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METHOD OF ESTIMATING NATURAL RECHARGE TO THE
EDWARDS AQUIFER IN THE SAN ANTONIO AREA, TEXAS

By

Celso Puente
U.S. Geological Survey

ABSTRACT

Estimates of annual recharge to the Edwards aquifer in the San Antonio
area, Texas, have been made by several investigators as part of the long-
term studies of the aquifer by the U.S. Geological Survey under agreements
with several local cooperators.

The method of estimating annual recharge is based on data collected
from a network of stream-gaging stations and on assumptions related to
applying the runoff characteristics from gaged areas to ungaged areas.

The basic approach is a water-balance equation, in which recharge within

a stream basin is the difference between measured streamflow above and
below the infiltration area of the aquifer plus the estimated runoff in

the zone that includes the infiltration area. Recharge in the Medina River
basin also includes seepage losses from Medina Lake and Diversion Reservoir.

Gaging stations are located above and below the infiltration area in
five of the nine basins that have been delineated. Gaging stations above
and below the infiltration area are located in parts of the other four
basins. Parts of two basins have stations only at points below the infil-
tration area, and parts of the other two basins have no gaging sites at
all,

The principal errors in the estimates of annual recharge are related
to errors in estimating runoff in ungaged areas, which represent about 30
percent of the infiltration area. The estimated long-term average annual
recharge in each basin, however, is probably representative of the actual
recharge because the averaging procedure tends to cancel out the major
errors.



INTRODUCTION

The purpose of this report is to present the method used, with peri-
odic modifications since about 1955, for estimating natural recharge to
the Edwards aquifer, the primary source of water in the San Antonio area,
Texas. The method is based on data collected from a network of stream-
gaging stations (fig. 1) and on assumptions related to applying the runoff
characteristics from gaged areas to ungaged areas. Several investigators
have used the method to estimate monthly and annual recharge for various
periods since 1934 (Lowry, 1955; Petitt and George, 1956; Garza, 1962, 1966;
Rettman, 1966-70; Puente, 1971-75). The collection of data used in these
studies is part of a program of hydrologic investigations by the U.S.
Geological Survey in cooperation with the Edwards Underground Water Dis-
trict, the Texas Department of Water Resources (formerly Texas Water Devel-
opment Board), and the city of San Antonio.

Estimates of recharge are made for each individual basin within the
study area by use of a computer program, in which input data consist of
drainage areas, streamflow records, and precipitation records. Most of
the area is within the major basins of the Nueces and Guadalupe Rivers and
consists of the following smaller basins: (1) Nueces-West Nueces River
basin; (2) Frio-Dry Frio River basin; (3) Sabinal River basin; (4) the area
between the Sabinal and Medina River basins; (5) Medina River basin;

(6) the area between the Medina River and Cibolo Creek basins; (7) the
Cibolo Creek and Dry Comal Creek basins; (8) the Guadalupe River basin;
and (9) the Blanco River basin and adjacent area (area between the Guada-
lupe River basin and the Blanco River basin).

GEOLOGY AND HYDROLOGY

The regional geology and hydrology of the Edwards aquifer in the San
Antonio area has been studied by Petitt and George (1956), Garza (1962,
1966), and Maclay and Small (1976). The drainage areas affecting recharge
to the Edwards aquifer are within two physiographic provinces, the Edwards
Plateau section of the Great Plains province and the West Gulf Coastal Plain
section of the Coastal Plains province, which are separated by an inten-
sively faulted area known as the Balcones Fault Zone.

The Edwards aquifer as defined in this report consists of part of the
Edwards and associated limestones of Cretaceous age (fig. 2), with hydraulic
boundaries consisting of (1) the limits of the infiltration area on the
north, (2) a ground-water divide in Kinney County to the west, (3) a ground-
water divide in Hays County to the east, and (4) a zone of inferior water,
arbitrarily delineated by the ""bad-water" line, at the southern limits of
the artesian area. The infiltration area, as delineated in this report,
consists of the area shown onfigure 2. The infiltration area consists of
(1) the delineated outcrop of the Edwards aquifer as shown for areas east
of Uvalde County; and (2) the delineated outcrop of the aquifer, based on
surface- and ground-water divides, that separate the Edwards aquifer and
the Edwards Plateau aquifer in Uvalde and Kinney Counties. The Edwards
aquifer in the San Antonio area is about 180 miles long and varies in width
from about 5 to 30 miles (fig. 2).
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The Edwards and associated limestones consist of 400 to 500 feet of
fine-grained carbonate rocks between the base of the Del Rio Shale and
the top of the Glen Rose Formation. Maclay (1973) describes the Balcones
Fault Zone as the dominant structural feature in the area (fig. 2). The
major faults occur as a series of closely spaced step faults that generally
trend east and northeastward across the study area. Individual fault dis-
placements vary from less than 10 feet to more than 500 feet.

Most of the drainage area that contributes recharge to the Edwards
aquifer is on the Edwards Plateau (fig. 2). The base flow of the streams
that drain the plateau is sustained mostly by springflow from a water-
table aquifer (Edwards Plateau aquifer) underlying the plateau. This base
flow and a part of the floodflows are lost by infiltration where the streams
cross the infiltration area of the Edwards aquifer. Recharge to the aqui-
fer is derived mainly from infiltration of streamflow plus direct infiltra-
tion from precipitation in the infiltration area. The exceptionally high
capacity of the aquifer to receive and transmit water is due to the fractures
and porous zones that are well developed in some stratigraphic units.

METHOD OF DETERMINING ANNUAL RECHARGE
Basic Approach

The basic method of estimating annual recharge to the Edwards aqui-
fer was developed by Lowry (1955), Petitt and George (1956), and refined
by Garza (1962, 1966). Recharge in the infiltration area consists of the
infiltration of streamflow plus direct infiltration of precipitation in
the interstream areas. This basic approach of estimating recharge in each
stream basin is a water-balance equation, in which recharge is the differ-
ence between the measured streamflow above and below the infiltration area
plus the estimated runoff within a zone that includes part of the infiltra-
tion area. This zone is the drainage area between the two gaging stations
in each stream basin,

Stream-gaging stations are located a short distance above the north-
ern edge and below the southern edge of the infiltration area of the aqui-
fer. The locations of the stream-gaging stations were selected on the
basis of geologic and seepage studies of the streams involved.

A monthly time interval is used in estimating recharge to the Edwards
aquifer, and it appears to be adequate to permit the analysis of individual

storms. Although the effects of some storms may overlap into a succeeding
month, the estimated recharge is distributed proportionately according to

the occurrence of both floodflow and base flow during each month.

The estimate of recharge in each basin is made by use of a computer
program that requires the input of streamflow data in cubic fect per second-
days (cfs-days), a unit used in the initial handling of discharge measure-
ments. Monthly estimates are then converted to acre-feet (1 cfs-day =



1.9835 acre-feet). The basic equation for computing monthly recharge is
as follows:

R = (Qy + ST - Q) (1.9835)
where R is monthly recharge, in acre-feet;
Quy is the volume of flow at the upper gage, in cfs-days;

SI is the estimated volume of runoff (including infiltration) result-
ing from precipitation in the intervening area, in cfs-days;
and

Qp, is the volume of flow at the lower gage, in cfs-days.

Streamflow data are available for most of the basins within the infil-
tration area; however, some of the streams are ungaged because suitable
sites for the installation of gages are not available. Approximately 30
percent of the total infiltration area is ungaged. The estimated amounts
of recharge in the ungaged areas are based on the assumption that the run-
off characteristics are similar to the runoff characteristics of the adja-
cent gaged areas. The procedures are explained in the detailed analyses of
the individual basins.

Estimated Runoff Between Upper and Lower Gages

The runoff resulting from direct precipitation in the drainage area
between the upper and lower gaging stations can be a significant factor
in the water-balance equation. Part of this runoff may percolate downward
in the infiltration area, and part may eventually contribute to streamflow
between the gages. Obviously, this total runoff cannot be gaged and cannot
be separated into seepage or runoff components, but the inability to sepa-
rate it does not affect the water-balance equation. However, a good esti-
mate of the total runoff is required.

The flow measured at each upper gaging station is composed of both
floodflow and base flow. Floodflow, which is water that enters the stream
by direct runoff during and immediately after a rainstorm, reaches the
gage rapidly and is characterized by a sharp increase in discharge. Flood-
flows quickly recede and cease until the next rainstorm.

Base flow is the part of the streamflow that is sustained mainly by
springs, and to a lesser degree of seepage from bank storage. The springs,
which drain the water-table aquifer in the catchment area of the Edwards
Plateau (figs. 1 and 2), occur where the water table is intersected by the
deep valleys. Most of the springs occur at an altitude above flood stages
of the streams; therefore, rises in stream level do not affect the discharge
of the springs.

Hydrographs of streamflow data from the upper gaging stations can be
separated to indicate the relative amounts of base flow and floodflow from
the Edwards Plateau. For each storm, floodflow within the areas between
the upper and lower gages is assumed to occur at the same rate per unit



area as above the upper gage. Stream losses due to evapotranspiration
are assumed to be proportionately the same for both the infiltration area
and the catchment area on the Edwards Plateau.

The general equation used for estimating the total runoff derived
from direct precipitation in the areas between the upper and lower gages
is expressed as follows:

AA

SI = Ay Qtu

where SI is the volume of water (runoff plus infiltration) contributed by
precipitation in the intervening drainage area, in cfs-days;

AA is the intervening drainage area between the upper and lower gage,
in square miles;

Ay is the drainage area above the upper gage, in square miles; and

Qtu is the volume of water contributed by the storm above the upper
gage, in cfs-days.

Figure 3 is a hypothetical hydrograph that illustrates graphical
separation of the streamflow components and their relation to rainstorms.
The floodflow component (C) is empirically separated from the base flow
and should be considered as an approximation. The floodflow component
(C) is only a part of Qty; the other part is the amount of water that infil-
trates the surface of the Edwards Plateau and becomes base flow during and
after a storm. The increase in base flow from a storm (cross-hatched area
on fig. 3) can be computed from the differences between the base-flow reces-
sion curves before and after the storm. However, succeeding storms often
overlap streamflow recessions, and base-flow components for each storm
are difficult to separate.

The magnitude of the base flow of streams draining the Edwards Plateau
is directly dependent on the quantity of water stored in the water-table
aquifer underlying the plateau. Long-term streamflow records at upper gag-
ing stations have been used to develop base-flow recession curves on the
basis of data collected during the winter, when storms and evapotranspira-
tion losses are at a minimum. These recession curves have been used to
construct the graphs (figs. 4-10) showing the relation between ground-
water storage in the Edwards Plateau aquifer contributing to base flow and
the base flow of the streams,

An increase in the base flow as the result of a storm can be applied
to the graphs (figs. 4-10) to determine the corresponding increase in stor-
age in the Edwards Plateau aquifer, which is equivalent to the base-flow
contribution of the storm during the streamflow recession (component B on
fig. 3). Graphs relating base flow to storage in the Edwards Plateau aqui-
fer have been developed for the following gaging stations: Nueces River
at Laguna (fig. 4); Frio River at Concan (fig. 5); Dry Frio River near
Reagan Wells (fig. 6); Sabinal River near Sabinal (fig. 7); Seco Creek at
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Miller Ranch near Utopia (fig. 8); Hondo Creek near Tarpley (fig. 9); and
Blanco River at Wimberley (fig. 10). It should be noted that these graphs
show storage in the Edwards Plateau aquifer between the upper and lower
limits of base-flow discharge; total storage in the Edwards Plateau aquifer
is not known.

Component (A), which is the initial increase in base flow after a
storm, can be computed easily from the hydrograph (fig. 3) to determine
all of the base flow contributed by a storm. Component (A) is equivalent
to the volume encompassed within the empirical base-flow curve from the
beginning of storm runoff (zero base-flow increase) to the point of maxi-
mum base-flow increase (point D, fig. 3). The lower boundary is an extrap-
olation of the previous base-flow recession curve to the same point in time
(point E, fig. 3) as the maximum base-flow increase (point D, fig. 3).

The increment (DE) is the particular increase in base flow that is
used to determine component (B) from graphs such as those on figures 4-10.
The value of Qtu for each individual storm in the area above the upper
gaging station is the sum of components (A), (B),-and (C).

Adjustments for Distribution of Precipitation

Runoff estimates related to determination of recharge in ungaged areas
are based on the assumption that the runoff characteristics in these areas
are similar to those in nearby or adjacent gaged areas. The available
rainfall records are used to trace the distribution of rainfall for each
major storm, and an adjustment to the estimated runoff is made when a wide
variation occurs in the rainfall distribution.

The adjustment to the estimated unit runoff is based on a rainfall
ratio that is determined from the average rainfall in each of the areas.
The average rainfall is the arithmetic mean derived from records of the
precipitation stations within each area. For example, gaged area M receives
an average rainfall of 5 inches during a storm; ungaged area N receives
only 2 inches. The estimated unit runoff in area N, based on the gaged
unit runoff in area M, is adjusted by a rainfall ratio of 2/5. When this
ratio is plus or minus 20 percent of unity, which is an arbitrary designa-
tion, no adjustments are made for the distribution of rainfall.

Adjustments made on a '"'storm-by-storm" basis within an individual
month have been compared with the adjustments made by using the total monthly
rainfall data. The differences in the adjustments are small, probably
because most of the precipitation occurs in storms of short duration. Large
discrepancies may occur, however, when a rare storm of long duration over-
laps into the following month. The computer program for estimating annual
recharge was designed so that the adjustments for the distribution of
precipitation are made monthly.

=} &s



RECHARGE IN INDIVIDUAL BASINS
Nueces-West Nueces River Basin

The Nueces-West Nueces River basin is the westernmost basin that con-
tributes recharge to the Edwards aquifer (fig. 1). The total inflow avail-
able for recharge includes the following: (1) All flow that passes the
gaging station Nueces River at Laguna; (2) all flow that passes the gaging
station West Nueces River near Brackettville; and (3) all estimated runoff
from direct precipitation between these two upper gages and the gaging
station on the Nueces River below Uvalde. Only floodflow passes the gage
on the West Nueces River, and it is assumed that only this floodflow affects
recharge to the aquifer extending south and east of the gaging station.

The estimated runoff in the area between the upper gages and the lower
gage is based on the contributions (Qty) from individual storms in the
gaged area above the gaging station Nueces River at Laguna. The total
outflow is measured at the gaging station on the Nueces River below Uvalde.

Estimates of recharge to the Edwards aquifer in the Nueces-West Nueces
River basin are made by use of a computer program containing the following
equation:

Rnwn = [Qn + Qun *+ (SIn) (RFy) - Qnpul (1.9835) 1)
where Rpyyn is the monthly recharge to the aquifer in the basin, in acre-
feet;

Qn is the total monthly flow at the gaging station Nueces River
— at Laguna, in cfs-days;

is the total monthly flow at the gaging station West Nueces
River near Brackettville, in cfs-days;

below Uvalde, in cfs-days;

Qun
Qnbu is the total monthly flow at the gaging station Nueces River
RFp is the rainfall ratio obtained by the equation:
LP

RFn=m,'

where LP is the average monthly precipitation in the area
between the upper and lower gages, and

UP is the average monthly precipitation in the drainage
area above the upper gage.
The computer program sets RF, equal to unity if the input
value is between 0.8 and 1.2,

SI,, is the estimated monthly runoff, in cfs-days, in the area between
= the two upper gages and the lower gage (483 square miles).
Runoff is assumed to be proportionate to the runoff in the
drainage area (764 square miles) above the gage at Laguna.
The calculation for SI, is as follows:

48
STn = 7¢4 (Cn *+ An * Bp)
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where Cp is the floodflow or component (C), in cfs-days, that is obtained
— from analyses of the streamflow records at the Laguna gage.

Ap is the initial increase in base flow during a flood, in cfs-days.
- It is the same as the base-flow component (A), which is obtained
from the analyses of the streamflow records at the Laguna gage.

Bp is the base-flow component (B), in cfs-days, which is obtained
from the graph relating ground-water storage in the Edwards
Plateau aquifer and the base flow at the Laguna gage (fig. 4).

Estimates of SI, are made only for the months in which significant
storms occur. If a storm overlaps into the following month, the runoff
is distributed proportionately according to the floodflow occuring during
each month.

Frio-Dry Frio River Basin and Adjacent Areas

The procedure for estimating recharge in the Frio-Dry Frio River
basin is similar to the procedure used for the Nueces-West Nueces River
basin. Total inflow to the basin consists of the flow past the gaging
stations Frio River at Concan and Dry Frio River near Reagan Wells, plus
the estimated runoff resulting from precipitation in the area between
these two gages and the gaging station Frio River below Dry Frio River near
Uvalde (fig. 1). Total outflow from the infiltration area is measured at
the gage on the Frio River below Dry Frio River near Uvalde.

The combined drainage area between the upper and lower gages, which
is 139 square miles, is assumed to have the same runoff characteristics as
the 522 square miles of combined drainage area above the gaging stations
at Concan and Reagan Wells. The Leona River basin and the Blanco Creek
basin are adjacent to the Frio-Dry Frio River basin on the west and east,
respectively. The combined drainage area of these two small basins is 68
square miles and is included in the annual recharge estimates for the Frio-
Dry Frio River basin. It is assumed that the recharge in this ungaged area
is proportionate to the recharge in the Frio-Dry Frio River basin.

Estimates of annual recharge to the Edwards aquifer in the Frio-Dry
Frio River basin, including the Leona River and Blanco Creek basins, are
made by use of a computer program containing the following equation:

Rfdf = [Qf + Qdf + (SIfdf) (RFE) - Qfbdf] (1.9835) (2)
where Reqf is the monthly recharge to the aquifer in the basin, in acre-
A feet;

Qf is the total monthly flow at the gaging station Frio River at
T Concan, in cfs-days;

Qd4f is the total monthly flow at the gaging station Dry Frio River
B near Reagan Wells, in cfs-days;

Qfbdf is the total monthly flow at the gaging station Frio River below
Dry Frio River near Uvalde, in cfs-days;
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RF¢ is the rainfall ratio, obtained by use of the same equation
- given in the preceding discussion of the Nueces-West Nueces
River basin; and

SIfdf is the estimated monthly runoff, in cfs-days, in the area between
- the upper gages and the lower gage, which is calculated as
follows:

139
SIfdf = §55 (Cf + Af + B + Cqf + Adf + Bgf).

The parameters, Cf, Af, and Bf are the components (C), (A), and (B),
respectively, as determined from hydrograph data from the gaging station
Frio River at Concan. The parameters Cgf, Adf, and Bjf are components
(C), (A), and (B), respectively, and are determined from hydrograph data
from the gaging station Dry Frio River near Reagan Wells. Figures 5 and
6 show the relations between base flow and aquifer storage that were used
in deriving the values of Bf and B4f.

Recharge in the ungaged adjacent areas (Leona River and Blanco Creek
basins) is estimated only when floodflows occur. Streamflow records from
the outflow (lower) gage near Uvalde indicate that only large storms result
in runoff exceeding recharge in the infiltration area of the Frio-Dry Frio
River basin; it is assumed that a proportionate amount of runoff occurs
in the infiltration area of the adjacent basins. Recharge in these ungaged
areas is assumed to be proportional to the recharge as computed for the
Frio-Dry Frio River basin. The recharge in the adjacent areas is estimated
to be 68/637 of the recharge in the Frio-Dry Frio River basin because this
is the ratio of the drainage areas above the lower edge of the infiltration
area. When flow at the lower gage (Qfpdf) is greater than zero, the equa-
tion used to compute the adjacent-area recharge (Rfay) is as follows:

68
Rfaa = gg?‘(Rfdf]

Many storms that produce floodflows in this basin are not large enough
to produce flow at the lower gage. When flow does not occur at the lower
gage, recharge in the adjacent areas is included as part of the estimated
runoff resulting from precipitation in the infiltration area of the Frio-
Dry Frio River basin. Under these conditions, equation (2) is modified
by increasing the area between the upper gages and the lower gage to account
for the infiltration area of the ungaged areas. The equation used is as
follows:

Rfdf = [Qf + Qdf + (SIfdf)'(RFf) - Qfbdf] (1.9835) (3)

where (SIgaf)' = %%%—(Cf + Ag + Be + Cge + Agr *+ Byg).
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Sabinal River Basin and Adjacent Areas

The procedure for estimating recharge in the Sabinal River basin and
the adjacent ungaged areas is similar to the procedure used in the previ-
ously described basins. Inflow is measured by the upper gage, Sabinal
River near Sabinal; outflow is measured by the lower gage, Sabinal River
at Sabinal (fig. 1).

The drainage area between the upper and lower gages is 41 square miles,
of which the infiltration area comprises 15 square miles. It has been
assumed that the area between the gages has the same runoff characteris-
tics as the area (206 square miles) above the upper gaging station. The
equation for computing recharge in the Sabinal basin is as follows:

Rsb = [Qsns + (SIsns) (RFs) - Qsas] (1.9835) (4)
where Rsp is the monthly recharge to the aquifer in the basin, in acre-feet;

Qsns is the total monthly flow at the gaging station Sabinal River
near Sabinal, in cfs-days;

Qsas is the total monthly flow at the gaging station Sabinal River
at Sabinal, in cfs-days;

RFs is the rainfall ratio, obtained by use of the same equation given
in the preceding discussion of the Nueces-West Nueces River
basin; and

SIspns is the estimated monthly runoff, in cfs-days, in the area between
the upper and lower gages, which is calculated as follows:

SIsns = *

41
506 (Csns * Asns * Bsns)

The parameters (Csps, Asns, and Bgps) are the hydrograph components
(C), (A), and (B), respectively, as determined from streamflow data plus
the storage-discharge relation shown on figure 7.

Twenty-four square miles in the infiltration area adjacent to the
Sabinal River basin are drained by parts of Little Blanco, Nolton, and
Ranchero Creeks. Recharge in this small area is assumed to be proportional
to recharge in the Sabinal River basin and is included as part of the total
recharge in the Sabinal basin. The following equation was used to esti-
mate recharge to this adjacent area:

Rsb

24
Rsba = 77 (SIsns) 15
sns: * Z7 (SIgns)

where Rgha is the monthly recharge to the adjacent area, in acre-feet, and
all other terms are as described previously.
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The item expressed in brackets in the equation is a ratio of the
recharge in the Sabinal River basin to the total available inflow (meas-
ured flow plus estimated runoff) above the infiltration area. Occasionally,
during minor floods, this recharge ratio exceeds slightly the value of
1.00, probably because the errors in the estimated runoff (SIgpg) are large
in relation to the quantity of flow. The computer program is designed so
that this ratio is set to 1.00 when this condition occurs.

Area Between the Sabinal River Basin and the Medina River Basin

This area includes the drainage basins of the Seco Creek, Hondo Creek,
and an ungaged area of 152 square miles between the Hondo Creek and Medina
River basins that are drained by Verde and Quihi Creeks and their tribu-
taries. Recharge in the Seco Creek and the Hondo Creek basins is esti-
mated by using the same basic approach as previously explained. In the
Seco Creek basin, inflow is measured at the upper gage, Seco Creek at
Miller Ranch near Utopia (fig. 1), and outflow is measured at the lower
gage, Seco Creek at Rowe Ranch near D'Hanis (fig. 1). The runoff for the
125-square-mile area between the upper and lower gages in the Seco Creek
basin is assumed to be proportional to the runoff in the 43-square-mile
area above the upper gaging station. The recharge equation used for the
Seco .Creek basin is as follows:

Rsc = [Qsu + (SIsy) (RF) - Qsq] (1.9835) (5)
where Rg. is the monthly recharge, in acre-feet;

Qsu is the total monthly flow at the gaging station Seco Creek at
Miller Ranch near Utopia, in cfs-days;

Qsq is the total monthly flow at the gaging station Seco Creek at
S Rowe Ranch near D'Hanis, in cfs-days;

RF is the rainfall ratio; and

SIsy is the estimated monthly runoff, in cfs-days, in the area between
the upper and lower gages in the Seco Creek basin, which:is
computed as follows:

125
SIsu = % (Csu * Asy * Bsy)

The parameters Cgy, Asy, and Bgy are the components (C), (A), and
(B), respectively, that were derived from the separation analysis of the
daily streamflow hydrograph (Seco Creek at Miller Ranch near Utopia) plus
the storage-discharge relation shown on figure 8.

Inflow in the Hondo Creek basin is measured by the upper gage, Hondo
Creek near Tarpley (fig. 1); and outflow is measured by the lower gage,
Hondo Creek at King Waterhole near Hondo (fig. 1). The runoff in the 56-
square-mile area between the upper and lower gages is assumed to be propor-
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tional to the runoff in the area of 86 square miles above the upper gaging
station. The recharge equation for the Hondo Creek basin is as follows:

Rh = [Qut + (SIht) (RFR) - Qunl(1.9835) (6)
where Ry is the monthly recharge, in acre-feet;

Qht is the total monthly flow at the gaging station Hondo Creek near
- Tarpley, in cfs-days;

Qhh is the total monthly flow at the gaging station Hondo Creek at
= King Waterhole near Hondo, in cfs-days;

RFh is the rainfall ratio; and

SIht is the estimated monthly runoff, in cfs-days, in the area between
the upper and lower gages, which is calculated as follows:

56
STht = gg (Cht * Ant *+ Bpt)

The parameters Cht, Aht, and Bpt are the components (C), (A), and
(B), respectively, that were derived by the same procedures as described
previously and by the use of the storage-discharge relation shown on fig-
ure 9.

An area of 12 square miles within the infiltration area adjacent to
the Hondo Creek basin is drained by Parkers Creek and Live Oak Creek (fig.
-1). Recharge in this small area is assumed to be proportional to recharge
in the Hondo Creek basin. The following equation was used to estimate
recharge in this adjacent area: :

Rh
Ght + g (STht)

¥
Rha = gz (SIht)

where Rpg is the monthly recharge, in acre-feet, to the adjacent area;
all other terms have been described previously.

The item expressed in brackets in the equation is a ratio of the
recharge in the Hondo Creek basin to the total available inflow (measured
flow plus estimated runoff) above the infiltration area. The 46 square miles
represent the infiltration area within the 56 square miles of drainage area
between the upper and lower gages in the Hondo Creek basin. During minor
floods, this recharge ratio exceeds slightly the value of 1.00, probably
because the errors in the estimated runoff (SIy¢) are large in relation to
the quantity of flow. The computer program is designed to set this recharge
ratio equal to 1.00 if this condition occurs.

The estimates of recharge for the large ungaged area (152 square
miles) drained by Verde and Quihi Creeks (fig. 1) are based on runoff
data obtained for the gaged areas of the Hondo Creek and Medina River
basins. The units of surface runoff for the areas above the gage Hondo
Creek near Tarpley and above the gage Medina River near Pipe Creek (fig.
1) are averaged and applied to the ungaged area. The recharge is esti-
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mated as a percentage of the computed runoff, and the basis used is the
Hondo Creek recharge ratio. The equation for estimating the recharge in
the ungaged area between the Hondo Creek and the Medina River is as follows:

@t | Qmpe
86 474 Rp

2 46
Qht + gg (SInt)

where Ry, is the monthly recharge in the area between the Hondo Creek and
o — the Medina River, in acre-feet; and

Rpm = 152

(7)

Qmpc is the monthly flow at the gaging station Medina River near Pipe
Creek, in cfs-days.

All other terms in the equation have been described previously, including
the Hondo Creek recharge ratio, the last item in brackets. The drainage
area above the Tarpley gage is 86 square miles; the drainage area above
the Pipe Creek gage is 474 square miles.

Medina River Basin

The procedure used for estimating recharge in the Medina River basin
is different from the procedure used in other basins because streamflow in
the basin is regulated by a large reservoir (fig. 1). Medina Lake, impounded
by Medina Dam, is located over the infiltration area and seepage losses
from the lake recharge the Edwards aquifer.

_The basis for estimating recharge from Medina Lake is a correlation
of reservoir stage and seepage into the aquifer. Lowry (1953) constructed
two correlation curves, one representing seepage losses with a rising stage
and the other representing losses with a falling stage. The curves are
-substantially different and apparently reflect the influence of bank storage.

The correlations were developed from data on streamflow, evaporation,
and reservoir stage, and on inflow-outflow analyses that reflected water
balances of the reservoir over a long period of time. A graph relating
the monthly average contents of Medina Lake with the seepage losses to the
Edwards aquifer is shown on figure 11. This graph also reflects the losses
from Diversion Reservoir (4 miles downstream from Medina Lake), which is
used to divert water through an irrigation canal into southern Medina and
Bexar Counties. Lowry (1953) estimated that when Diversion Reservoir is
full or nearly full, a constant seepage of 1,500 acre-feet per month recharges
the Edwards aquifer. Continuous leakage around and below Medina Dam has
maintained Diversion Reservoir at near capacity except during periods of
extended droughts.

Therefore, figure 11 was used to estimate monthly recharge to the
Edwards aquifer in the Medina River basin. The average monthly contents
in Medina Lake are derived from reservoir-stage records of the U.S. Geolog-
ical Survey. These records are also used to determine whether reservoir
‘stage is rising or falling.
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Area Between the Medina River Basin and the Cibolo Creek Basin

The drainage area between the Medina River and Cibolo Creek, and
upstream from the lower edge of the infiltration area of the Edwards aqui-
fer, is approximately 282 square miles, of which 131 square miles are in
the infiltration zone. This area is partly drained by San Geronimo, Leon,
and Salado Creeks, plus other smaller creeks and tributaries.

Much of the area is ungaged and recharge must be estimated by using
data from adjacent basins. The gaging station Salado Creek at San Antonio
(fig. 1) is used to measure the outflow from a drainage area of 137 square
miles; the area above the lower edge of the infiltration area is 105 square
miles and that above the upper edge of the infiltration area is 35 square
miles. The infiltration area is 70 square miles, and the area between the
gaging station and the lower edge of the infiltration area is 32 square
miles. Runoff above the infiltration area in the Salado Creek basin is not
measured directly because suitable gaging sites are not available. There-
fore, estimates of total runoff to the area of upper Salado Creek are based
on the assumption that the computed unit of runoff in the Cibolo Creek basin
‘is applicable to this area. The recharge equation for the Salado Creek
basin is as follows: -

= 137 (UR:) (RFg¢) - (Qg) (1.9835) (8)
where Rg is the monthly recharge to the aquifer, in acre-feet;

URc is the unit of runoff in the Cibolo Creek basin, in acre-feet
per square mile;

Qs is the total monthly flow at the gaging station Salado Creek at
. San Antonio, in cfs-days; and

RFge is the ratio of average rainfall in the Salado Creek basin to
average rainfall in the Cibolo Creek basin.

The estimate of total inflow to the remaining 177 square miles of
ungaged area is based on an average unit of runoff as derived from the
unit of runoff at the gaging station Medina River near Pipe Creek and the
unit of runoff computed for the Cibolo Creek basin. It is also assumed
that the ratio of recharge in the Salado Creek basin to the total inflow
above and within the infiltration area is applicable to the ungaged area.
The recharge equation for this ungaged area is as follows:

(Qmpc (1. 9335) + URe "
- 197 |\274 s -
105 URe RFsc

where Rpg is the monthly recharge in the area between Medina River and

i Salado Creek, in acre-feet.
All other terms and drainage areas in the equation have been identified
previously. The first bracketed item represents the average unit of runoff
derived from streamflow records from the gaging station Medina River near
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Pipe Creek and the unit of runoff for the Cibolo Creek basin. The second
bracketed item is the ratio of recharge in the Salado Creek basin to the
total available inflow above the lower edge of the infiltration area.

The total recharge for the area between the Medina River basin and
the Cibolo Creek basin is the sum of Rg and Rpg.

Cibolo Creek and Dry Comal Creek Basins
Cibolo Creek Basin

Streamflow in the Cibolo Creek basin is measured at the gaging sta-
tions Cibolo Creek near Boerne and Cibolo Creek at Selma (fig. 1). Runoff
from the uppermost 68 square miles of the Cibolo Creek basin is measured
at the gage near Boerne. The gage near Selma, which is downstream from
the lower edge of the infiltration area, has a drainage area of 274 square
miles, of which 19 square miles are within the infiltration area.

At one time, a gaging station just upstream from the infiltration area
was installed to measure all inflow to the infiltration area. However,
considerable streamflow losses occurred in the Glen Rose Formation upstream
from this gage, which precluded assessing the unit of runoff for inflow
analyses., This gage was removed and reestablished near Boerne. The Glen
Rose Formation along and near the Cibolo Creek is highly permeable in the
shallow subsurface, and a substantial part of the runoff of Cibolo Creek
infiltrates this section and is assumed to move laterally into the Edwards
aquifer.

Runoff in the adjacent Guadalupe River basin is gaged by streamflow
stations at Comfort and at a site near Spring Branch (fig. 1). Runoff in
the large drainage area between these gages provides a basis for computing
the unit of runoff that may be applicable to the Cibolo Creek basin on and
above the infiltration area.

The distribution of average precipitation in the Cibolo Creek basin
and in the Guadalupe River basin between the two gages can be derived from
the records of several precipitation stations in these areas. The average
monthly precipitation has been used (1) to select the unit of runoff appli-
cable to the Cibolo Creek basin (UR¢) from either the unit of runoff for
the Guadalupe River basin (URg) or the unit of runoff as derived from the
area above the gage Cibolo Creek near Boerne (URcp), and (2) to adjust the
selected unit of runoff by use of an appropriate rainfall ratio.

The computer program has been designed so that the selection of the
unit of runoff of the representative basin is as follows: (1) The differ-
cnce (J) between the average rainfall in the Cibolo Creek basin above the
gaging station at Selma and the average rainfall in the upper Cibolo Creek
basin (above the gage near Boerne) is determined; (2) the difference (K)
between the average rainfall in the Cibolo Creek basin above the gaging
station at Selma and the average rainfall in the Guadalupe River basin
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above the gaging station at Sattler is determined; (3) if (J) is equal to
or greater than (K), the value of UR, is selected; and (4) if (J) is smaller
than (K), the value of UR.p is selected.

Recharge in the Cibolo Creek basin is computed by use of the follow-

ing equation:
Re = 274 (URc) (RF¢) - (Qes) (1.9835) (10)
where R. is the monthly recharge in the Cibolo Creek basin, in acre-feet;

URc is the unit of runoff in the Cibolo Creek basin, in acre-feet
I per square mile;

RF; is the rainfall ratio that relates average rainfall in the Cibolo
— Creek basin on and above the infiltration area to the average
rainfall on the area of known runoff; and

Qcs is the total monthly flow at the gaging station Cibolo Creek at
Selma, in cfs-days.

UR.

URg or URgy,

URg = Eﬁ;&ﬁ;ﬁggg] (1.9835)

_ [Qcb
URcp = (_EE (1.9835)
where URg is the unit of runoff in the Guadalupe River basin, in acre-feet

per square mile;

is the unit of runoff in the Cibolo Creek basin near Boerne, in
acre-feet per square mile;

U

Q p is the total monthly flow at the gaging station Guadalupe River
near Spring Branch, in cfs-days;

Rch
gs
Qgc is the total monthly flow at the gaging station Guadalupe River
- at Comfort, in cfs-days; and

Qcb

is the total monthly flow at the gaging station Cibolo Creek
near Boerne, in cfs-days.

The Guadalupe River drains 477 square miles between the gage at Com-
fort and the gage near Spring Branch. The drainage area of the Cibolo
Creek basin above the gage near Boerne is 68 square miles.

Dry Comal Creek Basin

The outflow of Dry Comal Creek (fig. 1) is measured at the gaging
station Comal River at New Braunfels, The drainage area above the gage
is 130 square miles; the infiltration area consists of the upper 89 square
miles, which is not gaged. The discharge of Comal Springs at New Braun-
fels flows into Dry Comal Creek above the gaging station, and the measured
flow is adjusted to determine the runoff from Dry Comal Creek. The Comal
River is the short channel distance between Comal Springs and Dry Comal
Creek.
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Runoff in the Dry Comal Creek basin above the gaging station Comal
River at New Braunfels is computed by applying the unit of runoff derived
from measured streamflow on the Guadalupe River between the gage at Sattler
and the gage at New Braunfels (fig. 1). Contributions to the Guadalupe
River from Hueco Springs, situated upstream from the gage Guadalupe River
above Comal River at New Braunfels (fig. 1), are accounted in the computa-
tion of the unit of runoff in the area between the gages. The equation
for estimating recharge in the Dry Comal Creek basin is as follows:

Rdc = [130 (Qg“b = th) (RFd) - (Qenb - Qcos)] (1.9835)  (11)

where Rdc is the monthly recharge in the Dry Comal Creek basin, in acre-
- feet,

Qgnb is the total monthly flow measured at the gaging station Guada-
—_— lupe River above Comal River at New Braunfels, in cfs-days.

Qgs is the total monthly flow measured at the gaging station Guada-
— lupe River at Sattler, in cfs-days. The Guadalupe River drains
82 square miles between the gage.at Sattler and the gage at
New Braunfels,

Qhs is the total monthly flow of Hueco Springs, in cfs-days. The
springflow is estimated from monthly spring-flow measurements.,

Qcnb is the total monthly flow measured at the gaging station Comal
River at New Braunfels, in cfs-days.

Qcos is the total monthly flow of Comal Springs, separated from the
measurements at the gaging station Comal River at New Braun-
fels, in cfs-days.

RFq is the rainfall ratio of the average rainfall in the Dry Comal
Creek basin to the average rainfall in the Guadalupe River
basin between the gages at Sattler and at New Braunfels.

Guadalupe River Basin

The Guadalupe River crosses the infiltration area of the Edwards aqui-
fer (fig. 1), but does not contribute recharge in significant quantities.
Although 48 square miles of area in the Guadalupe River basin is within
the infiltration area, seepage studies indicate that the net streamflow
losses and gains in the area are small and insignificant. The potentio-
metric surface of the aquifer in the New Braunfels area is generally at
the level of the streambed of the Guadalupe River and is relatively stable
because of the large and almost perennial flow of Comal Springs.

Blanco River Basin and Adjacent Area

Recharge in the Blanco River basin, the easternmost basin in the infil-
tration area, is estimated by using the same procedure as used in the Nueces
River basin.
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Inflow is composed of the flow past the upper gaging station Blanco
River at Wimberley, and outflow is measured by the gaging station Blanco
River near Kyle. Total runoff in the 57-square-mile area between the upper
gage and the lower gage is determined by assuming that the area has the
same runoff characteristics as the 355-square-mile area above the upper
gage. The equation for estimating recharge in the Blanco River basin is
as follows:

Rp = [Quw + (SIpy) (RFp) - Qpik] (1.9835) (12)
where Rp is the monthly recharge in the Blanco River basin, in acre-feet;

Qbw is the total monthly flow measured at the gaging station Blanco
River at Wimberley, in cfs-days;

Qpk is the total monthly flow measured at the gaging station Blanco
— River near Kyle, in cfs-days;

RFp is the rainfall ratio of the average rainfall in the area between
I the two gages to the average rainfall in the area above the
Wimberley gage; and

SIpy is the estimated monthly runoff, in cfs-days, in the area between
— the upper and lower gage, which is computed as follows:

57
SIbw = 355 (Cow * Apw * Bpw)

The parameters Cpy, Apy, and Bpy are equivalent to the (C), (A), and
(B) components, respectively, determined from the separation analysis of
the daily streamflow hydrograph and the storage-discharge graph (fig. 10)
for the Blanco River at Wimberley.

At some places in the infiltration area, the Blanco River has eroded
deeply into the outcrop of the Edwards Limestone. During times when the
aquifer head is high, the aquifer accepts little recharge and at other
times may discharge to the river. The computer program is designed so that
when the measured outflow exceeds the estimated inflow, the estimated
recharge is zero. Under these conditions, the water-balance equation will
indicate a discharge from the aquifer to the river.

The area between the Guadalupe River basin and the Blanco River basin
is an ungaged area of 94 square miles within the infiltration area, which
is drained by Sink, Purgatory, York, and Alligator Creeks. This area is
surrounded by the following gaged drainage areas: The Blanco River basin
above the Wimberley gage; the Guadalupe River basin between the Sattler
and New Braunfels gages; and the Plum Creek basin above the gage at Lock-
hart (fig. 1).

Inflow to this area is estimated from the average of the units of
runoff derived from (1) the runoff at the gage Blanco River at Wimberley,
(2) the runoff in the Guadalupe River basin between the Sattler and New
Braunfels gages (adjusted for the flow of Hueco Springs), and (3) runoff
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at the gage Plum Creek at Lockhart. Outflow from this area is assumed to
be proportional to the outflow from the infiltration area in the Dry Comal
Creek basin. Recharge in this ungaged area, termed as adjacent to the

Blanco River basin, is the difference between the estimated inflow on and

above the infiltration area and the estimated outflow below the infiltration
area.

The equation for estimating recharge in the area adjacent to the Blanco
River basin is expressed as follows:

gts):) (Q e Qgs = th) (112) (anb Qcos)

where Rpg is the monthly recharge, in acre-feet; and

gﬂl is the total monthly flow measured at the gaging station Plum
Creek at Lockhart, in cfs-days. The drainage area above the
Lockhart gage is 112 square miles. The other variables in
equation (13) have been defined in the sections describing
recharge in the Blanco River basin and the Dry Comal Creek
basin.

Rpa = (1.9835) (13)

CONCLUSIONS

The method described in this report for estimating annual recharge to
the Edwards aquifer is basically the same method used by various investi-
gators who have made recharge estimates dating back to 1934. Table 1 shows
the estimated annual recharge to the Edwards aquifer by basin from 1934 to
1975. Recharge estimates made since 1953 are considered to be more accur-
ate because gaging stations were installed after 1953 in several areas that
were previously ungaged.

Errors in the estimates of recharge are the results of inaccuracies
in streamflow measurements in gaged areas and of discrepancies in runoff
estimates in ungaged areas. The errors in streamflow measurements are
minor, because most of the records in the San Antonio area are regarded .
by the U.S. Geological Survey as '"excellent,' which means that about 95
percent of the daily discharges are accurate within 5 percent. Some esti-
mates of runoff in ungaged areas, which represent about 30 percent of the
infiltration area, may have large errors for individual storms.

Occasionally, the water-balance equations used for computed recharge
are complicated by the occurrence of heavy rainstorms in the infiltration
area and in areas between the lower edge of the infiltration area and the
lower gaging stations. In some of the computations, the outflow at the
lower gage may be greater than the inflow at the upper gage. Under these
conditions, the recharge is assumed to be zero only during certain times
in the Blanco River basin, where high aquifer-head conditions produce dis-
charge from the aquifer. In all other basins, estimates of runoff are
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Table 1.--Estimated annual recharge to the Edwards aquifer by basins, 1934-75
(in thousands of acre-feet)

Frio-Dry Sabinal Area between Area between Cibolo- Blanco
c:::"' Nu:ies-!est Frio River Sabinal River Medina Cibolo Creek Dry Comal River Total
PPl River Iu,in and Medina Lake and Medina Creek hl}in e

i) iver basin  pagin 1/ 1 River basins River basins basin 1
1934 B.6 27.9 7.5 19.9 46.5 21.0 28.4 19.8 179.6
1935 411.3 192.3 56.6 166.2 71.1 138.2 182.7 39.8 1,258.0
1936 176.5 157.4 43.5 142.9 91.6 108.9 146.1 42.7 909.6
1937 28.8 75.7 21.5 61.3 B80.5 47.8 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 227.0 49.5 17.0 33.1 42.4 9.3 9.6 11.1 399.0
1940 50.4 60.3 23.8 56.6 38.8 29.3 30.8 18.8 308.8
1941 89.9 151.8 50.6 139.0 54.1 116.3 191.2 57.8 850.7
1942 103.5 95.1 34.0 B4.4 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 20.1 275.1
1944 64.1 76.0 24.8 74.3 50.5 2.5 152.5 46.2 560.9
1945 47.3 71.1 30.8 78.6 54.8 79.6 129.9 35.7 527.8
1946 80.9 54.2 16.5 52.0 51.4 105.1 155.3 40.7 556.1
1947 72.4 77.7 16.7 45.2 44.0 55.5 79.5 31.6 422.6
1948 41.1 25.6 26.0 20.2 14.8 17.5 " 19.9 13.2 178.3
1949 166.0 B6.1 31.5 70.3 33.0 41.8 55.9 23.5 508.1
1950 41.5 35.5 13.3 27.0 23.6 17.3 24.6 17.4 200.2
1951 18.3 28.4 TS 26.4 21.1 15.3 12.5 10.6 139.9
1952 27.9 15.7 3.2 30.2 25.4 50.1 102.3 20.7 275.5
1953 21.4 15.1 3.2 4.4 36.2 20.1 42.3 24.9 167.6
1954 61.3 31.6 7.1 11.9 25.3 4.2 10.0 10.7 162.1
1955 128.0 22.1 .6 | 16.5 4.3 %.5 9.5 192.0
1956 15.6 4.2 1.6 3.6 6.3 2.0 2.2 8.2 43.7
1957 108.6 133.6 65.4 129.5 55.6 175.6 397.9 76.4 1,142.6
1958 266.7 300.0 223.8 294.9 95.5 190.9 268.7 70.7 1,711.2
1959 109.6 158.9 61.6 96.7 94.7 57.4 77.9 33.6 690.4
1960 88.7 128.1 64.9 127.0 104.0 89.7 160.0 62.4 824.8
1961 85.2 151.3 57.4 105.4 88.3 69.3 110.8 49.4 717.1
1962 47.4 46.6 4.3 23.5 7.5 16.7 24.7 18.9 239.4
1963 39.7 27.0 5.0 10.3 41.9 9.3 21.3 16.2 170.7
1964 126.1 57.1 16.3 61.3 43.3 35.8 51.1 22.2 413.2
1965 97.9 83.0 23.2 104.0 54.6 78.8 115.3 66.7 623.5
1966 169.2 134.0 37.7 78.2 50.5 44.5 66.5 34.6 615.2
1967 B82.2 137.9 30.4 64.8 44.7 30.2 57.3 19.0 466.5
1968 130.8 176.0 66.4 198.7 59.9 83.1 120.5 49.3 884.7
1969 119.7 113.8 30.7 84.2 55.4 60.2 99.9 46.6 610.5
1970 112.6 141.9 35.4 B8l1.6 68.0 68.8 113.8 39.5 661.6
1971 263.4 212.4 39.2 155.6 68.7 B1.4 82.4 22.2 925.3
1972 108.4 144.6 49.0 154.6 87.9 74.3 104.2 33.4 756.4
1973 190.6 256.9 123.9 286.4 97.6 237.2 211.7 B82.2 1,486.5
1974 91.1 135.7 36.1 115.3 96.2 68.1 76.9 39.1 658.5
19758 71.8 143.6 47.9 195.9 93.4 127.4 195.7 85.9 961.6

TOTAL 4,291.5 4,147.3 1,487.7 3,611.0 2,344.1 2,697.4 4,028.2 1,457.5 24 ,064.5
AVERAGE 102.2 98.7 35.4 86.0 55.8 64.2 95.9 34.7 573.0

1/ Includes recharge from gaged and ungaged areas within the basin.
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