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APPLICATION AND ANALYSIS OF BOREHOLE DATA FOR
THE EDWARDS AQUIFER IN THE SAN ANTONIO AREA, TEXAS

By

Robert W. Maclay, Ted A. Small
and Paul L. Rettman

U.S. Geological Survey

ABSTRACT

A program to make geophysical logs of all available holes that penetrate
the Edwards aquifer in the San Antonio area was conducted during 1970-78. The
logging program was designed to provide data for definition of aquifer charac
teristics, including the boundary conditions and the hydrogeology of a highly
faulted and stratigraphically complex aquifer. Approximately 400 holes were
logged by using electrical, neutron, gamma-gamma, natural-gamma, sonic, cali
per, fluid-conductivity, and fluid-temperature probes.

The specific objectives of the logging program were to identify the top
and base of the Edwards aquifer, to identify and correlate lithologic subunits
within the aquifer, to determine porosity distribution, to characterize poros
ity into total and secondary porosities, to estimate the mineralogic composi
tion of the aquifer, to determine vertical changes in water quality and temper
ature, and to identify zones where water enters or leaves the boreholes.

Cross plots of geophysical measurements were used to estimate mineralogy,
secondary porosity, and to determine the occurrence of fractures. Tracer
studies, using Rhodamine WT dye as a tracer, were used to investigate hydro-
geologic characteristics. These techniques included tracer-dilution, single-
well pulse, and transit-time tests. Salt-dilution tests were conducted to
investigate vertical flow within a borehole and to identify zones of water
movement.





INTRODUCTION

The San Antonio area, as defined in this report, includes parts of Kinney,
Uvalde, Medina, Bexar, Comal, and Hays Counties in the vicinity of the Balcones
Fault Zone (fig. 1). The area includes that part of the Edwards aquifer that
supplies water to the city of San Antonio, for irrigation, and to the major
springs in Uvalde, Bexar, Comal, and Hays Counties.

The freshwater part of the aquifer, which varies in width from 5 to 40
miles, is bounded by ground-water divides in Kinney County on the west and
Hays County on the east, by the faulted outcrop of the Edwards Group of Rose
(1972) on the north, and by the interface between fresh and saline water (the
"bad-water" line) on the soutti (fig. 1). In the saline zone, the water con
tains 1,000 mg/L (milligrams per liter) or more of dissolved solids.

Purpose and Scope of This Report

The purpose of this report is to document the availability of geophysical,
packer, and tracer data and to explain the methods used in the collection and
interpretation of these data.

A program to geophysical ly log all available holes that penetrate the
Edwards aquifer in the San Antonio area was conducted during 1970-78 by the
U.S. Geological Survey in cooperation with the City Water Board of San Antonio
and the Texas Department of Water Resources. The logging program was designed
to provide data for definition of the hydrogeologic characteristics of the
aquifer and to define the boundary conditions. Approximately 400 holes, most
of which were water wells that partly penetrated the Edwards aquifer, were
logged during the study. The suite of logs obtained at individual wells varied
according to the availability of logging tools and to conditions at the well
sites.

The specific objectives of the logging program were to provide data:
1. To identify the top and base of the Edwards aquifer and to identify

and correlate lithologic subunits within the aquifer;
2. To determine porosities of the subunits and to determine the overall

vertical distribution of porosity within the aquifer;
3. To characterize porosity into total and secondary porosities;
4. To determine the location and thickness of cavernous zones within the

aquifer;

5. To estimate the mineralogic composition of the subunits;
6. To determine vertical changes in water quality and temperature; and
7. To identify zones where water enters or leaves the borehole (whether

a zone is producing or losing water).

The geophysical logging tools used to investigate the aquifer included
electrical, neutron, gamma-gamma, natural-gamma, sonic, caliper, fluid conduc
tivity, and fluid temperature. Sonic and focused-electric devices were not
available on the U.S. Geological Survey logging truck that was routinely avail
able during the logging program. These logs were made either by private com
panies or by the borehole geophysical unit from the Denver, Colo., office of
the U.S. Geological Survey.
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Availability of Geophysical Logs and Description of
Well-Numbering System

The locations of wells or test holes for which geophysical logs are avail
able in the files of the U.S. Geological Survey in San Antonio, Tex., are
shown in figure 2. The wells and test holes are identified by the standard
well-numbering system used by the Texas Department of Water Resources.

The well-numbering system in Texas was developed by the Texas Department
of Water Resources for use throughout the State. Under this system, each
1-degree quadrangle is given a number consisting of two digits. These are the
first two digits in the well number. Each 1-degree quadrangle is divided into
7-1/2-minute quadrangles which are given two-digit numbers from 01 to 64.
These are the third and fourth digits of the well number. Each 7-1/2-minute
quadrangle is divided into 2-1/2-minute quadrangles which are given a single-
digit number from 1 to 9. This is the fifth digit of the well number. Final
ly, each well within a 2-1/2-minute quadrangle is given a two-digit number in
the order in which it was inventoried, starting with 01. These are the last
two digits of the well number. Only the last three digits of the well number
are shown at each well site; the first four digits are shown in the northwest
corner of each 7-1/2-minute quadrangle.

In addition to the seven-digit well number, a two-letter prefix is used
to identify the county. The prefix for counties where wells were samplea are
as follows: AY, Bexar; DX, Comal; KX, Guadalupe; LR, Hays; RP, Kinney; TD,
Medina; and YP, Uvalde.

The types of logs available for wells and test holes are tabulated in
table 1. This tabulation includes a listing of all logs that were assembled
through 1978.

APPLICATION OF GEOPHYSICAL LOGS

The types of logs and their application to hydrogeologic studies of the
Edwards aquifer are as follows:

Type of log Appl ication
Electrical Stratigraphic correlation, lithology,

porosity
Neutron Stratigraphic correlation, porosity
Gamma gamma Stratigraphic correlation, bulk density,

porosity, mineralogy
Gamma Lithology
Sonic Correlation, porosity
Caliper Borehole diameter
Fluid conductivity Formation-fluid conductivity
Fluid temperature Formation-fluid temperature
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Stratigraphic Correlation

Stratigraphic correlation, which is the process of demonstrating that
aquifer units in two or more separated areas are hydrogeologic equivalents,
is the most important application of geophysical logs to the study of the
Edwards aquifer. Correlation from one well to another involves matching for
overall similarity in the trace of a geophysical record or for a characteristic
geophysical response to a lithologic marker.

Geophysical logs were made in cored test holes in which stratigraphic
subdivisions were first identified by examination of the cores. The sequence
of stratigraphic units within the aquifer was identified and correlated with
units previously identified by Rose (1972) in areas adjacent to the San Antonio
area. The lateral continuity of these units and therefore a framework for
understanding the hydrogeology of the Cretaceous Edwards Group and its subdi
visions as used by Rose (1972) was established for the area of investigation.

Representative logs used for correlation are shown in figure 3. The
gamma-ray log was used to determine the base of the upper confining bed of the
Edwards aquifer and to identify subunits within the aquifer. Other geophysical
logs that are useful for correlation are the electrical, neutron, gamma-gamma,
and sonic logs. The sonic log, which reflects changes in lithology accurately,
is an excellent log for correlation.

Examples of the techniques of using these logs for correlation include:
(1) Identification of Rose's regional dense member of his Person Formation by
the high density and low porosity of the rocks and the relatively small diame
ter of the hole, as measured by the gamma-gamma, neutron, and caliper logs,
respectively; (2) identification of Rose's leached and collapsed member of his
Person Formation and his Kirschberg member of his Kainer Formation by the
cycle skips shown on the sonic log, the extended diameter of the hole as meas
ured by the caliper log, and the highly porous zones as indicated by the neu
tron log; and (3) identification of Rose's basal nodular member of his Kainer
Formation by the higher density, increased natural-gamma radiation of the
rocks, and the relatively low borehole rugosity.

Bulk Density

Gamma-gamma logs are used to obtain information on bulk density, which is
the weight of the rock per unit volume of the rock. The logging equipment
includes a sidewall sonde (emplaced against the borehole wall) that contains a
collimated source of gamma radiation and a gamma-ray detector to measure the
amount of radiation reflected by the rock formation. The measurements of
reflected radiation are a function of the strength of the gamma-ray source,
instrument sensitivity, bulk density of the formation, mud density, and bore
hole diameter and rugosity.

Bulk density may be read directly from gamma-gamma logs that are cali
brated to accurately known densities and automatically compensated for borehole
diameter. The errors in bulk density obtained from such logs (Keys and Mac-
Cary, 1971, p. 70) are on the order of +0.03 - 0.04 g/cn.3 (grams per cubic
centimeter).
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Bulk density cannot be read directly from the gamma-gamma logs obtained
by use of the U.S. Geological Survey logging equipment. The logs must be
calibrated by comparing the log response to the measured density of a test-hole
core to determine the relationship between the counts per second, as recorded
by the logging equipment, and the bulk density. The relationship between the
count rate (logarithmic scale) and bulk density (arithmetic scale) is exponen
tial.

The logs were calibrated also by comparing them to gamma-gamma logs that
directly record bulk density. Gamma-gamma logs made by both commercial and
U.S. Geological Survey equipment were available for the San Marcos (LR-67-09-
110), Randolph (AY-68-30-807), Lockhill (AY-68-28-404), Devine (TD-68-49-813),
and Sabinal (YP-69-37-402) test holes. The logs were adjusted for depth corre
lation, and the readings of each log were recorded for selected depths. The
hole diameter was noted from the caliper log for each sample reading. The
data were then cross plotted to obtain a curve to which an equation, which
relates counts per second to bulk density, was mathematically fitted. For
example, the calibration equation for the San Marcos test hole is:

Bulk density = -0.0016 (CPS) + Fx (1)

where CPS = counts per second, and
Fx = function of hole diameter, in inches;

Fx = 1.89 + 0.38 foot - 0.0125H2

where H <= hole diameter, in inches.

Only noncalibrated gamma-gamma logs were available for some wells, but an
apparent calibration can be made on the basis of the bulk density of rocks
within regionally extensive stratigraphic units. The larger bulk densities
tend to be about 2.65 to 2.70 g/cirr and the smaller bulk densities tend to
be about 2.1 g/cri|3. The count rate of the gamma-gamma log is read for the
depth where bulk density is estimated, and an exponential curve is fitted to
the data. If the calibration equation is significantly in error, the computed
values of porosity and mineralogy as indicated by the cross plotting procedure
appear to be spurious.

The bulk density of the rocks in the Edwards aquifer, as measured by
commercial^ density logs, ranges from about 2.10 + 0.04 g/cm3 to about 2.70 +
0.04 g/cnr. Laboratory measurements of the bulk density of 71 rock samples
collected from the San Marcos, Randolph, Lockhill, and Castle Hills test holes
ranged from 2.05 to 2.69 g/cm3. Therefore, the data indicate that the bulk
density is, in general, correctly measured by the density loy.

Porosity

Neutron, gamma-gamma, electrical, and sonic logs were used to estimate
the porosity of the Edwards aquifer. The most reliable index of relative
porosity is the neutron log, which relates porosity to the hydrogen concentra
tion within the materials forming the aquifer, including the fluids. Because
the Edwards aquifer contains few hydrous minerals (clay and gypsum), and
because the porosity is independent of the carbonate mineralogy of the aquifer,
the neutron log is indicative of total porosity.
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The neutron log is \jery sensitive to borehole size, and the most accurate
logs are obtained in boreholes with diameters less than 16 inches (Pirson,
1963, p. 200). Neutron logs made in holes larger than 16 inches in diameter
are not reliable. If the sonde is decentralized (pushed up against the wall
of the borehole by a mechanical device), the effect of borehole diameter is
reduced. The commercial neutron logs available for the San Antonio area are
either electronically compensated for borehole effect or decentralized; the
neutron sonde of the U.S. Geological Survey logger is decentralized. The
caliper log needs to be used in conjunction with quantitative interpretations
of neutron data to obtain accurate values of porosity.

The gamma-gamma log can be used to determine total porosity by the equa
tion (Keys and MacCary, 1971):

porosity = grain density - bulk density . (2)
grain density - fluid density

The relationship between bulk density, porosity, and niineralogy is shown in
figure 4.

An accurate determination of porosity requires an accurate measurement
of bulk density and knowledge of the grain density (mineralogy). Porosity
estimates can be incorrectly estimated by more than 25 percent if an inaccurate
value of grain density is used. For example, if the bulk density and fluid
density are 2.38 and 1.0 g/cm3, respectively, a porosity of 19.3 percent is
calculated by using a grain density of 2.71, which is representative of lime
stone. A porosity of 25.5 percent is calculated by using the same bulk den
sity and fluid density but a grain density of 2.87, which is representative
of dolomite. The bulk density can be estimated within 0.04 g/cm3 if the
corrections for borehole diameter are made (Keys and MacCary, 1971).

Within the freshwater zone, the mineral composition of most of the Edwards
aquifer is limestone (calcite), but zones of dolomite and dolomitic limestone
occur throughout the aquifer and especially in the lower part. Therefore,
reliable estimates of total porosity cannot be made from a gamma-gamma log
without information on the mineral composition of the particular zones within
the aquifer. Cross plots of neutron-determined porosity versus bulk density
can be used to obtain reliable porosity values. This method will be described
later in this report.

Sonic logs were used to estimate primary or matrix porosity. An index of
secondary porosity is computed as the difference in porosity as determined by
a log that measures total porosity, such as the neutron log, and the primary
porosity as measured by the sonic log. Porosity is calculated from sonic logs
by using the following equation (Keys and MacCary, 1971):

porosity = A^log ~ ^matrix (3)
! Atfluid _ Atmatrix

where At = transit time, in microseconds per foot.
The relationship between sonic travel time and porosity for different apparent
matrix velocities is shown in figure 5.
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The velocity of a sound wave in water is about 5,300 ft/s or about 189
us/ft (microseconds per foot). The velocity of a sound wave in limestone
ranges from 21,000 to 23,000 ft/s or 47.6 to 43.5 us/ft; and the velocity of a
sound wave in dolomite is about 23,000 ft/s or 43.5 us/ft. The relationship
between apparent bulk density and sonic velocity is shown in figure 6. In
non-vuggy sections of the aquifer, the porosity can be estimated from a sonic
log to within 10 percent of its true value.

Electrical logs were reliably used to estimate total porosity in the
saline zone of the aquifer. In the freshwater zone, the reliability of the
porosity estimate is questionable.

Logs that record accurate measurements of the electrical resistivity
within a small vertical zone may be used to obtain quantitative estimates of
porosity if the cementation and formation factors are known. An empirical
relationship exists between the formation factor and porosity. The formation
factor equals the porosity raised to the power of negative m (cementation
factor), which is determined from laboratory measurements of saturated rock
samples or is calculated from electrical logs if the electrical resistance of
the formation water is known. This relationship is not completely valid for
rocks saturated with freshwater having an electrical resistance significantly
greater than 20 ohmmeters. The relationship between formation factor and
porosity for a range in cementation factors is shown in figure 7.

In the freshwater zone, the resistivity measurement of the short-normal
electrical log (a 16-inch spacing of measuring electrodes) is usually greater
than that measured by the long-normal log (a 64-inch spacing of the electrodes).
However, reversals of this pattern are common. The apparent resistivity
recorded by each device is affected by the resistivity, geometry, and volume
of the materials.

Determination of the factors causing the greater resistance indicated by
the short-normal curve requires investigation of the resistivity of the bore
hole fluid. Fresher water (water with greater electrical resistance) may be
moving from a ^ery permeable zone, through the borehole, and flowing from the
borehole at other permeable zones. This flow (invasion) could result in
flushing of the low-resistance drilling mud immediately adjacent to the bore
hole, thereby increasing the electrical resistance of the formation as "seen"
by the short-normal sonde.

The thickness of the beds of differing electrical resistance also affect
the shape of the normal curves. This effect results from the relatively
large vertical dimension in relation to the horizontal dimension of the volume
of rock logged by nonfocused electrical logging tools. Therefore, it is impor
tant to know the bed thickness in relation to the electrode spacing in inter
preting the apparent resistivity (Schlumberger Limited, 1972a, p. 15).

Use of the normal curves for quantitative determination of porosity
requires that log-recorded resistivity values also be corrected for borehole
effects. The borehole effects are related to the diameter of the hole and the

electrical resistance of the mud or liquid filtrate within the invaded zone.
Charts are available for correcting the field measurements of resistivity for
the effects of both borehole diameter and bed thickness (Schlumberger Limited,
1972b).
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Resistivity values obtained from focused logs, after corrections for
invasion, indicate the true resistivity of thin beds and provide an accurate
measurement of formation resistivity when the ratio of Rp (resistivity of
the formation) to Rm (resistivity of the drilling fluid) is 50 or greater.
Focused tools were not available on the U.S. Geological Survey logger at the
time of this investigation; therefore, only commercial focused logs are avail
able for analysis.

Permeability

Permeability cannot be measured directly from geophysical logs; however,
knowledge of the regional stratigraphy together with geophysical data provides
information for making interpretations of the relative permeabilities of ver
tical zones within the aquifer.

Geologic sections showing stratigraphic units as identified from geo
physical logs provide the best information for investigating the relative
permeabilities, either at a particular well site or for a geographical area.
The less permeable units of the Edwards aquifer, which consist of rocks of
high bulk density, generally high electrical resistivity, and low neutron-
measured porosity, are most readily recognized. In the eastern part of the
San Antonio area, rocks having these characteristics are represented by aquifer
subdivisions 1, 4, and 8 (Maclay and Small, 1976).

The permeable units are generally indicated by low electrical resistiv
ity; high neutron-measured porosity; wide excursions of the caliper log, which
indicate cavernous porosity; and cycle-skips on sonic logs. Cycle-skips are
described by Keys and MacCary (1971, p. 90). Other geophysical logs that can
be used to interpret permeability include temperature and temperature-differ
ential logs, which are used to determine zones where inflow and outflow of
water occurs in the borehole.

Precise estimates of the transmissivity of the Edwards aquifer cannot be
made from geophysical logs. Other methods, incluaing aquifer tests and flow-
net analyses, give estimates of transmissivity.

CROSS-PLOTTING PROCEDURES

Cross plotting is agraphical procedure of plotting one type of geophysical
measurement versus another type on a coordinate axis. Cross plots are used to
estimate mineralogy, corrected porosity, secondary porosity, and to determine
the occurrence of fractures. Cross plots can be used also to identify logs
that are incorrectly calibrated.

The types of cross plots used in this study and their application to the
geohydrology of the Edwards aquifer are as follows:

Type of cross plot
Neutron-density
Sonic-neutron

Sonic-resistivity
Neutron-sonic-gamma gamma (M-N plots)

•22-

Application
Mineralogy, porosity
Mineralogy, porosity
Fractures

Lithology, mineralogy, porosity



Neutron-Density Cross Plot

Neutron logs and density logs respond differently and independently to the
different mineralogical compositions of the aquifer. Used in combination,
these logs can provide more information about the geologic environment than can
the sum of information obtained from independent analyses of several logs (fig.
8).

The neutron-density cross plot consists of representative curves, each
beginning at the point of zero porosity of a mineralogically pure rock (quartz
sandstone, limestone, or dolomite), and extending to a point of 100-percent
porosity or fluid point. However, the plots actually used rarely extend past
45 or 50 percent because higher porosities are not representative of actual
saturation in the rocks. The porosity values on the cross plot were obtained
from a sidewall neutron porosity (SNP) log.

A neutron-density cross plot of values measured at various zones in the
San Marcos test hole is shown in figure 9. The values are listed in table 2.
The pattern of the plotting positions indicates that the rocks consist mostly
of dolomitic limestone, which is in agreement with observations made of the
mineralogy of the core samples. The relative proportion of limestone and
dolomite can be interpolated from the appropriate curves and the plotting
position of each zone. For example, zone 21 is composed of about 50-percent
limestone and 50-percent dolomite.

To correct the porosity values for a mixture of two known minerals, lines
are drawn to connect the corresponding porosity values shown on each curve for
a pure mineralogical composition. Then the plotting position is referenced to
these lines of constant porosity within a field of varying porosity.

Sonic-Neutron Cross Plots

A sonic-neutron cross plot of measurements from the same zones (as in
fig. 9) in the San Marcos test hole is shown in figure 10. The pattern of the
plotting position indicates \/ery similar mineralogical proportions to that
shown in figure 9 except for zones 7, 8, 28, and 29. Clay and marl occur in
zones 8, 28, and 29 as can be seen on the gamma-ray log in figure 8. Because
of the slow velocity (increased At) of the sonic wave in clay, the plotting
position is displaced upward and beyond the limiting curve for limestone.

Sonic-Resistivity Cross Plots

A method developed by Aguilera (1974) for identifying fractured carbonate
rocks from a cross plot of sonic and electrical-resistivity data was tested in
the Edwards aquifer. A theoretical model indicates that for fractured systems,
the porosity exponent "m" (commonly referred to as the cementation factor)
should range between -1.1 and -1.3.

The relationship between sonic velocity and resistivity is developed from
the empirical relationships (F = Rt/R„. F - 0"n', At - At + msv60) where F
is the formation factor, Rt is the true electrical resistivity, Rw is the
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electrical resistivity of the natural fluid in the formation, 0 is the poros
ity, m is the cementation factor, At is the response time from the sonic log,
Atm is the response time in the matrix, and mSV0 is the slope of the linear
relationship between sonic velocity and porosity.

Manipulation of these relations gives the following relationship:
log Rt = m log (At - Atrn) + m log msv0 + log Rw. This equation indicates
that a plot of log Rt versus log (At - Atm) should result in a straight line
with a slope of -m if Rw is constant. For fractured reservoirs, the resulting
slope, based on an idealized reservoir formed by nonporous rock cubes separated
by vertical and horizontal fractures of constant width, m, should be between
-1.1 and -1.3.

The method was applied to geophysical data from the San Marcos test hole
(LR-67-09-110), which is located near a major fault. The cross plot is shown
in figure 11, and an average of measured values for the various zones is listed
in table 2. The resistivity values were read from a laterolog 3, which is a
focused log of good vertical resolution. The plotted zones were located at
well-distributed points at depths below 300 feet, where the fluid resistivity
is less than 1 ohmmeter. The slope of the graphically fitted curve is about
-3.0. The derived slope indicates that the rock is not fractured, but samples
of the test-hole cores showed fractures at scattered intervals.

A second test of the method was made by using geophysical data from the
Sabinal test hole (YP-69-37-402). The geophysical logs are shown in figure 12,
and the cross plot in figure 13. The values of average measurements of resis
tivity and sonic velocity for distributed areas are given in table 3. The
resistivity values were obtained from a laterolog 8, which is a focused log
that gives sharp vertical detail, but which is affected by borehole conditions,
particularly by invasion and by enlargement of borehole diameter.

The plotting positions show some scatter; howver, the slope of a line
indicating the relationship is about -1.0. This plot indicates that the rock
is fractured. Observations of the core show that the limestone is extensively
fractured in zones 1-7. The scatter of the plotting positions may result
partly from varying velocity constants due to changing mineralogy. The lower
part of the test hole penetrates shaly limestone that is less fractured.

Neutron-Sonic-Gamma Gamma (M-N) Cross Plots

Lithologic interpretations based on neutron, sonic, and gamma-gamma (den
sity) logs are derived from M-N cross plots (Burke and others, 1969). The
cross plots combine the data from all three porosity logs to provide the lith-
ology-dependent quantities, M and N. These quantities are virtually indepen
dent of primary porosity because each quantity is a ratio of two porosity-
dependent variables. (The porosity-dependent variable in the denominator
cancels the porosity dependent variable in the numerator, resulting in a ratio
that is dimensionless in terms of primary porosity.) A cross plot of these two
quantities will therefore indicate lithology and secondary porosity.

Quantity M is obtained by dividing the porosity component of the sonic
log (Atf - At) by the porosity component of the density log (pt, - pf), and
multiplying the resulting ratio by a scaling factor of 0.01. Quantity N is
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obtained by dividing the porosity component of the neutron log (0nf - 0n) by
the porosity component of the density log. For fresh muds, which are used to
drill wells in the Edwards aquifer, Atf is 189 ys/ft, pf is 1 g/cnr, and
0nf is 1.0. Neutron porosity, 0n, is calibrated for pure limestone.

The M and N values for distributed zones from the San Marcos (LR-67-09-
110) and Sabinal (YP-69-37-402) test holes are given table 4. The values are
plotted on M-N cross plots that show the end points for dolomite, limestone,
and sandstone; the plotting area for shales of varying mineralogical composi
tion; and the plotting area for secondary porosity.

An M-N cross plot of various zones in the San Marcos test hole is shown
in figure 14. The plotting positions show considerable scatter, but most
points plot near the line connecting the end points for dolomite and limestone,
which indicate that the rocks are a mixture of limestone and dolomite. The
points above the line connecting the end points for limestone and dolomite
indicate that secondary porosity occurs within these zones. The plotting
position of zones below the line connecting the end points for limestone and
dolomite indicate that shale or clay may occur within these zones.

Most of the zones that plot in the shale region of the graph are from the
lower part of the Edwards. The points (2, 3, 6, 10, 15, and 22) all have \/ery
high porosities as measured by the neutron log, but the sensitivity of the
neutron sonde is very low for values greater than 30 percent; therefore, these
porosity values may be in error.

An M-N cross plot of various zones in the Sabinal test hole is shown in
figure 15. The plotting positions show a wide scatter; however, most posi
tions are within the field of secondary porosity. The porosities for the
points on the graph were determined from a compensated neutron log, which is
highly sensitive to borehole diameter. Compensations for borehole diameter
in zones of high porosity are not very accurate.

Points 3, 4, and 21 plot in the area of the graph indicating the occur
rence of clay or shale. The positive deflection of the gamma-gamma log indi
cates the occurrence of clay at these points. Clay partings are evident in
core samples taken at depths below 650 feet. The M-N and the sonic-resistivity
cross plots previously described indicate that the carbonate rocks in the
Sabinal test hole are highly fractured.

Overlays

Porosity values measured by neutron and gamma-gamma logs may be plotted
on the same log track and calibrated in limestone-porosity units. This type
of log presentation is called an overlay. Overlays provide information similar
to that obtainable from cross plots, but the information is shown in a form
that permits quick visual interpretation. An overlay on porosity logs calcu
lated from the response of a neutron log and a gamma-gamma log for the Sabinal
test hole is shown in figure 16. Interpretation of the overlay is based on
information given in Schlumberger Limited (1969; 1974, table 5).
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The porosity values determined from compensated neutron logs are slightly
higher (0 to 3 limestone-porosity units) than those derived from density logs
throughout most of the hole, which indicates that the rock is predominantly
calcific with only subordinate amounts of dolomite. This interpretation agrees
well with information obtained from the cores.

The porosity values derived from density logs do not exceed the porosity
values derived from neutron logs, which indicate that no chert beds of signifi
cant thickness were penetrated by the Sabinal test. The rocks below a depth
of 636 feet are probably dolomitic and may contain some clay, as indicated by
an increase in natural-gamma radiation.

COMPUTER-PROCESSED INTERPRETATIONS

Complex computer programs are available to produce quantitative interpre
tations of lithologic and porosity characteristics for e^ery 0.5 foot of logged
depth. These programs are based on a set of simultaneous equations that pro
vide data on the mineralogic composition of the aquifer, total porosity, second
ary porosity, and water quality. The computer programs that pertain to carbon
ate rocks were examined for general application to the Edwards aquifer.

The three-porosity method (Pirson, 1970) is used to determine lithology
from the sonic, density, and neutron logs by the use of a computer. Each type
of log has a unique response to a physical characteristic of the carbonate
rock; therefore, rock composition can be determined by solving a set of simul
taneous equations involving the log response.

An important preliminary step in the application of a computer interpre
tation is the editing and merging of log data. The suite of logs for a hole
first needs to be adjusted so that the depths of all logs are referred to a
common elevation. Then, the logs need to be edited to exclude intervals of
spurious data, such as neutron responses in washout zones. The geophysical
data is then digitized by machine, usually at 0.5-foot intervals, and cali
brated into environmental units. After the logs have been edited and digi
tized, they are merged into a format that presents all calibrated geophysical
readings. The set of simultaneous equations are solved by the computer by
using the digitized data. The basic algorithm for solution used by the U.S.
Geological Survey is described by Merkel and others (1976).

The computer program of the U.S. Geological Survey performed the following
operations to estimate mineralogy and secondary porosity. First, the neutron
and density logs were cross plotted to determine the relative percentages of
dolomite, limestone, and sandstone or chert. Second, the mineralogic composi
tions were used to obtain a corrected porosity. Third, the matrix density of
the rock saturated with freshwater was calculated by:

Pma = (Pb " 0)/(l-0) (4)

(symbols have been previously defined). Fourth, this value of matrix density,
pma, was used to obtain a value of matrix velocity from standard curves
relating matrix density to matrix velocity (Schlumberger Limited, 1972, p.
16). Fifth, knowing the matrix velocity, porosity is estimated by At]og =
0Atf]u-jd + (l-0)Atmatrjx. Sixth, the secondary porosity is calculated as
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the difference between the mineralogically corrected porosity and the sonic-
measured porosity. These calculations are adversely affected in zones where
the rock is highly cavernous or where fractures are predominantly horizontal.

A computer-processed interpretation of an interval in the Randolph test
hole (AY-68-30-807) is shown in figure 17. The computation indicates that the
rock is predominantly dolomite from a depth of 800 to 807 feet and a limy
dolomite from 826 to 840 feet. This interpretation agrees well with observa
tions of the core samples. The computation indicates predominantly limestone
with minor amounts of dolomite and sandstone or chert in the interval from 807

to 826 feet. The core samples indicate a predominantly clayey, dolomitic
limestone of yery low porosity. The application of the computer solution
assumed the absence of clay, which resulted in an indication of the same
porosity and a greater percentage of limestone than was observed. The inter
pretation of secondary porosity in the intervals above 807 feet and below 827
feet are in agreement with observations of the cores.

The C0RIBAND method was applied to geophysical data from the Sabinal test
hole. C0RIBAND is a trade name used by Schlumberger to indicate a computer-
derived solution of complex lithologies. The method takes into account the
shaliness of the formation. The well logs used are the primary logs including
neutron, density (gamma-gamma), sonic and supplemental logs including natural-
gamma locjs for evaluating clay content and caliper logs for determining the
rugosity of the borehole.

An example of the use of the C0RIBAND method in the Sabinal test hole is
shown in figure 18. The solution indicates that the rock is limestone, with a
minor amount of clay fairly well distributed throughout the section. The
core samples indicated that the rock was predominantly limestone with chert
throughout much of the section except in the lower part where the rocks are
shaly and dolomitic. The occurrence of secondary porosity also was observed
in the core samples.

A graphical presentation of the lithology and porosity as determined by
computer methods for the San Marcos test hole is shown in figure 19. This
display shows that the aquifer consists of dolomite, limestone, chert, and
shale. The porosity is predominantly primary, but vuggy porosity occurs at
scattered depths from 220-230, 330-345, and 382-386 feet, which agrees well
with observations of the cores. The distribution and relative percentage of
limestone and dolomite agree in general with observations of the cores, but
the display overestimates the amount of shale or clay. The graphical display
of the 20-foot zone from 250-270 feet indicates a nonporous, cherty, limy
clay. The core from this zone is a dense, clayey limestone without chert.
The discrepancy results from inaccurate calibration of the natural-gamma log
in terms of clay content.

These examples of computer-processed interpretation indicated a need for
prior geologic knowledge of the area to determine the lithology accurately by
computation; however, they also indicate that much quantitative data may be
derived from this type of analysis.
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TRACER STUDIES

Tracer studies, utilizing Rhodamine WT dye as a tracer, were used to
investigate the hydrogeologic characteristics of the aquifer by use of the
tracer-dilution, single-well pulse, and transit-time methods. These tests are
summarized in table 6, and other miscellaneous tests are summarized in table
7.

Tracer-Dilution Tests

The tracer-dilution method was used for borehole investigations in which
aquifer tests could not be performed easily. In this method, a tracer is
introduced into a well so that water moving horizontally through the penetrated
section diminishes the concentration of the tracer with time. If all tracer-
dilution is caused by water flowing through the well cross section, the appar
ent ground-water velocity (filtration or Darcian velocity) can be calculated
from measurements of tracer-concentrations at various times after injection.
The filtration velocity is defined as the relation between ground-water flow
and the cross section of the aquifer (Drost and others, 1968; Lewis and others,
1966). Interstitial velocity is the velocity of a particle of the tracer that
moves through the interconnected voids in the rock.

The apparent ground-water velocity and filtration velocity, is expressed
by:

V - Q/A (5)

where V = apparent ground-water velocity,
Q = ground-water velocity, and
A = gross area of the cross section of flow.

The dilution equation for a circular borehole (Lewis and others, 1966)
is:

V = [(i (1/2) d)/4t] In Co/C (6)

where V = apparent ground-water velocity,
Co = initial tracer concentration at time t,
C = tracer concentration at time t, and
d = borehole diameter.

Three conditions must exist before the tracer-dilution equations can be
applied to calculate reliable estimates of apparent ground-water velocity.
They are: Steady-state conditions; uniform ground-water flow and tracer distri
bution; and tracer-concentration diminution with time resulting from horizontal
ground-water flow. Three sources of error are possible in the tracer-dilution
method. First, if vertical movement is present in a well, the increased rate
of dilution would give too high a value for the apparent ground-water veloc
ity. Second, any mixing of water from within the well with formation water
in the aquifer during sampling of the well causes increased rates of tracer
dilution. Third, if the effective well diameter is greater than the borehole
diameter, the calculated apparent velocity will be less than the actual ground
water flow.
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The advantages of the borehole method are: (1) The filtration ground
water velocity can be determined without knowing the effective pore volume;
(2) if Darcy's law is assumed to be valid for field conditions, the hydraulic
conductivity can be calculated by using the hydraulic gradient

K=Vf/(dh/dl) (7)

where K = hydraulic conductivity,
Vf = filtration velocity, and

dh/dl = hydraulic gradient;

(3) dilution measurements are made in a single borehole; (4) the apparent
ground-water velocity for any stratum in the vertical profile of the aquifer
can be determined; and (5) apparent velocities ranging from a fraction of an
inch per day to several hundred feet per day can be determined by the tracer-
dilution method.

Rhodamine WT dye was used as the tracer for determining the ground-water
velocity in the Edwards aquifer. The dye was injected by using compressed
air to force the solution through a tube while the end of the tube was moved
through the well. The well was sampled by moving a sampler (a 1-foot long,
0.75-inch diameter pipe sealed at both ends, but having two small ports on the
side) through the well bore at a nearly uniform rate.

Tracer-dilution tests were made in five wells completed in the unconfined
part of the aquifer. The test in the well at Topperwein Store (AY-68-27-505)
was conducted on March 3, 1971. The well was injected with 60 milliliters of
Rhodamine WT dye at 20-percent concentration placed uniformly in the well from
the static water level at 259 feet below land surface to a depth of 400 feet
at 0900 hours. Sampling was begun 4.5 hours later when a concentration of
6,580 yg/L (micrograms per liter) was determined by fluorometer measurements.
The concentration decreased exponentially with time, and at 121 hours after
injection the reading was 42 yg/L.

The plot of the logarithm of dye concentration versus time is shown in
figure 20. A well located 91 feet from the dyed well was pumped at 8.5 gal/min
from 0900 until 2000 hours on March 3, 1971. The results of the test indicated
that the steady-state assumption was not significantly violated to affect the
flow near the dye-injected well. A filtration velocity of 0.0048 foot per
hour or 0.235 foot per day was calculated. Using the relationship Vf = K/I
and assuming a value of 10 feet per mile for the hydraulic gradient I, the
hydraulic conductivity K is calculated to be approximately 150 feet per day,
or in terms of the field coefficient of permeability, approximately 0.764
(gal/min)/ft.

The test at C. B. Peters (AY-68-28-102) was made in a 7-irich-diameter
well 440 feet deep that penetrated 400 feet of the Edwards aquifer. The tested
zone extended from the water table at 206 feet below land surface to a depth
of 246 feet, where an obstruction occurs in the well. The zone is in the
middle part of the Edwards. The test was started at 1100 hours on November
14, 1970, when about 10 milliliters of Rhodamine WT dye at 20-percent concen
tration was injected into the 40-foot section. To mix the dye in the borehole,
carbon dioxide gas was injected for 15 minutes. Sampling was begun at 1145
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hours and terminated at 1515 hours on November 16, 1970. No pumping of nearby
wells is known to have occurred during the test. The data plot is shown in
figure 21; the filtration velocity is calculated to be 0.196 foot per day.

The tests at Lockhill Cemetery in well AY-68-28-801 were made by both the
tracer-dilution and single-well pulse methods. The single-well pulse test
will be discussed later. The well is 5 inches in diameter and 397 feet deep.
The depth of water on November 12, 1970, was about 302 feet below land surface.
The upper part of the Edwards aquifer was tested at the pump intake at about
370 feet below surface. The well was injected with 5 milliliters of 20-percent
solution of Rhodamine WT dye at 2445 hours, and samples were collected during
about 70 hours. The samples were obtained by pumping the well for 1 minute
because it was not possible to obtain a sample by lowering a sampler into the
well. The data plotted as a straight line on semilog paper for about 25 hours
and then flattened (fig. 22), which could be interpreted as decay of the back
ground concentration.

The assumption of steady-state conditions and no vertical movement of
water was violated by pumping the well to obtain the sample; however, the
duration of pumping was short in comparison to the sampling-interval time.
The filtration velocity was calculated at 0.37 foot per day.

The test at well AY-68-27-5 was made in a 6-irich-diameter well haviny a
total depth of 352 feet. The water level was 206 feet below land surface.
The well was injected with 10 milliliters of Rhodamine WT dye at 20-percent
concentration at 1130 hours on December 10, 1970, and samples were obtained
intermittently for about 40 hours. A filtration velocity of 0.58 foot per
day was determined by using the early data (fig. 23).

The test at Hill Country (AY-68-29-103) was made on October 26, 1970, in
a well 7.9 inches in diameter and 547 feet deep. The Edwards Group of Rose
(1972) crops out at the surface, and its lower boundary is 400 feet below land
surface at the well site. The well was injected with 95 milliliters of Rhoda
mine WT dye at 20-percent concentration in the interval 267-320_+ feet below
land surface. The water in the interval was stirred for 30 minutes before
sampling was begun, and samples were obtained intermittently for 165 hours.
The data plotted as a straight line on semilog paper (fig. 24), and the calcu
lated filtration velocity was 0.17 foot per day.

Single-Well Pulse Tests

The single-well pulse technique also can be applied in a single well to
determine natural ground-water velocity if the porosity and aquifer thickness
are known. Briefly, the method is as follows: (1) Placing a tracer in the
borehole; (2) injecting the traced water with additional water placed in the
borehole--this additional water forces the dyed water into the formation;
(3) allowing an interval of time, T, for the dye to move away from the well
before pumping; and (4) pumping the well at a known rate and sampling the
pumped water for dye concentration. Suppose that the dyed water is injected
into a well bore and that this water is then removed from the borehole by
ground-water flow. If there were no dispersions of the tracer, it would be
found after time, T, at a distance, r, from the borehole. On starting to
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pump the injection well at time, T, it is possible to find r from the follow
ing relation, which is valid for cylindrical symmetry of pumping and a fully
penetrating borehole (Borowczyk and others, 1967):

Qt = Trr2h0 (8)

where Q = constant pumping rate,
t = arrival time of the tracer at the injection well,
r = distance that dye cloud has traveled during the pause time, T,
h = thickness of the aquifer, and
0 = effective porosity.

For a partly penetrating borehole, the following conditions must be fulfilled:
r«h.

The velocity of ground-water flow can be found from

Vi = r/t

where V-j = ground-water velocity.

A problem in the interpretation is concerned with the estimation of the
transit time (t) of the tracer by which (r) can be calculated. Because of the
dispersion of the tracer and the radial symmetry of pumping, the peak of the
tracer concentration in pumped water does not represent the actual transit
time. The determination of the transit time froin 50 percent of recovery of
the recovered amount of injected tracer is used for interpretations (Borowczyk
and others, 1967) provided that the diameter of the injected body is consider
ably less than the distance traveled by the injected body during the pause
time, T. This method is described in detail by Borowczyk and others (1967).

The method, as described, assumes a one-layer aquifer of uniform hydraulic
conductivity. If more than one layer occurs and each has a different hydraulic
conductivity, problems in interpretations result. By waiting different pause
times, T, it is possible in some instances to obtain estimates in the separate
layers (Borowczyk and others, 1967).

A test on Wurzbach well no. 1 (AY-68-36-102) yielded data that could be
analyzed to estimate ground-water velocity (fig. 25). The test on November
18, 1970, consisted of injecting 40 milliliters of 20-percent Rhodamine WT
followed by water injected into the well at 110 gal/min for several hours.
The pause time before pump back was 5 hours. Total amount of dye recovered
was 0.85 milliliter. The distance the dye center, at 50-percent concentration
of the recovered amount, moved during the pause time of 5 hours was 6.6 feet
when the aquifer thickness was assumed to be 500 feet and the porosity 10
percent, respectively. The ground-water velocity was calculated to be 1.3
feet per hour. The data plot (fig. 25) of this test shows considerable varia
tion in early reading, which is interpreted as a result of residual dye in the
vicinity of the well bore. The condition of r<<h was satisfied since 6.6<<500.

The pulse test on November 19, 1970, at Lockhill Cemetery (AY-68-28-801)
was made in a 5-inch-diameter well 397 feet deep in which the water level was
302 feet below the land surface (fig. 26). The full thickness of the Edwards
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aquifer was not penetrated. The condition of partial penetration is not believed
to negate the results of the test because r<<h, where h is the thickness of
the aquifer (Borowczyk and others, 1967). Assuming a porosity of 10 percent
and aquifer thickness of 500 feet, the interstitial ground-water velocity is
2.4 feet per day.

The pulse test during February 1971 at the farm of Elmer Pape (AY-68-
30-107) was originally planned as a two-well test (fig. 27). However, the dye
was never detected in a well 2,600 feet away before pumping was started in the
injected well for irrigation. A pulse-test analysis was then used to utilize
the information that had been collected. The 12-inch-diameter well was recently
drilled to a depth of 591 feet. The top of the Edwards was at 465 feet. One
thousand milliliters of 20-percent Rhodamine WT dye was injected at 480 feet
below land surface. About 2,400 gallons of water were then poured into the
well after injection. The pause time was 13 days before pumping began. The
well was pumped 13 hours each day at a rate of 1,730 gal/min or an average
daily rate of approximately 900 gal/min. Assuming a 10-percent porosity and
an aquifer thickness of 500 feet, the interstitial velocity was 4.6 feet per
day.

Transit-Time Tests

The transit-time method, which requires the use of two wells, can be used
to determine the effective porosity of the aquifer within the influence of
the well. The principle upon which the method is based is described by Halevy
and Nir (1962).

In the test at Wurzbach station (AY-68-36-102), the injection well was
790 feet from the pumped well. The concentration plotted against accumulated
discharge for the test is shown in figure 28. The centroid of the curve of
pumpage versus concentration was calculated within 46 hours after injection.
The interstitial velocity was calculated at 141 feet per day within the influ
ence of well no. 1 pumping at an average rate of 3,300 gal/min. The percentage
of the injected dye recovered at the well was about 10 percent. The porosity
determined from this test was less than 1 percent.

Salt-Dilution Tests

Salt-dilution tests are conducted to investigate vertical flow within a
borehole and to identify zones of water movement. The procedure is as follows:
First, a bag of salt (sodium chloride) is quickly lowered through a saturated
section of the borehole; second, a fluid-resistivity log is made immediately
after the injection of the salt; and third, fluid-resistivity logs are made at
several time intervals to measure the decrease in the concentration of salt.

The results of selected salt-dilution tests are shown in figure 29.
These tests indicate that vertical movement occurs within some boreholes and
that the aquifer contains zones of water movement that are related to the
geology.
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The salt-dilution tests were conducted at the time when logging equipment
became available to the project. Tracer-dilution tests explained previously
were made at the beginning of the project studies. At that time, the logging
equipment was not available. The purpose of salt-dilution tests was to inves
tigate the assumption that no vertical flow occurs within the borehole, which
is a necessary assumption for the determination of hydraulic conductivity
from the tracer-dilution data.

PACKER TESTS

Packer tests are conducted to determine the relative permeabilities of
different zones within the aquifer. The tests were conducted by setting
inflatable packers at selected points to straddle the zone being investigated.
Subsequently, a submersible pump was used to pump water at a constant rate
from the straddled zone and the drawdown in water levels were measured.

The results of the packer tests conducted in the Castle Hills test hole,
AY-68-28-910, are shown in figure 30. The hole was tested without prior acid-
ization or developmental pumping. The results could change significantly if
the well were developed.
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FIGURE 30.-Log showing packer test in the Castle Hills test hole (AY-68-28-910)
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Table 3.--Averaged measurements of sonic velocity
and resistivity for distributed zones

in the Sabinal test hole

Zone Ra, LL-8
(ohnimeters)

At

(ys/ft)
At-At

(ys/ft)

1 500 62 16

2

3

4

800 58 12

1,100 69 23

5 100 74 28

6 1,500 60 14

7 700 61 15

8 900 62 16

9 2,000 56 10

10 700 86 40

11 900 63 17

12 900 78 32

13 500 58 12

14 500 84 38

15 1,900 56 10

16 1,200 74 28

17 -- --
--

18 600 78 32

19 1,500 58 12

20 2,000 63 17

21 2,000 54 8

22 900 65 19

23 700 67 21

24 500 80 34

25 600 63 17

26 200 78 32

27 600 76 30

Atm = 46 ys/ft.
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