 Duration of flow, 4 hours; duration of recovery, 2 hours.

2 Discharge determined by manometer with 10-inch pipe x 8-inch orifice.
3 Discharge determined volumetrically.

4 Discharge determined by manometer with 4-inch pipe x 2.5-inch orifice.
5 Discharge determined by 8-inch pipe x 5-inch orifice.

6 Completed monitor well.

7 End of 1-hour flow.
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Site C

The plots of specific conductance (fig. 24b) and
discharge (fig. 19b) of cumulative-depth tests for the
site C test hole are not representative of the conditions
in the aquifer for this zone. The large amount of flow
from the cavern near the top of the Person Formation
diluted the water flowing from the section of the hole
below it. Change was not evident in amount of water
flow or in salinity for each progressively deeper inter-
val because of the effect of the water from the cavern.

The data from the single-packer interval flow
tests added some definition to the vertical stratification
of flow and water quality in the transition zone. The
depth of interval tested, average discharge, and mea-
sured specific conductance for the discrete-interval
flow tests of the site C test hole are listed in table 3. The
specific conductance of the water produced from the
interval 832 to 859 ft depth was 772 uS/cm. The spe-
cific conductance from the section below 859 to 1,396
ft (bottom of the hole) was 3,860 uS/cm. The flow pro-
duced from the top 27-ft section (832 to 859 ft) was 80
percent of the entire flow from the open hole and had
the smallest salinity measured in the test hole. Other

intervals that included the top 27 ft also produced about
the same amount of flow and water of the same salinity,
indicating that the flow from the top 27 ft (mostly from
the cavern) diluted the flow of saline water from below
it.

The hydraulic head of the water below the top 27
ft was lower than that of the hydraulic head in the cav-
ern, and water could have moved downward in the
open hole. The greatest salinities of water produced
from the test hole were from the intervals between
1,056 and 1,396 ft depth and between 1,240 and 1,396
ft depth. The specific conductance of water from these
two intervals was 5,860 and 5,870 uS/cm, respectively.
The longer interval produced about 3 times the flow of
the shorter, deeper interval (table 3). The final interval
test was done on the section between depths of 840 to
881 ft and a small amount of water was produced rela-
tive to the other sections. The specific conductance of
the water from this interval was not measured. This last
test indicates that almost all of the freshwater produced
from the test hole comes from the cavern in the interval
between depths of 832 and 840 ft, although some fresh-
water could also be from 840 to 881 ft.

Table 3. Selected data from the discrete-interval flow tests at the site C test hole, San Antonio, Texas

[ft, feet; gal/min, gallons per minute; pS/cm, microsiemens per centimeter at 25 degrees Celsius; -, no data]

Interval Average discharge Specific conductance
(ft) (galmin)! (1S/cm)
832-1,396 21,413 842
859-1,396 3495 3,860
832-859 31,128 772
1,056-1,396 3476 5,860
832-1,056 51,147 784
1,240-1,396 3427 5,870
832-1,240 61,167 826
7840-881 4842 -

! Discharge determined by manometer with 10-inch pipe x 8-inch orifice.

2 Duration of flow, 6 hours; duration of recovery, 2 hours.
3 Duration of flow, 4 hours; duration of recovery, 2 hours.

4 Discharge determined by manometer with 4-inch pipe x 2-inch orifice.

5 Duration of flow, 3 hours; duration of recovery, 1 hour.
6 Duration of flow, 2 hours; duration of recovery, 1 hour.
7 Completed monitor well.

8 End of 1-hour flow.
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Results of cumulative-depth tests for the C2
monitor well (before casing), drilled in the transition
zone, were consistent with those observed in the saline-
water-zone wells at site A. Although the production is
constant over the longer depth intervals, the salinity
increases with increasing depth and length of the sam-
pled interval.

Site D

The specific-conductance (fig. 24c) and dis-
charge (fig. 19¢) data from the cumulative-depth flow
tests from the site D test hole indicate that most water
probably was produced from near the top of the Person
Formation. The flow-rate curve for these cumulative-
depth flow tests shows that the largest volume of water
was produced from the top 50 ft of the test hole and
increased slightly as the test hole was drilled deeper.

Data from the single-packer interval flow tests
provided an incomplete definition of the vertical strati-
fication of flow and salinity. The depth of interval
tested, average discharge, and measured specific con-
ductance for the discrete-interval flow tests of the site
D test hole are listed in table 4. The water with the
smallest specific conductance (474 uS/cm) was pro-
duced by the interval from 1,040 to 1,384 ft depth. The
most saline water was produced by the interval from
1,225 to 1,384 ft depth. The specific conductance of the
water produced by this interval, 6,380 uS/cm, is about

as saline as the most saline water produced from the
site A and site C test holes.

A test of the interval between a depth of 1,158
and 1,384 ft produced less water than the shorter
interval between 1,225 and 1,384 ft; the specific
conductance of the water produced from the first sec-
tion was 1,862 uS/cm, which is less saline than the
water from the shorter, deeper interval (6,380 uS/cm).
Interstratal flow within the test hole is the most likely
explanation for the discrepancy. Some slightly saline
water from the interval not in common (between 1,158
and 1,384 ft depth) could have had greater hydraulic
head than the saline water in the deeper interval. The
difference in hydraulic head could have resulted in
downward movement in the test hole. Water ranging
from slightly saline to fresh from the interval between
1,158 and 1,384 ft depth could have flowed into the test
hole and down to the interval between 1,225 and 1,384
ft depth and into the aquifer from the test hole.

The differences in hydraulic head required to
cause the inferred reversals of flow in the test holes dis-
cussed in this report are unknown and probably are not
great—on the order of 1 ft or less difference in equiva-
lent freshwater head. The deep monitor well was not
completed in the most saline interval of this test hole.
Therefore, no information on the vertical potential gra-
dient between the freshwater near the top of the aquifer
and the saline water at the bottom of the aquifer could
be collected from the two wells installed at this site.

Table 4. Selected data from the discrete-interval flow tests at the site D test hole, San Antonio, Texas

[ft, feet; gal/min, gallons per minute; uS/cm, microsiemens per centimeter at 25 degrees Celsius; --, no data)

Interval Average discharge Specific conductance
(ft) (galUmin)! (uS/cm)
1,158-1,384 2324 1,862
1,225-1,384 31140 6,380
1,040-1,384 464.0 474
51,148-1,223 6.77.56 -

! Discharge determined by manometer with 4-inch pipe X 2-inch orifice.

2 Duration of flow, 7 hours; duration of recovery, 1 hour.

3 Duration of flow, 8 hours, 40 minutes; duration of recovery, 1 hour.
4 Duration of flow, 8 hours, 10 minutes; duration of recovery, 1 hour.

5 Completed monitor well.
6 Discharge determined volumetrically.
7 End of 1-hour flow.
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Changes with Time

The mean concentrations of chemical constitu-
ents for samples collected from the completed monitor
wells, July 1986-April 1987, are shown in table 5 (at
end of report). The mean concentrations of samples
from an observation well at the Mission well field and
the Artesia 1 observation well during this study are
listed in table 6. In most of the figures that follow in this
section, data for the saline-water wells are shown in the
upper part of the figure and data for the slightly saline-
water and freshwater wells are shown in the lower part.
This was done to have comparable scales on the verti-
cal axes of the plots.

A hydrograph of the water level at midnight in
well D2 for August 5, 1986-April 30, 1987, is shown
in figure 25. The hydrograph is shown to compare the
water level with the data from the water samples col-
lected during this same period (table S). Comparing the
water level and the salinity or dissolved constituents
can help determine whether a relation exists between
salinity in the monitor wells and the head in the fresh-
water zone of the aquifer. The observed water level in
well D2 is the most complete water-level data set of the
seven transect wells and parallels the water level in the
index well in San Antonio, known as "J-17" (AY-68-

37-203). The water levels in both wells are representa-
tive of the combined regional withdrawals and recharge
status. Except for brief periods at the beginning and
ending of the hydrograph, the water level in well D2
remains steady or increases indicating a general recov-
ery of the water level resulting from substantial
recharge and decreased withdrawals.

Specific-conductance measurements in water
samples from the monitor wells are illustrated in figure
26. The plots of specific conductance for all seven
monitor wells indicate no discernible trend in the data
through time. The fluctuations in the data from month
to month can be explained partly by analytical and
sampling uncertainty and partly by random fluctuations
in the quality of water sampled from the wells.

The deep monitor well (D1) at the freshwater
site had the largest coefficient of variation for specific
conductance (0.099) of the wells monitored during the
study (table 5). The coefficient of variation is defined as
the ratio of the standard deviation to the mean. Water in
this well could be the most sensitive indicator of
changes in water quality through time. The wells that
had the smallest coefficients of variation of specific
conductance were Al (0.035), A2 (0.024), A3 (0.035),
and C2 (0.032); the four most saline wells. This is
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Figure 25. Water level in well D2, San Antonio, Texas, at midnight, August 1986-April 1987.
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caused partly by the small relative changes in the spe-
cific conductance measured at these wells and partly
by the attenuated response they have to changes in
aquifer stresses. The coefficient of variation for specific
conductance for well C1 is 0.067 and for well D2 is
0.052. Water in these wells probably is of intermediate
sensitivity to changes in water quality. Although the
water level in well D2 appeared to be sensitive to aqui-
fer stresses, the water comes from a rather large body
of freshwater (virtually the entire freshwater zone of
the aquifer upgradient from it) and shows little change
in quality through time.

Changes in specific conductance in water from
two freshwater observation wells are shown in figure
27. The Artesia 1 observation well is adjacent to site D
(fig. 2), and the Mission observation well is more than
5 mi southwest from the monitor wells (fig. 1).

The alkalinity of the water in the well samples
can be assumed to result from the bicarbonate ion,
which is the major anion in the samples from wells C1

and D2. The concentrations of alkalinity over time
(fig. 28) show alkalinity as CaCOj3. A substantial
increase in alkalinity was measured in water from all
saline-water wells in the September or October 1986
samples. These changes are of unknown origin.

Calcium (fig. 29) is the main cation in the water
from wells C1, D1, and D2. Calcium concentrations
decreased consistently in the November and December
1986 samples from these three wells. The similarity in
the three well-sample concentrations indicates that
some event caused the change, but on the basis of these
data, the nature of the event is difficult to determine. A
slight, but consistent decrease in calcium concentra-
tions also is apparent for the October, November, and
December 1986 samples from wells A1, A2, and C2.
Calcium concentration in the August 1986 sample from
well A2 had a large increase paralleling the increase in
magnesium concentration (fig. 30) in water from this
well. Water from wells A1 and A3 also had slight
increases in calcium concentration during August
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Table 6. Summary statistics of the water quality from Mission and Artesia 1 observation wells, San Antonio, Texas

[S/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; mg/L, milligrams per liter; --, no data])

Property or constltuent Nut:fber Mean Medlan ::?;Ia;: St:::;rd :::::; ::x': C“T: Ier:t
samples variation
Mission of : 1
Specific conductance (US/cm) 8 480 480 22 8 460 520 0.046
pH (units) 8 - 7.10 - ' - 6.60 7.40 -
Temperature (°C) 8 267 268 4 .1 26.0 26.5 .015
Alkalinity (mg/L as CaCO3) 8 196 198 6 2 184 201 .031
Calcium (mg/L) 8 70 70 4 2 60 70 .061
Magnesium (mg/L) 8 17 17 1 <1 16 18 .059
Sodium (mg/L) 5 10 10 2 <1 10 10 -
Potassium (mg/L) 5 11 1.1 1 <1 9 13 --
Sulfate (mg/L) 8 25 25 1 <1 23 28 .040
Chloride (mg/L) 8 20 20 2 <1 17 24 10
Fluoride (mg/L) 5 3 3 <1 <.l 3 4 -
Silica (mg/L) 5 12 12 <1.0 <1.0 12 13 -
Dissolved solids (mg/L) 5 270 270 4 2 270 280 -
ia 1 rvation w

Specific conductance (uS/cm) 7 467 468 27 10 421 528 0.058
pH (units) 7 -- 7.00 -- - 6.60 7.40 -
Temperature (°C) 7 260 26.0 7 3 25.0 27.0 .027
Alkalinity (mg/L as CaCO5) 7 200 200 4 1 200 200 .020
Calcium (mg/L) 7 65 63. 3 1 61 68 .046
Magnesium (mg/L) 7 17 17 1 <1 15 17 .059
Sodium (mg/L) 4 10 10 2 <.l 10 10 -
Potassium (mg/L) 4 1.0 1.1 1 <.1 9 11 -
Sulfate (mg/L) 7 22 22 1 <1 21 24 045
Chloride (mg/L) 7 20 19 3 1 17 25 15
Fluoride (mg/L) 4 3 3 .0 .0 3 3 -
Silica (mg/L) 4 12 12 <1.0 <1.0 12 13 -
Dissolved solids (mg/L) 4 270 270 5 2 260 270 -

1 Coefficient of variation is defined as the ratio of the standard deviation to the mean. Only values for maximum
number of samples are shown.
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Figure 27. Specific conductance in water samples from Mission and Artesia 1 observation wells and monitor well
D2, San Antonio, Texas, July 1986-April 1987.
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Figure 28. Alkalinity concentration in water samples from monitor wells A1, A2, A3, C1, C2, D1, and D2, San
Antonio, Texas, July 1986-April 1987.
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Figure 29. Calcium concentration in water samples from monitor wells A1, A2, A3, C1, C2, D1, and D2, San

Antonio, Texas, July 1986-April 1987.

1986. Insufficient data were collected to determine the
cause of these changes in concentrations. Calcium con-
centration changes were more consistent in samples
from all seven monitor wells than were concentrations
of any other major ion studied.

Magnesium (fig. 30) had the second largest
concentration of the cations in water samples from
the freshwater wells (C1, D1, and D2). Random
fluctuations of magnesium concentrations were the
only trends apparent for water from these three wells.
A substantial increase in the magnesium concentration
was measured in the water from well A2 in August
1986. The cause of this large fluctuation is unknown.
The concentration of magnesium in the water from well
A2 remained constant through the rest of the study.
Appreciable changes in the magnesium concentration
in water from wells A1, A3, and C2 are not indicated.

Sodium (fig. 31) was a major cation in the saline-
water samples, but was determined only in water sam-
ples taken every 3 months. The data from wells A3 and
D1 show a steady increase in sodium concentration

62
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over time, but t]ie data for well C1 show a decrease.
The data are too few to draw any conclusions.

Sulfate concentrations were small in water from
well D2 and showed little change over time (fig. 32).
Sulfate made up an increasing proportion of the anions
in the water from wells C1 and D1. Except for a
reduction in sulfate concentration in the August 1986
sample from well D1, these data show only slight
trends. Sulfate concentration increases slightly over the
period in well D1 and decreases slightly over the period
in well C1 samples. The causes for these small changes
are unknown. Sulfate was the major anion in the water
samples from the other four wells. An appreciable
change did not occur over the period monitored, on the
basis of limited amount of data and the analytical
uncertainty.

Chloride was a2 minor constituent in water from
the two freshwater wells (C1 and D2) and was a major
constituent in water from well D1. These data are plot-
ted in figure 33 with the chloride concentrations of
water from the four saline-water wells. Substantial
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Figure 30. Magnesium concentration in water samples from monitor wells A1, A2, A3, C1, C2, D1, and D2, San

Antonio, Texas, July 1986-April 1987.

changes in chloride concentrations were not observed
in the water from the three wells with the smallest
salinity (C1, D1, and D2). Water from well Al, the
deepest well in the saline-water zone, had several large
changes in chloride concentration through time. These
were assumed to be normal inter-sample variability in
the chloride concentration of the deep part of the aqui-
fer in this part of the saline-water zone. The chloride
concentration of water from well C2, the deep transi-
tion-zone well, also changed with time, but the
analytical uncertainty prevents better definition of
chloride changes. Water from well A2, the shallowest
well in the saline-water zone, had little change in chlo-
ride concentration over time. Water from well A3 had
changes in chloride concentration, but the data are too
limited to infer what caused the changes.

The major ions determined in water samples
from the Mission well field and Artesia 1 observation
wells are plotted in figures 34a-b. Concentrations of
magnesium, sulfate, and chloride are shown in figure

34a, and the alkalinity and calcium concentrations are
shown in figure 34b. Calcium data have similar con-
centrations and magnitudes of change to those in water
from well D2 (fig. 28) and also indicate no trend with
time.

The data do not indicate a definite trend in time
for any of the dissolved constituents. Water samples
taken from the freshwater wells show greater relative
changes in dissolved constituents than the water sam-
ples taken from the saline-water wells. The salinity
variations in water samples from most monitor wells
appear to be random and do not correlate with the water
level of well D2. The specific conductance of samples
from monitor well D2 and the Mission and Artesia 1
observation wells (fig. 27) indicates that the range of
variability of well D2 is similar to the range of variabil-
ity of the other two observation wells.

Data from wells C1 and D1 appear to have slight
trends with time. The increase in specific conductance,
sulfate, and chloride in samples from well D1 does not
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Figure 31. Sodium concentration in water samples from monitor wells A1, A2, A3, C1, C2, D1, and D2, San

Antonio, Texas, July 1986-April 1987.

correlate with the rising water levels in well D2. If the
water levels were correlated with the change in salinity,
the specific conductance of water in well D1 should
decrease as the water level rises and increase as the
water level declines. The specific-conductance data
from well D1 tend to increase as the water level in D2
rises, exactly the opposite that would be expected from
saline-water intrusion. The change from small to large
values of specific conductance in the well D1 samples
is about 29 percent of the median, 1,050 pS/cm

(table 5).

The specific conductance, chloride, and sulfate
of samples from well C1 decrease slightly during the
period indicating a possible correlation between
decreased salinity in water from well C1 and higher
water level at well D2. The change in specific conduc-
tance in well C1 samples is much smaller relative to the
opposite trend in well D1. The change is about 8 per-
cent of the median (660 puS/cm).

Water samples were collected from all seven
monitor wells on January 22, 1987. These water sam-
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ples (table 7) were analyzed for a suite of trace ele-
ments, mostly metals. Before analysis, all water
samples were filtered through a 0.10-um filter to
remove colloidal-size particles.

The January water samples collected had small
concentrations of most of the elements tested. Arsenic
concentration was less than the minimum reporting
level (1 ug/L as As) in samples from wells Al, A2, C2,
and D2. Arsenic was detected in samples from wells
A3, C1, and D1, but was equal to or slightly above the
minimum reporting level. Arsenic concentrations in
samples from the wells had no apparent relation to each
other.

Barium concentration was less than the mini-
mum reporting level (100 pg/L as Ba) in samples from
wells Al, A2, and A3. The minimum reporting level is
greater in the saline-water samples (A1, A2, A3, and
C2) than in the freshwater samples (C1, D1, and D2)
because of the dissolved-solids concentrations. Barium
was detected in samples from wells C1, C2, D1, and

Analysis of Data from Test-Well Sites Along the Downdip Limit of Freshwater in the Edwards Aquifer, San Antonio, Texas,
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Figure 32. Sulfate concentration in water samples from monitor wells A1, A2, A3, C1, C2, D1, and D2, San

Antonio, Texas, July 1986-April 1987.

D2. The largest concentration was detected in the sam-
ple from well C2.

Differences in concentrations of dissolved iron
and manganese are evident among samples from the
wells. Water samples from wells A1, A2, and A3 had
the greatest concentrations of manganese. Pearson and
Rettman (1976) collected data on the oxidation/reduc-
tion conditions in the freshwater and saline-water
zones. Pearson and Rettman (1976) indicated that the
saline water was substantially reduced and contained
hydrogen sulfide gas. Iron and manganese are more
soluble in the reduced state, except in the presence of
dissolved sulfide. However, the variations in the iron
and manganese concentrations in water from the mon-
itor wells apparently are unrelated to the presence of
hydrogen sulfide.

Ferric iron staining is common in the freshwater
part of the aquifer and pyrite (FeS,) is present in the
saline-water zone. The water sample from well D2 had
the smallest concentrations of iron. The smallest con-
centrations of manganese were in water samples from

freshwater wells C1 and D2. The largest concentrations
of manganese were in water samples from wells Al,
A2, and A3, which had the most reducing conditions.
The manganese concentrations in water samples from
wells C2 and D1 were intermediate, indicating a transi-
tion from greater manganese solubility in the saline-
water zone to lesser solubility in the freshwater zone.

The iron concentrations indicate that other con-
trols in the saline-water zone also could be affecting the
solubility of iron in the reducing water. Iron sulfides are
relatively insoluble. Hydrogen sulfide and sulfide con-
centrations were not measured in samples from the
monitor wells, but probably were present because a
strong odor of hydrogen sulfide was emitted from the
water. Dissolved sulfide, associated with hydrogen sul-
fide, probably controls the level of dissolved ferrous
iron in the saline water. This can be seen by comparing
the levels of dissolved iron in the samples from saline-
water wells Al, A2, and A3, the shallow transition-
zone well C1, and the deep freshwater-zone well D1.
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Figure 33. Chloride concentration in water samples from monitor wells A1, A2, A3, C1, C2, D1, and D2, San

Antonio, Texas, July 1986-April 1987.

The largest iron concentrations were in samples
from well D1. Buszka (1987) and Pearson and Rettman
(1976) reported that all the freshwater sampled in the
Edwards aquifer contains 2 mg/L or more of dissolved
oxygen. Although well D1 yields freshwater, the mon-
itor interval spans the downdip limit of freshwater -
between oxygen rich freshwater and sulfide rich saline
water. The large concentration of iron could be caused
by the mixing of these two chemical environments and
subsequent reactions. The water from well C1 con-
tained some hydrogen sulfide, but apparently it had
little effect on the iron concentration in the water from
that well.

Water from wells A2 and D2 was analyzed
on April 17, 1987, for a slightly different suite of
major cations and trace elements (table 8). These anal-
yses were conducted to determine the differences or
similarities between the saline water (well A2) and the
freshwater (well D2) with respect to these trace metals
at lower minimum reporting levels. Barium concentra-
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tions were greater in the freshwater than in the saline
water. The concentration of barium in the April 17
sample from well D2 was the same as that in the Janu-
ary 22 sample.

Boron, cadmium, lead, and molybdenum were
present at similar small concentrations in saline water
from well A2 and freshwater from well D2. Concen-
trations of chromium, copper, lithium, manganese,
strontium, and zinc were detected in the saline-water
and freshwater samples, but the concentrations were
substantially greater in the saline water—particularly
lithium, manganese, and zinc. The sources of chro-
mium, copper, lithium, and zinc are unknown. The
source of the large concentrations of manganese could
be the dissolution of manganese sulfides associated
with pyrite. Carbonate rocks are the source of the large
concentrations of strontium. The minerals that com-
pose limestone and dolostone contain varying amounts
of strontium (Kulp and others, 1952). The larger con-
centration of strontium in the saline water is caused by

Analysis of Data from Test-Weil Sites Along the Downdip Limit of Freshwater in the Edwarde Aquifer, San Antonio, Texas,
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Table 7. Concentrations of selected trace elements in samples from monitor wells, San Antonio, Texas, January

22,1987

{ug/L, micrograms per liter; <, less than]

well Arsenic, Barium, Cadmium, Chromium, Copper, Iron,
number dissolved dissolved dissolved dissolved dissolved dissolved
(ng/L as As) (ng/L. as Ba) (ug/L as Cd) (ug/L as Cr) (ng/L as Cu) (ng/L as Fe)
Al <1 <100 1 <10 <1 120
A2 <1 <100 1 <10 <1 120
A3 1 <100 1 <10 <1 90
C1 2 84 <1 <10 2 450
C2 <1 200 1 10 <1 100
D1 1 110 <1 <10 <1 1,400
D2 <1 110 <1 <10 <1 38
Well Lead, dissolved Manganese, dissolved Selenium, dissolved Silver, dissolved Zinc, dissolved
number (ng/L as Pb) (ng/L as Mn) (ng/L as Se) (ug/L as Ag) (Lg/L as Zn)
Al <5 70 <1 <1 <10
A2 <5 50 <1 <1 30
A3 <5 60 <1 i <1 30
C1 <5 4 7 : <1 33
C2 <5 40 <1 | <1 30
D1 <5 17 <1 <1 15
D2 <5 7 1 <1 40

the lack of freshwater diagenesis or longer residence
time. The iron concentration was less in the saline-
water sample (well A2) than in the freshwater sample
(well D2), probably because of the presence of sulfide
in the saline water.

Evolution of Water Chemistry

The water chemistry in the freshwater zone of the
Edwards aquifer does not change substantially from the
recharge to the discharge areas. The chemical evolution
of water that enters the saline-water zone has been

interpreted by previous studies through the use of ion
ratios and graphical comparisons.

Molar Ratios of Major lons

Pearson (1973) noted that the ratio of dissolved
sulfate to dissolved chloride was variable in the fresh-
water zone primarily because of the variability in the
amount of dissolved chloride in the recharge water. The
molar ratios of sulfate to chloride were compared with
molar ratios of magnesium to calcium in the water sam-
ples taken from the test holes at sites A, C, and D. The
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Table 8. Concentrations of selected dissolved major and trace ions and silica in samples from wells A2 and D2,

San Antonio, Texas, April 17, 1987'

[mg/L, milligrams per liter; pg/L, micrograms per liter]

Constituent Units (sa‘lliv::l::ter) (fr:’sel::woatzer)
Calcium mg/L 490 68
Magnesium mg/L 160 17
Sodium mg/L 380 9.8
Silica mg/L 19 11
Barium pug/L 12 110
Boron mg/L 13 .78
Cadmium ug/L i 4
Chromium ug/L 4.1 1.0
Copper ug/L 9.2 .6
Iron ug/L 62 170
Lead ug/L 1.1 1.8
Lithium ug/L 800 22
Manganese pg/L 37 57
Molybdenum ug/L 36 39
Strontium mg/L 11 1.5
Zinc ug/L 16 54

! Analyses made by J. Garbarino, U.S. Geological Survey.

ratio of dissolved magnesium to calcium could be
indicative of the relative amount of dolomite in contact
with the water in the rocks, and the ratio of sulfate to
chloride could be an indicator of the relative impor-
tance of gypsum dissolution on the water chemistry,
particularly in the saline-water zone.

The plot of the ratios from the cumulative-depth
flow tests at site A is shown in figure 35. Water samples
from the tests showed little change in the two ion ratios
as the sampled depth interval increased. The data
points are numbered for the respective cumulative-
depth test sample. The number increases with increas-
ing depth and the letters refer to the samples from the
single-packer or interval flow tests. Samples I and 3,
taken from the intervals between depths of 965 and
1,123 ft, are isolated from the main group of samples

indicating that the water from the top 50 to 150 ft of the
aquifer at the saline-water zone is of a different type.
The specific conductance of these samples shown in
figure 24a indicates that the water from near the top of
the aquifer at site A is less saline than the water from
the rest of the aquifer at this zone. Samples 2 and &
from 965 to 1,075 ft, that includes the intervals of sam-
ples 1 and 3, are not grouped with these two samples.
The reason for the larger molar ratio of magnesium to
calcium of samples 2 and 8 with respect to samples 1
and 3 is not known.

The relation between the molar ratios of sulfate
to chloride and the molar ratios of magnesium to cal-
cium in water samples from the cumulative-depth and
interval flow tests from the site C test hole is shown in
figure 36. Data from three interval flow test samples (a,
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Antonio, Texas.

v, and € in the right half of fig. 36) plot in the same area
as most of the points for the site A samples in figure 35.
Sample intervals @, vy, and € are all below 859 ft depth.
The specific conductance of these samples (table 3)
indicates that all the water produced below 859 ft
(below the freshwater producing cavern) is saline and
of a different type than the water produced from the
cavern. Samples f, 8, and { are from depth intervals
that included the freshwater cavern (832 to about 840 ft
depth) and are representative only of this interval
because flow from the cavern diluted the flow from
below it. Therefore, all the cumulative-depth samples
also plot in the same area on figure 34 as do samples f,
$, and {.

The relation between the molar ratios of sulfate
to chloride and the molar ratios of magnesium to cal-
cium of the site D samples from the cumulative-depth
and interval flow tests is shown in figure 37. All sam-
ples, except for 3, o, and B, are in the lower center of

the graph. Data points o and P are from interval flow
test samples from the two saline-water intervals that
did not include the section of test hole above a depth of
1,158 ft. Samples o and B plot in the same area as do
most of the saline-water-zone samples (fig. 35). At site
D, the freshest water is near the top of the aquifer, and
saline water, with specific conductance between 5,500
and 6,500 pS/cm, is near the bottom. The large ratio of
sulfate to chloride of sample 3 could be the result of
sampling or analytical error. The major difference
between the site C water quality and the site D water
quality is the water chemistry type and the section of
the aquifer that produces freshwater. The fluid resistiv-
ity curve of the site D test hole (fig. 18) indicates that
most of the section of aquifer from the bottom of the
Georgetown Formation to about the middle of the
Kainer Formation contains freshwater.

The pattern of the data plotted in figure 37 indi-
cates that this type of plot is an important means to
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determine if saline-water intrusion occurs in the aquifer
near these monitor wells. Movement of saline water
toward water-supply wells in the freshwater zone might
not show large increases in dissolved solids, but the rel-
ative proportions of the various ions, as used in the plot,
could show distinct changes.

The molar ratios of the mean concentrations of
sulfate to chloride and magnesium to calcium from the
five water-quality groups (fig. 6) defined by Pearson
and Rettman (1976) are shown in figure 38 with the
ratios of the mean concentrations from the monitor-
well samples. Samples from site A are similar to the
western saline and transitional group, as is the sample
from the freshwater well D1 that includes the downdip
limit of freshwater. The water sample from freshwater
well D2 yielded ratios that are close to those of the

main freshwater group. The water sample taken from
transition-zone well C1 yielded ratios between those of
the main freshwater and western saline and transitional
groups.

A plot of the ratios of ions from the water sam-
ples collected in the completed monitor wells from July
1986-April 1987 is shown in figure 39. Samples from
the three saline-water-zone monitor wells (A1, A2, and
A3) plot in the same general area as discrete-interval
samples from the saline-water-zone test hole. Samples
from well C2 are similar to the other saline-water well
samples, but have a slightly larger ratio of magnesium
to calcium. Samples from well D1 (slightly saline
water) are similar to other saline-water well samples
(Al, A2, A3, and C2), but have a slightly smaller ratio
of magnesium to calcium. The difference between C2
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and D1 could be the result of more dolomite in the
rocks along the flowpath to well C2 relative to the
amount of dolomite in the rocks along the flowpath to
well D1, which would increase the magnesium concen-
tration relative to calcium concentration. The ratio of
sulfate to chloride is nearly constant for these five .
saline-water wells, which agrees with a similar obser-
vation made by Pearson (1973) for most of the saline-
water zone near the downdip limit of freshwater. Three
discrete clusters of samples are indicated in figure 39.
Two of the clusters represent water samples from two
freshwater wells (C1 and D2). The third, an elongate
cluster of samples in figure 39, represents water sam-
ples from D1 and the four saline-water wells (Al, A2,
A3, and C2).

Graphical Comparison

Graphical comparison of concentrations of
dissolved constituents in water samples is useful to
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interpret the evolution of water chemistry and to iden-
tify and define the types of chemical reactions that take
place in an aquifer.

* Major ions in water samples taken from monitor
wells April 17, 1987, are shown on a Piper diagram in
figure 40. The cation-anion balance errors for these
analyses are listed in table 9. The data indicate increas-
ing dissolved sodium and potassium relative to calcium
and magnesium (fig. 40, left to right in the lower left tri-
angular graph) and increasing dissolved chloride and
sulfate relative to bicarbonate ion (fig. 40, left to right
in the lower right triangular graph). The overall pattern
in the water-sample data, from calcium magnesium
bicarbonate dominated water to calcium sodium sulfate
dominated water with some chloride, is indicated by
the linear pattern from sample D2 to the four saline-
water samples (A1, A2, A3, and C1) shown in the
middle quadrilateral graph of figure 40. The local
geochemical evolution just described for these seven
monitor-well water samples is similar to the regional

Analysis of Data from Test-Well Sites Along the Downdip Limit of Freshwater in the Edwards Aquifer, San Antonio, Texas,
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geochemical evolution described by Pearson (1973)
and Rightmire and others (1974) for the development
of Edwards aquifer saline-water chemistry from
Edwards aquifer freshwater chemistry. Pearson (1973)
and Rightmire and others (1974) postulated that the
evolution occurred at or near the downdip limit of
freshwater by mixing of Edwards aquifer freshwater
(similar to the main freshwater group of Pearson and
Rettman, 1976) with one of two saline-water "brines"”
originating tens of miles downdip in the saline-water
zone.

The water type from well D1 could have resulted
from the mixture of freshwater and saline water similar
to the mixing reaction postulated by Pearson (1973)
and Rightmire and others (1974). However, because
the screened interval of D1 intersects the downdip limit
of freshwater and likely draws from both the freshwater
zone and the saline-water zone, water drawn from well
D1 is an artificially induced mixture of the saline water
and freshwater and might not represent natural condi-
tions in the aquifer.

The composition of the water sample from well
Cl is not quite intermediate between the composition
of D2 and D1. The water composition of C1 cannot be
explained as readily by mixing because it is drawn
from a cave that is, at least locally, hydraulically iso-
lated from both the freshwater zone tapped by well D2
and the saline-water zone tapped by C2.

Sait-Normative Assembiages

Assessing the probability of saline-water intru-
sion can be more accurate by increasing the under-
standing of the origin and nature of the salinity in the
Edwards aquifer. One means that can be used to char-
acterize the salinity and determine to some extent the
origins of the salinity is to compute a salt-normative
assemblage for each of the various samples.

A technique that computes the salt-normative
(salt-norm) assemblage of minerals for a given water
chemistry, SNORM (Bodine and Jones, 1986), was
used to help define the evolution of saline-water-zone
water chemistry. The salt norm is the quantitative ideal
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equilibrium assemblage that would crystallize if the
water evaporated to dryness at 25 °C and 1 bar total
pressure and atmospheric partial pressure of CO,. The
results from SNORM help to identify three water types:
(1) meteoric or weathering water types that are charac-
terized by normative alkali bearing sulfate and carbon-
ate salts; (2) connate marine-like water types that are
chloride rich with a halite anhydrite kieserite bischofite
carnallite association; and (3) diagenetic water types
that are frequently of marine origin but yield normative
salts, such as calcium bearing chlorides and sylvite,
which indicate solute alteration by secondary mineral
reactions.

Salt norms might help to: (1) identify lithologic
sources of dissolved solids; (2) identify the origin of
connate water types from normal marine, hypersaline,
or evaporite mineral resolution processes; and (3) dis-
tinguish between dolomitization and silicate hydrolysis
or exchange for the origin of diagenetic water types.
Bodine and Jones (1986) examined hundreds of water
analyses using this technique and developed several
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relations that are used here to classify the water chem-
istry of the monitor wells and the regional chemistry of
the saline-water zone, and to help determine the origin
of these water types.

Percentage of anhydrous weight of the salt-norm
assemblages for the water samples taken from the site
A test hole is shown in figure 41. The assemblages for
these samples do not differ appreciably over the inter-
vals sampled. The assemblage, in order of decreasing
percentage of anhydrous weight, is generally about 45
percent anhydrite (CaSO,), 28 to 30 percent halite
(NaCl), 10 to 15 percent kieserite (MgSO4°H,0) plus
bischofite (MgCl,*6H,0), 5 to 10 percent magnesite
(MgCO3), and 3 to 4 percent carnallite (KMgCls*
6H,0) plus tachyhydrite (CaMg,;Clg*12H,0).

Percentage of anhydrous weight of the salt-norm
assemblages of minerals computed for the water sam-
ples taken from the site C test hole is shown in figure
42. The 11 cumulative-depth samples show little varia-
tion because most of the water produced by these inter-
vals was from the cavernous zone at the top of the

Analysis of Data from Test-Well Sites Along the Downdip Limit of Freshwater in the Edwards Aquifer, San Antonlo, Texas,
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Figure 40. Piper diagram showing major ions in water samples from monitor wells A1, A2, A3, C1, C2, D1, and

D2, San Antonio, Texas, April 17, 1987.

Table 9. Cation-anion balance errors for the analyses of samples from monitor wells, San Antonio, Texas, April

17,1987
Well number (pfrr;z:\t)
Al -5.1
A2 -5.3
A3 4.0
Ci -84
C2 -5.3
D1 -.87
D2 2.5
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aquifer. In order of decreasing percentage of anhydrous
weight, the assemblage is generally about 40 to 45 per-
cent dolomite, 30 to 36 percent anhydrite, 17 to 20 per-
cent halite, 1 to 5 percent calcite, 1 to 3 percent carnall-
ite plus tachyhydrite (all carnallite in these samples),
and negligible amounts of other minerals. Weights of
less than 1 percent are not plotted or discussed. This
general assemblage is quite different from the assem-
blages of the site A test-hole samples. The site C
assemblage has less anhydrite, halite, and carnallite
plus tachyhydrite, and no kieserite plus bischofite.
Tachyhydrite is not present in any of the assemblages
of the cumulative-depth samples from the transition
zone (site C). Considerable dolomite and some calcite
are present; neither are present in the saline-water-zone
assemblage site A.

Three of the six assemblages computed from the
interval flow samples in the site C test hole (., ¥, and €)
are distinctly different from the computed salt-norm
assemblages from the cumulative-depth (1-11) sample.
They show no dolomite but contain 15 to 20 percent
kieserite plus bischofite, which are absent in cumula-
tive-depth samples from site C flow-test samples. The
interval flow samples, from below the cavern, have
assemblages similar to those of site A. Assemblages
computed from water samples from intervals that
included the cavern (B, §, and {) are similar to those
computed from the cumulative-depth samples. This is
caused by the flow of water from the cavern.

The salt-norm assemblages computed for the site
D cumulative-depth and interval flow samples are
shown in figure 43. The general assemblage for the
cumulative-depth flow test samples, in order of
decreasing percentage of anhydrous weight, is about 47
to 50 percent dolomite, 25 to 30 percent calcite, 10 to
13 percent anhydrite, 10 percent halite, about 1 percent
carnallite plus tachyhydrite (all carnallite in these sam-
ples), and no kieserite plus bischofite. This general
assemblage also is different from that of the site C
cumulative-depth assemblage. The assemblages com-
puted for the interval flow test samples that included
only the lower section of the aquifer (0 and ) were
similar to site A assemblages.

The salt-norm assemblages computed for the
April 17, 1987, samples from the monitor wells and
the assemblages computed for the mean concentrations
of the five water-quality groups (Pearson and Rettman,
1976) are shown in figure 44. Water samples from the
three saline-water-zone wells (A1, A2, and A3) and
well C2 are similar to the general assemblage com-

puted for the interval samples from the site A test hole
shown in figure 41, with the exception of kieserite
plus bischofite. The eastern saline and transitional and
western saline and transitional groups (fig. 6) from
Pearson and Rettman (1976) also are similar to the
assemblage of the site A test hole. This similarity
implies that all of these water types had similar origins.
The western saline and transitional group assemblage
is closest to the site A well assemblage. The well D2
assemblage is similar to the assemblage for the main
freshwater group, with the exception of kieserite plus
bischofite. The well C1 and western varied group
assemblages apparently are intermediates between the
assemblages of saline water and freshwater.

On the basis of work by Bodine and Jones
(1986), the minerals that compose these salt-norm
assemblages can help identify the origins of, and the
relations among, the several water types of these water
samples. The presence of the halite anhydrite kieserite
bischofite carnallite association in the site A assem-
blages and in the assemblages computed for the saline
and transitional and varied groups of Pearson and
Rettman (1976) indicates that there might be a com-
ponent of marine-like water in these assemblages
(fig. 44). The excess of anhydrite over halite, relative to
the mean seawater assemblage (plotted in fig. 46) from
Bodine and Jones (1986), indicates that a substantial
amount of anhydrite or gypsum dissolution occurs in
and near the saline-water zone of the aquifer relative to
halite dissolution.

On the basis of water samples from oil or gas
wells (fig. 45), Land and Prezbindowski (1981) con-
cluded that there is upfault or updip movement of
diagenetic water types into the Edwards aquifer in the
saline-water zone. Land and Prezbindowski (1981) did
not analyze for dissolved sulfate, but stated that sulfate
concentration generally is 300 mg/L or less in samples
from the Edwards aquifer saline-water-zone oil or gas
wells. Rye and others (1981) reported dissolved sulfate
concentration of 2,870 mg/L obtained from an oil-field
well that was sampled by Land and Prezbindowski
(1981). The concentration of dissolved sulfate in this
well sample is much larger than 300 mg/L and approx-
imately at the saturation level (with respect to dissolved
calcium) for anhydrite or gypsum. The analysis (Rye
and others, 1981) indicates that appreciable concentra-
tions of dissolved sulfate might be present in other
samples from oil or gas wells. Therefore, dissolved sul-
fate concentrations were estimated for the analytical
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ES - Eastem saline and transitional group
WS -~ Westem saline and transitional group
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" MF — Main freshwater group
WV - Westem varied group
* N =none or less than 1 percent

Figure 44. Percentage of anhydrous weight of the salt-normative assemblage of minerals computed for water
samples from monitor wells A1, A2, A3, C1, C2, D1, and D2, San Antonio, Texas, April 17, 1987, and the mean
concentrations of the five water-quality groups of Pearson and Rettman (1976).

data sets of Land and Prezbindowski (1981) used in
this study.

Because the level of dissolved sulfate obtained
by Rye and others (1981) was approximately at the sat-
uration level for anhydrite or gypsum, the upper limit
for estimated concentrations of dissolved sulfate was
the gypsum saturation level as determined by the com-
puter program WATEQ4F (Ball and others, 1991) for
the temperature and ionic strength of the water sample.
Estimated concentrations of dissolved sulfate were
constrained further so that the estimates would not
result in a cation-anion charge imbalance nor exacer-
bate any imbalance that exists in the unadjusted data.

Initial charge imbalances were 5 percent or less
in all the water-quality analyses used from Land and
Prezbindowski (1981). Charge imbalances were still 5
percent or less after accounting for estimated concen-
trations of dissolved sulfate. Estimated dissolved sul-
fate concentrations for the well samples are: 200 mg/L

for Lodge 2 sample; 1,000 mg/L for the Knobloch 1
sample; 1,300 mg/L for the Strawn 1 and E.J. Pruitt 36
samples. The imposition of dissolved sulfate concen-
trations on these sample analyses did not substantially
affect (less than 1-percent change) the cation-anion bal-
ance of the Lodge 2 and Strawn 1 analyses. The charge
imbalances of the Knobloch 1 and E.J. Pruitt 36 sample
analyses improved to 0.0 with the imposed dissolved
sulfate estimates. The Land and Prezbindowski (1981)
data sets, including estimated concentrations for dis-
solved sulfate, were used in the following discussion
and in figure 46 presenting salt-norm assemblages,
unless otherwise noted.

The mean seawater assemblage, the assem-
blages of four representative samples from Land and
Prezbindowski (1981), and the salt-norm assemblages
of the April 17, 1987, samples of the seven monitor
wells are shown in figure 46. The salt-norm assem-
blages for A1, A2, A3, and C2 contain much greater
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amounts of anhydrite and much smaller amounts of
halite than the seawater assemblage. The salt-norm
assemblages for four oil- or gas-well samples (fig. 45)
of Land and Prezbindowski (1981) contain no kieserite
plus bischofite, unlike the seawater assemblage, and
contain greater amounts of carnallite plus tachyhydrite
and antarcticite than the seawater assemblage.

The analyses were used to compute a salt-norma-
tive mineral assemblage for comparing the chemistry
of the samples. The sample from the deepest Edwards
aquifer saline-water-zone well and the sample with the
greatest dissolved-solids concentration is Strawn 1. In
this assemblage, anhydrite is not present and the halite
component is similar to that of the seawater norm. The
lack of anhydrite might be caused by a component of
hypersaline brine, which is depleted in sulfate. The
addition of sulfate had little to no effect on the salt-
norm assemblage. Kieserite and bischofite are absent
from all the oil- or gas-well sample assemblages, which
could be caused by the presence of redissolved halite or
calcium sulfate in the brine. The lack of kieserite in the
Strawn 1 assemblage probably is not caused by solu-
tion of calcium sulfate because of the near absence of
anhydrite. Some solution of halite probably occurred to
form this brine.

The salt-norm assemblage computed for the
adjusted Lodge 2 analysis was not different from the
unadjusted assemblage. For the samples with slightly
smaller concentrations, such as Knobloch 1 and E.J.
Pruitt 36, the addition of sulfate added sufficient anhy-
drite to make the computed salt-norm assemblage sim-
ilar to the seawater assemblage. The added sulfate also
caused a redistribution of small proportions of the cal-
cium and chloride bearing minerals in the computed
salt-norm assemblages. The two most diagnostic min-
erals or pairs of minerals in the assemblages for the oil-
or gas-well samples are antarcticite (CaCl,*6H,0) and
carnallite plus tachyhydrite (fig. 46). The addition of
sulfate to the E.J. Pruitt 36 analysis substantially
changed the resulting salt-norm assemblage. Without
sulfate, the salt-norm assemblage contained more ant-
arcticite than carnallite plus tachyhydrite. The added
sulfate reversed the ranking of antarcticite to carnallite
plus tachyhydrite in the computed salt-norm assem-
blage.

The large antarcticite norm relative to the sea-
water norm indicates that a component of the oil- or
gas-well sample is made up of diagenetic brine, as
hypothesized by Land and Prezbindowski (1981). The
proportions of antarcticite to carnallite plus tachyhy-

drite can help distinguish diagenetic brine resulting
from interaction with silicate minerals or carbonate
minerals. Bodine and Jones (1986) concluded that
when large amounts of antarcticite and carnallite plus
tachyhydrite are present in an assemblage, and the ant-
arcticite exceeds the carnallite plus tachyhydrite weight
percent, then silicate dominated diagenesis has been
involved in producing the water chemistry of the brine.
The Strawn 1 and Lodge 2 assemblages and, to a lesser
extent, the E.J. Pruitt 36 assemblage, contain more ant-
arcticite than carnallite plus tachyhydrite. Therefore,
there could have been silicate dominated diagenesis
involved in the origin of the water chemistry at these
wells.

If carnallite plus tachyhydrite exceeded antarc-
ticite, such as in the Knobloch 1 assemblage, diagene-
sis dominated by carbonate minerals was involved in
producing the water chemistry. If no sulfate had been
added to this analysis, the amount of antarcticite would
be about 5 percent greater, thus making it similar to the
salt assemblages from water samples taken farther
downdip. The effect that sulfate has on distributing the
proportions of salts for this well sample strongly sup-
ports the assumed sulfate concentration.

A pattern is not apparent in these assemblages.
The deepest water, represented by the Strawn 1 sample,
might result from the mixing of marine-like connate
brine with brine from another section of the Gulf Coast
sediments where diagenesis of silicate minerals was
present. The effect of silicate dominated diagenesis is
to decrease the ratio of magnesium to calcium in the
pore fluid brine by exchanging magnesium and sodium
in solution for calcium in solids (Bodine and Jones,
1986). The ratio of magnesium to calcium in the brine
is indicated by the relative amounts of antarcticite and
tachyhydrite plus carnallite in the salt-norm assem-
blage.

The importance of the silicate dominated diagen-
esis becomes less in the water 6 mi or more updip, as
represented by the Lodge 2 sample, and is even less
important farther updip, as represented by the E.J.
Pruitt 36 sample. At the oil or gas field closest to the
downdip limit of freshwater of the Edwards aquifer,
represented by the Knobloch 1well sample, the silicate
diagenetic water type apparently is insignificant, but
water that is dominated by carbonate mineral diagene-
sis could have mixed with marine-like water in this part
of the aquifer. This oil field is about 12 mi downdip
from the downdip limit of freshwater.
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The proportion of a possible marine-like water
type in the water samples becomes less with proximity
to the freshwater part of the aquifer. The carbonate
dominated diagenetic water type becomes less at the
zone represented by four saline-water-zone monitor-
well assemblages: Al, A2, A3, and C2. This progres-
sion of water types does not indicate substantial move-
ment of water updip toward the freshwater zone. The
progression does indicate that separate masses of
water, possibly compartmentalized by fault barriers,
are affected by mixing with brine introduced into the
Edwards aquifer. Originally, the rocks that today com-
pose the Edwards aquifer contained marine water of
fairly uniform composition. Over geologic time, part of
the area underlain by the Edwards aquifer has been
variably elevated above sea level and then subsided
below sea level in part, and several distinct flow
regimes were established.

The freshwater zone probably developed as sug-
gested by Mench-Ellis (1985) and discussed in the sec-
tion "Previous Investigations." Because the water flow
in the freshwater zone is partly or completely con-
trolled by barrier faults, the flow in the saline-water
zone also could be controlled by barrier faults. Most oil
fields are located where substantial offset of up-to-the-
coast faults results in stagnation zones that prevent oil
and other hydrocarbons from moving farther updip
(Rose, 1972). Therefore, control of fluid flow in the
saline-water zone by faults is likely.

The oil or gas fields in the Edwards aquifer
saline-water zone are located primarily in the nearly
stagnant zones near faults at the top of the Edwards
aquifer, and samples taken from these wells could be
biased toward the type of water in these stagnant zones.
If bias toward one type of water is present, the actual
nature of fluid in the zones between oil and gas fields is
unknown. Land and Prezbindowski (1981) concluded
that upfault movement of water is from older forma-
tions into the Edwards aquifer. It is possible that the
withdrawal of fluids (hydrocarbons and saline water) in
the oil and gas fields causes more upfault water flow
and, thus, these oil and gas zones are potentially biased
toward water chemistry influenced by upfault move-
ment.

Land and Prezbindowski (1981) proposed that
a mixture of Edwards saline ground water and diage-
netic water from outside the aquifer moves updip
toward the freshwater zone. If this water does not enter
the freshwater zone, it must discharge elsewhere. Infor-
mation on amount of saline water that moved into the

freshwater zone or on saline-water springs or seeps
of the Edwards aquifer is limited, and Land and
Prezbindowski (1981) did not present any data on loca-
tions or volumes of natural saline-water discharge.
This preliminary comparison of the water chem-
istry differentiation of the saline-water zone indicates
the possibility that upfault movement of water could
occur in the saline-water zone and by inference, the
freshwater zone, unless prevented by mineral precipita-
tion or other factors. The best examples of upfault
water movement in the freshwater zone are the major
springs—San Antonio, San Pedro, Comal, and San
Marcos—all of which discharge water diverted along
major faults from the deeply buried Edwards aquifer. It
is possible for saline water from beneath the Edwards
to flow up along faults and into the Edwards aquifer.
Assuming that upfault water flow from forma-
tions beneath the Edwards aquifer in the freshwater
zone does occur, it might not have been identified
because: (1) the volume of flow into the freshwater
zone is too small to substantially affect the water chem-
istry; (2) the differences in the water chemistry in the
freshwater zone, for example, the five water-quality
groups of Pearson and Rettman (1976), are too broadly
defined; or (3) the water from formations below the
Edwards aquifer in the freshwater zone is similar to the
freshwater in the Edwards aquifer. The water from for-
mations underlying at least part of the freshwater zone
of the Edwards aquifer is slightly saline to saline (G.L.
Duffin, Texas Water Development Board, written com-
mun., 1975). If upfault water movement from the
underlying formations into the freshwater zone of the
Edwards aquifer does occur, the volumes probably are
small.

SUMMARY AND CONCLUSIONS

The Edwards aquifer can be separated laterally
and vertically into a freshwater zone and a saline-water
zone. The freshwater zone is the principal source of
water for San Antonio and a number of small commu-
nities in the San Antonio area. The saline-water zone
consists of slightly saline water to brine. The downdip
limit of freshwater between these two zones is some-
times called the "bad-water" line. One of the questions
raised when considering the maximum use of the fresh-
water part of the aquifer is whether saline water will
intrude into the freshwater zone as a result of large
water-level decline. This question is of greatest con-
cemn in those areas where water-supply wells are
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located near the downdip limit of freshwater between
the two aquifer zones.

Four area agencies have cooperatively under-
taken a study to define the downdip limit of freshwater
more accurately and to monitor water quality and water
levels in the aquifer at the downdip limit of freshwater.
The U.S. Geological Survey is responsible for collect-
ing and interpreting the data from the test-drilling and
monitoring programs. The first of the transects across
the downdip limit of freshwater was drilled in 1985 and
1986. Geologic, geophysical, hydrologic, and water-
quality data were collected during the drilling phase.
Data were collected for 8 months from the 7 monitor
wells completed along this transect, which extends
southward from the Artesia well field.

Results of studies about the various aspects of the
water quality at the downdip limit of freshwater, the
hydrology in the aquifer affecting the downdip limit of
freshwater or saline-water zone, and the water chemis-
try within the saline-water zone have been published by
the U.S. Geological Survey and other agencies. These
reports were reviewed to summarize the findings of the
authors and synthesize a conceptual framework to
interpret the new data. Results of these studies-indicate
that the nature and origin of the saline-water zone of the
Edwards aquifer must be understood in order to under-
stand the extent to which and how saline-water intru-
sion might occur.

The primary concept of the development of a
large secondary porosity in the freshwater zone is that
the porosity was caused by dedolomitization. Dedolo-
mitization occurred when recharge water dissolved
calcite near the recharge area and moved down into
the aquifer through fractures or bedding planes that
allowed for movement toward a distant discharge
point. Along this flowpath, the water contacted dolo-
mite and anhydrite. As anhydrite dissolved in the fresh-
water, calcite became supersaturated and precipitated
into dead-end pores and fractures. The precipitation of
calcite caused dolomite to become undersaturated in
the water and it dissolved from the rocks.

The diagenetic processes that occurred early in
the geologic history of the Edwards aquifer left a large
amount of dolomite in the aquifer matrix rocks. As the
reactions proceeded, much of the dolomitic rock was
converted to pure calcium carbonate with a large sec-
ondary porosity and to dense matrix rocks with less
porosity. The secondary porosity then led to the
recharge of greater quantities of freshwater to dissolve
more rock in the aquifer. Because dolomite in the rocks

of the Edwards aquifer is restricted primarily to several
strata within certain members of the Edwards aquifer
formations, the flow that developed was restricted ver-
tically.

Neogene fault movement developed barrier
faults where the most permeable layers of rock were
juxtaposed against nearly impermeable rocks of the
Edwards aquifer or formations above or below the
Edwards aquifer. The flow of water was diverted paral-
lel to these faults where freshwater had extended some
distance into the rocks and where saline water was still
extant. The faulting also opened a limited number of
vertical pathways for ground water to discharge. The
most permeable of these then developed into major dis-
charge pathways for freshwater and possibly for saline
water. The freshwater springs are well known locally,
but little is known about the location and discharge of
saline water. The saline water moves very slowly and
probably discharges in small amounts.

The data collected from the test holes during
drilling and from the monitor wells July 1986-April
1987 fit into the conceptual framework of the aquifer.
Water flow is parallel to faults, which are generally par-
allel or subparallel to the downdip limit of freshwater.
The water flow near the downdip limit of freshwater is
also parallel or subparallel to the downdip limit of
freshwater. This is indicated by the difference in water-
quality types and salinity in the test holes and in the
completed monitor wells.

Specific conclusions of the study are as follows:

1. The mineralogy of the aquifer at the test sites var-
ies across the downdip limit of freshwater as
described by previous investigators. There is a
discontinuous progression of dedolomitization
from unaltered, but water-producing, dolomitic
rocks of the saline-water-zone test hole (site A)
for the full aquifer thickness, to the highly solu-
tion eroded and fractured calcitic rocks that are
present at the freshwater-zone test hole (site D)
from the bottom of the Georgetown Formation
to the midpoint of the Kainer Formation.

2. The shape of the downdip limit of freshwater is
complex. Water salinity is stratified in the aqui-
fer at the three test sites. At each test-well site,
the most saline water occurs near the bottom of
the aquifer; freshwater overlies saline water in
the transition-zone site (C) and the freshwater-
zone site (D).
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3. Water-quality type also varies laterally in the

Edwards aquifer in the study area. Variations in
water-quality type were indicated by differ-
ences in dissolved-solids concentrations and
relative proportions of dissolved ions in sam-
ples taken from test holes during drilling and
interval tests and in the completed monitor
wells. The water-quality type from the shallow
freshwater site monitor well (D2) is a calcium
magnesium bicarbonate water with small dis-
solved-solids concentration. This water type is
similar to the main freshwater water-quality
group of well samples from the Edwards aqui-
fer freshwater zone identified by previous
investigators. The water-quality type from the
four monitor wells that contain the most saline
water (Al, A2, A3, and C2) is a calcium
sodium sulfate chloride type similar to a saline
water-quality group also defined by previous
investigators. The water-quality type of the
deep freshwater-zone well (D1) is similar to
samples from wells A1, A2, A3, and C2, but
has a much smaller dissolved-solids concentra-
tion. Well C1, the shallow transition-zone mon-
itor well, produces freshwater from a cave near
the top of the Edwards aquifer; however, the
water-quality type is dissimilar to all other
monitor wells and water-quality groups as
defined by previous investigators.

4. The saline water in Edwards aquifer oil or gas

fields downdip of the freshwater zone may
comprise distinct masses of marine-like con-
nate water mixed with varying amounts of
brine introduced into the Edwards aquifer from
poorly characterized sources.

5. The chemistry of saline water near the downdip

limit of freshwater is different in salinity and
type from that much farther downdip. The
water chemistry of saline water near the down-
dip limit of freshwater does not appear to have
been affected by mixing with brine from other
sources.

6. During July 1986-April 1987, the quality of water

in samples from the seven monitor wells did
not vary substantially. The water quality in all
wells remained constant, even during a March
1987 aquifer test conducted at the Artesia

water-supply wells adjacent to the freshwater
(D) site.

7. During July 1986-April 1987, the water levels in
the seven monitor wells fluctuated several feet
over the period of a day in response to hourly
variations in withdrawal rates from the fresh-
water zone. Water levels in all wells decreased
slowly by several feet during July-August 1986
because of increased withdrawals and no rain
during the period. Several times after August
1986, the water levels recovered a few feet to
more than 10 ft in response to recharge from
rain storms and to decreases in withdrawals
related to rain or the expectation of rain. In gen-
eral, water levels in the seven wells were simi-
lar, usually less than 3 ft difference among the
wells, and the wells responded almost in uni-
son, except that the water levels in the saline-
water-zone wells—A1, A2, A3, and C2—
responded several minutes to less than 2 hours
later than water levels in wells C1, D1, and D2.
The water-level fluctuations in wells A1, A2,

" A3, and C2 were smaller than the water-level

_ fluctuations in wells C1, D1, and D2. The head
in the saline-water zone near the downdip limit
of freshwater varies along with the water levels
in the freshwater zone.

8. Periodic samples from monitor-wells C1 and D1
are the most likely to indicate significant
changes in water quality caused by saline-
water intrusion if it occurs. Changes in the
molar ratios of dissolved sulfate to chloride and
dissolved magnesium to calcium and the rela-
tion between the two ratios might be more
accurate and reliable indicators of saline-water
intrusion than changes in dissolved-solids con-
centration or individual dissolved-ion concen-
trations.
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Tabie 5. Summary statistics of the water quality from completed monitor wells, San Antonio, Texas, July 1986-
April 1987

[S/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; mg/L, milligrams per liter; —, no data]

Number
Aok Al . ’:;m Mean  Median  Soncard Standard  Minimum  Maximum ~ Soefrclen,
Well Al
Specific conductance 10 5,780 5,780 205 65 5,430 6,160 0.035
(uS/cm)
pH (units) 10 - &0 - - 6.30 6.90 -
Temperature (°C) 10 320 320 4 1 320 33.0 012
Alkalinity 10 242 242 7 2 235 258 029
(mg/L as CaCOj3)
Calcium (mg/L) 10 510 510 31 10 470 560 061
Magnesium (mg/L) 10 190 190 6 2 180 200 031
Sodium (mg/L) 3 480 480 10 6 470 490 -
Potassium (mg/L) 3 28 29 1.2 1 27 29 -
Sulfate (mg/L) 10 1,800 1,900 97 31 1,600 1,900 .053
Chloride (mg/L) 10 970 960 64 20 850 1,100 066
Fluoride (mg/L) 3 29 29 <l <1 28 29 -
Silica (mg/L) 3 20 20 0 0 20 20 -
Dissolved solids 3 4200 4,200 100 58 4,100 4,300 -
(mg/L)
Well A2
Specific conductance 11 4,710 4,710 112 34 4,540 4,860 0.024
(US/cm)
pH (units) 11 - m - - 6.00 7.00 -
Temperature (°C) 11 31.2 315 3 1 30.5 315 0096
Alkalinity 11 224 223 6 2 217 237 027
(mg/L as CaCOs)
Calcium (mg/L) 11 430 400 69 21 380 610 .16
Magnesium (mg/L) 11 160 150 21 6 150 220 13
Sodium (mg/L) 4 380 380 8 4 370 390 -
Potassium (mg/L) 5 19 23 9 4 22 24 -
Sulfate (mg/L) 10 1,400 1,400 53 17 1,400 1,500 .036
Chloride (mg/L) 10 750 740 21 7 730 790 .028
Fluoride (mg/L) 4 28 2.8 A <1 2.7 29 -
Silica (mg/L) 4 15 19 8.0 4.0 2.7 19 -
Dissolved solids 4 3,400 3,400 58 29 3,300 3,400 -
(mg/L)
Footnote at end of table.
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Table 5. Summary statistics of the water quality from completed monitor wells, San Antonio, Texas, July 1986-
April 1987--Continued

Number
m:; - r:; s Mean Median ‘s’:":;;: St:"n::rd Minimum Maximum o‘:::?:::.lo‘:‘
Well A3
Specific conductance 1 5,870 5,900 205 62 5,440 6,190 0.035
(uS/cm)
pH (units) 11 - 7.00 - - 6.00 7.00 -
Temperature (°C) 1 30.0 31.0 1.1 3 28.0 32.0 036
Alkalinity 11 244 241 9 3 235 266 037
{mg/L as CaCO;)
Calcium (mg/L) 11 510 500 50 15 420 590 098
Magnesium (mg/L) 11 200 210 13 4 190 230 065
Sodium (mg/L) 4 500 500 13 6 490 520 -
Potassium (mg/L) 4 30 30 1 <1 30 30 -
Sulfate (mg/L) 11 1,900 1,900 50 15 1,800 1,900 .026
Chloride (mg/L) 11 1,000 1,000 60 18 940 1,100 .060
Fluoride (mg/L) 4 29 28 1 <l 28 31 --
Silica (mg/L) 4 15 19 8.7 44 23 21 --
Dissolved solids 4 4,200 4,200 130 63 4,100 4,400 -
(mg/L)
WwellCl
Specific conductance 11 670 660 45 14 630 770 0.067
(uS/cm)
PH (units) 11 - 6.90 - - 6.30 7.40 -
Temperature (°C) 10 28.0 280 4 1 28.0 29.0 .014
Alkalinity 11 199 198 9 _ 3 178 212 045
(mg/L as CaCO,)
Calcium (mg/L) 11 77 9 7 2 65 89 091
Magnesium (mg/L) 11 22 22 2 31 20 27 .091
Sodium (mg/L) 4 27 27 6 3 21 33 -
Potassium (mg/L) 4 2.7 2.7 5 3 22 3.2 -
Sulfate (mg/L) 11 99 97 18 5 72 120 .18
Chloride (mng/L) 1 46 46 5 2 37 52 11
Fluoride (mg/L) 4 .8 .8 1 <l 6 9 -
Silica (mg/L) 4 13 13 5 2 13 14 -
Dissolved solids 4 410 410 4 22 370 460 -
(mg/L)
Footnote at end of table.
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Table 5. Summary statistics of the water quality from completed monitor wells, San Antonio, Texas, July 1986-

April 1987--Continued

Number
Propeny of . ':; L, Mean  Medan Satcie  Standad  Minimum  Maximum  Couclent
WellC2
Specific conductance 11 6,000 6,000 192 58 5,700 6,300 0.032
(uS/cm)
PH (units) 11 - 6.60 - - 6.00 6.90 -
Temperature (°C) 11 29.0 30.0 9 3 30.0 30.0 .031
Alkalinity 11 237 236 11 3 219 259 046
(mg/L as CaCO;)
Calcium (mg/L) 1 500 500 38 12 440 590 076
Magnesium (mg/L) 11 220 220 12 4 210 250 .054
Sodium (mg/L) 4 600 500 34 17 500 600 -
Potassium (mg/L) 4 30 30 1 <1 29 31 -
Sulfate (mg/L) 11 2,000 2,000 120 36 2,000 2,000 .063
Chloride (mg/L) 11 1,100 1,100 69 21 900 1,100 .063
Fluoride (mg/L) 4 28 2.8 2 <l 2.6 29 -
Silica (mg/L) 4 19 19 0 0 19 19 -
Dissolved solids 4 4,500 4,500 82 41 4,400 4,600 -
(mg/L)
Well DL
Specific conductance 10 1,020 1,050 101 32 860 1,180 0.099
(uS/cm)
pH (units) 10 - 7.10 - - 6.80 7.30 -
Temperature (°C) 10 27.0 26.0 4 1 26.0 27.0 .0038
Alkalinity 10 200 200 4 1 200 210 .020
(mg/L as CaCOy)
Calcium (mg/L) 10 100 110 10 3 88 120 .10
Magnesium (mg/L) 10 40 40 2 <1 30 40 .054
Sodium (mg/L) 4 56 56 3 2 52 59 -
Potassium (mg/L) 4 4.0 40 2 <l 39 43 -
Sulfate (mg/L) 10 200 210 23 7 150 230 d15
Chloride (mg/L) 10 110 110 1 4 79 120 10
Fluoride (mg/L) 4 9 9 2 <1 .8 1.1 -
Silica (mg/L) 4 13 13 0 .0 13 13 -
Dissolved solids 4 670 660 31 16 640 710 -
(mg/L)
Footnote at end of table.
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Table 5. Summary statistics of the water quality from completed monitor wells, San Antonio, Texas, July 1986-

April 1987--Continued

Number
:;on:m:: - ':;.“ Mean Medlan ::":t‘b': St:"n?‘rd Minimum Maximum o??:r':tll.o '::1
Well D2

Specific conductance 10 458 467 24 8 410 484 0.052

(uS/em)
pH (units) 10 - 6.90 - - 6.50 7.20 -
Temperature (°C) 10 27.0 26.0 4 1 26.0 27.0 .015
Alkalinity 10 197 197 3 1 190 201 .015

(mg/L as CaCO;)
Calcium (mg/L) 10 60 70 8 2 40 70 .13
Magnesium (mg/L) 10 16 17 1 <1 14 18 062
Sodium (mg/L) 4 10 10 5 "3 9.7 11 --
Potassium (mg/L) 5 1.7 13 1.0 4 1.1 34 --
Sulfate (mg/L) 9 24 24 1 <l 22 26 042
Chloride (mg/L) 9 20 20 2 <1 18 23 .10
Fluoride (mg/L) 4 3 3 <l <1 3 4 -
Silica (mg/L) 4 12 12 <1.0 <1.0 12 13 -
Dissolved solids 4 270 270 5 3 270 280 --

(mg/L)

! Coefficient of variation is defined as the ratio of the standard deviation to the mean. Only values for maximum
number of samples are shown.

92 Analysis of Data from Test-Weil Sites Along the Downdip Limit of Freshwater in the Edwards Aquifer, San Antonio, Texas,

1985-87



