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1.0 INTRODUCTION

1.1 THE EDWARDS AQUIFER-BALCONES FAULT ZONE

The Balcones Fault Zone segment of the Edwards aquifer, which constitutes a "major" aquifer
on a statewide basis, is a tremendous natural resource for Central Texas. The Edwards aquifer
underlies all or part Kinney, Uvalde, Medina, Atascosa, Bexar, Guadalupe, Comal, and Hays
Counties in South Central Texas. The aquifer is the sole source of water for approximately 1.5
million people including the City of San Antonio, supplies spring flows which support a number
of endangered species as well as a large recreation industry, and provides water to smaller
municipalities, many farmers, ranchers, industrial and domestic users. Despite the aquifer's vast
storage capacity and transmissive capabilities, average annual discharge is now approaching the
average annual recharge (Tables 2.12 and 2.15), and the next drought could result in great
economic and environmental hardship for the region.

Extensive pumping from the confined portion of the Edwards Aquifer by the City of San
Antonio, which currently relies on the aquifer as its sole source of water, and numerous other
municipalities and individuals has affected springflow from Comal and San Marcos Springs in
Central Texas. Projections are that, if present pumping rates continue to increase unabated, both
Comal Springs and San Marcos Springs will cease to flow by the year 2020. Because these
springs are important as a recreation resource, as a source of water for downstream reservoirs, and
as a habitat for several endangered species, it is important that we investigate the possibility of

augmenting spring discharge before over pumping of ground water causes the problem to become
too great to deal with,

Comal and San Marcos Springs make up about 25% of the bageﬂow of the Guadalupe River
under average weather conditions, and up to 75% during drought conditions [Thornhill, 1988].
Hence, spring flow is crucial to provide the water demand for municipal, industrial, and
recreational use, and to sustain wildlife in and around these river basins. Furthermore, a minimum
river flow has to be maintained to prevent increasing pollution (by lack of dilution), and to prevent
intrusion of salt water into the bays and estuaries. Another reason for emphasizing spring flow is

that the amount of spring flow reflects the water level in the aquifer, and thus indicates the available
water storage in the aquifer.

The study area for this research is located along the Balcones fault escarpment in Hays and
Comal Counties, Texas, between the karstic Edwards Plateau and the Blackland Prairie of the Gulf
Coastal Plain. Comal and San Marcos Springs, which issue from the Edwards aquifer in this area,
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are the largest and second largest springs in Texas with mean historic flows of 284 and 170 cubic
feet per second (cfs), respectively (Tables 2.1 and 2.7).

The Edwards aquifer is a complex karstified aquifer that supplies large quantities of water to
wells and to large springs such as Comal and San Marcos Springs. The Edwards aquifer, as it is
here used, applies to the Balcones Fault Zone se gment, which constitutes a "major" aquifer on a
statewide basis. The boundaries of the Edwards-Balcones Fault Zone aquifer are a ground-water
divide near Brackettville in Kinney County on the west, a subtle ground-water divide near Kyle in
Hays County on the east, and a southern boundary--a so-called "bad-water" line that represents the
downdip extent of water having less than 1,000 milligrams per Liter (mg/L) concentration of
dissolved solids. The Edwards aquifer occupies an area of about 2,500 mi2 along the Balcones
Escarpment, which separates the Edwards Plateau from the Gulf Coastal Plain. This area is
approximately 175 miles (mi) long and 5 to 30 mi wide. Comal Springs and San Marcos Springs
are near the eastern end of the area. Groundwater in the Edwards aquifer east of the groundwater
divide near Kyle does not move westward and does not discharge into Comal or San Marcos
Springs. Similarly, groundwater in the Edwards aquifer west of Brackettville does not move
eastward and does not move toward either Comal or San Marcos Springs. The direction of flow is
from west to east--from Kinney County where the altitude of the exposed part of the aquifer
reaches up to nearly 2,000 ft, past San Antonio at an altitude of around 700 ft, to Comal Springs at
an altitude of 623 ft, and continuing eastward to San Marcos Springs at an altitude of 574 ft .

Numerous springs flow from Edwards aquifer at places where the water table intersects the
land surface. Big springs such as Comal and San Marcos (the State's two largest springs, average
flow of about 440 ft3/sec or about 200,000 gal/min) are the general rule in karst regions, and big
springs often emerge from underground streams or caves [Lamoreaux and others, 1989, p. 85-
86]. Six of the largest such springs discharged an average of about 480 feet per cubic second
(ft3/sec) from 1936-86. Comal Springs at New Braunfels (averaging 288 ft3/sec from 1940-85)
flow from the Edwards aquifer at the base of the Balcones Escarpment. The Comal Springs Fault
is the most conspicuous fault in the Balcones Fault Zone in the area, forming the escarpment
separating the Gulf Coastal Plain from the Edwards Plateau. San Marcos Springs at San Marcos
(averaging 154 ft3/sec from 1940-85), like Comal Springs, flow from the Edwards aquifer at the
base of the Balcones Escarpment. The conduit along which most of the flow moves to the springs
is the San Marcos Springs Fault.

Wells pumping from the aquifer are among the world's largest [Baker and Wall, 1976, p. F-
7]. For example, wells operated by the city of San Antonio have large capacities; one well drilled in
1941 had a natural flow of 16,800 gallons per minute (gpm) [Livingston, 1942, p- 3], and in 1991
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a well drilled near San Antonio had a natural flow of about 25,000 gal/min. This well is reportedly
the world's largest flowing well [Oral commun., P.L. Rettman, 1991; Swanson, 1991],

The Edwards aquifer and its associated springs are known to have a diverse number of highly
adapted aquatic species. The Edwards aquifer is considered one of the most diverse subterranean
aquatic ecosystems in the world [Harden, 1988; Longley, 1981]. A decreased water level in the
aquifer jeopardizes this unique fauna because of reduced spring flow and possibly increased
concentrations of pollutants. Organisms that live in the relatively constant environment of springs
do so to reduce competition with other species for food and habitat. An organism that has
developed the ability to live within a narrow physiologic range of environmental conditions
becomes more efficient and expends much less energy living in that ran ge than does one capable of
survival within a broad range of environmental conditions.

There is a rich diversity of organisms in the San Marcos Springs ecosystem and slightly less
diversity in the Comal Springs system as shown by not only the threatened and endangered
organisms, but by the large numbers of uncommon species (Table 4.1). The high species diversity
reflects the stability of the environment. Long periods of stable temperature, flow, and chemical
constituents have enabled species to coexist even within similar niches. However, these organisms
are now tolerant of only a narrow range of environmental conditions, and under changing
conditions the community would not persist. The threatened and endangered species are so
because they are the species least able to survive environmental changes. The narrow ecological
tolerance of these species also means they are not available to recolonize from nearby sources
should they be extirpated. In order to preserve the integrity of the spring ecosystems,
environmental conditions must stay relatively constant,

Declining water levels in the Edwards Aquifer would be accompanied by loss of species
habitat as areas dried up. Decrease in the number and volume of spring flows may cause a decline
in reproduction of such organisms as the San Marcos salamander. Decreases in current velocity
and changes in substrate will change the distribution of aquatic vegetation and redistribute
microhabitat. Some species would gain habitat at the expense of loss to other species. Declining
water quality would stress or eliminate may species dependent on low concentrations of dissolved
salts, trace elements, and pesticides. As water temperatures increased and fluctuated over a wider
range, many of the spring organisms that can tolerate limited temperature variation would
disappear. Organisms inhabiting the springs are often more affected by the variation in water
temperature than by the absolute value of the temperature. Organisms capable of a wide range of
environmental conditions would be favored and species diversity would likely decline in the spring
and river systems.
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1.2 OUTLINE OF THE REPORT

The objective of this research was to evaluate the general feasibility of augmenting water
flows from Comal and San Marcos Springs for the purpose of protecting endemic plant and animal
species which now depend upon artesian spring flows from the Edwards aquifer for their
existence. The study has compiled and examined information needed to consider springflow
augmentation as a viable means of protecting rare and endangered species associated with these
large spring systems.

Specific research objectives of Phase I of the study have included an assessment of potential
supplementary water sources; characterization of the geological properties of the Edwards aquifer
in the study area; identification of potential locations and alternative methods for augmenting spring
flows; and analyses of the engineering, environmental, economic and institutional aspects (costs,
benefits, and uncertainties). The study has relied on existing data and published studies of
hydrology, biology, geology, and other disciplines. The engineering, environmental, and
economic analyses in this phase have been undertaken on the basis of the existing information,
with a minimum of primary data collection. The following chapters of this report include:

Chapter 2: Historical hydrology—Historical information about the volume of daily flow from the
springs, the elevation of water in the aquifer and the quality of water emanating from
the springs, and in the Comal and San Marcos Rivers in the vicinity of endemic and
endangered species.

Chapter 3: Geological characterization of study area—A description of the basic geological
information necessary to be able to select sites for springflow augmentation, especially
those alternatives that include injection into or recharge of the aquifer formation leading
to the springs. '

Chapter 4: General biological habitat characteristics of Comal and San Marcos Springs—A
general description and detailed maps of the springs and the federally-designated
critical habitats of threatened and endangered species occurring there, including the
elevations of the springs, normal elevations and areas of spring lakes and related
impoundments, and the channel morphology of springruns and downstream segments
of Comal and San Marcos Rivers to their confluences with the Guadalupe and Blanco
Rivers, respectively,

Chapter 5: Sources of water for augmentation—Using the historical hydrology and habitat
characteristics from Chapters 2 and 4, an estimate of the quantity and quality of waters
that must be supplied for augmentation is made. Sources that may serve as water for
springflow augmentation are evaluated and identified.
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Chapter 6: Alternative augmentation sites and methods—Using information derived from the

Chapters 2-5, specific augmentation alternatives and effective and efficient locations
- sites are defined and discussed.

Chapter 7: Feasibility analysis of augmentation alternatives—Information on the location of water
sources, augmentation techniques, and sites for augmentation is combined and an
evaluation is made of the engineering feasibility, environmental impacts, economic

- costs, and the institutional framework for financin g, constructing, and operating the

augmentation facilities.
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2.0 HISTORICAL HYDROLOGY

2.1 WATER QUANTITY DATA

Historical information about the volume of flow from the springs and the elevation of water in
the aquifer was compiled from a variety of sources and analyzed. Much of the work required to
accomplish this task was nearly complete when the study began, thanks to previous work done by
the Austin office of the USGS [Jennings and Buckner, 1993] and information available from the
literature. Additional information was collected and analyzed. Daily records were used whenever
possible and flow analyzed to relate water elevation to springflow, as well as the relationship
between water levels and recharge in the Blanco River Basin,

The historical flows at Comal Springs and San Marcos Springs are characterized in this
section in preparation for estimating the volume of water needed for spring flow augmentation in
order to keep the Comal and San Marcos Springs flow rates above certain threshold levels. The
analysis consists of two parts: (1) general descriptions of the historic daily flows at Comal and San
Marcos Springs. The statistical parameters of the spring flow are computed and analyzed, and (2)
a drought analysis. All of the analyses are based on the following data sets: (1) Comal Springs
daily flow data collected by the USGS from 1929 to 1992, (2) San Marcos Springs daily flow data
collected by the USGS from 1956 to 1993 [USGS, 1993].

Discharge of the Comal River, as measured at the San Antonio Street bridge, has varied
slightly and has ceased in response to drought (Figure 2.1). Discharge of the San Marcos River,
as measured at the USGS gage near the San Marcos City sewage treatment plant from 1957 to
1988 and thereafter as a water level/discharge relation at an index well 6 km south San Marcos
City, has varied slightly and then only in response to drought (Figure 2.2). Although flows
declined severely during the drought of the mid 1950's, the river has never ceased flowing during
the period it has been monitored.

The San Marcos River upstream of the confluence with the Blanco River may be divided into
three reaches based on current velocity and substrate [Espey, Huston and Associates, 1975].
From Spring Lake dam to Rogers Dam (Rio Vista Dam), it is typically broad, slow flowing, with
mud substrate (except near the dam) and has dense beds of aquatic vegetation. Downstream of
Rogers Dam to a point just below Thompsons Island, the current velocities are higher, the
substrate is rocky, and the vegetation is less dense. Downstream of Thompsons Island velocities
are very slow, there are deep pools, greater turbidity, and fewer aquatic macrophytes. The lower
reach is very different from the upper reaches due to extensive canopy of trees, backwater from the
impoundment at Alvord Dam (about 0.5 km downstream of the confluence with the Blanco River),
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and discharge of turbid and nutrient-rich water from the San Marcos City wastewater treatment
plant. The differences in velocity and substrate greatly influence the types of organisms living in
each reach and changes in the velocity result in alteration of the substrate with consequent changes
in the biota.

2.1.1 Hydrologic Analysis of Historic Daily Spring Flow at Comal Springs

This section presents the summary statistics and a drought analysis of the historic daily spring
flows at Comal Springs from 1929 to 1992,

2.1.1.1 Statistics of Comal Springs Daily Flow

Monthly statistics of the daily flow at Comal Springs were computed and are listed in Table
2.1. These results show that the mean flow rate for December through June are above the annual
average flow of 284 cfs, and the mean flow rate for July through May are below the average. The
monthly spring flows for all 12 months are slightly negatively skewed with skew coefficients
ranging between -0.63 and -0.87. The annual flow histogram exhibits a skewness of -0.81. The
histograms of the daily flow at Comal Springs grouped by month are plotted in Appendix D.

The histogram and empirical cumulative frequency distributions of the daily flows at Comal
Springs are shown in Figures 2.3 and 2.4. Figure 2.3 illustrates the negative skewness of the
spring flow. Figure 2.4 illustrates the definite periods of relatively high and low spring flow.
According to Beran et al. [1985], river flow or precipitation can be divided into five classes: very
wet, wet, normal, dry, and very dry, based on their cumulative frequency distribution. The criteria
for these five classes are listed in Table 2.2. ‘

In searching for possible long term trends of spring flow, the daily spring flow records were
cut into 10-year intervals and summary statistics computed for these intervals. The results of the
analysis are listed in Table 2.3. It can be seen from the statistics that 1949-1959 was a very dry
period. The average flow rate in this 10 year interval was 186 cfs, substantially below the long
term average flow rate of 284 cfs. Other dry periods were 1959-1969, and 1979-1992. The
histograms of daily spring flows in 10 year intervals were also computed to show the distribution
of the spring flow.

30-day, 60-day, 90-day, and 120-day moving averages and flow frequency analysis were
performed on the daily spring flow data for Comal Springs to see the flow rate variations between
1929 and 1992. The purpose of doing a n-day moving average is to check (1) if there is any cyclic
trend imbedded in the daily flow pattern, and (2) to find abnormal records that might result from
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sample or computation mistake. The daily flow and 30, 60, 90, 120-day moving averages were
computed and no cyclic trends were evident.

2.1.1.2 Drought Analysis for Comal Springs

Using the historical records, the severity and duration of spring flow above (wet) or below
(dry) a given threshold were computed. The duration is the number of consecutive days for which
the flow is either below (dry) or above (wet) a given flow rate threshold. The severity is the
cumulative excess or deficit of the spring flow above or below a threshold for that duration. The
duration and severity are related by the magnitude which is defined by [Dracup et al., 1990]:
Magnitude = Severity/Duration. This analysis reveals the frequency of dry and wet periods for
different threshold flow rates under historic pumping and recharge conditions. The results of the
computations are listed in Table 2.4. It can be seen from Table 2.4 that the flow rate crosses the
thresholds of 100 cfs, 200 cfs, and 284 cfs (long-term average flow), 24, 52 and 132 times,
respectively. Based on these results, the frequency curves of the dry/wet duration under the flow
thresholds of 283, 100, and 200 cfs were constructed (see Figure 2.5).

From the historic daily flow records, maximum one time deficits of Comal Springs flow from
various thresholds flow levels were computed for the period of 1929 to 1992. The purpose of the
computation is to show, under historic pumping and recharge conditions, how much augmentation
water would need to be added if the spring flow were to be maintained at a specific threshold flow
level. The deficit can be estimated using the following formula:

Deficit = (Qy, — Q) *At*K

where  Qy, = the spring flow rate to be maintained (cfs)
Q = the average spring flow rate for the duration that spring flow is less than Q
At = number of days that spring flow is less than Q
K = 1.98 (AF/cfs*day)

For example, if the threshold flow level is 100 cfs, the historic record shows that from June 1955
to April 1957, the flow at Comal Springs was below 100 cfs for 677 days with an average flow of
46.35 cfs. The total deficit during this period was (100-46.35)*677*1.98 = 71910.6 AF (see
Figure 2.6 and Table 2.5).
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Figure 2.7 shows plots of the 7, 30, 60, and 90 day minimum flow frequency curves. These
curves were prepared using the following procedures:

(1) For each year of the 63 year daily flow records, one minimum s-day average value was found,
(2) The 63 annual s-day minimum values were ranked in ascending order,

(3) The recurrence interval for each value was computed by the formula m/(n+1)= m/64, (m is the
rank of the value in the sequence prepared in step 2),

(4) Graphs of s-day minimum flow rate vs. recurrence interval were plotted.

The recurrence intervals for the events that the 7, 30, 60, and 90 day minimum flows are less
than or equal to 100 cfs were estimated from the graphs toe between three and five years.

2.1.1.3 Auto Regression Analysis for Comal Springs

Auto regression coefficients were computed for the historic Comal Springs daily flow lags of
1, 2, 10, 30, 60, 90, and 150 days. The results of these computations are presented in Table 2.6.
The results show that the Comal Springs daily historic flow has a very strong auto correlation.
Because of the strong auto correlation of the spring flow, it is possible to predict the future spring
flow rate based on the current spring flow records. A strong auto correlation also implies that
variation in the spring flow is slow and gradual, therefore, by closely observing the spring flow
and carefully managing the pumping and artificial recharge, it should be possible to prevent the
spring flow from dropping below a specified threshold level.

2.1.2 Hydrologic Analysis of Historic Daily Spring Flow at San Marcos Springs

This section presents the summary statistics and a drought analysis of the historic daily spring
flows at San Marcos Springs from 1956 to 1993,

2.1.2.1 Statistics of San Marcos Springs Daily Flow

Monthly statistics of the daily flow at Comal Springs were computed and are listed in Table
2.7. These results show that the mean flow rates for February through July are above the annual
average flow of 170 cfs, and the mean flow rate for August through January are below the
average. The monthly spring flows for all 12 months are positively skewed with skew coefficients
ranging between 0.47 and 1.81. The annual flow histogram exhibits a skewness of 1.21.
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The histogram and empirical cumulative frequency distributions of the daily flows at San
Marcos Springs are shown in Figures 2.8 and 2.9. Figure 2.8 illustrates the positive skewness of
the spring flow. Figure 2.9 is used to classify the daily flow at San Marcos springs and illustrates
the definite periods of relatively high and low spring flow. The criteria and the threshold flow
level for these classes are listed in Table 2.8.

2.1.2.2 Drought Analysis for San Marcos Springs

Using the historical records, the severity and duration of San Marcos spring flow above (wet)
or below (dry) a given threshold were computed. This analysis reveals the frequency of dry and
wet periods for different threshold flow rates under historic pumping and recharge conditions. The
results of the computations are listed in Table 2.9. It can be seen from Table 2.9 that the flow rate
crosses the thresholds of 100 cfs and 170 cfs (long-term average flow), 38 and 74 times,
respectively.

From the historic daily flow records, maximum one time deficits of San Marcos Springs flow
from various thresholds flow levels were computed for the period of 1956 to 1992. The purpose
of the computation is to show, under historic pumping and recharge conditions, how much
augmentation water would need to be added if the spring flow were to be maintained at a specific
threshold flow level. The results of these computation are plotted in Figure 2.10 and Table 2.10.
Figure 2.11 shows plots of the 7, 30, 60, and 90 day minimum flow frequency curves. The
recurrence intervals for the events that the 7, 30, 60, and 90 day minimum flows are less than or
equal to 100 cfs were estimated from the graphs to be between three and five years.

2.1.2.3 Auto Regression Analysis for San Marcos Springs

Auto regression coefficients were computed for the historic San Marcos Spring's daily flow
lags of 1, 2, 10, 30, 60, 90, and 150 days. The results of these computations are presented in
Table 2.11. The results show that the San Marcos Springs daily historic flow has a strong auto
correlation for only the one to ten day lag periods. Because of the weak auto correlation of the
spring flow beyond lag 10, it is probably not possible to predict the future spring flow rate based
on the current spring flow records.

2.1.3 Recharge and Pumpage in the Edwards Aquifer-Balcones Fault Zone
Region
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The recharge of the Edwards Aquifer comes from nine gaged recharge basins: Nueces-West
Nueces River, Frio-Dry Frio River, Sabinal River, Area between Sabinal and Medina Rivers,
Medina River, Area between Medina River and Cibolo Creek, Cibolo Creek and Dry Comal Creek,
Guadalupe River, and Blanco River, and eight ungaged recharge basins [EUWD, 1991]. The nine
gaged recharge basins belong to three river basins: Nueces (containing the first four recharge
basins), San Antonio (containing the next three), and Guadalupe (containing the last two). The
estimated historic annual recharge to the Edwards aquifer from 1934 to 1992 is shown in Table
2.12 [EUWD, 1993]. The historic pumpage from the Edwards aquifer from 1934 to 1992 is
shown in Table 2.13 [EUWD, 1993].

HDR Engineering, Inc., has developed a recharge calculation method for the Edwards aquifer
[HDR, 1993]. Table 2.13 lists the mean annual recharge for the period 1934-1989 for nine basins
estimated by the USGS and HDR methods, respectively. It can be seen from the table that USGS
estimates are higher than the HDR estimates for the Nueces River basin, while HDR estimates are
higher for the San Antonio and Guadalupe River basins. The difference in recharge estimates of
USGS and HDR results from the different methods employed by USGS and HDR. These
differences are summarized below [HDR, 1993; EUWD, 1993]:

(1) The HDR method shows generally lower recharge in the western counties of the recharge
zone and higher values for the northeastern counties.

(2) In estimating runoff directly over the recharge zone, the USGS method assumes that
runoff is equal to the runoff from the area upstream of the recharge zone, adjusted for
drainage area size and precipitation differences. The USGS method assumes that runoff
varies linearly with precipitation when adjusting for precipitation differences and assumes
that the runoff potential of the soil-cover complex is about the same in both the area
upstream of and the area directly over the recharge zone. The HDR method is based on
Soil Conservation Service (SCS) procedures which take into account differences in soil-
cover complexes as well as differences in rainfall.

(3) The HDR method accounts for water rights diversions and return flows.

(4) The HDR and USGS methods use different stage-recharge relationships for Medina
Lake.

(5) The HDR method calculates recharge in the Guadalupe River Basin in the intervening
area below Canyon Lake and above New Braunfels, including that occurring in the river
channel when Edwards aquifer levels are low. The USGS method does not calculate
recharge in the Guadalupe river basin.
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Table 2.13 shows that Nueces River Basin contribute about 57% of the surface water recharge
to the Edwards Aquifer, San Antonio River Basin Contributes 37%, and Guadalupe River Basin,
6%. The net difference in the USGS and HDR estimated recharge values for the San Antonio
region of the aquifer is only about two to three percent [EUWD, 1993].

From the data in Table 2.12, an empirical cumulative frequency curve of the recharge to the
Edwards aquifer over the period of record was prepared (Figure 2.12). This figure was used to
estimate the classification of dry, normal, and wet natural recharge periods. The thresholds of very
dry, dry, normal, wet, and very wet were estimated and are listed in Table 2.14. Over the period
of record, the USGS recharge estimates range form 43,700 AF in 1956 to 2,486,000 AF in 1992,
The estimated average annual recharge to the aquifer over this period was 682,800 AF. The
average annual recharge in the drought period of 1947 to 1956 was 229,000 AF, which
correspond to the 16th and 57th percentiles, respectively, in Figure 2.12.

The estimated annual distribution of discharge form the Edwards aquifer for the period 1934
to 1992 is shown in Table 2.15 [EUWD, 1993]. These data include both well pumping and spring
flow discharge. Springflow discharge is calculated by measuring downstream flow from spring
orifices [EUWD, 1993]. The discharge from the aquifer varies from a low of 388,1000 AF in
1956 to 1,100,000 AF in 1992. Springflow over this period varied from 69,800 AF in 1956 to
802,800 AF in 1992, The average annual springflow over the period of record is 362,900 AF.
Pumping in the aquifer over the period of record has steadily increased. The lowest pumpage was
101,900 AF in 1934, and the highest was 542,400 AF in 1989. Since the 1970’s, annual
groundwater pumping has exceeded springflow in periods of lower than normal recharge. Figure
2.13 is a plot of the annual pumping and recharge from the aquifer.

A simple regression of monthly pumpage vs. time shows that there is an increasing trend of
pumping over years in the Edwards Aquifer. Various regression models have been developed to
predict the spring discharge from the aquifer as a function of different factors, such as previous
year spring discharge, aquifer water levels, recharge, and pumping [Puente, 1976; Jennings et al.,
1992; Asquith and Jennings, 1993]. perhaps the most successful of these regression expressions
is that reported by Asquith and Jennings (1993)

0y = 76.04 + 0.6555Q,, + 0.1726R, — 0.2341P,

where Oy and Qy._; [1000 AF] are the estimated and previous year’s annual spring discharge, Ry,
and Py are the current year’s estimated annual recharge and pumpage. The standard error of
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estimate is 51 (1000 AF) or 14% of the estimated value, and the multiple correlation coefficient is
0.90.

2.2 WATER QUALITY DATA

The Edwards aquifer in the San Antonio is a vast source of relatively high quality water for
the region. Carbonate aquifers such as the Edwards are extremely susceptible to groundwater
contamination due to the rapid rates of groundwater flow and the volumes of water moving
through the aquifer {USGS, 1987]. Water quality in the Edwards aquifer has been monitored
since the 1930°s. Data for trace elements and pesticides have been reported since 1968 and for
volatile organic compounds since 1982 [EUWD, 1985]. The water quality of groundwater in the
freshwater parts of the aquifer (north of the “bad-water” line) has been found suitable for all uses
including human consumption [USGS, 1987].

There is a large water quality data base available for the Edwards aquifer because water quality
has been monitored on a regular and frequent basis [USGS, 1987; Ogden et al., 1986]. Data have
been collected on the quality of water emanating from Comal and San Marcos Springs and in the
Comal and San Marcos Rivers in the vicinity of endemic and endangered species, along with water
quality data from area monitoring wells. Parameters of interest include turbidity; temperature;
conductivity; and chemical concentrations of nitrate, nitrite, ammonia, nitrogen, phosphate,
silicate, organic carbon, alkalinity, pH, oxygen, sulfate, sulfide, methane, calcium, magnesium,
chloride, sodium, potassium, and contaminants such as herbicides, pesticides, and heavy metals.

Because most of the water in the Edwards aquifer originates as precipitation on the Edwards
Plateau, which is mainly undeveloped range land, low contamination levels can be expected. This
indeed has been found by most studies. Contamination events that have been limited to the
unconfined area [USGS, 1987] and to uncased wells or to wells with defective casings [Clement,
1989]. Volatile organic compound (VOC) concentrations ranging from 1 to 5 pg/L have been
detected in a few wells [EUWD, 1983, 1990, 1991]. Trihalomethanes have been found in
concentrations ranging from 0.60 pug/L to 6.4 ng/L, and chlorinated hydrocarbons concentrations
have ranged from 0.2 to 7.4 ng/l.. Again, in most of the samples none of the above were detected
[EUWD, 1990; USGS, 1987, TDWR, 1979]. The presence of nitrate has been studied intensely
[Browning, 1977; USGS, 1985; USGS; 1987]. It seems that nitrate concentrations are highly
dependent on the recharge rate [Browning, 1977]. Nitrate concentrations range from 0 to 15 pg/L,
with a lower concentration in the lower part of the aquifer. The potential for contamination of the
Edwards aquifer from existing human activity is limited [USGS, 1987]. Urbanization of the area
north of San Antonio, in the recharge zone, poses the risk of recharging the aquifer with
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contaminated runoff water. In addition, many landfills and storage tanks are present near the
recharge zone. Leakage has been minimal thus far, but this is likely to change over time [USGS,
1987]. Over-pumping the aquifer may cause intrusion of saline water from the bad-water zone,
thus threatening the water quality in many public wells located near the transition zone [Clement,
1989]. Historical files of water quality data from USGS and other sources were available for use
in this investigation.

2.2.1 Analysis of the USGS Water Quality Database for Ground and Surface
Water in Comal and Hays Counties, Texas

An analysis of the water quality databases for Hays and Comal Counties has been performed.
The purpose of this analysis is to assess the ground and surface water quality of Comal and Hays
counties in terms of concentration levels of selected chemicals. The results of the analysis can be
used to (1) identify highly polluted areas that might exist, (2) present measures of the time and
spatial variation of the water quality in the Edwards Aquifer, and (3) serve as a water quality
standard when searching for possible sources of augmentation waters for Comal and San Macros
Springs. All of the analyses are based on the water quality data collected by the USGS between
1968 and 1992, from 112 locations.

The USGS water quality data for Comal and Hays Counties are stored in 5 database files.
These data consist of (1) ground water quality in Comal County, (2) surface water quality in
Comal County, (3) ground water quality in Hays County, (4) surface water quality in Hays
County, and (5) water quality in Canyon Lake. There are two data items associated with each
sample collected (1) the concentration level of the chemical and (2) a flag indicating the existence of
subsidiary information. The Comal County ground water quality database contains data samples
collected from 70 locations in Comal County (Figure 2.14). The Comal County surface water
quality database contains the water quality data collected from 4 sites on the Guadalupe River and 1
site at Canyon Lake near New Braunfels. The Hays County ground water quality database
contains the data collected from 32 locations in Hays County (Figure 2.14). The Hays County
surface water quality database contains the water quality data collected from 2 sites located on
Onion Creek, 3 sites located on Bear Creek, Blanco River, and Little Bear Creek. The data in the
Canyon Lake water quality database were collected from 5 sites located on the lake. Table 2.16is
a brief description of the databases.

A regional analysis was performed to provide summary statistics on a regional basis for the
chemical constituents in the water quality databases. This analysis quantifies the ground and
surface water quality in terms of the chemical concentration levels and their variation, The
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maximum, mean, minimum and standard deviation are computed for each chemical constituent in
the Comal County ground water, surface water, Hays County ground water, surface water and
Canyon Lake databases. The items listed in the tables are, Chemical Code and Name, Maximum
(first date/location where the maximum value occurred), Mean, Minimum, Number of
Observations, Number of non-zero flags, Maximum Contaminant Levels (MCLs) under National
Primary Drinking Water Regulations, time and locations showing when and where each of the
Maximum and Minimum values are recorded.

The only constituents whose average concentration levels were above MCLs in surface water
samples in Comal County were Turbidity (46.12 vs. 1 NTU) and Beryllium (0.505 vs. 0 pG/L).
Summary statistics of chemical constituents in the Canyon Lake database show that the
concentration levels of all constituents are below MCLs wherever MCLs are available. Summary
statistics of chemical constituents in the Hays County surface water database show that Turbidity,
Beryllium , and Cadmium have been reported above MCLs. Tables 2.17 and 2.18 list the times
and locations when and where MCL violations occurred in surface water. The times and locations
where MCLs violations occurred in ground water are listed in Tables 2.19 and 2.20 for Hays and
Comal Counties, respectively.

Because samples from wells located near the bad water line were included in the ground water
databases, some of the chemical concentrations are high compared to the level that would normally
found in fresh water portion of the Edwards aquifer. In this report, freshwater is defined to be that
with a total dissolved solids concentration of less than 1000 mg/l.. To give a more reasonable
representation of the ground water quality of the Edwards Aquifer near Comal and San Marcos
Springs, the wells located near the bad water line were excluded. Table 2.21 lists the identification
numbers of wells located near the bad water line in Hays and Comal Counties.

After excluding the wells near the bad water line, the water quality statistics were recomputed
for ground water in Comal and Hays Counties. These results show that wherever drinking water
standards are available, the average chemical concentrations are below the MCLs except for
Beryllium, which has an average concentration value of 1 pg/l which exceeds the MCL value of 0
ng/l. Comparing the maximum concentration values with the MCLs, it can be seen that for Comal
County ground water, the maximum concentration of Lead and Vinyl Chloride are above MCLs,
and for Hays County ground water, Fluoride, Beryllium, and Vinyl Chloride are above the MCLs
values. Table 2.19 lists all the locations and dates showing where and when the concentration
levels exceeding MCLs were sampled in Hays County and the flag values of these samples. Table
2.20 lists all the locations and dates showing where and when the concentration levels exceeding
MCLs were sampled in Comal County and the flag values of these samples. For all the chemicals
whose maximum values are greater than MCLs, a "<" signs appears in its associated flag field.
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This is also the case for the chemicals whose maximum concentrations exceed the MCLs in Hays
County ground water. The "<" sign indicates that the actual concentration is lower than the value
recorded in the field MAX. Further investigation of the lead MCL violation data shows that the
concentration of 100 {1g/1 occurred only once in Comal County. The next largest figure recorded is
22 pgfl (once) and several other measurements of 10 pg/L are also recorded. The lead
concentration of 100 pg/l seems to be an unusually high value that persisted for only a short time.

To further characterize the water quality of Comal and San Macros Springs, the USGS
water quality data collected at wells near the spring locations were selected to create a new database
so that the water that affects the spring water quality most can be examined separately. From well
location maps, the wells located near Comal and San Marcos Springs were identified and marked
in the databases. Table 2.22 lists and Figure 2.14 illustrates the well locations and names of those
sites. Subsets of the Comal and Hays County ground water quality databases were created
containing only the samples collected at these sites. Using these two subsets, the maximum,
minimum, mean, and standard deviation of chemical concentrations in the areas near these two
springs were computed.

2.2.2 Analysis of Water Quality Studies in the Vicinity of Comal and San Macros
Springs

2.2.2.1 San Marcos River

Espey, Huston and Associates [1975, p. 4-11] measured dissolved oxygen and water
temperatures in the San Marcos River at monthly intervals over diel (24 hour) periods from July 29
to November 27, 1974. They found little variation in diel temperatures between upstream
(immediately downstream of Spring Lake) and a station immediately downsteam of the confluence
with the Blanco River. At any given time, temperatures did not vary more than +1°C.
Temperatures within this reach were similar to those in the springs (22.6 £2°C), This is likely due
to the short travel time from the springs to the confluence with the Blanco River. Travel time from
Spring Lake dam to a point about 1.6 km downstream of the confluence with the Blanco River was
11.25 hours on August 26 and 27, 1974 at a discharge of about 243 cfs (6.9 m3/s) [Espey,
Huston, and Associates, 1975, p. 4-29]. Concentrations of dissolved oxygen varied widely over
the reach due to differences in densities of aquatic vegetation. From July through September,
stations 2 and 3 (upstream of Rogers Dam), had wide fluctuations in dissolved oxygen, often
exceeding 150 percent of saturation. Other investigators have shown the water temperature to be
remarkably constant at about 22°C and dissolved oxygen concentrations to be variable with
location and time-of-day (Table 2.25).
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2.2.2.2 San Marcos Springs System

The general water quality of Spring Lake was reported by Devall [1940, p. 34].
Concentrations of dissolved oxygen in 2 surface samples were 8.8 and 10 mg/L; pH of 7.2 and
7.3; water temperature 22.9 and 23.2 °C. Near-bottom (7 m) concentrations of dissolved oxygen
were 4.8 and 6.4 mg/L; pH was 7.1 at both sites; and water temperature 22.2 and 23.8 9C. Other
than dissolved oxygen, conditions showed little variation between sites or with depth. Water-
quality data reported in earlier studies are summarized in Tables 2.25 and 2.27. Except for
dissolved oxygen, there is typically little variation in most constituents throughout the river. Diel
studies that measured changes in pH as well as dissolved oxygen show relatively small changes in
PH compared to large diel variations in dissolved oxygen [Hannan and Dorris, 1970, p- 445]. In
most river systems, algae and macrophytes produce oxygen as a byproduct of photosynthesis
during the daytime as they remove carbon dioxide for fixation into sugars. This often creates
oxygen supersaturation in the daytime and generally low concentrations of oxygen at night. The
removal of carbon dioxide during the daytime causes pH to rise considerably during daytime and
decline at night. In both San Marcos and Comal Spring systems, the high alkalinity serves as a
buffer to pH changes, maintaining a relatively narrow range of pH and providing more constant
conditions. Data reported by Espey, Huston and Associates [1975] and presented in Table 2.27
show water from the San Marcos River is a calcium bicarbonate type with low concentrations of
dissolved solids and is very hard. It contains moderate amounts of nitrate but concentrations of
phosphate, another plant nutrient, are generally small. Concentrations of ammonium ion (an
indicator of unionized ammonia which is toxic to fish), are less than 0.1 mg/L.

2.2.2.3 Comal Springs System

Total alkalinity for water from the Comal Springs system is generatly high and shows little
variation around 230 mg/L (Table 2.23). The water is a calcium bicarbonate type and is hard
(Table 2.27). Discharge and general water quality were measured for the four primary orifices at
Comal Springs at weekly intervals from August 1982 to September 1983 for the Edwards Aquifer
Research and Data Center by Rothermel and Ogden [1987]. Table 2.28 shows the minimum and
maximum values for the four springs. There were wide variations in discharge among the four
springs and considerable variation within any one spring. Water temperatures and pH varied little
among springs and at any one spring. Concentrations of major ions affecting hardness and
alkalinity varied by factors of 2 or 3 among the 4 springs.
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Near-continuous monitoring by the U.S. Geological Survey at five sites on the Comal River
in the summer of 1993 showed generally stable values for several constituents. There was little
variation in pH; maximum values never exceeded 7.8 and minimum values were no lower than
7.2, There were only small variations in specific conductance within and between sites and the
maximum value recorded was 632 uS/cm. Water samples from the five sites on the Comal River
did not contain concentrations of any common or trace elements known to be hazardous to aquatic
life (Table 2.29). Concentrations of organochlorine and organophosphate insecticides and
common herbicides in water were less than the rcﬁorting limits shown in Table 2.30 at all sites
except at Torrey Mill Dam where diazinone was present at a concentration of 0.02 pg/L on August
20 and at the site above Hinman Island Drive where the diazinone concentration was 0.01 pg/L..
The concentration of diazinone in a second sample from the site at Torrey Mill Dam taken on
September 20 was less than the reporting limit.

Table 2.23 shows ranges for water temperature and dissolved oxygen recorded in previous
studies of the Comal Springs system. Water temperatures of the source springs typically vary less
than 2 ©C from 23 °C. Downstream temperatures are usually slightly warmer but seldom exceed
25 9C. Concentrations of dissolved oxygen show large variations with location and time of day.
Near-continuous monitoring of water temperature, dissolved oxygen, pH, and specific
conductance was done by the U.S. Geological Survey on the Comal River in the summer of 1993,
Water temperature varied a maximum of 2.7 °C at any one station during the entire recorded period
and during any one day it varied only 2 °C (Table 2.26). Due to large numbers of aquatic
macrophytes and algae, dissolved oxygen concentrations varied widely with time-of-day but were
less variable between stations.
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Table 2.1. Monthlz Statistics of Historic Dailg Flow at Comal Sgrings.
Month Min. i

Max. Mean Median  St. Dev. St. Skew
(cfs) {cfs) {cfs) (cfs) {cfs) Error

January 34 478 296.9 308.0 75.51 1.71 -0.87
February 39 514 3000 3120 76.84 1.82 -0.69
March 55 500 268.2 312.0 77.17 1.75 -0.79
April 32 506 294.1 308.0 81.57 1.88 -0.67
May 19 506 294 4 311.0 86.38 1.95 -0.71
June 0 503 288.0 308.0 98.48 2,27 -0.77
July 0 495 2713 297.0 101.36 2.29 -0.73
August 0 476 257.5 282.0 100.62 2.28 -0.63
September 0 468 262.8 282.0 94.24 2.17 -0.77
October 0. 534 2723 290.0 85.83 1.94 -0.76
November 0 462 282.2 291.0 80.15 1.84 -0.8
December 18 483 . 2912 304.0 77.87 1.76 -0.85
63 years 0 534 284 .0 304.0 88 0.58 -0.81

__—___———__.'—'_ﬁ____——.__—__

Table 2.2, Classification of the historic daily flow at Comal Springs.

Class Name Exceedance Frequency Threshold for Comal Springs Flow
Very wet 0%t l15% above 360 cfs
Wet 15% 1035 % 327 to 360 cfs
Normal 35% 065 % 267 to 327 cfs
Dry 65% to 85 % 196 to 267 cfs
Very dry 85% to 100 % below 196 cfs

Table 2.3. Statistics of Historic Dallx Flow at Comal SErmgs from 1929-92 in lO-xcar Intervals

Mm Median  St. Dev. St. Skew

{cfs) (cfs) (cfs) (cfs) {cfs) Error
1929-1939 32 483 321.9 31.04 0.51 -0.28 4,78
1939-1949 238 425 329.5 42,62 0.71 0.17 232
1949-1959 0 360 186.0 93.33 1.54 -0.21 2.17
1959-1969 42 375 263.7 64.22 1.06 0.7 3.07
1969-1979 92 534 346.0 68.16 1,13 -0.79 4.2
1979-1989 26 484 263.3 79.25 1.31 -0.85 3.77
1989-1992 46 514 262.5 120.06 3.63 0.74 2.28
1929-1992 0 534 284.0 88 0.58 -0.81 3.78

—--—-—————.—._.——__'-“__—_ﬂ—ﬂd———-__‘__“—_
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Table 2.4. DE_X and Wet Duration Fregucncz Analzsis of Comal Sgrings.

Threshold level (cfs) 284 200 100
Number of crossings of the threshold level 132 52 24
Mean Duration of Crossing (days)
Dry 71 68 51
Wet 103 368 874
Maximum Duration of Crossing {days)
Dry 2827 1186 677
Wet 2713 6213 7336

Table 2.5. Maximum One-time Deficit and Duration at Comal Springs for Given Threshold

Flow Levels.
Threshold Flow Deficit Duration
{cfs) {acre-ft) {months)
0 0 5
25 8.513 7
50 20,874 10
75 38,278 12
100 71,911 22
125 109216 25
150 167,014 35
175 223,068 38
200 281,072 39
225 366,419 51
250 558,731 86
275 695,151 91
300 843,869 102

Table 2.6. Auto Correlation Coefficients for Comal Springs Daily Historic Flow

Lag Days Auto Correlation Coefficient

i 0.9976
2 0.9958

10 0.9852

30 0.9518

60 0.8993

90 0.845

150 0.7442
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Table 2.7. Monthly Statistics of Historic Daily Flow at San Marcos Springs.

Month Min. Max, Mean Median  St. Dev. St. Skew
(cfs) (cfs) (cfs) (cfs) {cfs) Error
January 68 393 166.03 153.00 6047 1.79 1.29
February 65 431 171.35 164.00 66.36 2.05 1.49
March 82 451 173.37 162.00 67.69 2.00 1.78
April 89 439 172.69 165.00 62.48 1.88 1.81
May 93 421 185.13 178.00 63.55 1.88 1.09
June 87 427 194,28 185.00 73.87 2.24 0.99
July 74 403 182.26 177.00 69.67 2.09 0.79
August 68 353 166.28 162.00 57.03 1.71 0.74
September 64 289 156.60 152.00 46.65 1.42 0.47
October 59 310 153.87 152.00 46.46 1.37 048
November 65 316 156.76 145,50 50.98 1.53 0.74
December 60 385 162.83 147.00 54.88 1.62 0.83
37 years 59 451 170.1 160.00 61.7 0.53 1.25

Table 2.8. Classification of the historic daily flow at San Marcos Springs.
_——.——.—.____,__—-—————;—__LL

Class Name Exceedance Frequency Threshold for Comal Springs Flow
Very wet 0% o 15 % above 227 cfs
Wet 15% 035 % 184 to 227 cfs
Normal 35% 1065 % 139 to 184 cfs
Dry 65% to 85 % 115 to 139 ¢fs
Very dry 85% to 100 % below 115 cfs
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Table 2.9. gz_ and Wet Duration Frﬂuencz Analzsis of San Marcos Springs.

Threshold level (cfs) 100 170.1
Number of crossings of the threshold level 38 74
Mean Duration of Crossing (days)
Dry 31 101.9
Wet 298.7 70.6
Maximum Duration of Crossing (days)
Dry 248 952
Wet 2553 520

Table 2.10, Maximum Duration and Deficit at San Marcos SErings Under a Given Threshold.

Threshold Flow Deficit Duration
(cfs) {acre-ft) (months)
0 0 0
25 0 0
50 0 0
75 641 3
100 4,729 6
125 13,945 21
150 36,779 30
175 60,447 31
200 106,666 44
225 146,150 49
250 184,721 51
275 313,708 84
300 879,250 205
325 1,424,387 297
350 2,056,603 369
375 2,336,684 369
400 2,616,920 369

Table 2.11. Auto Correlation Coefficients for San Marcos Springs Daily Historic Flow

Lag Days Auto Correlation Coefficient’

1 0.9976

2 0.9941

10 0.9641
30 0.8853
60 0.7727
90 0.6677
150 0.4871
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Table 2.12. USGS Estimated Historical Edwards Aquifer Recharge by Basin by year (1000’s
AF) 1934-1991 [EUWD, 1993].

Year Nueces- Frio-Dry Sabinal Sabinal Medina Medinato Cibolo - Blanco Total

West Frio to Medina Cibolo Dry
Nueces Comal
1934 8.6 279 7.5 19.9 46.5 21 284 19.8 179.6

1935 411.3 1923 56.6 166.2 71.1 138.2 182.7 39.8 1258.2
1936 176.5 157.6 43.5 1429 91.6 108.9 146.1 42.7 909.8

1937 28.8 75.7 21.5 61.3 80.5 418 63.9 21.2 400.7
1938 63.5 69.3 20.9 54.1 65.5 46.2 76.8 36.4 432.7
1939 227 49.5 17 331 42.4 9.3 9.6 11.1 399
1940 50.4 60.3 238 56.6 38.8 29.3 30.8 18.8 308.8
1941 89.9 151.8 50.6 139 54.1 116.3 191.2 57.8 850.7
1942 103.5 95.1 34 844 51.7 66.9 93.6 28.6 557.8
1943 36.5 42.3 11.1 33.8 41.5 29.5 58.3 20.1 273.1
1944 64.1 76 24.8 74.3 50.5 725 152.5 46.2 560.9
1945 473 71.1 30.8 78.6 54.8 79.6 129.9 35.7 527.8
1946 809 54.2 16.5 52 514 105.1 155.3 40.7 556.1
1947 72.4 71.7 16.7 452 44 55.5 79.5 31.6 4226
1948 41.1 25.6 26 202 14.8 17.5 19.9 13.2 178.3
1949 166 86.1 315 70.3 33 41.8 559 235 508.1
1950 41.5 35.5 13.3 27 236 173 24.6 174 200.2
1951 18.3 284 7.3 26.4 21.1 15.3 125 10.6 1399
1952 279 15.7 3.2 30.2 254 50.1 102.3 20.7 275.5
1953 214 15.1 3.2 44 36.2 20.1 42.3 249 167.6
1954 61.3 31.6 7.1 11.9 253 4.2 10 10.7 162.1
1955 128 221 0.6 7.7 16.5 43 33 9.5 192
1956 15.6 42 1.6 3.6 6.3 2 2.2 8.2 437

1957 108.6 133.6 65.4 129.5 55.6 175.6 397.9 76.4 11426
1958 266.7 300 2238 2949 95.5 190.9 268.7 70.7 1711.2

1959 109.6 158.9 61.6 96.7 94.7 574 719 336 690.4
1960 88.7 128.1 64.9 127 104 89.7 160 62.4 8248
1961 85.2 1513 574 105.4 88.3 69.3 110.8 494 717.1
1962 474 46.6 4.3 23.5 573 16.7 247 18.9 239.4
1963 39.7 27 5 10.3 41.9 93 213 16.2 170.7
1964 126.1 57.1 16.3 61.3 433 358 51.1 222 413.2
1965 979 83 23.2 104 54.6 78.8 115.3 66.7 623.5
1966 169.2 134 37.7 78.2 50.5 44.5 66.5 34.6 615.2
1967 82.2 137.9 30.4 64.8 44.7 30.2 57.3 19 466.5
1968 130.8 176 66.4 198.7 59.9 83.1 120.5 493 884.7
1969 119.7 113.8 30.7 84.2 554 60.2 99.9 46.6 610.5
1970 112.6 1419 354 81.6 68 68.8 113.8 395 661.6
1971 2634 2124 39.2 155.6 68.7 814 824 222 925.3
1972 109.4 144.6 49 154.6 879 74.3 104.2 334 7574
1973 190.6 256.9 123.9 286.4 97.6 2372 211.7 82.2 1486.5
1974 91.1 135.7 36.1 115.3 96.2 68.1 76.9 39.1 658.5
1975 71.8 143.6 479 195.9 93.4 138.8 195.7 85.9 973
1976 150.7 238.6 68.2 182 94.5 479 54.3 57.9 894.1
1977 102.9 193.6 62.7 159.5 77.7 97.9 161.6 66.7 952.6
1978 69.8 73.1 30.9 103.7 76.7 49.6 72.4 26.3 502.5
1979 128.4 2014 68.6 203.1 89.4 85.4 266.3 75.2 1117.8
1980 58.6 85.6 426 25.3 883 18.8 55.4 31.8 406.4
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Table 2.12 (continued). USGS Estimated Historical Edwards Aquifer Recharge by Basin by
year (1000’s AF) 1934-1991 [EUWD, 1991].
e — —

Year Nucces- Frio-Dry Sabinal Sabinal Medina Medinato Cibolo - Blanco Total

West Frio to Medina Cibolo Dry
Nueces Comal
1981 205 365.2 105.6 252.1 91.3 165 196.8 67.3 1448.3
1682 194 1234 21 90.9 76.8 22.6 448 23.5 4224
1983 79.2 859 20.1 429 744 319 62.5 23.2 420.1
1984 324 404 8.8 18.1 439 11.3 16.9 259 197.7

1985 105.9 186.9 50.7 148.5 64.7 136.7 259.2 50,7 1003.3
1986 188.4 192.8 422 173.6 74.7 170.2 267.4 44.5 1153.8
1987 308.5 473.3 110.7 405.5 90.4 2263 2709 114.9 2003.5

1988 59.2 117.9 17 24.9 69.9 12.6 28.5 255 355.5
1989 52.6 526 8.4 13.5 46.9 4.6 12.3 23.6 2145
1990 479.3 255 54.6 131.2 54 3159 718 41.3 1123.1
1991 325.2 421 103.1 315.2 52.8 84.5 109.7 96.9 1508.4
1992 234.1 586.9 201.1 566.1 91.4 290.6 286.6 226.9 2486.0
Ave, 116.8 132.9 42.4 109.6 61.0 71.2 106.7 42.0 682.8
10 yr

ave 186.5 241.3 61.7 184.0 66.3 100.8 138.6 67.3 1046.6
30 yr

ave 140.1 181.9 51.9 148.2 70.7 83.5 119.5 52.6 848.5
_ﬁ-—'—___—_'——'_—-_‘_'.—_-—__._.___“
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Table 2.13. Comparison of USGS and HDR Edwards Aquifer Recharge Estimates [HDR,

1993]
River Basin Recharge Basin HDR USGS HDR USGS
Estimate Estimate Estimate Estimate
(AFAT) _ (AFAT) (%) (%)
Nueces 1 Nuesec-W Nueces 88,744 104,509 13.82 16.64
2 Frio-Dry Frio 111,739 117454 17.40 18.70
3 Sabinal 32,581 38,307 5.07 6.10
4 Between Sabinal & 92,998 97.404 14.48 15.51
Medina
Subtotal 326,062 357,674 50.78 56.96
San Antonio | 5 Medina 41,833 60,780 6.52 9.68
6 Between Medina & 88,274 67,705 13.75 10.78
Cibolo
7 Sibolo-DryComal 110,139 104,045 17.15 16,57
Subtotal 240,246 232,530 37.42 37.03
Guadalupe 8 Guadalupe 11,255 0 1.75 0.00
9 Blanco 64,523 37,758 10,05 6.01
Subtotal 75,778 37,758 11.80 6.01
Total : 642,086 627962 100 100

Table 2.14. Classification of the Edwards Aquifer Annual Recharge.

Class Name Exceedance Frequency Threshold for Edwards Aquifer Recharge
(%) {1000 AF/yr.)
Very dry 0-15 < 220
Dry 15-35 220- 420
Normal 35-65 420 - 720
Wet 65 -85 720 - 1140

Very wet 85 - 100 > 1140

—_—

Springflow Augmentation 2.20 DRAFT March 1, 1994



Table 2.15. Estimated annual discharge from the Edwards Aquifer (1000 Acre-feet) [EUWD,

1993].
Year  Kimmey- Medina Bexar Comal Hays Total Wells  Springs
Uvalde
1934 12.6 1.3 109.3 2291 85.6 4379 101.9 336.0
1935 12.2 1.5 171.8 2372 96.9 519.6 103.7 4159
"""" 1936 26.6 1.5 215.2 261.7 93.2 598.2 112.7 4855
1937 28.3 1.5 201.8 2525 87.1 571.2 120.2 4510
1938 25.2 1.6 187.6 250.0 934 557.8 120.1 4377
- 1939 18.2 1.6 122.5 2194 71.1 4328 1189 3139
1940 16.1 1.6 116.7 203.8 78.4 416.6 120.1 296.5
1941 17.9 1.6 197.4 250.0 1343 601.2 136.8 464 4
- 1942 22.5 1.7 203.2 255.1 1122 594.7 144.6 450.1
1943 19.2 1.7 172.0 249.2 97.2 539.3 149.1 390.2
1944 11.6 1.7 166.3 2525 1353 567.4 147.3 420.1
1945 124 1.7 199.8 263.1 137.8 614.8 153.3 461.5
- 1946 6.2 1.7 180.1 261.9 1340 583.9 155.0 4289
1947 13.8 2.0 193.3 256.8 127.6 593.5 167.0 426.5
1948 9.2 1.9 159.2 203.0 77.3 450.6 168.7 2819
— 1949 13.2 2.0 165.3 209.5 89.3 479.8 179.4 3004
1950 17.8 2.2 177.3 191.1 78.3 466.7 193.8 2729
1951 16.9 2.2 186.9 150.5 69.1 425.6 209.7 2159
1952 227 3.1 187.1 133.2 78.8 4249 2154 209.5
- 1953 275 4.0 193.7 141.7 1014 468.3 229.8 238.5
1954 26.6 6.3 208.9 101.0 81.5 4243 246.2 178.1
1955 28.3 11.1 2152 70.1 64.1 388.8 261.0 127.8
— 1956 59.6 17.7 2296 33.6 50.4 390.9 321.1 69.8
1957 29.0 11.9 189.4 113.2 113.0 456.5 2373 219.2
1658 237 6.6 199.5 231.8 1559 617.5 219.3 398.2
. 1959 43.0 8.3 217.5 231.7 118.5 619.0 234.5 384.5
1960 53.7 7.6 2154 235.2 143.5 6554 2271 4283
1961 56.5 6.4 230.3 249.5 140.8 683.5 2282 455.3
1962 64.6 8.1 220.0 197.5 98.8 589.0 2679 321.1
— 1963 514 9.7 2173 155.7 819 516.0 276.4 239.6
1964 49.3 8.6 201.0 141.8 73.3 474.0 260.2 2138
1965 46.8 10.0 201.1 194.7 126.3 578.9 256.1 3228
— 1966 48.5 10.4 198.0 198.9 1154 571.2 2559 3153
1967 81.1 15.2 239.7 139.1 823 557.4 341.3 216.1
1968 58.0 9.9 207.1 238.2 146.8 660.0 251.7 408.3
1569 88.5 13.6 216.3 218.2 122.1 658.7 307.5 351.2
- 1970 100.9 16.5 230.6 229.2 149.9 727.1 3204 397.7
1971 117.0 324 262.8 168.2 99.1 679.5 406.8 2727
1972 112.6 28.8 1477 234.3 123.7 647.1 371.3 2158
- 1973 96.5 14.9 273.0 289.3 164.3 838.0 3104 527.6
1974 133.3 28.6 272.1 286.1 141.1 861.2 3774 4838
1975 112.0 22.6 259.0 296.0 178.6 868.2 3278 5404
— 1976 136.4 19.4 253.2 279.7 164.7 853.4 349.5 503.9
1977 156.5 19.9 3175 295.0 172.0 960.9 380.6 580.3
1978 154.3 38.7 269.5 245.7 99.1 807.3 431.8 375.5
1979 130.1 329 294.5 300.0 157.0 914.5 391.5 523.0
- 1980 151.0 399 300.3 220.3 107.9 8194 491.1 328.3
1981 104.2 26.1 280.7 241.8 141.6 794.4 387.1 4073
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Table 2.15 (continued). Estimated annual discharge from the Edwards Aquifer (1000 Acre-
feet) [EUWD, 1993].

Year  Kinney- Medina Bexar Comal Hays Total Wells  Springs

Uvalde
1982 126.2 334 305.1 213.2 105.5 786.4 453.1 3333
1983 107.7 29.7 2776 186.6 118.5 720.1 418.5 3016

1984 156.9 46.9 309.7 108.9 85.7 708.1 529.8 178.3
1985 156.9 59.2 295.5 200.0 1449 856.5 522.5 3340

1986 91.7 419 294.0 2293 160.4 817.3 4293 388.0
1987 94.9 15.9 326.6 286.2 198.4 9220 364.1 557.9
1988 156.7 82.2 3174 236.5 116.9 909.7 540.0 369.7
1989 156.9 70.5 305.6 147.9 85.6 766.5 5424 2241
1990 118.1 69.7 276.8 171.3 94.1 730.0 489.4 240.6
1991 76.6 25.6 3155 2219 181.0 820.6 436.0 3846
1992 76.5 9.3 370.5 412.4 261.3 1130.0 327.2 802.8
Average 67.6 17.0 230.0 215.6 117.2 647.3 285.5 362.0
10 yr ave 119.6 45.1 308.9 220.1 141.7 835.1 459.6 375.2
30 yrave 108.4 29.4 271.2 226.2 132.3 767.5 385.1 3823
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Table 2.16. Description of the Hays and Comal Counties Water Quality Databases.

Database Name  No. of Constituents Begin Date - End Date No. of locations
Comal County 148 3/5/68-4/27/93 70
Ground Water

Comal County 95 1/30/68-4/15/93 S
Surface Water

Canyon Lake 39 4/2/70-4/15/93 12

Hays County 147 3/15/68-1/25/93 32
Ground Water

Hays County 98 3/24/10-3/16/93 5

Surface Water

%

Table 2.17. Time and Locations of the MCL Violations in Comal County Surface Water.

Constituent Max. Mean MCL Location Date
TURBIDITY (NTU) 880 42.16 10 GUADALUPE RIVER NEAR SPRING 19811014
BRANCH
BERYLLIUM (ug/L) 0.6 0.505 1E-04 GUADALUPE RIVER AT SATTLER, TX 19910812

Table 2.18. Time and Locations of the MCL Violations in Hays County Surface Water.

Constituent Max. Mean MCL Location Date
TURBIDITY (NTU) 1200 3932 10 ONION CREEK AT BUDA, TX 19811006
BERYLLIUM (ug/L) 0.8 0.514 1E-04 BEAR CREEK BELOW FM RD 19930316
CADMIUM (ug/L) 14 1.116 5 ONION CREEK NR DRIFTWOOD 19761012

Table 2.19. Times and Locations of MCL Violations in Ha;s Countg Ground Water Samglcs.
Max. Flag MCL

Constituent Location Date

BERYLLIUM (ug/L) 1 < 0 LR-67-09-105 19840830
1 < 0 LR-67-01-802 19840830

2 0 LR-67-01-801 19840904

0.5 < 0 LR-67-01-801 19890713

1 < 0 LR-67-01-302 19840831

0.5 < 0 LR-67-01-302 19890711

FLUORIDE (ug/L) 6 4 LR-67-01-302 19890120
VINYL CHLORIDE (/1) 3 < 2 LR-67-09-105 19840830
3 < 2 LR-67-01-802 19840221

3 < 2 LR-67-01-802 19840830

3 < 2 LR-67-01-806 19840221

3 < 2 LR-67-01-806 19840830

3 < 2 LR-67-01-801 19840904

3 < 2 LR-67-01-302 19840831

3 < 2 LR-58-58-403 19850809

3 < 2 LR-58-58-403 19860503

3 < 2 LR-58-58-403 19870520

3 < 2 LR-58-58-403 19870819

3 < 2 LR-58-58-403 19880229

3 < 2 LR-58-58-403 16880817
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Table 2.20. Times and Locations of MCL. Violations in Comal County Ground Water Samples.
M.zn

Constituent Max. Flag MCL Location Date
LEAD (ug/L.) 100 < S0 DX-68-23-301 19820614
VINYL CHLORIDE (ug/L) 3 < 2 DX-68-22-901 19840817
3 < 2  DX-68-23-303 19840820
3 < 2  DX-68-23-305 19840820

%

Table 2.21. Identification Numbers of Wells Located Near the Bad Water Line in Hays and
Comal Counties.

Comal County Hays County
DX-68-23-318 LR-67-01-812
DX-68-23-616A LR-67-01-813A
DX-68-23-616B LR-67-01-813B
DX-68-23-617 LR-67-01-814A
DX-68-23-619A LR-67-01-814B
DX-68-23-707 LR-68-16-601
DX-68-23-708 LR-58-58-701
DX-68-23-807 LR-58-58-707
NEW BRAUNFELS EUWD TEST

Table 2.22._Identification Numbers of Wells Located Near Comal and San Marcos Springs.
— o PY e OLdRC0 NCAT L0md] and van Marn

Locations near Comal Springs Locations near San Marcos Springs
DX-68-23-301 LR-67-01-802

DX-68-23-303 LR-67-01-805

DX-68-23-304 LR-67-01-402

DX-68-23-305 LR-67-01-502

DX-68-23-601 LR-67-01-701

DX-68-23-602 LR-67-01-703

DX-68-23-618 ER-67-01-806

DX-68-23-619B
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Table 2.23. Chemical Concentrations in Ground Water Near Comal Sgrings.
Constituent Max. Mean Min. St Dev, MCL No. of

Samples

SPECIFIC CONDUCTIVITY (us/cm) 752 555.97 479 40.529 154
PH (STANDARD UNITS) 7.8 7.177 6.5 0.223 146
TEMPERATURE (°C) 27 24.579 21 1.253 151
OXYGEN (mg/L) 4.5 4.5 45 0 1

COD LOW LEVEL (mg/L) 0 0 0 0 1

BOD 5-DAY (mg/L) 0.7 0.7 0.7 0 1

CALCIUM (mg/L) 86 68.371 0.02 13.134 143
MAGNESIUM (mg/L) 37 21.632 0.01 7.062 144
SODIUM (mg/L) 41 13.382 0.2 6.991 137
POTASSIUM (mg/L) 3.5 1.73 0.9 0.602 137
ALKALINITY (mg/L) 250 215.39 180 14.114 78
SULFATE (mg/L) 83 37.819 15 16.206 400 149
CHLORIDE (mg/L) 67 21.573 7.4 11.329 149
SILICA (mg/L) 14 12.423 94 0.697 138
DISSOLVED SOLIDS (mg/L) 433 315.02 272 25.557 135
PHOSPHATE (mg/L) 0.15 0.105 0.06 0.045 2

CARBON ORGANIC (mg/L) 19 1.623 0 3.195 56
ARSENIC (mg/L) 4 1.015 0 0.503 50 67
BARIUM (ug/L) 130 56,797 32 23,04 2000 64
BERYLLIUM (ug/L) 1 0.75 0.5 0.25 0.0001 4

CADMIUM (ug/L) 2 0.971 0 0.568 5 68
CHROMIUM (ug/L) 20 3.926 0 4.83 100 68
COPPER (ug/L) 24 3.71 0 4.093 1300 69
LEAD (ug/L) 100 3.71 0 12.036 50 69
MANGANESE (ug/L) 20 293 (] 3948 71

MERCURY (pg/L) 0.5 0.197 0 0.165 2 60
NICKEL (ug/L) 10 3.111 0 3.784 100 9

SELENIUM (ug/.) 2 09 0 0.351 50 60

1 0

SILVER 0.609 0.488 5 64
SLERGeM) 1 0609 0 0488 5 64
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Table 2.24. Chemical Concentrations in Ground Water near San Marcos Springs.

Constituent Max. Mean Min. St Dev, MCL No. of
Samples

SPECIFIC CONDUCT (us/cm) 638.00 591.000 512.000 28.28 31
PH (STANDARD UNITS) 7.40 7.010 6.600 0.17 29
TEMPERATUR (°C) 24.00 22.603 22.000 0.38 29
OXYGEN (mg/L) 5.50 5.500 5.500 0.00 1
BOD 5-DAY (mg/L) 0.30 0.300 0.300 0.00 1
CALCIUM (mg/L) 110.00 93.607 87.000 5.56 28
MAGNESIUM (mg/L) 18.00 15.300 7.600 2.85 28
SODIUM (mg/L) 13.00 10.492 4.500 2.86 25
POTASSIUM (mg/L) 1.60 1.232 0.700 0.27 25
ALKALINITY (mg/L) 270.00 265.000 260.000 5.00 4
SULFATE (mg/L) 33.00 21.196 5.900 8.11 400 28
CHLORIDE (mg/L) 27.00 16.825 7.500 5.18 28
DISSOLVED SOLIDS (mg/L) 352.00 329.385 284.000 17.38 26
PHOSPHATE (mg/L) 0.03 0.030 0.030 0.00 1
CARBON ORGANIC (mg/L) 7.80 1.127 0.000 1.59 22
ARSENIC (ug/L) 1.00 1.000 1.000 0.00 50 19
BARIUM (ug/L) 100.00 46,789 34.000 22.17 2000 19
BERYLLIUM (ug/L) 1.00 1.000 1.000 0.00 1E-04 1
CADMIUM (ug/L) 2.00 1.000 0.000 0.46 5 19
CHROMIUM (ug/L) 20.00 8.158 0.000 6.65 100 19
COPPER (ug/L) 20.00 6.750 0.000 6.51 1300 20
LEAD (ug/L) 10.00 2.300 0.000 3.10 50 20
MANGANESE (ug/L) 20.00 3.000 1.000 4.75 20
MERCURY (ug/L) 0.50 0.172 0.000 0.15 2 18
NICKEL (ug/L) 0.00 0.000 0.000 0.00 100 2
SELENIUM {(ug/L) 1.00 0.944 0.000 0.23 50 18
SILVER (ug/L) 1.00 0.684 0.000 047 5 19

——'_'——_—.___-———-*.._———-_u—___._.___—

Springflow Augmentation

2.26

DRAFT March 1, 1994



¥661 ‘T YoreW 1AVIA LT uoneluswsny moySuudg
g Tued jusunean; odemos
BUBXSL "7 01 wrec] aye’] Suudg
v 424 gLl e 1A ¥'st 00T 9tT PUE e[0ONUOJ *H WOl Y SOdB Ues
BUBXD] "7
1 €971 €91 €Ly pueeoonuojg uones Fwded gosn
¥ 6t o¢erl s 1149 T8T 00C  8¢eT 131003 'y vore puels] uosdwoyy,
14 LST 0L 1}9Y BURU g L wreq axe] Suudg
[4 97T, (op)
0] 8'L69 ("op)
it I'E L 129 {op)
I TET0TL¢ 0ps-01¢ (op)
4! 4 TL (umow{UM UOTIR0] 15BX3)
6 [44 [ AN 1 A  (UMOLDJUN UOTIRDO] 308X2)
€ o1 8y €L e TW ¢ (3toH dea( pue ulidg i)
9 6vT ¥s 8¢ 00§ 'L £TT I 61T SL'E 7 (s9010 Jofew x1s)
BURY 'Y
pue g[oonuoj g s8uudg soorepy ueg
WRNSAS0Y SOILAl URg
fooeo s xx Uy Xe ujA Uy XelN W ey PRANISqO
ULy ‘Kpupeqpe uddLxo paajossig DUBPNPULI Hd aanyesaduwa ], adaepsiq sa|a3dg uoHeIo]
1501, dyRdg

Y Jad surerSrIw uy AuTree [eioy,

31 Jad sumigmror uy :usBAxo paafossi(

1912w a3 Jad SUIWSOLOTW U] :FoUBIONPUDD SYytoadg
"SOISTa7) saau00p uf umeiadiua]

*puooss Jad siarew oigno uf :afreyosiy

[(esnqueS soasepy ueg) 1981093 Bsnque '1ofioss o

(soupm sBYI] ) BUEXS] BIURZTZ 'eUwXa] 77 {(JopURLUIE[RS SOSIE] UES) BUBL £2AING ‘BURY 'f {(IOUED UTRIUNO]) BJOONIUO] BUIOISOIE] “e[OOUO] “H U2AL Y Kaang Teor8o[oan sateig patup) *SOSH YA
Jod sweiSnme “1/8w sownus 1ed suswersosons ‘wo/gT tsnisje;) saaidep ‘Do *PuC03t Jod s1379W J1qMO ‘SO 1AIBUCGIRO WHNTSTES * £QE,) ‘anfea pauodas WMUITYRUS ‘Yel ‘onea peuodal T Uty ]

PAAIISQO U3q dARY $3103ds PIIOTUBPUL JO PAUIBAIY) SISYM SIDATY
[eWo)) pue sodIejy ureg pue ‘s3uudg [ewo) pue soarely ues 103 eiep Aifenb-1atem [e1ousd pue o8reyasip jo Arewrung 7"z Qe



P66T ‘T YOI 1V Id

87T

uoneiuswiny moySuudg

L £ET
14 sTe v9

(wmesw) g

9 o6v

09s TL

9¢

12

L'ET

LY

¢ 1 (v uoneis s Ledsq reou)

v 1 (7 uoness s Ladsz)
» (WOHEOO[ Usmouun)
¥ =dnepeno qitm

B[OONIUO] *g S9UIN|JUOD FBIU -y [PUIOD)

L 1174

(weow) 1'g 09¢

TL

9vT

S6pl 0__S6L

"op
B[OONUOJ "]

¢  uomers Sutded gogn
o r uorress Suided goony

L [A%4

{ueaw) 7'/, 09¢

I'L

£V

E[oonuo] g

¢ 1 We o] wpue

61 1414

0'sT

S

BURU g
pue B[0onuoJ g

p1 (Z vomEIs
s Aods7) o] vpue]

Y44 'l

6'S
1eT Ls

OO~ oo vy O

677 (uwwawn) ¢

01 11177

L'e 00¢
Ly 05§

0ws L

0§

5 74
TL 9vC
0L

15 74

2 4

0ve
147
(A4
8¢

w3)sAS0dT [BWOD)

8T

£S0 100> 610
6£CT T00 IS0

UAMOLY 2Uou

1 (soyuo WiAsea IS0UI)
y 1 (1 uonms s fodsy
-291JUO WIS 1SOW)
& (Umotojun uonesoy)

¢ 1 (UmOLDfun uoijea0])
. (se21ju0 Wmsam )
z1 (S92 L0 WIANSIM €)
[ 1 (S9ILI0 WIAsIM £)

suudg ewo)

0'sT

14V

672

e[oonuo) g

y d
8§—m ars QOESGH—.OO
FeaU "y SOOI Ue§

01¢

L CET

1T

L #4

9t

BURXS) 7

pue e[oonuoy g

o 1 °8PUg G¢ SreIsIony]
o1 wre(] axe] Suudg
Welj “Y SOJIB[A Ueg

fooeo s xepy
‘Lyuyexpe
o],

[ 39Uy

uad{xo paijoss|q

] 4

URPINPUOY
aypadg

Xe[y

Ui

ueIpy

Hd aameiaduia ],

XA Ui  Usapy

akuepsig

PaALISqO
sapedg

uoje30]

ey

"PRAI95q0 UD3q 2ARY $3103ds paraurpus JO PaUNBIIY SIAYM SISATY [BWO)) PuE
SOJIRIN UBS puE ‘s3uLIdg [EWO)) PUR SOJIEJA UBS JOJ EIep Alenb-131em [e1ousd pue 93reyasIp jo Arewwung (panupuod) §7°7 AqeL



F661 ‘T YMBN 14V A 62T uonvuswsny mogSuudg

"9$61 ¢ JOQUISAON] 0 €1 JUN{ WOL PALNI0 MO 09Z JO 98IRYISIp wmunar Y3 (g/61 ‘91 190190y UO PIINSEIU SBAM YoTYM
“M0pJ Yead SNOSUEILEISUL UE ST 9FIEYISIP WNWIIXEW JY) {SIE0A JoTesm OSOY] JOF SUBOW [ENUUE JO UL € ST UBSW ay) "T661-0EG] :PIOOAI JO POLIAY
"sugaw are panodar sanfea Jie ‘reak sad saum oy pojdures sem auIs Yoed ¢/ 861 Ul papodor piodar Jo pouad reof-ouc ‘umouyun,
‘Kj2andadsar ‘s1ake] wonoq pue
do1 U1 95ULIIYIP 19POI WNWIUIW PUE WWIXEU UsSAX0-PIAJossIp pue smjeradwa) WLG1 0 duNf U0 IPBUI SIUSWIMSBIW J[FUTIS WON 018 SONeA |
*Z661 u1 pauoda (p1odar Jo pouad umOwUn
"SUBIW JO SUBIW 31 PILIOdoI SaN[A UBSW Y PUE (SIN[EA WNWIXEW PUB WnUnu JuIpndut ‘suesw a1e patiodas sanpea
1[€ :S2WM JNOJ 90410 YOBS WOy palefjod dlam sadwes *p103ar jo pouad 1eak-ouo0 ‘umowiup) ‘paquosap Aadsg se sures 91 e $IOYO J1 UTELOU(),,
‘SUBIU JO SUBSU 3IE SUBIW 'SUBIW SJ€ SIN[EA 20ULIINPUOD oytoads pue Hd ‘quow 1ad sjuswamseswr usFLx0-paAjossIp ¢- ‘puowr zod
Sluswamseaw SFIeYISIP £1-¢ H(Ajuo £861 15nTny - €861 Arenuer :sjuswamsesw usZAxo paa[ossip) €861 1sn3ny - 7861 roquadag :p102a1 Jo pouad,
"SUBW JO SUBSW 318 Pauodar SON[eA Ueour 2) pue ‘SINEA WNWIXeW
pue wnwirutus SuIpn[our ‘SuedW o5¢ patiodal SANTeA [[e SIS MO WONF PRS00 a1om sojdures €861 Iaquiadss 01 1861 12qOI5Q :pI03AI JO poLady,
9561 “E 190130 UO PIPIOAI SEM PUE PIOJAI UO UBIW AJTep 1Sam0[ 211 ST 9BIEYISIP WNURUTW 9 ‘7661 ‘21 YIIBIA UO PIINSEaltl Sem
Yoty ‘soy Yead SNOGUBIUEISUL UE St 95IRYDSIP WNWTXEW oY) ‘SIBA J9TBM 9SOY} JOJ SUBSUI [Enuue JO UBouI B ST UBSW ) {7661-LS6] TPIOII JO POl
"PLOT JAQUISAON y3nomy /6] dunf woiy
saur Jnoj pajdures 21oM 1BY1 SIS U9ASS J0J L0l SIN[EA WO POUTULINIP AIoM sonfea AJuTEyTe pue ‘9ouelonrpuod Syiseds ‘ormeradu wesw ‘p/ 61
13qUISAON Y3noIyl AJn[ woly pIIonpuod SAPNIS [EULMIP SAT WOI] ore uaf4xo PRATOSSIP pue armerodwsd) J0j Sonfea WNWTXeW Pue Wnwrurw EUA
‘PLOT ‘G oun[ UC JpEW SIUSIANSEIW S[BUIS W] 316 Sanjes L
"UBIW E ST STY) JT UFELId0uN S1 1Y,
"91BUOQIRI1q JO 91BUOQIE) WRID[ED S ST AuifeyTe pauodal o JI urensoun st g
‘vL61 TUdY - €161 Yorey 1pI0dAI JO pod,
‘0t61 Ut pauodar p10vai Jo pourad umowyu
"SUEIW JO SUBIW I8 Pouodor Son[eA UBIUI Ay} PUR ‘SONJEA WNWIXeW
pue WU Surpnjour ‘sueaur o5e pauodal SaN[eA [[e tSONS XIS WOIJ P[00 d1om sojdwes “¢gel Iaquandag 01 1861 1290100 :pI0OJAI JO poLiRd,
(PB61) 9IALIS JNPIIM PUB YL 'S’ “TI
(9L61) saeq pue edny, [
"(T'd *¥B6T) 2I1AIIG PP PUE YST *S') UT PAIIO 5B (896T) Preod JUwdO[aAa(] 10%8M SBXAL "0l
(9L61) aPISIUYM PuE Yousyog
(£861) uep3Q pue [suLayoy
{L86T1) sroumo
(S861) s1ayio pue usp3p
(12 'd *$861) 20TAI3G OJIP[IM PUE YSLI "S'(] UT PAID S& (Z561) SI9UI0 pue 951000
(SL6T) sarerdossy pue ‘uoysny ‘Kadsg
(0v61) 1reasq
"(11-p "d ‘GL6T) SA1L100SSY PUE ‘woIsRY ‘Aods ul pana se (LS61) ¥00Rd
(7661} s1410 pue Jaw{ong
'SA0URIRYIY

s R RV AR



Table 2.26. Maximum and minimum daily values for water tem
in Landa Lake and the Comal River for various time periods in 1

[nd, not determined]

Water Temperature: In degrees Celsius

Dissolved oxygen: In milligrams per liter.

993,

perature and dissolved oxygen

Measurement Water Dissolved

period temp. oxygen
Location Max. Min. Diff. Max. Min.
Landa Lake 8120 - 9720 24.6 23.0 1.6 9.8 4.4
Comal River, old channel 7/27 - 8/18 26.2 236 2.6 9.0 4.8
above West Torrey Street
Comal River, old channel 6/29 - 7/20 26.1 236 2.5 nd nd
below West Torrey Street
Comal River, old channel  6/30 - 8/19 273 246 2.7 nd nd
above Hinman Island
Drive
Comal River, new channel 8/20 - 9/20 25.0 22,7 23 104 1.5
above confluence of old
and new channels
Comal River at Torrey 6/25 - 9720 25.3 22.7 2.6 11.0 6.7
Mill Dam
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Table 2.27. Summary of water-quality data for the San Marcos and Comal Rivers (Adapted
from Espey, Huston, and Associates, 1975).

[oC, _dcgrees Celsius; mS/cm, microsiemens per centimeter; na, not analyzed; <, less than; values
in milligrams per liter, unless indicated next to property or constituent]

San Marcos Riverl  Comal River2

Property or constituent Min. Max.3 Min. Max
Temperature {oC) 20.0 254 24.5 25
Dissolved oxygen 5.5 17.5 1.0 6.2
Specific conductance (mS/cm) 508 550 490 495
Total dissolved solids 263 339 295 300
Total hardness (as CaCO3) 223 307 260 260
Total alkalinity {as CaCO3 ) 196 277 225 230
Bicarbonate 239 338 276 282
Calcium 65 95 76 79
Chloride 10 21 15 15
Fluoride 0.2 0.5 na na
Magnesium 11 17 15 17
Silica 9 13 na na
Sodium 10 11 na na
Sulfate 17 24 23 27
Total organic carbon <1 14 na n
Chlorophyll 0.004 0.004 na na
Ammonium <0.1 <0.1 (0.1) na na
Organic nitrogen 0.2 0203 009 0.20
Nitrate 1.2 2.1 1.5 1.6
Nitrite 0.005 0.008 0.004 0.005
(0.014)
Orthophosphate <0.01 <0.01 na na
0.12)
Total phosphorous <0.01 <0.01 na na

{0.12)
D R —

1 The values for temperature and dissolved oxygen for the San Marcos River are approximate and were extrapolated
from figures 4.1 - 4.10. These figures show variation in temperature and dissolved oxygen for 5, 21-hour periods
from July through November 1974, at 5 locations (stations 2-6) on the San Marcos River, from about 0.8-1.2 km to
about 2.25 km downstream of Spring Lake Dam. Values for top and bottom, left and right, or channel and rice
layers were sometimes indicated and were included in range of values reported.

The values for specific conductance and chlorophyll for the San Marcos River are approximate and were
extrapolated from figures 2.41 and 2.45. These figures show variation in specific conductance and chlorophyll at
nine locations along the San Marcos River on June 6, 1974, Only the specific-conductance values reported for the
seven locations (stations 1-7) upstream of the San Marcos city wastewater treatment plant were included. Only the
chlorophyll values reported for the eight locations (stations 1-8) above the confluence with the Blanco River, which
did include one station below the wastewater treatment plant, were included.

The values for the rest of the properties and constituents listed were determined from values reported for samples
collected from June through November 1974 on tables 4.1 - 4.8. Values for locations downstream of the confluence
with the Blanco River were not used.

2 The values of properties and constituents listed for the Comal River are approximate and were extrapolated from
figures 2.8 - 2.19. The values reported above were determined from values reported for samples collected from four
locations on the Comal River, from Comal Springs (Landa Lake) to about 0.16 km upstream of the confluence with
the Guadalupe River, on June 6, 1974.

3 If there was a significant difference in the numeric value of a property or constituent for samples collected upstraam
and downstream of the San Marcos city wastewater treatment plant, the value representative of the area upstream of
the plant was reported and the value representative of the area downstream of the plant was reported in parenthescs.
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Table 2.28. Discharge and selected water-

Springs, August 1982 to September 1983.

[m3/s, cubic meters per second; oC, de

analyzed; <, less than]

quality data for the four major springs at Comal

grees Celsius; mS/cm, microsiemens per centimeter; na, not

Comal Springsl

Property or constituent Minimum value Maximum value
(mg/L, unless indicated otherwise (mg/L, unless indicated otherwise
with parameter) with parameter)
Discharge (m3/s) 0.02 2.39
Temperature (oC) 21.3 246
Dissolved oxygen 3.66 5.90
pH (unitless) 6.9 7.6
Specific conductance (mS/cm) 370 595
Total hardness (as CaCO3) 198 340
Calcium hardness (as CaCO3 ) 70 224
Magnesium hardness (as CaCO3 ) 38 144
Bicarbonate alkalinity 188 264
Chloride 10.5 24.6
Suifate 10.2 22.1
Nitrate 0.61 2.84
Orthophosphate 0.08 0.60

1 The values of properties or constituents include measurments at four of the major spring orifices of Comal Springs

and were reported in tables 1a - le in Rothermel and Ogden (1987). Water from

land surface and flows into Landa Lake.,
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Table 2.29. Water-quality data for Landa Lake and the Comal River, August and September
1993,

[MUS/cm, microsiemens per centimeter; <, less than reporting limit specified]

—-—_—-_——_'_'_—_-_——_'—_——-—“‘—— —— — — E— _-.
Landa Lake Comal River
Old channel  Old channel New Torrey Mill
above West above channel, Dam
Torrey Street Hinman above
— Island Drive  confluence of
old and new
channels
(Dates samples were collected) {9/20/93) (8/20/93) (8/20/93) (9/2093) (9/20/93)
- Parameter (units)
Field Measurements
Barometric pressure (mm of Hg) 145 745 745 7435 745
Walter temperature (°C) 24.0 24.0 25.5 240 245
Specific conductance (uS/cm) 550 550 560 550 540
pH 7.6 7.7 75 7.8 7.8
Dissolved oxygen (mg/L.) 7.2 8.1 4.4 9.0 9.0
— Alkalinity (mg/L as CaCO3) 230 230 240 230 240
Laboratory Measurements
Ammonia (mg/L as N) 0.030 0.030 0.060 0.030 0.030
Ammonia plus organic nitrogen <0.20 <0.20 <0.20 <0.20 <0.20
- (mg/L as N)
Nitrite (mg/L as N) <0.010 <0.010 0.010 <0.010 <0.010
Nitrite plus nitrate (mg/L. as N) 1.80 1.70 1.39 1.80 1.80
Phosphorous (mg/L) <0.010 <0.010 <0.010 <0.010 <0.010
Orthophosphate (mg/L as P) <0.010 0.010 0.020 <0.010 0.010
Calcium (mg/L) 83 83 85 81 80
Magnesium (mg/L) 16 16 16 16 16
— Potassium (mg/L.) 0.70 1.9 1.6 0.70 0.70
Sodium (mg/L) 9.9 9.6 10 11 10
Chloride (mg/L) 15 16 16 15 15
Fluoride (mg/L) 0.20 0.30 0.20 0.20 0.20
- Silica (mg/L as silicon dioxide) 12 12 11 12 12
Sulfate (mg/L) 23 25 26 : 24 23
Arsenic (mg/L) <1 <1 <1 <1 <1
Barium (mg/L) 51 51 53 52 52
- Beryllium (mg/L) <0.5 <0.5 <0.5 <0.5 <0.5
Cadmium (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0
Chromium (mg/L) <5 <5 <5 <5 <5
— Cobalt (mg/L) <3 <3 <3 <3 <3
Copper {(mg/L) <10 <10 <10 <10 <10
Iron (mg/L) <3 3 4 <3 3
Lead (mg/L) <10 <10 <10 10 <10
— Lithium {mg/L) 7 12 13 8 7
Manganese (mg/L) <l 2 5 <1 <1
Mercury (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1
Molybdenum (mg/L.) <10 <10 <10 <10 <10
'"“ Nickel (mg/L) <10 <10 <10 <10 <10
Silver (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0
Selenium (mg/L) 1 <1 <1 1 1
Strontium (mg/L) 610 620 650 620 610
Vanadium {mg/L) <6 <6 <6 <6 <6
Zinc (mg/L) 3 6 4 <3 <3
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Table 2.30. Minimum reporting limits for polychlorinated biphenyls, polychlorinated
napthalenes, and pesticides in water.

Parameter Minimum reporting limit (ug/I.)
Gross Polychlorinated biphenyls 0.1
Gross Polychlerinated 0.1
napthaleness

245T 0.01
24-D 0.01
2.4-DP 0.01
Aldrin 0.01
Chlordane 0.1
Chlorpyrifos 0.01
DDD 0.01
DDT 0.01
DEF (butifos) 0.01
Di-Syston (disulfoton) 0.01
Diazinon 0.01
Dieldrin 0.01
Endrin 0.01
Ethion 0.01
Fonofos 0.01
Heptachior 0.01
Heptochlor epoxide 0.01
Lindane 0.01
Malathion 0.01
Methoxychlor 0.01
Methyl parathion 0.01
Mirex 0.01
Parathion 0.01
Perthane 0.1
Phorate 0.01
Silvex 0.01
Toxaphene 1
Trithion 0.01

Springflow Augmentation 2.34 DRAFT March 1, 1994



P661 ‘1 YRW 14vVid S¢'T uoneuawsny mopSuudg

*(p10291 Jo pouad) sagreyosip Aypuowr ugawt s3uudg SOdIBp UBS ‘17 dAndiy

Ieax
7661 L861 7861 LL6l1 L6l L961 7961 LS61

“ “ “ “ “ “ " 0

0¢

ﬁa I3pUEIE[eS

(RS {, :
N << -

0S¢

(s30) 3daeyosiq

7 0S¢

0sy




v661 ‘T PN 14vid 9¢'T uoneuawsny mopySuudg

*(pI0031 Jo pourad) adreyosip Ajpuow uesw sSuudg rewo) gz N3N

Jeax
0661 0861 0Le6l 0961 0se61 0v6l

T T T T ) T T ﬁ T T T T T 0
1 0§
: 1 o
E _ } — [oQuoy) WIOH swey —1 0€1

4
i i ; { deL, 1o ureunod —| 007

1
1 1 05z

) ; || | ‘ ; | h

(s32) adaeyasiq

N i 55 R MMM

1 00¥

f 1 0sy
00¢




T e s e e Ty T e T R e e e = —p— w
A SR A S A A R g
Lo b g
oo I z
| i | | | | I I I mnu
.llll-l.llJullnnlll.w!llul.ll.ldllllqlllﬂll F
[ R (R T R IR S A
] [3 ) 1 [] [ [} 1] )
[ T R R R N B
) [ ] [ ] 1 1 ] ] ] [ ]
bbb
I O N W SO G
N T
N ]
_ Lo
I L 1 L
[ Samnd 1 “r e - T
I _
[ ] 1 ]
R |
_ | | | ; |
. 2 vy
A
I ! _ﬂ.% I | ]
1 ] ¥ 1 [}
o iBg 00
[ A R | S T
| i | | | | [
[ ] [ ] ] [} I ] r
Lo I T
1 1 ] [} 1
[ (R T R T B
] ] 1 I [] [] 1
| P I P T T P |
L} | § ¥ | -h_ |
& 8 5 g g ‘g
(= (=] < =] (=] (=] (=]
| ! ! { I { | f

Figure 2.3. Histogram of the historic daily flow at Comal Springs.

DRAFT March 1, 1994

2.37

Springflow Augmentation



T Tt

—t—————t—————o

s et T T —

ek sE TP T S —

600

flow rate (cfs) _|

400

L 1 ! A L 'l 1
500

1

very wet

e —— i —————

r———="r——777

e — e —

-
-
-
b=

327 360

300
normal iwet

e

] e e e

0.5 4

0.1 -

267

2
|
196

00
"

100
very dry

Figure 2.4. Cumulative frequency distribution of the historic daily flow at Comal Springs.
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Figure 2.7. Comal Springs 7-day, 30-day, 60-day, and 90-day low flow frequency plot.
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Bad Water Line

— e -l
San Marcos Springs,
see inset A

Cormal Springs,
see inset B

Figure 2.14 (a). Groundwater sampling wells in Comal and Hays Counties.
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Figure 2.14 (b). Groundwater sampling wells near (A) San Marcos Springs and
(B) Comal Springs. The numbers near the well locations are the last three digits of
the well number.
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3.0 GEOLOGY AND HYDROGEOLOGY OF THE EDWARDS
AQUIFER

3.1 SPECIFIC REGION OF STUDY

3.1.1 Geology of the Edwards Aquifer

The Edwards aquifer of Texas is a regionally-extensive carbonate aquifer, and the sole source
of water for nearly two million people, including the City of San Antonio (Figure 3.1). This
aquifer is located along the Balcones Escarpment, a topographic feature in Central Texas that
separates the Edwards Plateau from the Gulf Coastal Plain. Geologic mapping and hydrologic
studies show that the Edwards is a complex karstified aquifer that supplies large quantities of water
to wells and to large springs such as Comal and San Marcos Springs. The aquifer is intensively
fractured, causing the limestone to be porous, permeable and receptive to recharge [Figure 3.2;
Caran and others, 1981; Maclay and Small, 1984, 1986; Maclay and Land, 1988]. This breakup
of the rocks has facilitated the development of karstic features, such as honeycombing, caves,
caverns, and other solution channeling over wide areas.

3.1.1.1 Thickness and Areal Limits

The Cretaceous Edwards Group consists of 400 to 600 feet of thin to massive bedded
limestone and dolomite. The lower confining unit of the Edwards aquifer is the upper shaley
member of the Glen Rose Formation and, where present, the Walnut Clay. The upper confining
unit of the aquifer is the Del Rio Clay .

The area of the Edwards aquifer is about 180 miles long and varies in width from about 5 to
40 miles. The Edwards aquifer in the San Antonio area is bounded by:

(1) Groundwater divides in Kinney County on the west (Brackettville divide) and Hays
County to the east (Kyle divide);

(2) Up-dip limits of the surface outcrop of the Edwards Group in the Balcones fault zone to
the north; and

(3) The "bad-water" line, to the south.

The bad water line separates ground water with less than 1000 mg/1 of total dissolved solids
(hereafter referred to as "fresh water") from ground water with greater than 1000 mg/1 of total
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dissolved solids (hereafter referred to a "saline water"). The fresh water zone of the Edwards
aquifer is underlain by saline water throughout the region. Comal Springs and San Marcos
Springs are near the eastern end of the area and are about 25 mi and 8 mi, respectively, from the
Town of Kyle,

The total area of the Edwards aquifer is about 3,200 square miles along the Balcones
Escarpment, which separates the Edwards Plateau from the Gulf Coastal Plain, of which about
2,000 square miles is within the freshwater zone of the artesian aquifer [Maclay and Small, 1986].

3.1.1.2 Depositional history and lithofacies of the Edwards Formation

The rocks that make up the Edwards Group extend across the San Marcos platform, the
Devils River reef, and the Maverick basin in a wedge which thickens to the south and southwest
from about 200 to 900 ft [Rose, 1972; 1986]. During early Cretaceous time, a shallow marine
carbonate shelf similar to the modern Bahama Banks covered most of Texas and deposited the
Edwards aquifer formations. A broad rise formed by the Central Texas platform and its southern
extension, the San Marcos platform, divided the carbonate shelf into shallower tidal flats and
deeper basinal depositional provinces. While tidal flats and shallow lagoons alternated with open
shelves on the platform, deeper water in the adjacent basins promoted the growth of rudistid and
algal bioherms on platform margins, especially in the Devils River reef north of the Maverick basin
and at the shelf edge. The current stratigraphic nomenclature of the aquifer also reflects these
different sedimentary environments and resulting lithofacies [Figure 3.3; Klemt et al., 1979].

3.1.1.3 Structural Features

Balcones and Luling fault zones. The Balcones Escarpment is the surface expression
of the Balcones fault zone, a series of sub-parallel, discontinuous, high-angle, normal faults which
strike northeast and display a net down-to-the-coast displacement. Although most individual
faults exhibit less than 200 ft of throw, some offset the aquifer by as much as 900 ft [Figure 3.2;
Small, 1986]. The Edwards aquifer is vertically displaced for its entire thickness at several places
along several major northeastward-striking normal faults.

The Luling fault zone extends from Caldwell to southeastern Medina County, where the
Luling fault zone is approximately 10-20 miles southeast of the Balcones Escarpment. The Luling
fault zone is a belt of nearly parallel faults similar to but more narrow than the Balcones fault zone.
Like the Balcones, the Luling is normally faulted. However, the down thrown sides of the
individual faults of the Luling fault zone are to the northwest rather than to the southeast as in the
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case of the Balcones. Fault displacement for individual strands within the Luling fault zone varies
from a few feet to a combined displacement of more than 1,500 feet.

These features appear to follow persistent zones of weakness in Paleozoic basement rocks
deformed during the Pennsylvanian Quachita-Marathon orogeny. Faults provide important
conduits for groundwater flow within the aquifer.

3.2.2 Hydrogeology of the Edwards Aquifer

The extensive fracturing and subsequent karstification of the Edwards Group has created an
extremely porous and permeable aquifer that is capable of storing and moving large quantities of
water. Because of this high porosity and permeability, the Edwards aquifer is one of the most
productive aquifers in the world. Well yields in the Edwards are among the world's largest [Baker
and Wall, 1976, p. F-7). For example, one well drilled by the city of San Antonio in 1941 had a
natural flow of 16,800 gallons per minute (gpm) [Livingston, 1942, p. 3], and in 1991 a well
drilled near San Antonio had a natural flow of about 25,000 gal/min. This well is reportedly the
world's largest flowing well [Oral commun., P.L. Rettman, 1991; Swanson, 1991].

Large, high-discharge springs, rather than small springs and diffuse seepage, are the general
rule in karst regions. These high-discharge sprin gs often emerge from underground streams or
caves [Lamoreaux et al., 1989, p. 85-86]. Such cave passages may occur at more than one level in
the Edwards aquifer. Most ground-water flow, however, occurs in large solution openings near
the top of the saturated zone, which carries much of the ground water to the springs.

Six of the largest springs in the Edwards aquifer discharged an average daily flow of about
480 cubic feet per second (cfs) from 1936-86. Comal Springs at:New Braunfels (averaging 284
cfs from 1929-92) and San Marcos Springs at San Marcos (averaging 170 cfs from 1956-93) are
the State's two largest springs and accounted for a combined average of about 454 cfs or about
200,004 gpm. Flow from these two springs represents about 40 percent of the total average
discharge from the aquifer's wells and springs.

3.2.2.1 Groundwater Velocity and Direction

Ground-water infiltration and ground-water flow in the recharge zone are controlled largely by
the southerly and southeasterly stratigraphic dip of the aquifer, southerly to southeasterly-dipping
normal faults, and by the easterly to northeasterly-trending fracture systems. The fracture systems
are open and, in conjunction with the stratigraphic dip can readily transport ground water toward
Comal and San Marcos Springs. Faults within the Balcones fault zone form the master conduits
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for flow within the Edwards aquifer and are responsible for its very high transmissivity [Clement,
1989; Woodruff and Abbott, 1979].

Movement in the recharge areas is vertically downward to the water table or top of the zone of
saturation. From here the direction of flow is lateral and, in general, is (1) in the direction of
inclination of the aquifer, (2) along the orientation of fractures, and (3) in the direction of
decreasing hydraulic head. Regionally this movement is from west to east--from Kinney County
where the altitude of the exposed part of the aquifer reaches up to nearly 2,000 ft, past San Antonio
at an altitude of around 700 ft, to Comal Springs at an altitude of 623 ft, and continuing eastward
to San Marcos Springs at an altitude of 574 ft (Figure 3.4).

The aquifer’s potentiometric surface gives a false representation of the complexity of the flow
paths in the Edwards. Because subsurface water is commonly channeled around or between faults
that are parallel rather than perpendicular to the equipotential lines [Clement, 19891, the flow paths
are generally not perpendicular to the equipotentials. At places where faults displace the aquifer for
its entire thickness, ground water circulation is diverted either southwestward or northeastward.

Maclay and Small [1986] estimated an average velocity in the confined fresh water zone to be
about 27 ft/d. Estimates of groundwater velocities made at well sites range from 2-31 f/d.

3.2.2.2 Transmissivity

Transmissivity is a difficult property to quantify for a solutioned and heterogeneous carbonate
aquifer like the Edwards which lacks uniform distribution of permeability. However, Maclay and
Small (1986) have estimated transmissivities of the Edwards aquifer in the San Antonio area based
on its geology, hydrology and hydrochemistry. Estimated values range from a negligible values in
parts of the recharge area to about 2 million ft%/d for the most permeable subarea in the confined
zone (Figure 3.5). High transmissivity of the confined zone is indicated by very low hydraulic
gradients, good correlation of water levels among widely spaced wells, large sustained
springflows, and uniform temperature and water quality within the aquifer.

3.2.2.3 Storage Estimates

Maclay et al. [1973; 1980] have estimated the specific yield of the Edwards aquifer using
regional water balance studies, geophysical tests, and laboratory examination of recovered core
samples. Estimates are in the range of 1.7-14% with a representative value of 4%. The estimated
volume of water in storage in the confined freshwater zone of the aquifer, given an area of 1,500
square miles, and a thickness of 500 ft, and an average specific yield of 4% would be 19.5 million
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acre-feet. Todd [1983] estimated a value of 2 million acre-feet using a cut-off depth of 400 feet for
recoverable water in storage. Water below 400 feet, which may or may not be recoverable, was
reported to be 13 million acre-feet. Total storage was estimated to be 15 million acre-feet by CH2M
Hill [1986]. A current study (1994) sponsored by the Edwards Underground Water District and
being performed by the Bureau of Economic Geology, The University of Texas, seeks to refine
these estimates.

The storage coefficient in the confined zone varies with porosity and thickness of the aquifer.
The order of magnitude of variation estimated by Maclay and Smali [1986] ranges from 1x104 to
1x10-3. The volume of the unconfined zone represents 30 to 40% of the total volume of the
aquifer. Therefore, a large amount of water released from the aquifer comes from storage in this
zone. Maclay and Small [1986] also determined regional specific yield in the confined zone to be
about 3%, and estimated a drainable porosity for the full thickness of the aquifer to be about 2%,
based on geophysical and laboratory data. The quantity of water retained in the unconfined zone
after a recharge event is affected strongly by the geologic structure of the aquifer. Faults can act as
barriers, reducing the flow of water moving from the unconfined zone to the confined zone and
allowing a greater volume of water to remain in the unconfined zone for longer period of time.
Structural effects therefore complicate estimates of storage at any given water level or from any
recharge event.

3.2.2.4 Recharge

Recharge occurs where the Edwards formation and equivalent rocks are exposed in the
Balcones fault zone. Streams draining the Cretaceous limestone uplifted along the Balcones fault
and forming the higher topographic elevations of the Edwards Plateaun lose all of their base flow
and much of their storm runoff by infiltration from channels passing over porous and fractured
Edwards limestone (Figure 3.1). Infiltration losses account for 60 to 80 % of the recharge to the
Edwards aquifer in the San Antonio area; the remainder of the recharge is derived from direct
infiltration in the interstream areas. Additional recharge occurs as cross formational flow from the
Glen Rose Formation. Such flow occurs especially where the Glen Rose Formation is juxtaposed
against the Edwards limestone along the Balcones fault zone. Locations of the major faults within
the Balcones fault zone are shown in Figure 3.2.

The approximate balance of cumulative recharge and discharge over the past 50 years in the
San Antonio area [cf., Reeves and Ozuma, 1986] suggests that the fault zone aquifer may be
approximated by steady-state flow conditions over the long term, if the balance is not disturbed by
excessive pumping. The average annual recharge of the Edwards aquifer for the period 1934-1992

Springflow Augmentation 3.5 DRAFT March 1, 1994



is estimated by EUWD [1993] to be 682,800 acre-feet/year (AF/yr). The maximum annual
estimated recharge of 2,486,000 acre-feet (AF) occurred in 1992, and a minimum estimated annual
recharge of 43,700 acre-feet occurred in 1956 [EUWD, 1993]. Natural discharge occurs through
springflow at Comal, Hueco, San Marcos, Leona, San Antonio, and San Pedro Springs. The
Edwards Underground Water District reports estimated annual discharge from the Edwards aguifer
by county from 1934-1992 (Table 2.15). The combined major discharge for 1991 in Comal and
Hays Counties was 402,900 acre-ft, which is about 105% of the total spring discharge for 1991.

The Edwards aquifer often has seasonal or weather-related variations in ground-water levels
of many feet, and the effects of recharge in the recharge area from isolated rains are nearly
instantaneous. A controlling factor in the range of seasonal or weather-related ground-water levels
is the great infiltration capacity of the karst terranes. Large volumes of water from intense storms
infiltrate into the air-filled caverns of the karst terranes causing the water table to rise rapidly. From
a single storm, the rise in the water table in relatively impermeable parts of the saturated aquifer can
be many feet, whereas the rise of the water table in much more permeable zones can be only a few
feet.

3.2.2.5 Comal Springs Area

Comal Springs (Figure 4.2) flow from the Edwards aquifer at the base of the Balcones
Escarpment. Here the aquifer has been downdropped by the Comal Springs Fault and several
antecedent faults. The Comal Springs Fault is the most conspicuous fault in the Balcones Fault
Zone in the area, forming the escarpment separating the Gulf Coastal Plain from the Edwards
Plateau. At some places along the fault, such as at Comal Springs, the Taylor Marl is faulted into
contact with the Edwards aquifer indicating the possibility of a stratigraphic displacement of 400 to
600 ft. This juxtaposition of the aquifer with the Taylor Marl--a tight, thick (300 ft) confining bed
is partially responsible for the existence of Comal Springs. Other factors include the exceptional
karstic development, both vertically and laterally, of the Edwards aquifer and the topographic low
at the spring site.

Good ground-water flow patterns undoubtedly follow the Comal Springs Fault throughout
much of its more than 50-mile length from near San Antonio to east of San Marcos Springs.
Transmissivities are exceptionally large (Figure 3.4). Maclay and Small {1986, fig. 20, p. 67]
state, "Subarea R is the most transmissive zone in the San Antonio area. Water flows through the
confined aquifer along the Comal Springs Fault on the down thrown side of the fault. Well yields
are very large. Geophysical logs indicate that both the Person and Kainer Formations (of the
Edwards aquifer) are very cavernous. Water is discharged to Comal Springs in New Braunfels by
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moving upward along the fault plane." Subarea R is a narrow 2-mile-wide corridor extending
from the Bexar-Comal County line to New Braunfels--a distance of 17 mi.

At the surface, the Comal Springs area is relatively simple geologically. Within a 1-mile
radius of Comal Springs, only two geologic formations appear at the land surface. The Edwards
aquifer is north of the Comal Springs Fault and Quaternary alluvium is south of the fault (Figure
3.6). In the subsurface, however, the geology is relatively complex structurally. The Comal
Springs fault, with two probable parallel faults of smaller displacement to the south, have caused a
serious disruption of the homoclinal dip of the Edwards aquifer. Relatively impermeable clay and
chalk beds--Taylor Group, Austin Group, Eagle Ford Group, Buda Formation, and Del Rio
Formation--form a subsurface barrier to normal southeastward ground-water flow in the Edwards
aquifer (Figure 3.7).

3.2.2.6 San Marcos Springs Area

San Marcos Springs (Figure 4.4), like Comal Springs, flow from the Edwards aquifer at the
base of the Balcones Escarpment. The conduit along which most of the flow moves to the springs
is the San Marcos Springs Fault. The points of issuance of the flow are where the fault intersects
the land surface at topographic lows--namely Spring Lake, the pool receiving the spring's water.

San Marcos Springs Fault is the continuation of the Hueco Springs Fault in Comal County
[George, 1952, p. 29] (Figure 3.2). The San Marcos Springs Fault, with its Hueco Springs Fault
continuation, is about 35 mi long and extends from near Bexar County past San Marcos Springs
and terminates in southeastern Hays County. The stratigraphic displacement caused by the San
Marcos Springs Fault in the vicinity of San Marcos Springs is greater than 300 ft [DeCook, 1956,
p. 43].

Exceptionally good ground-water flow is associated with the Edwards aquifer where it is cut
by the San Marcos Springs Fault. Transmissivities are very large along the fault where intense
fracturing occurs for considerable distance either side of the fault. This is the zone shown as
subarea T in Figure 3.5). Maclay and Small [1986, p. 67] describe subarea T: "Subarea T
probably is very transmissive. It is adjacent to the Hueco Springs and San Marcos faults and
extends from Comal County into Hays County. Large-capacity wells have been drilled near these
faults. Ground water in this subarea moves to San Marcos Springs, and the greatest transmissivity
occurs in the vicinity of San Marcos Springs.” Subarea T is a narrow zone about 3 mi wide and 13
mi long reaching from 10 mi west of San Marcos Springs to 3 mi east of the springs.

The San Marcos Springs area on the surface is more varied geologically and somewhat more
complex structurally than the Comal Springs area. Within a 1-mile radius of the springs seven
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geologic formations have been mapped (Figure 3.8). Surface exposures of the Edwards aquifer
(including Georgetown Limestone, which forms the top of the aquifer) are restricted to mostly
arcuate outcrops along stream channels or along topographic breaks on hillsides. The San Marcos
Springs Fault is seen cutting the area of San Marcos Springs and passing beneath the spring lake.
Comal Springs Fault passes less than one-half of a mile south of the springs and parallels the San
Marcos Springs Fault,

The position of the Edwards aquifer in the subsurface is clearly seen, however, in the
geologic cross section through San Marcos Springs (Figure 3.9). The Georgetown, Person, and
Kainer Formations composing the Edwards aquifer are a short distance below the surface in the
area of the springs, and the top of the aquifer probably is at the bottom of the spring lake. Closely
affecting the hydrology of the area and closely tied to the existence of San Marcos Springs is the
San Marcos Springs Fault. Figure 3.9 shows more than 300 ft of displacement caused by the fault,
which brings massive confining beds such as the Austin Chalk, Eagle Ford Shale, Buda
Limestone, and Del Rio Clay opposite the Edwards aquifer. These tight, confining beds
downdropped against the Edwards formed the subsurface barrier to normal ground-water flow
southeastward and forced the ground water to exit vertically upward along the fault plane to the
surface.

3.3 AREAS OF NATURAL RECHARGE TO COMAL AND SAN MARCOS
SPRINGS

In order to identify the recharge areas for Comal and San Marcos Springs, one must first be
familiar with the extent of the infiltration (recharge) areas of the Edwards aquifer throughout its
entire reach from Kinney County 100 mi west of San Antonio to Hays County 50 mi northeast of
San Antonio (Figure 3.1). Secondly, one must keep in mind that the flow of water in the recharge
zone is basically southward with minor components of flow eastward, and, most importantly, that
the flow of water in the deeper parts of the aquifer south of the recharge zone is strongly eastward.
Simply put, a molecule of water as recharge in Kinney County moves eventually eastward and
ultimately may be discharged at Comal and San Marcos Springs some 150 mi away if it escapes the
other natural discharge sites and pumpage by the many wells along the way.

Yearly water balances in the Edwards have been made since 1934. From this, recharge to the
Edwards can be calculated from the measured loss of flow of streams crossing the outcrop plus
estimates of infiltration of rainfall directly on the outcrop. Discharge, of course, is determined
from the flow of springs and from records of pumpage by wells. From this, the amount of water
entering the aquifer in each stream basin and crossing east of the county lines can be calculated
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[Garza, 1962]. Table 2.15 shows the average annual water balance for the Edwards aquifer for
1934-92,

Source areas of recharge also can be identified by analyzing for tritium concentration in
ground water. Since 1963, the U.S. Geological Survey has been regularly analyzing the tritium
content of samples from a number of wells, springs, and streams that are part of the Edwards
aquifer system. Some conclusions can be drawn from such data in regards to source areas, flow
rates, and mixing processes within the Edwards. In general, tritium distribution within the
Edwards aquifer confirms the accepted pattern of water flow within the aquifer. According to
Pearson, Rettman, and Wyerman {1975, p- 1], concentrations of greater than 20 tritium units (TU)
occur in the recharge areas, while less than 1 tritium unit is present along the aquifer's southern
and southeastern boundary.

The general pattern of tritium concentration agrees with present knowledge of the hydrology
of the Edwards. The highest tritium values reported are in the Edwards aquifer outcrop, especially
along the lower limit of the outcrop, and in the western part of the aquifer. These are recharge
areas and would receive tritium resulting from thermonuclear explosions first. Very low tritium
values occur deeper within the aquifer suggesting, according to Pearson, Rettman, and Wyerman
[1975, p. 15], that no significant amount of tritium resulting from thermonuclear explosions has
yet penetrated into these deeper parts of the aquifer. These authors also conclude that the tritium
shows that significant recharge to the aquifer occurs along the northern (updip/outcrop) portion of
the aquifer and in the western part of the aquifer in Uvalde County, and that ground-water flow is
to the east and northeast parailel to the Balcones fault system.

3.3.1 Comal Springs

The source areas of water flowing from Comal Springs are largely regional (across possibly
many counties) and, to a very minor extent, local. These two possible areas of recharge are
discussed separately.

3.3.1.1 Regional Areas West of Comal Springs

Most of the water discharging at Comal Springs follows flow routes paralleling faults and
fault zones extending westward from the springs across several counties. The flow reach extends
westward as far as the Bracketville divide in Kinney County 140 mi west of Comal Springs. This
significant portion of the total flow is within the downdip or artesian part of the Edwards aquifer,
where karstic development and ease of flow (high transmissivity) has been enhanced by the
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breakup of the aquifer due to faulting, fracturing, and jointing. This ease of flow has led to the
presence of the narrow subsurface corridor barely 2 mi wide that reaches from the Comal-Bexar
County line just north of Interstate Highway 35 to Comal Springs at New Braunfels. Here in this
underground chamber in the Edwards aquifer, the transmissivity is highest in the entire 150-mile
reach of the Edwards.

Table 2.15 indicates that a significant amount of water as recharge moves eastward from the
western end of the Edwards aquifer crossing several counties and generally picking up water as it
moves eastward. The heavy pumpage at San Antonio, however, taps off a large part of the
recharge. Nevertheless, a large amount of ground water continues to move past Bexar County into
Comal County where discharge by mostly Comal Springs uses up most of the remaining water.
The 106,700 AF recharged locally by Cibolo and Dry Comal Creeks (Table 2.12) was far
exceeded by the 362,000 AF discharged mostly by Comal Springs (Table 2.15). Therefore, a
significantly large part of the water discharged by Comal Springs is furnished by areas to the west
of Comal County, possibly reaching back to Kinney county at the extreme western end of the
Edwards aquifer.

Tritium studies by Pearson, Rettman, and Wyerman [1975, p. 21-22] show that Comal
Springs had what was probably prebomb-era tritium only in 1963 and 1964, and from 1967 to
1971 has had a maximum of only 6.7 TU. Tritium concentrations reached a maximum of 7.0 TU
in 1975 and 1977 as reported by Maclay, Rettman, and Small [1980, p. 29], and Nalley and
Thomas [1990, p. 77] reported only 4.4. TU in 1989. This implies that Comal Springs is
discharging water of considerable residence time and that most of the water originated probably far
to the west of the springs, possibly in Kinney, Uvalde, Medina and Bexar Counties, whose
distances from Comal Springs would provide longer travel paths and, consequently, more
residence time in the aquifer. Additionally, the tritium studies showed that ground-water flow
through the Edwards aquifer is not well mixed with recently recharged water from local areas.
That is, water having passed through the entire Edwards system flows through that part of the
aquifer adjacent to the Comal Springs Fault as it enters Comal County and most of it is discharged
at Comal Springs [Pearson, Rettman, and Wyerman, 1975, p. 22-23].

Water chemistry and dye tracing studies were done in 1982 and 1983 [Rothermel and Ogden,
1986, p. 115-147] for Comal Springs. Samples were taken weekly over the 2-year period from
four orifices of Comal Springs and were taken more frequently during storm events to determine if
local recharge (if occurring) affected water chemistry and discharge volumes, A tritium value of
5.0 TU obtained from Comal Springs showed that the water had a considerable residence time.
This reinforces the findings of Pearson, Rettman, and Wyerman [1975], who got a maximum of
6.7 TU in 1971, that recharge areas are distant from the springs. Other supporting evidence,
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determined by Rothermel and Ogden [1986, p. 115] that recharge areas for Comal Springs are not,
for the most part, local are (1) lack of turbidity during and after storms, (2) inability to dye-trace
local sink sites in the area of the springs, (3) low coefficients of variation for different chemical
constituents, and (4) Comal Spring's warmer temperature than that approximating the mean annual
air temperature.

3.3.1.2 Local Areas Near Comal Springs

Little or no reportable evidence exists to confirm that there is any substantial natural recharge
locally to Comal Springs. The bulk of the evidence convincingly points to more distant regional
areas to the west. Although Cibolo and Dry Comal Creeks, in the vicinity of Comal Springs,
contributed 106,700 AF of recharge to the Edwards aquifer (Table 2. 12) there is no knowledge of
how much of this water discharges at Comal Springs. It is highly likely, however, that some of
this recharge mixes with the eastward-flowing ground water coming out of the San Antonio area,
both increments of which would be needed to sustain the flow of Comal Springs.

Tritium studies by Pearson, Rettman, and Wyerman [1975] also show no local recharge of
substantial proportions, as the low concentration of trittum from Comal Springs implies a relatively
long residence time. This conclusion also is substantiated by the water-chemistry studies, which
showed constancy of water quality throughout storm events and constancy of relatively warm
water temperature. These authors conclude that "faulting has hydrogeologically isolated Comal
Springs from any large sources of local recharge.”

3.3.2 San Marcos Springs

San Marcos Springs, unlike Comal Springs, has both regional and local components of
ground-water flow supplying the springs. Both of those source (recharge) areas are discussed
below.

3.3.2.1 Regional Areas West of San Marcos Springs

A part (percent not known) of the flow of San Marcos Springs probably follows the regional
flow of ground water in the Edwards aquifer from the western part of the aquifer in Kinney
County eastward through Uvalde, Medina, Bexar, and Comal Counties into Hays County. The
hydraulic gradient is in this direction, so there is a natural tendency for flow to move eastward
from distant recharge areas. Because San Marcos Springs are 49 ft lower in altitude than Comal
Springs, Edwards water flowing past Comal Springs should move downgradient to the aquifer's
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second largest natural outlet--San Marcos Springs. According to William F. Guyton & Associates
[1979, p. 71}, this concept of underflow from Comal Springs to San Marcos Springs appears to be
sound.

Highly ransmissive subsurface corridors are present in the Edwards aquifer from west of San
Antonio to San Marcos. Figure 3.5 shows 40 to 50 mi of various subareas having higher-than-
average transmissivity that would easily convey Edwards water over these distances past Comal
Springs to the springs at San Marcos.

The exact pathway of Edwards water flowing to San Marcos Springs from recharge areas to
the west may diverge in places from the pathway conveying water to Comal Springs. This
departure is believed to be due to the existence of discrete faulting in Comal and Hays Counties.
Contrary to Comal Springs whose flow is channelized in the subsurface by the position of the
Comal Springs Fault (Figures 3.2, 3.6, and 3.7), the flow toward San Marcos Springs is
controlled largely by the San Marcos Springs Fault--a parallel fault less than one-half of a mile
north of the Comal Springs Fault (Figures 3.2, 3.8, and 3.9). This shifting of pathways, even in a
short distance, is believed to have a major influence in determining the source areas (recharge
areas) for San Marcos Springs.

Source areas are believed to be closer to San Marcos Springs than source areas for Comal
Springs. This supposition is based on the geographic location of the San Marcos Springs Fault,
which is the eastward continuation of the Hueco Springs Fault (Figure 3.2). This 35-mile-long
fault has its western extremity in a more northerly portion of the Edwards aquifer outcrop (recharge
area) in Comal County and eastern Bexar County than the Comal Springs fault, which is more
closely associated with the artesian portion of the Edwards aquifer. Consequently, a possibly
significant portion of the total recharge to San Marcos Springs may originate from sites in Comal
County and eastern Bexar County at distances of 10 to 30 mi west from San Marcos Springs.
Substantiating this possibility were the tritium studies by Pearson, Rettman, and Wyerman [1975,
p- 24] who conclude that water recharging in northern Bexar and Comal Counties does not mix
with water from further west in the Edwards, but rather flows to the east in a subsystem of its own
and discharges in part at Hueco Springs, but primarily at San Marcos Springs.

The water balance shown by Table 2.15 also reveals that about one-half of the flow of San
Marcos Springs possibly could be supplied by the balance of Edwards water passing into Hays
County from Comal County. Contributions to Edwards aquifer recharge by Hays County areas
primarily north and west of the springs could augment the flow of San Marcos Springs.

3.3.2.2 Local Areas Near San Marcos Springs
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It is possible that there is a component of natural recharge to San Marcos Springs that is
"local" as opposed to the suspected component of recharge that is considered to be more "distant."
Because the ground-water pathways leading to San Marcos Springs are believed to be well-
developed along the San Marcos Springs Fault, it is reasonable to expect that multiple recharge
areas exist on the Edwards ouicrop along, and in close proximity to, this fault.

Creeks crossing the San Marcos Springs Fault (Hueco Springs Fault in Comal County) in
Hays and Comal Counties west of San Marcos Springs are channelways for inflow (recharge) into
that portion of the Edwards aquifer feeding the springs. In Hays County, one such creek is
Purgatory Creek which has its headwaters in eastern Comal County but which flows across the
San Marcos Springs Fault in western Hays County at a point 2.5 mi southwest of San Marcos
Springs. Another such creek is York Creek, which is mostly in eastern Comal County, but which
enters Hays County in its lower reaches. This creek crosses the San Marcos Springs Fault just
north of Interstate Highway 10 near the easternmost tip of Comal County. This site is 10 mi
southwest of San Marcos Springs. These sites in and near Hays County and San Marcos Springs
probably augment the flow of the springs to a relatively small extent. Pearson, Rettman, and
Wyerman [1975, p. 22] suggest that there is insufficient recharge in the immediate vicinity of San
Marcos Springs to account for more than about 35 percent of the discharge, and conclude that the
remainder must be from areas further south and west in the Edwards aquifer. Their tritium studies
found that San Marcos Springs had tritium levels of 30 TU or more in 1964-71 compared to Comal
Springs maximum tritium level of 6.7 TU in 1971. From this, they conclude that much of San
Marcos Springs discharge is "locally” recharged. However, “locally” here is meant to imply
mostly areas east of Bexar County.

A direct flow path to San Marcos Springs was revealed by Ogden (1986) from dye-tracing
studies in the vicinity of San Marcos Springs. Sodiumfluorescein green dye was injected into a
deep lake at the bottom of a cave about 2 mi west of San Marcos Springs. This injection site is
along the San Marcos Springs Fault and is about 1 mile east of where Purgatory Creek crosses the
fault. Two of the six orifices of the springs that were monitored (Deep Spring and Catfish Spring
orifices) were positive. The velocity of the dye travel was approximately 1,500 feet per day.
Water from none of the other four spring orifices monitored encountered any dye. The conclusion
drawn by Ogden [1986, p. 159] is that water from San Marcos Springs is not from a single
discrete pathway, but that the springs receive water from different flow paths.
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