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ABSTRACT 

The distribution of water In the Edwards aquifer was assessed using a core- and log-based 

stratigraphic study that Included 200 neutron and resistivity logs and 300 porosity and 

permeability plug analyses. The Kainer, Person, Devils River, West Nueces, McKnight, and 

Salmon Peak Formations of the Edwards Group were Investigated during this study. The aquifer 

extends over 3,111 ml2 (8,004 km2) and thickens toward the south from approximately 500 to 

780 ft (150 to 240 m). In the Edwards outcrop, the aquifer thins northward because of erosion 

and decreased saturated thickness. Porosity data were Interpolated between wells to create a 

three-dimensional cell-based model of porosity. 

Porosity distribution reflects both the depositional rock fabriC and later diagenesis. Small­

scale vertical variations in porosity are the result of facies changes caused by high-frequency 

cyclldty In the depositional environment. Vertical facies stacking Influences the amount of 

dolomitization and diagenetic enhancement of porosity. Subtidal fades deposited during major 

sea-level high stands are generally undolomltized and exhibit low porosity (4- to 12-percent 

porosity). Gralnstones at cycle tops In the Kainer, Person, and Devils River Formations are 

typically high-porosity Intervals with high depositional porosity that may have additional 

solution enlargement of pores and pore throats (20- to 42-percent porosity). Dolomltlzed 

subtidal facies have very high porosity In Intervals with stacked tidal-fiat cycles because of 

preferential dolomite dissolution. 

The average porosity of the Edwards aquifer In the study area Is 21.7 percent. Variation In 

average porosity reflects depositional environment and possibly structural and hydrologic 

Influence on secondary porosity development and cementation. Low porosity Is characteristic 

of the West Nueces and McKnight Formations of the Maverick Basin. The overlying Salmon 

Peak Formation has moderate to high porosity. In the Devils River, Kainer, and Person 

Formations, local high and low porosity Is encountered In structurally complex areas that may 

be related to variable ground-water flow rates and chemistry and consequent variations In pore 

enlargement or cementation. A high-porosity area Is found In southern Medina and 
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southwestern Bexar Counties on both sides of the saline-freshwater Interface known as the bad 

water line. 

The total water-filled pore volume of the Edwards aquifer within the study area Is 

215 million acre-feet. The volume In the unconfined part of the aquifer, above the 1984 

potentiometric surface, which Is among the lowest ever recorded, Is 6.9 million acre-feet. 

Storatlvlty of the confined part of the aquifer was estfmated using barometric efficiency 

and net porosity. Barometric effidency was calculated by comparing water-level hydrographs in 

nine observation wells with atmospheric pressure changes. The storatlvity calculated using this 

method averages 2.6 x 10-4 • This approach has the potential for quantifying variations In 

storatlvity throughout the confined Edwards aquifer but must be verified by comparison with 

results of aquifer tests. Such data will Improve prediction of how water levels will respond to 

withdrawal of water from the aquifer. 

INTRODUCTION 

The prolific Edwards aquifer In South-Central Texas Is a geologically complex water 

resource that has been heavily developed. The Edwards aquifer at present Is the sole source of 

water for the city of San Antonio, Texas, and Is the main water resource for agriculture and 

industry In Bexar, Medina, and Uvalde Counties, Texas. Discharge from the aquifer In Comal 

and Hays Counties, Texas, feeds springs that are attractions for a tourist Industry and have been 

shown to be critical habitat for a number of endangered species. Ground-water production from 

the Edwards has exceeded recharge during drought years and has the potential to exceed 

average annual recharge. Prolonged overdraft without some mitigation would temporarily cause 

water levels to decline, some wells In the upper reaches of the unconfined part of the aquifer 

to go dry, and discharge at the springs to decrease to a negligible volume. Evaluating the legal 

consequences and the total social, economic, and ecological benefits associated with aqUifer 
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management dedslons requires ongoing efforts to understand the complex hydrogeology of the 

aquifer and Its water resource (Technical Advisory Panel, 1990). 

Among the hydrogeologic Information needed, for example, to build more detailed models 

of ground-water flow, are maps of the three-dimensional, geologically controlled distribution of 

ground water stored in the Edwards aquifer. Previous estimates of storage were made by 

extrapolating estimated effective porosity throughout the Edwards aquifer on the baSis of 

samples from a few cored wells, and were conSidered movable water rather than total water in 

storage (Maclay, 1989). The objective of this study is to Improve the estimate of the total water 

content of the Edwards aquifer by (1) using a large data base of porosity logs, (2) generating new 

maps of Edwards aquifer thickness and porosity, correlated using updated facies and dlagenetlc 

models, and (3) examining the porosity distribution throughout the aquifer. This study used 200 

wlrelfne logs of varying quality to measure aquifer thickness and the amount and distribution of 

porosity at many locations throughout the aquifer. Log response was calibrated by selecting 300 

core plugs from representative lithologies at 1-ft (0.3-m) spacing for porosity and permeability 

analysis. Porosity logs were then Interpolated along stratigraphic subdivisions to define the 

three-dimensional distribution of porosity in the entire Edwards aquifer. The extensive data 

base of porosity, well log, and stratigraphic Information assembled In this study in a Geographic 

Information System (GIS) can be updated to Include results of future well surveys and 

hydrogeologiC Investigations. 

The question of how much water can be produced from the Edwards was not addressed by 

this study of the distribution of porosity and In-place water storage. Storatlvlty and permeability 

are the main physical controls on the amount of water that can be produced from the Edwards 

aquifer and the amount of water-level decline resulting from that production. The feasibility of 

estimating aquifer storatlvity on the basis of the porosity data and water-level hydrographs was 

considered. The response of water levels In the confined aquifer to changes In atmospheric 

pressure potentially can provide additional data and Insights about the hydrologic properties of 

the Edwards aquifer. However, to calculate porosity Independent of well logs, additional field 

3 



data on storatlvlty must be collected through aquifer tests that use one or more observation 

wells In conjunction with a production well. 

GEOLOGIC SEITING 

The Edwards aquifer Is composed of highly porous limestones and dolostones of the Lower 

Cretaceous Edwards Group. The southern and eastern limits of the aquifer are marked by the 

saline-freshwater Interface commonly known as the bad water line (fig. 1). The northern limit 

of the aquifer lies In the outcrop of the Edwards Group where the thickness of the aquifer 

becomes negligible. The western limit of the study area Is the mapped drainage divide near 

Brackettville, Kinney County, and the northeast edge Is the drainage divide near Kyle, Hays 

County (fig. 1). However, porosity data were generated beyond these boundaries to minimize 

edge effects and so that new volumes can be calculated as the aquifer boundaries become better 

known. 

The Edwards aquifer lies within the Balcones fault zone (fig. 2). High-angie normal faults 

and grabens of this system produce a net displacement of 2,000 ft (600 m) down toward the 

coast (Maclay and Small, 1986). Individual faults have a strong Influence on permeability 

(Senger and Kreltler, 1984: Maclay and Small, 1986: De la Garza and Slade, 1986; Maclay and 

Land, 1988) and a lesser Influence on porosity development. 

The depositional setting of the Edwards Group (Smith, 1964; Rose, 1972) strongly affects 

the amount, type, and distribution of porosity. Cyclic shallow-water carbonates dominate the 

Person and Kainer Formations of the San Marcos Platform (figs. 2 and 3). The Devils River 

Formation of the platform margin Is dominated by gralnstones. In the Maverick BaSin, shallow­

water subtidal carbonates of the West Nueces Formation are overlain by anhydrite and 

carbonate of the McKnight Formation (figs. 2 and 3). The upper Edwards equivalent In the 

Maverick Basin Is composed of moderately porous, fine-grained gralnstones, packstones, and 

wackestones of the Salmon Peak Formation. 

4 



N o 20mi 
11-"" ,..., -'-,.....a.-,.J, ' 
o 30 km 

10000W 
I 

. 
r-----L. 
• REAL I 

99°W 
I 

I ; 

L_·_----lKeNDA,i----l\. 
i . BLANCO 

I HAYS . 
/ 
• Kyle OIY,oe· 

( . 
. I KERR 

f '-'-'-'---. 

. \ ! .~. COMAL 

. I BANDERA -. 

I ' 
I /' . 

- Stratigraphic: well 0 Neutron log used + Resistivity log used 0 Core X Observation well 0 Outcrop ellamined 

Edwards outcrop I1mmmi Conlined Edwards aquiler 
QAa412,c 

Figure 1. Map of Edwards aquifer study area, showing location of sallne-freshwater Interface (bad water line) (Brown and others, 1992; Schultz, 
1992; Schultz, 1992), confined Edwards aquifer, unconfined Edwards aquifer, updlp limit of the Edwards Group, well data base, and cross 
section lines. Outcrop limits of Edwards Group are from 1:2500,OOO-scale Geologic Atlas of Texas (Waechter and others, 1977; Proctor and 
others, 1979; Brown and others, 1983; Proctor and others, 1988). Well locations numbered in plate 1. 



100'W 
I 

N 0 20mi 
I I I , 

I I I 
0 30km 

/ Fault . Stratigraphic well 
0 Neutron ~ used , 

f , 

gg·W .oW 
I I 

I HAYS 
, . , 

" I . 
" 

'" , + ''\.... I' 
• • l , 
~ /\.------ / "-.. I' WllsoNZ ., , 

/ I .... &1"/ " 
.... ' .-./ + I 

~~~. ~'........ .lIl 
~~--.--.jr-~'lU: 'ATASCOSA .......... ~ 

" 

-BN 
OAa4122c 

Figure 2. Geologic setting of Edwards aquifer study area, showing location of San Marcos Platform, Devils River trend, and Maverick Basin. 
Malor faults of Balcones Fault system are shown. Saline-freshwater interface (bad water line), updlp limit of Edwards Group, and well data base 
shown for reference. 



Maverick Basin 

? ? 

Devils River 
Trend 

Buda Limestone 

Del Rio Clay 

San Marcos Platform 

Georgetown Formation 
- ? ------- ---------

j ~ j ~ j ~ l ~ j ~ II j; j j j j j j j l j l j l j j. ; j l j ~ j i j; j; l; j l j l j l j l j; l j j l j l j l j j. j j l j II j l j j l j l j l j l j l j 10 

Salmon 
Peak 

Formation 

West Nueces 
Formation 

basallransgressive 

f ; ~ ; 1 ; I Abundant grainstones 

~ Thick evaporites 

Sequence boundary 

Flooding surface 

Regional 
dense member 

9 

8 

7 

Grainstone 6b 
member 

-----.----.. ---....... ~:~:~:~:f:f:f:r::-:;: -.~~--
c: o 
~ 
E 

& ... 
Q) 
c: 

...................... 11i1 iii ~U~U.U.Ul: .. ~... ~ 
3 

••••••••••• ----------- ._ •••• _ •••• _------- ____ e. 

basal 
nodular member 2 

Glen Rose Formation Cyclic units defined 
for this study 

OAa4133c 

Figure 3. Stratigraphy of Edwards Group. Simplified from Rose (1972) and modlfJed to show 
preUmlnary interpretation of malor sequence stratigraphic clements. 

7 



Recharge occurs where streams cross the Edwards aquifer outcrop (Woodruff and Abbott, 

1986). Flow In the aquifer Is from highlands In the west (KInney and Uvalde Counties) toward 

discharge points at large springs In the cast (Hays and Comal Counties). High water usage 

coincides with metropolitan areas In Bexar County and agricultural areas In Uvalde and Medina 

Counties (Technical Advisory Panel, 1990). 

The Interface between fresh water and more saline water, defined where total dissolved 

solids (TDS) exceed 1,000 mg/L, defines the southern and eastern boundaries of the Edwards 

aquifer (figs. 1 and 2). The data set used In this porosity study included well logs in 

southernmost Bexar, Medina, and Uvalde Counties on both sides of the Interface (fig. 1). The 

saline-freshwater Interface mapped by Brown and others (1992) was used as a boundary for 

calculating total volume of fresh water stored In the Edwards aquifer. The location of the 

Interface recently has been resolved in greater detail on the basis of resistivity logs (Schultz, 

1992). The log-based analysis identified an area in southwestern Medina and northern Frio 

Counties where fresh water extends as much as 9 miles (14 km) south of the saline-freshwater 

Interface shown by Brown and others (1992). It also identified an area in south-central Uvalde 

County where saline water Is north of the previously mapped Interface (figs. 1 and 2). The 

validity of the log-based salinity measurements was confirmed by a research well drilled by the 

EUWD In southern Medina County in the summer of 1993 Oohn Waugh, personal 

communication, 1993). The total volume of water contained in the Edwards aquifer bounded by 

the Brown and others (1992) line is calculated in this report along with the volume of water in 

the Edwards contained between the Brown and others (1992) and Schultz (1992) lines. As 

shown by this example, the computer-based porosity model allows recalculation to Incorporate 

additional data from future studies. 
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METHODS 

In this study, the primary method used to assess the amount of water In the Edwards 

aquifer Is log-based measurement of porosity In boreholes, followed by Interpolation of these 

values between boreholes to estimate total porosity In a rock volume. Water-level data from 

observation wells were used to calculate the barometric efffdency of the aquifer and, using log­

based porosity calculations, estimate aquifer storatlvlty. 

)nterwell porosity Interpolations were created using a three-dimensional model built with 

StratamodelQ Stratigraphic Geocellular Modeling (SGM) software. With this approach, 

(1) Interwell interpolation is facilitated, (2) assessments of total porosity can be upgraded as 

new data are acquired, and (3) the model can be manipulated readily to examine different 

aspects of the aquifer. The steps used In data base construction are: (1) log acquisition, 

(2) stratigraphic model construction, (3) calibration of log porOSity, and (4) interwell porosity 

Interpolation. 

Stratigraphic Model 

The stratigraphic model was used to (1) measure the total thickness of the Edwards aquifer, 

(2) control Interwell porosity Interpolation, and (3) guide assumptions made during log 

calibration. 

Seven cores and four outcrops were examined to Identify the high-frequency cycles that 

define the genetic subdivisions of the Edwards Group (fig. 1). A cross section showing 

correlation of high-frequency cycles and lateral facies changes was prepared. Corresponding 

genetic subdivisions were Identified on geophysical well logs. To update the stratigraphic model 

of Rose (1972) and Incorporate modern concepts of sea-level control on carbonate 

sedimentation, cycle patterns were examined from the San Marcos Platform toward the Gulf 

Coast and Into the Maverick Basin. Stratigraphic boundaries used for this study, therefore, differ 

In some areas from previous Interpretations. Stratigraphic cross sections were prepared to 
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subdivide the Edwards Group. The base of the Del Rio Formation, the regional dense member 

between the Person and Kainer Formations, and the base of the Edwards group were mapped 

regionally. Higher-frequency cycles were recognized on well logs, but variable porosity 

development In these cycles precludes traCing them regionally. 

In addition to stratigraphic data from logs, elevations of the contacts of the Edwards Group 

in outcrop were extracted from four sheets of the 1 :2,500,OOO-scale Geologic Atlas of Texas 

(Waechter and others, 1977; Proctor and others, 1979; Brown and others, 1983; Proctor and 

others, 1988) to assess the volume of the unconfined part of the aquifer. For volume 

calculation purposes, a map of approximate water levels as of January 1972 (Klemt and others, 

1975) was used to define the upper surface of the unconfined aquifer. In addition, total 

ground-water volume lying between two potentiometric surfaces mapped by the EUWD Oohn 

Waugh, written communication, 1993) In the unconfined part of the aquifer was calculated and 

compared with net change In storage on the basis of annual recharge and discharge estimates. 

The lower elevation of the potentiometric surface Is represented by the 1984 water levels, 

which are among the lowest ever recorded. The higher potentiometric surface is represented 

by 1992 water levels, which arc among the highest ever recorded. 

Log Acquisition 

Resistivity, neutron, sonic, and density logs all show changes In the amount of water-filled 

porosity In the rocks surrounding the well bore. However, the response of logging devices to 

changes in water-filled porosity Is rarely simple, because It involves variables such as well-bore 

size, specific conductivity and density of pore fluids, and specific conductivity and density of 

rocks (SchJumberger, Ltd., 1989). Porosity logs In this study came from various sources, were run 

in boreholes of variable histories, and as a result are of variable quality for calculating porOSity. 

In this study, the best possible porosity estimates were extracted from a large number of 

porosity logs with the oblectlve of covering the 3,111 ml2 (8,004 km2) aquifer area as 
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completely as possible within the scope of the study. Of the 200 logs obtained, 125 neutron 

and resistivity logs were determined to be of good enough quality for porosity calculations. The 

few available sonic and density logs were not used In this study but should be Included to add 

more detail in future studies. 

Logs used In this study were obtained from three sources (table 1): (1) published logs from 

U.S. Geological Survey (USGS) and Texas Water Development Board (1WDB) studies (Selh, 

1975; Maclay and others, 1981; Maclay and Small, 1986), (2) commerdallogs from the Surface 

Casing Division of the Texas Water Commission OWC), and (3) logs made of Edwards water wells 

and collected from a variety of other sources by the Edwards Underground Water District 

(EUWD). No proprietary logs were used. Well locations were extracted from (1) published maps, 

(2) county property maps with marked well locations from the Surface Casing Division, and 

(3) data supplied by the EUWD. 

Published logs were valuable because many of them were from cored USGS and lWDB 

rese;lfch boreholes (fig. 1, plate 1). Many of the TWC logs arc from the deeper parts of the 

Edwards Group south of the bad water line. Logs collected from water wells by the EUWD 

generally have caliper, gamma-ray, and variously scaled resistivity measurements. Calibration of 

resistivity curves from these wells Is one of the spedflc tasks performed In this study. Many 

wells penetrate only the upper part of the aquifer but arc very valuable because they provide 

Information directly from Its produdng Intervals. Logs that contained usable porosity 

information (sec Schultz, 1993) were digitized with a sample Increment of 1 ft (table 1). 

Unscaled logs were assigned an arbitrary resistivity or neutron scale. Logs with usable 

stratigraphic Information were reduced to a common scale by digitizing or photocopying. 

Log Calculation of Porosity 

The steps used to calibrate the logs Included: (1) measurement of porosity and 

permeability from cores using 300 plugs to create core-based porosity logs, (2) calibration of 
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BEXAR 22 AY6829913 SACWB RandoIpb Well '1 822 100 346 .547 792 98.]7n 29 . .5303 X 
BEXAR 23 AY68301 EUWD V_fill (Alamo Cemenl) 1047 368 237 98.3647 29.6014 
BEXAR 14 AY68304 EUWD JordIDFord 880 548 307 .510 98.3422 29 . .5.589 
BEXAR 25 AY6830.5 EUWD Ualwasal CIlJ 880 778 312 S06 98.l2S8 29..5681 X 
BEXAR 26 AY6830SE USGS Met.raIt A EddJ 765 739 251 420 712 98.3208 29.5767 X 
BEXAR 71 AY68307 EUWD CllJolOxMne 814 709 69'7 98.))50 29.53.5a 
BEXAR 28 AY6830I09 US Oeo. Sur. Fol Rua WeD II 947 710 342 .581 98.3603 29..5903 X X .... BEXAR 29 AY6830I- EdwardIAq. I'vIdad Ont. Co. 926 m .59 143 98.4011 29.617.5 

N wm-.weII 
BEXAR )0 AY6I30211 US Oeo. Sur. SeIma·EUWD 776 778 221 478 712 98.:ma 29.6047 X X 
BEXAR 31 AYAlOS- BdwIrcbAq. OlJlllpia Il 84.5 61a 317 491 91.3231 29.ml 
BEXAR 32 AY6830616 USOeo.Sur. JtaDdoIpIII9 7.58 950 415 701 990 98.2906 29..5419 X X 
BEXAR)) AY6830700 EUWD CIlJ otea.s- al.5 654 489 98.33.53 29.5361 X 
BEXAR 34 AY683OII07 USOeo.Sur. ItudotfII FM 1604 '1 7.50 1176 S9l 130 lua 98.2889 29..5261 X 
BEXAR" AY68346 EUWD ~NorIIJ Wellll 890 460 488 98.7417 29.4306 
BEXAR 36 AY6I34a EUWD Tall ReIeIrcb Put 904 677 m 616 98.79.53 29.4IJ9 
BEXAJl]7 AY6834904 EUWD Brlapa.di 78Q 1090 629 878 98.7644 29.3861 
BEXAJl38 AY6113S1 EdwardIAq. NIIioeII Oaa CIIIb 109S 804 494 74.5 98.74.56 29.4919 
BEXAR 39 AY6113S6 EUWD R.T.e. 740 S66 409 98.6322 29.4.561 
BEXAR 40 AY68357 EUWD APViJIaie 11. WeD '1 78Q al7 m 817 98.7392 29.38.53 X 
BEXAR 41 AY6113S8 EdwardIAq. U .... DeftIDp Well NW 13.5 730 m 98.7039 29.4064 
BEXAR 42 AY683S9 EUWD MedlaAfB 682 1099 7.58 1020 91.6619 29.3878 
BEXAR 43 AY6113SI- SACWB ~"'S1DM 961 7.58 m 486 741 98.7122 29 .... 19 X 
BEXAR .... AY683S2- EUWD Sea WCIIId IDe. 100.5 S29 364 61.5 870 98.7001 29.462.5 X 
BEXAR 4.5 AY683.5S- EUWD Ra, Ellilae IIIcIas1rIa 732 1002 644 913 98.6803 29.39.56 
BEXAR 46 AY68361 CIlJWILB4 BnIobIJI 810 810 m S28 98.6236 29.4789 
BEXAR 47 AY68361 MIIIdI SpcIU WanIIIda WIl. WeD I) 902 m 340 Sli 9UOOI 29.4894 
BEXAR 49 AY68364 SaadnNIla-ll 810 1064 140 406 7.51 98.6108 29 ..... 31 
BEXAR.50 AY6836I EUWD BEXAR Mello. WIl. n.. 680 1438 876 1127 98..5.531 29.4072 X 
BEXARSI AY683620I EUWD CllJWaar""" 813.1 779 603 9U4S6 29.4794 
BEXAR" AY6837I04 CiIJ Waarllolnt ..... s..weUt6 720 950 S82 820 9&.472$ 29.4961 
BEXAR 54 AY6837I06 SACWB ..... SIItloDIS 710 "' .5S4 799 98.4197 29.49.56 X 
BEXAR" AY6I37203 US 0.. Sur. (R. SlID HIJaIIoD) US 0GwL (Dodd FlIld) 730.al 850 S96 72A 98.4317 29.4792 X X 
BEXAR.56 AY6837402 Purl Bnt. Co. W.,WeDl) 661 1IS7 64S 890 98.4933 29 ..... 25 X 
BEXARS7 AY6837.5C2 EUWD EUWD 620 1149 807 10S9 91.4333 29.4294 X 
BEXARSI AY6837SI9 CilJWILB4 SlDprLtJDO 649 1340 92S 1140 98.4408 29.4))1 
BEXARS9 AY6837.521 SACWB AI 620 lSOO 98S 1224 98.4278 29.4181 



Table I (conL) 

Q- T_ a.. a.. au. NeilL RIlL W.ler.fcy~ 
Well no. - - C-paIIJ ~,,""nam. K8 TO DelRio RDM £OW LonailDcle Lalftude porasitl ponMi1l data Con-

BEXAJt61 A Y 613'7705 SACWB Mlulaa SUllon 112 (new'S) 602 1800 98.4961 29.3911 X 
BEXAJt62 AY6I423 Ed'nrdIAq. MAEAqllllcr StudJ Well 744» 114 646 98.7650 29.3742 
BEXAR 0 1D6I42S EUWD W.,. 690 1162 975 91.8244 29.3239 X 
BEXAJt6t AY6I421OS EUWD LIebe 771 2510 1899 2187 98.6308 29.2672 X 
BEXAJt65 AY6I431 Ed'nrdIAq. LJDA 720 1660 1410 1661 98.6308 29.3467 
BEXAR 66 AY6I436O'7 w.oe DrilIIzIa Co. MiSdIdln 612 2145 1591 1169 98.6333 29.3156 X 
BEXAR 67 AY6I449 ....... ou AGu Co. W·I 553 2124 1605 1876 98.S089 29.2772 X 
BEXAR 61 AY6I4S301 us OeD. Sill'. HoItMarpbJ 610 2100 98.3994 29.3711 X X 
BEXAR 69 AY6I4S901 us OeD. Sill'. CPSB 510 2878 2484 2731 98.3817 29.2564 X X 
BEXAR 70 TCIIIIeCO on CompelJ ViIJIlia Hann '1. Wildcat .547 5100 2659 2935 3326 98.4.549 29.2147 X 
BEXAJt72 o-p PmerA C. L Mc:Qme Tom Gold '1 S90 2305 1597 1871 2207 98.4704 29.3026 X 
BEXAR 14 ~PrtchardOil Co. K.M.YlunUI S90 4297 1555 17SO 2130 98.44»19 29.35BB X 
BEXAR 12 EIIlcdaub A Hill PIli Y. BdwIrds '1 574 2419 1940 2202 98.2652 29.3686 X 
BEXAR 14 ~AldOiI Geo. BurtIwdlIl. Wildcat 563 SO'11 2137 23A4 2104 98.2669 29.3379 X 
BEXAR 16 RIJpb A. ..... Jact WCICICtnrd IDe PaliDe LJIV'I 602 4800 1657 1180 2220 98.1978 29.4211 X 
BEXAR 87 L M. 8IVWD AAodalcs Rudolpll Schroeder'1 744 3206 831 1068 142) 98.2501 29.4914 X 
BEXAR 19 11Iomu DriIllDa Co. GIll Sc:InriIID II 574 4030 1272 1525 1867 98.2651 29.4452 X 
BEXAR 96 8.M.Jacot. DlcteyCaJ MrJ. Co. 'I 575 4008 2850 3126 3510 98.3169 29.2539 X 
BEXAR 97 AY6I21512 USGS AY·I 875 .500 98.4694 29.5841 X X 
BEXAR 98 AY6I29107 USGS AY·2 S77 600 91.2100 29.6100 X 
BEXAR 100 cp AY6I37111 SIqer La,. TCUI DiYilioa SA CW8 MIaiGa Pump SUI r7 650 1.500 1300 98.5340 29.3780 X 
BEXAR 105 Q.51 BaWna I'eaoIaIm IRE BDbberd '1 72S l600 1800 2082 2A47 98.7410 29.2.520 X 
05 AY6I29209 ~PId: 98.4375 29.6042 X 
COMA!. I DX6I23202 1WDB TstHoIeDX2 937 404 97 98.2006 29.7111 X 
COMAL2 DX61223- EUWD AJIIIurSwa 940 834 212 241 98.2.542 29.7175 
COMAL3 DX6I228OO EUWD RabatH-r 190 nl 149 98.30S6 29.6311 - COMAL4 DX6122S- EUWD a-p Mc:GrIaIhIn 865 377 87 311 98.3011 29.6211 

W COMAL5 DX6I23304 EUWD LCRA 640 958 91.1372 29.7111 X 
COMA!. 1119 DX6I23616 EUWD AI 616 933 440 660 915 98.1328 29.7042 X X 
COMA!. DX6I23617 EUWD BI 635 916 466 671 98.1344 29.7053 X X 
10112 
COMAL DX6I23619 EUWD WcDCI 635 960 S07 98.1361 29.7072 X X 
14115 
COMALI6 DX6I302 EUWD CItJ crlOII'dIIl RJdp a65 451 198 429 98.3111 29.6200 X 
COMA!. 17 DX6I302OO EUWD Ro7I!. NcwtImI 110 2S1 56 98.3111 29.6175 
COMALII DX6I22S01 OX·I 98.29n 29.6802 X X 
COMAL41 QI DX6I30312 1WDB OX·3 715 432 6 114 427 98.2139 29.6132 X X 
COMAL43 Q3 1WDB C. W.LewbDX·1 908 476 92 2A5 9a.323O 29.6120 X X 
012 DX6I302OI 8Idm BncbD 99.1691 29.6100 
017 DX6I23302 X 
HAYSI LR67013 EUWD CltJcrlKJte 79S 6S4 261 435 97.1922 29.9939 X 
HAYS 2 LR6701114 EUWD EUWDWenO S77 775 443 GOI 97.9301 29.1919 X 
HAYS 3 LR6701112 EUWD EUWDWellB 571 191 391 m 97.929C 29.1192 X 
HAYS.5 LR6701113 EUWD EUWDWclJC sao 921 398 51.5 184 97.9317 29.1908 X 
HAYS 36 Q9 1WDB J. Do Mllllt.M S90 m 8 173 .513 97.9420 29.9110 
HAYS» Q4 Woodnrd IIIId Co. Sc:Idal'1 S90 1100 971 IOU 1444 97.7610 30.0250 
014 LR67011I09 QlJcrlKJIe 97.9337 29.8951 X 
016 LR6'709110 X 
01 LR670I303 KaIIpd 97MS1 29.9792 X 
KINNEY I QI2 nnanl&Co Br",,*-,II& Faa" 1025 21.50 9.59 1430 10U9I3 29.2596 
KINNEY 2 QII c.c.wma 'I1aOIIIpIaD PIJDI·I 1075 221'7 1M2 16tO 100A693 29.21.59 X 
KJNNEY4 Q2I ....... BlpJlt.CO DaaIIIr 1tDdl.1 961 ~ 2226 2611 10Q.3922 29.0151 X 
KINNEY 5 QIO SIIIID Dd1IJDa Co. HIftIIaa'1 1231 4290 314 120 ICIO.259S 29.3416 X 
1tINNBY7 QZ2 8. R.WIIIIIDD A Co. BeIc:Ia.1 2900 1924 2330 2700 100.419'7 29.4033 X 
KINNEY, QII MlllarOfl Co TOP'I'.I 1121 1603 .541 Ion 10G.3613 29.2690 X 
KINNEY 10 QI4 ..... 0. AOD Co ,.....fteb.1 970 S2S.5 12.53 16tO 199.5 1003144 29.11.52 X 
1C1NNBY13 qrI PbI.IIIpII'IInt.. Co. ..... 1 1046 4753 1217 179.5 10Cl.4051 29.2023 
1C1NNBY14 1IP'mI902 1WDB JtP.2 1310 100 ICIO.2I 
MEDINA I 'J'D6939.504 Tau Wiler I)ay. 84. 1m 1021 620 65 321 640 99.1942 29.4503 X X X 



Table 1 CcoaL) 

Q. T_ ... ... au. NeaL RtS. Water-l",cI 
W.nno. no. no. C-pan, __ or wen nam. KB TD DelRio RDM EDW ...... Itlld. lAtitude porwlt, porCllllt, data Core 

MEDINA 2 TD6II2S7 EUWD Racty Oeek Wir. Co 12'70 61S 241 .543 98.9600 29.5242 X 
MEDINA 3 1D68337 EUWD tvegWdWaI 1020 1.t6S 1294 91.9694 29.3819 
MEDINA. 'JD68lo'IOS EUWD JohnFMJD 908 una 116 981 98.8619 29.4811 X 
MEDINA 5 11)6142100 EUWD SIll! CaIlIeIIeny 762 1251 1082 98.8419 29.3461 
MEDINA 6 'ID69373 EUWD VIIdIIIa Fara. 1192 sn 152 369 99.3108 29.4739 X 
MEDINA 7 1D69'l81 EdwIrdI Aq. SIIIdy VISdIne Fanns 12 1100 .50 280 99.3561} 29.4111 X 
MEDINA I 'lD6938101 US Cleo. SIIrY', WoodwIrdVlldina Fanns 1104 600 109 351 584 99.3608 29.4883 
MEDINA 9 1D69'l85OO EUWD Dr. JohII WindIvw 1022 728 104 358 651 99.2942 29.43~ X 
MEDINA 10 1D69l8601 US Cleo. Sarwcy US OeD. SIney (SeeD Creel) 11108 522 94 350 99.2117 29.4312 X 
MEDINA 11 1'D69'l95 EUWD GftgRadlc 1030 478 337 99.2039 29.4425 
MEDINA 12 1D69401 EUWD NSleiD 900 816 524 m 99.0953 29.4111 X 
MfDINA 13 1'D694S6OO EUWD DIvid Act8man 9'lS 1296 1107 99.4069 29.3094 
MfDINA 14 1D6946100 EUWD Rae Ad.¥Oel 1080 1360 961 1225 99.3431 29.3633 X 
MEDINA 15 TD6946802 EUWD $qulnel Oedt RInc:h 961 16n 1189 1464 99.3331 29.2515 X 
MEDINA 16 11)69474 EUWD Dr. J. WindIvw 181 1828 1116 1383 1726 99.2269 29.3269 X 
MfDINA 17 11)69C7'7 EUWD 0ateI CoIIIM 810 1734 1322 1637 99.2431 29.2150 X 
MfDINA 11 11)6947400 EUWD JGIIII BIder 189 1722 1180 1459 99.n58 29.3261 
MEDIN'A 19 1D6947100 EUWD TItIaIHmiI 935 IllS 1406 1689 99.2200 29.2864 
MEDINA 20 TD69555 EUWD Han-a. Dar Fum 759 2378 1179 2194 99.1972 29.1969 
MEDINA 21 Q2 OeD. Pubr4; Mea- OaaIIIWdtu.1 700 2252 2012 98.11644 29.n09 
MEDINA 22 q7 '11IoaIu 4; lW'e Zed!da'1 750 ]243 3160 99.0372 29.0939 
MEDlNAn QI2 I"nIpea I'dnJ. It 8cDdeJe, Jr •• 1 72S 3714 7661 2978 3345 98.9698 29.1450 X 
MEDINA 24 QIS EdaIood J. Ford 4; HamIl_ J.It..,.,... .. 921 1917 1325 1592 99.3242 29.2369 
MEDINA 26 Q26 l'1li Am. I'dnJ. Co. W. L JCaIpp.1 674 S70S 2942 3210 3700 98.~ 29.1140 
MEDINA 21 Q31 W. It SoowdeD A. L Hlltlartln .. 900 4836 1784 2108 2411 99.1796 29.2609 X - MEDINA 21 Q33 IbIIIble 011 Co. B. B. WI_ .1 650 7167 2121 3108 3492 99.2A62 29.1070 

'*" MEDINA 29 Q" EdaIood J. Ford 4; HamlltaD N'aDJey" 907 S02I 1668 1981 2450 99.3910 29.1876 
MEDINA 30 Q4.S ...... 4;1IapeI ,....,.1 713 SOOO 2S59 2867 3240 98.8636 29.17.a X 
MEDINA 31 Q46 ....... 1'dnJ. o.pa. orb. R.n-'I 681 S700 2627 2950 3320 98.9439 29.1519 
MEDINA 33 Q61 l'1li AaI'dnJ. CGIpa J. Trav .. LilI)"1 711 3_ 2948 3297 98.9461 29.1213 
MEDINA 34 Q62 T-. 011 Co. 4; Pam. Ulliled IDe. J. W. 0n'D!I.1 776 4SSO 2176 2476 2134 98.1296 29.22!0 X 
MEDINA" Q63 OIIIIOD 0DIpIL R. P.IUc:IIIIdIGa'1 171 6955 1472 1791 2240 99.3019 29.2177 X 
MfDlNA38 Q66 T_OIICo B.IC. Haper" 701 4500 2510 2990 3351 99.3319 29.1131 
MEDINA 39 Q68 T_OIICo. B.1t PoweII'1 750 5100 2710 3021 3390 98.8215 29.1661 X 
MEDINA 40 Q69 T_OIICo. a.,WO-'1 690 .aDO 2209 2S08 292S 99.1667 29.1554 
MEDINA 41 q72 T_OIICo. W.1HqIJ 176 3900 1422 1704 2160 99.3152 29.2221 
MEDINA., qn Hapa4;Haat* p. s. 1CeIIIw'1 721 4700 21S4 2630 3020 99.Ot21 29.2694 
MEDINA 44 q78 ... Ta 011 Co. RaknoD.1 700 SOOI 26110 3000 91.9101 29.1376 X 
MEDINA SO QI43 R.IJpII A. JobasIOD HOWIIIIAIJ 192 SOO6 2lI'2 2691 303S 99.0168 29.1706 X 
MEDINA 51 Q67 71o.s 2362 7662 3030 91.9489 29.1170 X 
MEDINA 52 1'D6I26I01 1WDB 11).1 313 500 91.8400 29.5400 X 
MEDINA" EUWD SoaIIa MedIDa Co. OIls. WeD 672.1 3411 2601 3004 3410 99.2167 29.1108 X 

.1 
015 1D6947306 OIJoIHOIIdo 99.1451 29.3S04 X 
06 1D6841301 OIJ ofCdnwtDo OIJ oIC111rDri1Je 91.1t58 29.3542 X 
UVAlDE I YP6942109 1WDB T .. WeaYr .. lOGS 700 62 396 683 99.1622 29.2731 X 
UVAlDE 2 YP69J1402 1WDB SalllallTalHoIe(HWJ·117) 1158 700 2116 431 99.4725 29.4531 X X X X 
UVAlDE 3 YP69367 EUWD DmdBIlbop 1073 IS2 260 99.6192 29.3113 
UVAlJ)l!. YP69)69 EUWD ~0n.ID1De. 1185 767 152 380 641 99.5216 29 •• 133 
UVAlDE 5 YP69]99 EUWD B.a. ..... 791 101 164 99.1406 29A031 
UVAlJ)l!6 YP6M19 EUWD o.ae IJaoItJ Ion ." 126 e 99.1125 29.l9O'l 
UVAlDE7 YP6M32 EUWD J.1bfpa 1098 159 120 .11 760 99.6944 29.3358 X 
UVALDBI Yr6M]9 EUWD r...-oPoI ,.. 1079 796 10T7 99.6364 29.2651 X 
UVAlJ)l!9 Yr6M3300 EUWD M..tce ItIaIt.- 1031 m 296 591 99.6475 29.JJS3 X 
UVAlDE 10 Yr6M]409 EUWD EUWD(N. tmIde) 105S 181 2SO 500 156 99.7300 29.3239 X X 
UVAlJ)l!II Yr6M36Q5 USGS I!bcr XIIIppII 971 1275 674 961 99.6344 29.2919 
UVAlJ)l!12 Yr6M48 EUWD MoIIIa (4M-=II) 9t9 1519 1111 1130 1533 99.5667 29.l903 
UVAIJ)Bt3 YP6944I00 EUWD RaJ KdIJ (ICIdppII) lOt] Il1O 2IS SS5 99.60S6 29.3678 
UVAlJ)BI4 VP6944400 EUWD Mr. J. Wad 972 1455 740 1021 1401 99.6IOJ 29.~ X 



Table I (conL) 

Q- T_ S- a- Base NeuL Res. WaleN .. eI 
WeII_ - - c-pc, a-or-n_e ItB TO DelRio RDM £OW Lcealblde LaUblde ..-it, ponIIIit1 data Cnre 

UVAlDE 16 yP"," EUWD ItobatI m 1368 m 1212 9um 29.3121 X 
UVALDBI7 YP6MS7 EUWD aaart.~ 910 16S7 1055 1294 99.4'711 29.2122 X 
UVALDBII YP6M59 EUWD Fspsoa IlalJlblfe RaacIl 165 1m .222 9UI53 29.4369 
UVALDE.9 YP69CS400 EUWD CilJ ofSabilaaI 954 1499 922 II SO 99.4694 29.3194 X 
UVAlDE 20 YP69S0IOO EUWD EWftllDuvlJI 937 874 606 99.1567 29.2175 
UVALDB2. YP69S0300 EUWD Uwalde EquipaIenI Co. 919 161 60 99.7636 29.2206 X 
UVALDB23 YP695OlO3 EUWD DoDWWouaJIby 931 893 640 99.8108 29.ISSO X 
UVAlDE 25 YP6958300 ElJWD GeaenI Tn Co. 890 2325 1606 2067 99.7814 29.0972 
UVALDB26 Q20 GonaaD DrUIiDa Co WoodJe7'. 760 2A13 1915 2233 99.4775 29.1514 X 
UVAlDB27 Q2 GonaaD DrUIIDS Co Wood1eJl2 759 3681 1955 2249 2698 99.4797 29.1522 X 
UVAlDB28 QI6 GonDa DrtJlID& Co Woodae, 'B· I 800 2985 2397 2700 3000 99.4352 29.1246 
UVAlDB31 Q6 GonaaD DrtJIiD& Co WoodieJ '8-11 860 4500 2111 2A17 r1m 99.4349 29.1419 X 
UVALDEn Q32 IIdI. Hadar Corpa. KiDcaId RIDch '1 729 2790 1990 2330 2690 99.5277 29.1244 
UVALDBn Q33 IIIlI. NIII:W Corpa. KiDcaId RIDch 12 ISO 4416 1554 1867 2210 99.6024 29.1441 X 
UVAU>B34 Q3 w. J. Stcqer. ET AL F. T. KIDcUd RaacIlII 856 4015 2186 2590 2890 99.6088 29.1097 X 
UVALDE 31 Q36 PaD /vA Pen. Corpa. Allele T. HGUIIOII '1 958 2600 981 157. 99.6975 29.2153 
UVALDE<IO Q4 IbiHowcdl fnBt WillaIoW II 920 3684 563 870 1216 99.6111 29.2362 
013 YP694l601 ICaJppe ICaIppa 99.6313 29.3264 X 
09 YP6945401 CilJ of SebIuI ctlJ or Sab&aaI 99.4611 29.3192 X 
010 YP69S0302 CilJ ofUYIlde CIlJ of Uvalde 99.1867 29.2103 X 
011 YP69SI<I06 fteclBIIcn EJlIcr 99.7408 29.1736 X 
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neutron and resistivity logs from these wells using plug data, (3) calibration of scaled logs with 

multiple porosity devices to determine best fit between several different log types, and 

(4) calibration of unscaled logs by comparIson to scaled logs. 

Measurement of Porosity in Core 

Of the seven cores studied to define stratigraphIc subdIvisions of the Edwards, core from 

five wells was examined completely and visible porosity was compared to the porosity recorded 

on logs. Core plugs 1 Inch (2.5 em) in dIameter were removed at approximately 1 ft (30 em) 

spadng over intervals of SO ft (15 m) that were selected for study. The dose spacing allowed an 

accurate match between core and log data that has not been obtained In previous studies of the 

Edwards. All plugs were oriented with the long axis perpendicular to the core. Core plugs were 

analyzed for porosity, permeability, and grain density by Core Petrophysics Incorporated of 

Midland, Texas (table 2). Thin sections were prepared from all core plugs and from 

representative lithologies along the rest of the cores. To show porosity, thin sections were 

Impregnated with blue epoxy, and the distribution and type of pores were examined and 

photographed using a transmitted.light microscope. 

The plug data were used first to scale porosity logs from the cored wells. Porosity was 

calculated from commercial logs with standard scales. The successful techniques were applied to 

wells from which both resistivity and neutron logs were available, then applied to unscaled logs. 

Neutron· and Reslstlvlty.Log Calibration of Cored Wells 

Calibration of logs from cored wells to the measured porosity was empirical. Plug porosity 

data were matched to the curves using 3·ft running averages. All logs and plug porosity data 

were depth corrected to give the best possible inflection point matches. One data set was 

successively fitted against another until porosIty calculations merged toward a single curve. 
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Table 2. Plug porosity and permeabJlJty. 

Depth PermeabJlity Porosity Depth PermeabJlity Porosity 
(ft) (md) (%) (ft) (md) (%) 

USGS Castle Hills, USGS Castle HJJls 
Bexar County (C-1192) (cont.) 

AY 68-28-910 479.0 296.90 26.1 
223.7 0.04 8.9 482.0 44.85 20.1 
232.5 0.30 17.7 
253.0 199.91 31.4 USGS YP-4 core, 
255.0 238.30 34.1 Uvalde County (C-6092) 
257.0 171.39 30.5 YP 69-42-709 
258.0 139.57 32.7 74.0 0.02 8.5 259.0 99.08 31.0 150.0 20.19 25.4 261.0 52.91 27.5 152.0 28.06 27.9 263.0 33.17 25.2 155.0 317.47 29.0 264.0 41.19 28.9 157.0 25.09 26.9 267.0 44.01 28.2 160.0 61.09 26.2 269.0 48.44 28.2 162.0 27.61 28.8 270.0 40.45 28.7 165.0 38.12 29.0 272.0 10.15 22.8 167.0 47.96 30.3 273.0 40.57 32.4 170.0 31.24 28.1 274.0 12.77 25.0 173.0 3.93 17.4 275.0 3.29 16.9 176.0 4.96 22.7 277.0 2.52 15.4 180.0 33.01 27.1 280.0 8.23 16.8 183.0 33.24 28.0 282.0 0.29 8.2 187.0 33.80 28.6 283.0 11.51 7.4 200.0 29.88 27.4 284.0 10.86 10.9 203.0 32.21 26.4 286.0 9.91 16.1 205.0 29.65 27.5 287.0 1.09 9.8 444.0 0.13 3.9 '288.0 126.19 9.6 446.0 nd 4.3 290.0 0.25 8.7 453.0 0.05 5.0 291.0 0.07 6.5 455.0 0.12 9.1 292.0 29.34 11.5 501.0 0.06 12.5 293.0 18.56 23.9 513.0 0.08 18.7 294.0 0.09 7.7 539.0 0.01 5.3 295.0 0.17 8.6 593.0 0.04 8.6 298.0 0.05 6.4 625.0 0.01 6.4 
396.3 0.03 6.0 629.0 0.17 11.7 
400.0 0.03 7.8 646.5 0.06 5.5 402.0 0.02 8.5 661.8 3.67 11.3 
403.0 0.18 9.6 
439.0 0.14 8.0 USGS TO 69-39-504 core, 440.0 0.01 3.2 Medina County (C-6094) 442.0 4.08 7.6 
443.0 39.74 11.4 320.0 0.09 10.8 
444.0 1822.19 31.3 323.0 0.21 15.3 
446.0 16.90 15.8 326.5 0.02 7.4 
447.0 0.03 2.0 328.0 0.02 9.6 
449.0 73.83 11.5 329.0 0.06 13.4 
450.0 14.10 13.8 333.0 2.69 19.9 
451.0 176.77 22.0 335.0 3.53 20.7 
453.0 0.01 3.4 336.0 6.21 24.8 
455.0 0.03 6.0 338.0 0.52 15.0 
455.0 50.93 20.0 350.0 20.26 27.8 
458.0 0.05 10.8 351.0 17.09 27.8 
463.0 0.04 7.3 356.0 10.00 24.4 
477.0 675.90 26.5 357.5 7.31 25.0 
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Table 2 (cont.) 

Depth Permeability Porosity Depth Permeability Porosity 
(tt) (md) (%) (ft) (md) (%) 

USGS TD 69·39·504 core USGS Randolph FM 1604 #1 
(cont.) (cont.) 

409.0 5.57 21.6 778.0 3.11 14.7 
410.0 0.07 5.9 779.0 2.09 17.8 
411.0 660.89 17.4 780.0 9.04 23.3 
412.0 89.32 12.8 781.0 185.99 21.4 
"413.0 24.46 16.1 782.0 37.30 28.5 
419.5 0.16 9.7 783.0 9.31 21.7 
420.0 0.13 7.0 784.0 158.35 31.1 
421.0 9.36 11.6 785.0 48.45 23.4 
422.5 183.30 8.9 786.0 20.66 27.0 
423.5 4.89 6.3 787.0 22.09 22.8 
424.0 2.46 8.7 788.0 81.12 27.5 
425.0 0.81 8.3 789.0 10.06 21.7 
426.0 0.42 4.4 790.0 0.39 12.4 
427.0 0.28 5.5 791.0 14.20 21.1 
428.0 0.63 6.7 793.0 99.70 35.7 
428.5 1.30 7.9 794.0 147.79 37.4 
431.0 0.24 4.5 795.0 46.21 36.2 
432.0 0.12 4.9 797.0 49.83 38.8 
433.0 0.30 4.7 798.4 94.10 38.9 
434.0 21.97 21.6 799.5 3.94 19.7 
437.0 0.49 5.2 801.0 0.36 11.2 
438.0 1.05 8.1 802.0 0.05 5.2 
439.0 17.01 9.4 803.0 0.16 11.2 
439.5 5.24 8.1 804.0 0.05 8.0 
440.0 2.48 8.2 806.8 1.22 25.7 
440.5 0.53 8.3 810.8 0.01 5.9 
442.0 169.21 21.6 812.5 0.02 7.5 
443.0 1.09 8.0 813.0 0.02 7.1 
444.0 1.72 10.4 814.5 1.13 7.2 
445.0 4.58 7.1 816.4 0.03 5.1 
446.0 0.23 4.8 817.0 0.04 6.2 
447.0 0.06 3.0 878.0 11.03 19.9 
448.0 0.09 5.4 879.0 185.08 21.7 
449.0 35.90 19.1 880.0 89.47 25.3 
450.0 0.23 2.8 881.0 454.88 24.9 
451.0 0.05 1.6 881.8 508.27 24.4 
452.0 0.03 2.9 883.3 3202.34 27.1 
454.0 0.01 2.8 884.3 3935.46 27.4 
457.0 2.02 10.6 885.0 292.85 28.7 
458.0 0.09 6.1 886.0 362.95 27.2 
459.0 80.89 11.8 887.0 140.98 23.9 

889.0 111.43 28.9 
USGS Randolph FM 1604 #1, 890.0 236.98 27.5 

Bexar County 892.0 21.08 23.7 
AY 68·30·807 (C·00692) 893.0 137.23 27.7 

609.0 0.10 9.0 894.0 9.61 28.6 
895.4 844.93 25.4 611.7 0.15 10.1 898.0 0.19 24.7 617.0 0.63 18.5 899.0 115.01 49.8 623.0 0.01 4.9 900.0 27.23 41.3 773.0 8.48 10.9 901.0 351.37 39.6 774.5 3.07 15.6 902.0 16.34 35.4 

775.0 6.83 17.1 903.0 0.49 14.7 777.0 23.61 17.0 
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Table 2 (cont.) 

Depth Penneability Porosity Depth PenneabiJity Porosity 
(ft) (md) (%) (ft) (md) (%) 

USGS Randolph FM 1604 #1 USGS Sabinal 
(cont.) (cont.) 

904.0 18.16 24.6 452.0 0.10 4.2 
905.0 25.08 36.7 453.0 7.51 21.9 
909.0 3.43 17.6 454.5 99.62 17.7 
910.0 68.25 31.7 456.0 8.75 18.5 
911.2 560.90 37.0 457.0 0.36 9.6 
912.0 314.13 38.0 547.0 0.04 2.2 
913.0 258.98 29.8 548.0 0.19 12.2 
914.0 79.26 42.1 554.0 0.01 4.4 
915.0 86.32 40.8 555.0 0.03 4.3 
916.0 79.27 37.3 556.0 41.18 7.7 
917.0 14.09 16.2 557.0 290.44 7.0 
918.0 23.80 17.9 558.5 0.03 4.0 
921.0 61.10 30.9 559.0 0.02 4.5 
922.0 22.76 28.2 560.0 0.04 5.8 
922.9 2.30 19.5 561.0 0.04 5.3 
924.0 33.37 27.0 562.0 0.08 6.9 
925.0 0.17 12.3 563.0 0.02 4.7 
926.0 0.08 13.0 564.0 22.76 19.7 
927.0 11.29 24.5 565.0 0.01 3.5 
928.0 0.03 8.9 566.0 11.08 9.5 

1129.5 0.06 7.7 567.0 600.82 12.5 
1131.4 0.05 6.5 568.0 0.02 2.1 
1134.2 0.01 2.9 569.5 0.05 6.7 
1136.5 0.01 6.1 570.0 0.05 5.9 
1147.6 0.02 5.1 571.0 1.16 4.2 

572.0 9205.20 16.4 
USGS Sabinal, 573.0 0.21 7.2 

Uvalde County 577.0 0.33 10.0 
YP 69-37-402 (CI819) 578.0 3.38 5.2 

375.0 0.85 14.7 579.0 26.74 7.4 
580.0 12.96 8.9 378.0 0.06 7.2 
581.0 6.91 4.8 379.0 1.34 16.6 582.0 4805.65 13.3 381.0 0.52 14.8 584.0 2.00 8.7 385.0 0.62 12.8 585.0 0.14 8.7 388.0 0.65 8.6 586.0 1.48 17.1 393.0 0.01 3.7 587.0 26.61 20.6 397.0 0.02 7.3 588.0 0.61 10.4 399.0 0.04 11.4 589.0 0.20 10.1 433.0 0.03 5.2 590.0 0.22 8.4 434.0 0.40 9.4 591.0 1.18 10.8 436.0 0.07 9.1 592.0 2.52 13.3 437.5 0.04 6.7 593.0 0.46 12.5 438.5 0.00 3.8 594.0 1.74 14.1 439.5 nd 2.5 595.0 8.20 12.0 440.5 0.04 7.9 596.0 1.38 16.1 442.0 0.03 4.0 
598.0 16.97 20.7 443.0 3.01 7.3 600.0 0.43 12.2 445.0 0.45 6.6 601.0 0.10 6.3 446.0 4.60 9.0 602.0 0.05 5.7 

448.0 0.04 4.5 603.0 344.25 10.1 
449.0 5.10 8.4 604.0 1337.71 23.1 450.0 9.41 8.6 625.0 0.06 8.4 
451.0 0.07 6.6 
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Table 2 (cont.) 

Depth Permeability Porosity 
(ft) (md) (%) 

USGS Sabinal 
(cont.) 

629.5 0.05 8.0 
630.7 0.22 7.2 
636.4 0.15 7.4 
639.5 17.33 10.9 
641.5 0.01 6.2 

nd= no data 
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Neutron porosity tools measure the amount of water In pore space. Because they record 

hydrogen Ion content, they also respond to bound water, such as that In clay minerals. In the 

Edwards aquifer, this effect was Ignored because of the generally low clay content; however, In 

the north part of the aquifer, the apparent porosity of somewhat argillaceous highstand 

deposits (such as the regional dense member) and some clay-rich karstlc breccias may be 

overestlm a ted. 

Most neutron logs In the study area were scaled In counts per second (cps) and therefore 

required calibration to be used as porosity logs. A borehole size correction for the USGS neutron 

logs was derived from the USGS YP-4 core. An Interval In the Salmon Peak Formation with fairly 

constant porosity between 25 and 30 percent, as measured In plugs, demonstrated an Inverse 

relationship between borehole size (caliper) and neutron response. Cross plotting allowed 

derivation of a caliper correction equation: 

Nee = N +50(D-6) 

where 

Nee Is neutron caliper corrected, 

N = raw neutron In counts per second (cps), 

D = caliper diameter In Inches, and 

6 = the minimum caliper measurement. 

(1) 

Because of scale differences, Schlumberger, Ltd., tables (Schlumberger, Ltd., written 

communication, 1993) for caliper correction of neutron logs In cps are not directly applicable to 

this study's logs, but they also showed a simple linear relationship between neutron response 

and borehole size. 

Caliper-corrected neutron-log response was cross plotted against plug-derived porosity to 

produce a log relationship between measured porosity and log response. This relationship was 

then used for porosity calculation. 
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Porosity Calculation from Wells with Scaled Curves 

A small number of scaled neutron-porosity logs are available from the study area (table 1). 

Core Is available for one of these, the USGS Randolph FM 1632 well, which allowed the 

accuracy of the scaled log to be evaluated. 

For commercial (Schlumberger, Ltd., or Beeline) resistivity logs, porosity was calculated 

using the standard equation 

where 

, = porosity (In percent), 

R_ = Is the resistivity of water, and 

R, = calibrated resistivity value. 

This equation assumes that the cementation factor is 2, a conventional value for the Edwards 

aquifer (Schultz, 1992). R_ is calculated 

where 

R = 10,000 
- C 

C = specific conductance of water in the formation. 

(2) 

(3) 

Specific conductance was estimated from a revision and extension of the spedflc 

conductance map of Schultz (1992). Spedflc conductance data from wells In the freshwater part 

of the aquifer north, west, and east of the Schultz (1992) study area were obtained from 

published data tables (Reeves, 1978; Marquardt and Elder, 1979; Maclay and others, 1980a; 

Ogden and others, 1985a; Ogden and others, 1985b, Ogden 1986; Brown and others, 1992). The 

currently mapped bad water line (Brown and others, 1992) was used to constrain contouring in 

areas with no specific conductance data (fig. 4). Then specUic conductance was estimated for 

wells between data points. Temperature correction Is minor because most wells In the study 
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area are shallow. Resistivity was corrected for temperature in parts of the aquifer greater than 

1,000 ft (300 m) deep (Schultz, 1992). 

Caliper correction failed to Improve curve fit between resistivity logs and other logs and 

plugs, and therefore no correction was applied. The caliper curve varies directly with porosity 

in most Intervals, Indicating that the most porous Intervals are also friable and subject to caving. 

Porosity Calculation from Wells with Unsealed Curves 

The high/low correction technique was used for unscaled logs and neutron logs scaled In 

counts per second (cps). This technique Is based on the observation that, although the average 

porosity Is quite variable, the highest and lowest porosities observed In the Edwards are 

generally consistent. Many of the nondolomltfzed subtidal fades (Georgetown Formation, the 

regional dense member, the basal nodular member of the Edwards, and other less regionally 

traceable transgressive cycle bases) tend to have low porosities. High porosities that have been 

dlageneUcally enhanced In gralnstones and In leached, calcltlzed subtidal facies are somewhat 

more variable but tend to be limited by mechanical strength. Typical calibrated logs and plug 

data plotted on a cumulative frequency curve generally yield a distribution of 4 to 7 percent 

porosity at the 5th percentile (0.05) and 30 to 42 percent porosity at the 95th percentile 

(0.95) (fig. 5). The 1st and 95th percentile values selected for an uncallbrated curve were 

selected by (1) screening logs to select those where both high and low values are represented, 

(2) selecting probable high and low values In a comparable calibrated log (same stratigraphic 

interval and probably similar depositional and diagenetic evolution), (3) calculating a porosity 

curve for the un calibrated log using the appropriate equation, and (4) comparing the porosity 

curve produced In (3) with those previously calculated to test the preceding assumptions. 

Calculation of a porosity curve for the uncallbrated resistivity logs used the following steps: 

(1) selecting the 5th and 99th percentile values of the raw curve values from an Interval with 

well.(feveloped normal cyclic variation In resistivity, (2) calculating the standard resistivity to 
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Figure 5. Cumulative frequency plots of representative call· 
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porosity conversion, and (3) scaling the calculated porosity so the 1st and 95th percentile 

values match the regionally estimated values using the following equations: 

where 

tP,= calculated porosity from resistivity, and 

where 

tP. = the 1st percentile porosity (expressed as fractions of 1) on a nearby calibrated log, 

typically 0.05, 

tP2 = the 95th percentile porosity (as fractions of 1) on a nearby stratigraphically 

equivalent calibrated log, typically 0.35, 

71 = the 5th percentile resistivity on the unsealed log, 

72 = the 99th percentile resistivity on the unsealed log, 

R _10,000 d 
- - C ' an 

C = spedfic conductance at the well estimated from the contoured map (fig. 4). 

These relationships were derived after experimentation with various correctfon 

(4) 

(5) 

(6) 

techniques and scaling equations. Many scaled resistivity logs gave porosity distributions that 

were narrower than the core-data and calibrated-log porosity distributions. When the high/low 

calibration was applied to these resistivity logs and compared to scaled neutron logs, very good 

matches In average porosity were generally obtained. After the best estimate of porosity was 

calc-ulated, some peaks In the porosity log were assigned very high porosities (50 to 

100 percent). These Intervals typically have bad hole conditions, as shown by large and off-
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scale caliper readJngs. A porosity as high as 100 percent would be the proper value If the 

borehole Intersected a water-filled cavern, so high porosities for narrow Intervals were 

tolerated. 

A similar set of high/low calculations was applied to unscaled neutron logs: 

log ~N =mN+b 

where 

~N = calculated porosity from unscaled neutron log, and 

where 

m = log ~I - log ~2 
NI -N2 

b = log tPl - mNl 

~I = the 1st percentile porosity on a nearby calibrated log. typically 5 percent, 

~2 = the 95th percentile porosity on a nearby stratigraphically equivalent calibrated log, 

typically 35 percent, 

NI = the 5th percentile unscaled neutron log on the unsealed log, and 

N2 = the 99th percentile unscaled neutron log on the unscaled log. 

Use of Barometric Efficiency to Estimate Aquifer Storatlvlty 

There have been few aquifer tests of the Edwards with observation wells from which 

(7) 

(8) 

(9) 

storatlvlty might be calculated. The sparse data limit the accuracy of estimates of how much 

water can be produced from the aquifer for a given amount of water-level decline. The purpose 

of this task was to determine whether water-level response to atmospheric pressure changes 

could be used to calculate storaUvlty and porosity. Observing and comparing pressure 

fluctuations In the atmosphere and the confined aquifer might be a cost-effective method to 

estimate aquifer properties related to rock elastldty, compressibility of water, porOSity, and 

hydraulic conductivity. 
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Atmospheric pressure fluctuations associated with passing weather systems, as well as 

induced by the dally cycle of warming and cooling of the atmosphere, can cause water-level 

fluctuations in wells penetrating confined aquifers. In response to this change In atmospheric 

pressure, water will move between the formation and the well until the water column in the 

well Is in equilibrium with the atmosphere. Water levels in wells in confined aquifers fall in 

response to increases In atmospheric pressure and rise in response to decreases In atmospheric 

pressure (fig. 6). Because there are generally two atmospheric pressure cycles/day, water levels 

In aquifers responding to atmospheric pressure changes also show two cycles/day (fig. 7). 

Atmospheric pressure changes can also affect water levels in unconfined aquifers. Peck 

(1960) showed that changes in atmospheric pressure affect the volume of air bubbles trapped 

in the water table. For example, as atmospheric pressure increases, air bubbles compress and 

water levels decrease. Peck (1960) also showed that this effect Is greatest where the water table 

resides near land surface. 

The difference between water-level fluctuations in confined and unconfined aquifers lies 

in how the aquifer takes up the change In stress owing to atmospheric pressure: compression of 

either solids (In a confined aquifer) or entrapped gas (In an unconfined aquifer). However, 

even water levels in deep unconfined aquifers can respond to atmospheric pressure 

fluctuations. Weeks (1979) showed that changes In atmospheric pressure almost 

instantaneously affect water levels in a well in an unconfined aquifer but that resistance to gas 

flow through the unsaturated zone retards the average effect on the water table. 

Theory 

If the magnitudes of the atmospheric and water-level pressure fluctuations are known, 

barometric effiCiency, BE, can be calculated as 

BE= I1h 
llPo 
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where 

BE = barometric efficiency (dimensionless), 

Ah = amplitude of water-level change (force/unit area), and 

flPtJ = amplitude of barometric pressure change (force/unit area). 

Barometric efficiency represents how efficiently the aquifer absorbs atmospheric pressure 

fluctuation. A value of unity for barometric effidency indicates that the aquifer Is confined and 

responds completely to the atmospheric pressure change. Barometric efficiency usually falls 

between 0.20 and 0.75 and can be used to Indicate of the degree of aquifer confinement-fully 

unconfined, unconfined with delayed yield, semi-unconfined, or fully confined (Kruseman and 

De Ridder, 1983). 

SpeCific storage is the gain or loss of water volume in a unit volume of an aquifer with an 

accompanying unit change In hydraulic head. Storage Is controlled by the compressibility of 

water and subtle changes in porosity related to aquifer elastldty. Jacob (1940) defined spedflc 

storage (5s ) as 

5s = }(a+ n PJ 

where 

Y= specific weight of water, 

a = bulk compressibility of the aquifer, 

n = porosity, and 

P = compressibility of water. 

(11) 

It Is convenient to refer to the storatlvlty (5) for the entire thickness of an aquifer, calculated as 

specific storage times saturated thickness. 

5=b5s (12) 

Storatlvity, therefore, is gain or loss of water volume per unit surface area of a fully saturated 

aquifer of thickness b with a unit change In hydraulic head. 
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Barometric efffdency (BE) can also be related to the spedflc storage of the aquifer Oacob, 

1940) 

S _nrP_ nr 
S - BE - EwBE (13) 

where 

Ew = elastldty of water, the reciprocal of compressibility (jJ). 

Barometric effidency can be estimated from water-level hydrographs and records of 

atmospherIc pressure change (equation 10). Spedflc weight of water and bulk elasticIty can be 

assumed constant. If the spedflc storage Is known from aquifer test results, then average 

porosity of the entire completion Interval In the well can be calculated from equation (13) and 

compared to porosity calculated from geophysical logs. In this study, estimates of average 

porosity are available from analysis of geophysical logs, so equation (13) is used to calculate 

specific storage from porosity and barometric effldency. 

Water-level trends owing to recharge and discharge must be removed from a hydrograph. 

Time lag in water-level fluctuations Is another potential source of error (Freeze and Cherry, 

1979). Because aquifer material resists flow, it takes time for the aquifer to respond to the 

atmospheric pressure change. Well-bore storage slows response time even more. large-diameter 

wells need more time to reach equilibrium than small wells. These resistance and storage effects 

are expressed as a phase shift In the water levels (fig. 6). This phase shift factor Is especIally 

Important when analyzing formation of low-permeability and/or large-diameter wells. As time 

lags and phase shifts are accounted for during analysis, barometric effldency Is correctly 

estimated (Hvorslev, 1951). 

Analysis Technique 

The Edwards Underground Water District provided data on water-level and atmospheric 

pressure fluctuations. Water-level fluctuations had been monitored at 17 wells In the Edwards 

aquifer at 15-mlnute Intervals for the month of January 1993. All wells except one were 
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monitored using a float connected to a digital data logger; the other well (AY 68-29-209) was 

monitored using a pressure transducer and data logger. Atmospheric pressure data for January 

came from the National Weather Service office at San AntoniO, Texas (Station WSFO). 

Statistically significant temporal trends In water level were corrected by subtracting from 

each water-level reading the value calculated by linear-least-squares regression. Data were culled 

to retain only hourly readings to correlate with the atmospheric pressure data. Segments with a 

zero mean value were selected from the resulting hydrograph to exclude obviOUS nOise, 

Instrument malfunction, or water-level trends that remained after the linear regression. 

The amplitude of the water-level and atmospheric pressure fluctuations can be determined 

In two ways. Standard deviations of the normalized water levels and atmospheric pressures can 

be calculated. This method allows a simple and fast approximation of the net effect of the first 

and second harmonics in the time series, but also includes other time-signal noise. Because daily 

fluctuations are time series, an alternative method is to employ harmonic (or Fourier) analyses 

to find mean fluctuation amplitudes for one and two cycles/day in large data sets. The latter 

approach Is more sophisticated and filters out much of the noise In each data set. 

RESULTS 

Stratigraphic Model 

The cyclic pattern of sedimentation predominant In the Edwards Group Is the key to 

(1) stratigraphic correlation In different parts of the facies tract and (2) understanding and 

predicting the distribution and amount of porOSity. The results presented here should be 

considered preliminary, based on examination of about half of the core and a small fraction of 

the outcrop data that could be Incorporated Into such a model. 
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Platform Cycle Types 

Basic cycle types Identified In the platform fades of the Person, Kainer, and Devils River 

Formations are (1) subtidal low-energy cycles, (2) subtidal low- to high-energy cycles, (3) subtidal 

low-energy to Intertidal/supratidal cycles, (4) subtidal high-energy to Intertidal/supratidal cycles, 

and (5) hypersaline cycles. The lithologic character of each cycle type Is described In the 

following paragraphs and summarized In figure 8. Terminology used Is that of Luda (1983) 

modified from Dunham (1962). 

Subtidal low-energy cycles 

Subtidal low-energy cycles have a dark, wispy laminated, slightly argillaceous or organic-rich 

packstone or wackestone at the base (fig. 9a). These rocks typically contain burrows of the 

flattened Planolites type. Cycle bases are commonly grain rich rather than muddy, and In many 

cases the grains have dark coatings suggesting that they accumulated as a transgressive lag of 

residual grains. The upper parts of cycles are composed of more rapidly deposited burrowed 

packstones. Thalassinoides-type burrows are abundant, along with local firmgrounds, Indicating 

that the substrate was firmer and more winnowed In response to Increased energy resulting 

from sea-level fall. Whole unbroken shells of caprlnld rudists are locally abundant In these 

cycles. This cycle type Is characteristic of the basal nodular member of the Kainer Formation 

and the lower part of the Person Formation, Including the regional dense member. Somewhat 

similar but more carbonate mud-rich fades with pyrite and glauconite are also found In the 

Georgetown Formation. Porosity Is generally low In this faCies, except where It has been 

dolomltlzed. 
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Figure 8. Idealized high-frequency cycle. Black bar shows lower shoaling upward part of cycle 
overlain by thin, transgressive part of cycle deposited as water depth Increased. 
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Figure 9. Typical subtidal fades. (a) Normal marine, burrowed, slightly pyritic wackestone typical 
of low-energy conditions during maximum flooding of platform. Porosity Is 8.5 percent, 
permeability 0.02 md. Regional dense member, USGS Castle Hills core, 402 ft. 
(b) Mlllolid/skeletal packstone; compaction has decreased porosity to 3 percent. Grainstone 
member, upper Kainer Formation, USGS Castle Hills core, 448 ft. (c) Miliolid/peloid grainstone, 
approximately 15-20 percent primary Intergranular porosity preserved. Lower Kainer Forma­
tion, TWDB TO-3 core, 604 ft. (d) Caprlnld grainstone typical oftop of Person. Porosity oflnterval 
is about 20 percent. USGS Sabinal core, 230 ft, Devils RJver Formation. 
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Subtidal low- to high-energy cycles 

Subtidal low- to high-energy cycles are composed of burrowed packstone at their bases and 

become Increasingly grainy upward (fig. 9b). Cycle tops consist of thick (3 to 20 ft [t to 6 mn 

sections of laminated or crossbedded grainstone. The most common grains are plates and 

fragments of phylloid algae, rudist and oyster shell fragments, ooids and coated grains, and 

miliolfd forams (fig. 9c). Many grainstones are well sorted and range from very coarse to fine 

grained. Thick (0.2 to 2 Inch [0.5 to 5 cm}) carbonate mudstone drapes are Interbedded with 

some gralnstones. Many cycle tops show evidence of gradual transgression and deepening In 

the form of thin units of finer-grained, muddler, and more burrowed beds above the hlgh­

energy crossbcdded gralnstones (fig. 8). 

Subtidal low- to high-energy cycles are the most common cycle type In the Kainer, Person, 

and Devils River Formations. They are prominent In the lower part of the Kainer Formation 

and In the upper part of the Kainer Formation below the regional dense member In the 

grainstone member (Rose, 1972). Very coarse-grained rudist grainstones are typical of the top of 

the Person Formation on the San Marcos Platform and In the Devils River Formation (fig. 9d). 

Porosity in the packstones is typically low, except where they have been dolomitized. Porosity 

in gralnstones is variable. Some have been wholly or partly cemented and the Initial porosity 

reduced to 12 percent. Elsewhere, moderate to high primary porosity (30 percent) Is preserved 

or the porosity is enhanced by macroscopic or microscopic (chalky) leaching (42 percent). 

Subtidal low-energy to intertidal/supratidal cycles 

Subtidal low-energy to intertldal/supratfdal cycles have initial burrowed packstone facies 

slmUar to those previously described. Cycle tops are composed of thin-bedded intertidal or 

supratidal fades. The subtidal-supratidal contact may be gradational, showing a transition from 

packstone to burrowed, grain-dominated packstone to grainstone to intertidal grainstone, or It 

may be sharp with intertidal facies lying directly on subtidal fades. Intertidal fades include 
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thin-bedded, rippled grainstone Interbedded with mudstone (fig. lOa) (tidal channel, washover 

fans, or other tidal-fiat storm deposits) or thick, laminated carbonate mudstone Intervals 

(hypersaline pond). laminated grainstone with casts of gypsum crystals (hypersaline flat) and 

finely laminated, fenestral, pisolitic, or mud-cracked carbonate mudstone or grainstone with 

open or caldte-fllled evaporite molds (fig. lOb, c, d) (supratidal-fiat, algal-flat, or evaporitic 

supratidal facies) formed In Intertidal to supratidal environments. Many intertidal rocks are 

composed of fine-grained dolomite. Many of these cycle tops also preserve a thin, transgressive 

unit composed of grainy packstone or burrowed grainstone above the tidal-flat fades. 

Subtidal low-energy to Intertidal/supratidal cycles are abundant In the middle part of the 

Kainer Formation, and they mark thin Intervals defining lower-order cycle sets In the Person 

Formation on the San Marcos Platform. Porosity Is low to moderate In Intertidal facies, and 

dolomite and primary textures are well preserved (fig. lOb). Subtfdal facies associated with 

supratidal flats have been Intensely dolomltized, and many of them have been replaced by 

secondary calcite. These units have some of the highest observed porosities (40 percent). 

These dedolomltlzed subtidal units have been subjected to Intense leaching and may be partly 

dissolved with only red, muddy reSiduum or coarse calcite spar remaining In outcrop. 

Subtidal high-energy to intertidal/supratidal cycles 

These cycles are similar to the upper parts of subtidal low-energy to Intertidal/supratidal 

cycles described above, but they lack the low-energy facies, resultfng In tidal-fiat rocks that are 

overlain by grainstone at the base of the next cycle. 

Hypersaline cycles 

A variety of hypersaline cycles were observed. All gypsum has been dissolved from the 

Edwards Group In the study area; therefore, Its original character and fabric must be deduced 

from (1) the character of gypsum molds and calcltlzed gypsum, (2) the position of collapsed 
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Figure 10. Representative tidal-flat and evaporite facies. (a) Ripple cross-laminated 
grainy and evaporitic tidal flat, Informal member 4 of Kainer Formation. Porosity of 
interval is about 18 percent. USGS TD·3 core, Medina County, 524 ft. (b) Finely 
crystalline tidal-flat dolostone Is typically well preserved and not caldtlzed except In 
near surface or near fault settings. Porosity of sample is 9 percent. Person Formation, 
USGS Castle Hills core, 318.5 ft. (c) Tidal-flat mudstone, about 5 percent fenestral 
porosity. Person Formation, USGS Castle HIlls core, 318.5 ft. (d) Vuggy porosity created 
by dissolution of gypsum crystals. In this core, partial replacement of gypsum by caldte 
has preserved much of gypsum fabric. In other wells, gypsum has dissolved, leaving 
collapse brecda. TWOB m-3 core, Medina County, 376 ft. 
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Intervals within cycles, and (3) analogy with preserved gypsum elsewhere tn the Edwards 

Formation and In other stratigraphic Intervals. Most of the caldtlzed gypsum in cores examined 

in the study area exhibits bottom-growth textures (Warren, 1982; Hovorka, 1992), Indicating 

that gypsum predpitated on the floor of a shallow, gypsum-saturated brine pool rather than In 

sediments above a water table In a sabkha environment. Thick Intervals of relatively pure 

gypsum with a "chicken wire" or nodular mosaic texture, such as that preserved In the 

Kfrschberg quarry, initially form in a brine pool rather than In a sabkha setting. The significance 

of this Interpretation Is that brine pool gypsum forms In subtidal but restricted conditions. 

Gypsum overlying tidal-flat sequences indicates slight deepening. Many hypersaline cycles, 

especially those examined in the Devils River Formation, have carbonate grainstone at the 

base, overlain by as much as 3 ft (1 m) of alternating carbonate and bottom-grown gypsum. 

Other cycles have thin, supratidal carbonate overlying the gypsum. In some cases the gypsum 

Intervals are preserved only as breccias where subtidal and supratidal carbonate beds within and 

above the gypsum section have collapsed into the VOid created by gypsum dissolution. Very 

coarse calcite spar is present as either pore-filling cement or gypsum replacement. Some 

excellent pseudomorphs of gypsum crystals are preserved now as calcite (fig. 10d). 

Hypersaline cycles are found in the upper Kainer Formation (Kirschberg evaporite 

member) and in the lower part of the Person Formation (McAllen Ranch breccia of Rose 

[1972]). Intervals of dissolved evaporite have some of the highest porosity found In the 

Edwards aquifer, over 50 percent In caves and breccia Intervals. In other places, for example 

the USGS TO-3 core in Medina County, caldte as gypsum replacement and pore-flIUng cement 

and red mudstone infill have reduced porosity, and evaporite intervals appear tight on logs as 

well as in core plug analysis. 
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Maverick Basin Facies 

Cycles In the Maverick Basin are quite different from those on the platform. The West 

Nueces Formation Is characterized by subtidal facies with weakly developed cyclldty (Smith, 

1964). Porosity In the West Nueces Formation Is low,S to 10 percent (fig. lla). The overlying 

McKnight Formation has three members: a lower sulfate unit, a middle dark shale, and an upper 

sulfate unit (Carr, 1987). Deeper in the Maverick Basin In Val Verde County (Boundary Water 

Commission 10 22 core), preserved sulfates of the McKnight Formation were examined to 

Interpret sulfate residues in Kinney and Uvalde County. Cycles are composed of 3 to 12 inches 

(10 to 30 cm) of dark Gryphaea packstone (organiC, argillaceous carbonate) overlain by 3 to 6 ft 

(1 to 2 m) of bedded, nodular anhydrite (fig. 11 b). Relict textures In the anhydrite suggest that 

It formed primarily as bottom-grown gypsum, with Interbedded thin intervals of laminated 

carbonate. These textures indicate that the gypsum and the carbonate both formed In 

somewhat deeper water than the Kfrschberg and McAllen Ranch evaporites on the platform, 

but In shallower and less stratified water than the Castile Formation In the Permian of the 

Delaware Basin (Anderson and others, 1972). The middle McKnight has only a few thin 

anhydrite Interbeds and Is composed of dark, argillaceous carbonate. 

Dissolution has removed sulfate In much of the McKnight Formation of the study area. 

Porosities In the McKnight Formation are variable, generally about 5 percent, with Irregular 

high spikes In brecda Intervals. The presence of preserved evaporite at fairly shallow depth 

within this basin Is one explanation for salinity variations shown by resistivity logs and presents 

a major problem In assessing porosities of this Interval. 

The Salmon Peak Formation overlies the McKnight Formation and Is composed of fairly 

repetitive and homogeneous, burrowed mlllolid wackestone, packstone, and grainstone 

(fig. lIe). Thin, coarser Intervals have sharp bases and fine upward, Increasing In frequency and 

thickness upward through the section (fig. lId). The distinctly coarser millolld grainstone found 
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Figure 11. Representative Maverick basin facles~ (a) Burrowed skeletal packstone, 
approxJmately S percent porosity, West Nueces Formation. TWDB YP-4 core, 640 ft. (b) Dark, 
laminated, organic-rich limestone and bedded, nodular anhydrite, McKnight Formation, 
International Boundary Commission core ID 22, 692 ft, Val Verde County. Sample from deeper 
parts of Maverick BaSin shows predlssolutlon character of McKnight Formation. In study area, 
much of original anhydrite has been dissolved, leaving low-porosity limestone and moderate­
porosity breccia. (c) Peloid packstone typical of Salmon Peak Formation has 29 percent 
dlagenetically enhanced chalky porosity, 317 md permeability. TWDS YP-4 core, ISS ft. 
(d) Grainstone-fllled channel within finer mlliolld grainstone of Salmon Peak Formation. 
Porosity of interval measured on logs Is 30 percent. TWOB YP-4 core, Uvalde County, 633 ft. 
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at the top of the Salmon Peak Formation may be part of a progradational lowstand tract seen In 

outcrop (Smith, 1964; C. Kerans, personal communication, 1993). 

The Salmon Peak Formation Is moderately porous, 2S to 3S percent. The observed textural 

homogeneity of the deep-water grainstone and packstone was used to correct for resistivity log 

fluctuations that appear to be caused by high total dissolved solids (TDS) In waters of the lower 

part of the Maverick Basin. 

Facies Relationships 

A cross section based on cores (fig. 12) Illustrates cycle stacking patterns that define third­

or fourth-order relative sea-level fluctuations. Recognition of a sea-level-controlled cycle 

stacking allows correlation of time-equivalent sections In different parts of the fades tract. 

Several episodes of platform-wide flooding can be recognized: (1) base Edwards (nodular 

member)/Walnut Formation (Abbott, 1973), (2) middle Kainer, a thin but laterally persistent 

flooding surface, (3) regional dense member, (4) middle Person, and (S) base of the Georgetown 

Formation. These subtidal Intervals are minimally dolomitlzed and have relatively low porosity. 

Separating these regional third-order hlghstands are gradual falls In relaUve sea level where 

sediment aggraded built toward wave base or Into the intertidal zone. Exposure and Udal-flat 

development favored dolomitization, although the pattern Is somewhat complicated by later 

diagenesis, especially dedolomitization. The mid-Kainer Interval has many tidal-flat sequences 

(fig. 12). The overlying Klrschberg evaporite Is Interpreted as the product of a period of gradual 

deepening (backstepplng cycles). Hypersaline subtidal evaporite cycles formed In slightly 

deeper water than the tidal flats. Grainstone cycles of the upper Kainer Indicate continued 

gradual deepening and decreasing hypersallnlty. The regional dense member formed during 

maximum flooding. The Person Formation is more aggradational, because sedimentation had 

difficulty keeping up with subSidence. This Is evident In the paucity of supratidal fades In the 

Person relative to the Kainer. The muddler facies were Ideal environments for rudists, and 
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caprlnlds and Toucasia are abundant. Coarse rudist gralnstones are common toward the top of 

the Person Formation. The regional unconformity at the top of the Edwards Group described by 

Rose (1972) Is not seen clearly In this study. However, textures at the top of the Edwards In 

two cores (Randolph and Castle Hills) may be evidence of exposure and freshwater diagenesis. 

The temporal relationships between the Maverick Basin facies and the San Marcos 

Platform facies remain problematic. Some previous correlations (Rose, 1972; Sleh, 1975; Miller, 

1983) suggested that the argillaceous middle McKnight of the basin correlates with the regional 

dense member of the platform. An alternative, used here because It keeps unit thickness In the 

platform and basin more constant, Is to correlate the base of Salmon Peak freshening with the 

basal Person regional dense member flooding event. Resolution of this problem is of minimal 

significance to the present porosity study, because most of the porosity In the Maverick BaSin 

section Is In the Salmon Peak Formation. 

Log-Based Correlation 

The genetic sequences Identified during core descriptions were matched with equivalent 

log picks, and the log character was traced regionally (fig. 13). The subdivisions are generally 

Similar to those made by Rose (1972), but differ because the units are defined not by the 

dominant lithology but by tracing the cyclic response of sedimentation to sea-level rise and fall 

across the platform. In addition, the complex response of logs to depositional facies and 

diagenetic changes made many of the high-frequency correlations difficult. The Kainer 

Formation Is subdivided Into log units 0 through 6; the Person Formation Is divided Into log 

units 7, 8, 9, and 10. Unit 0 Is a hlgh-gamma-ray, low-porosity unit. It Is equivalent to parts of 

the Walnut, and genetically Is a complex, time-transgressive unit recording flooding and cycle 

backstepplng following the post-upper Glen Rose sea-level lowstand. Unit 1 Is approximately 

equivalent to the lower nodular member of the Kainer Formation. Its base is defined at the 

maximum flooding surface and Is a dominantly subtidal progradational unit with low porosity. 
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UnJt 2 Is a time-transgressive unit of progradational gralnstones, approximately equivalent to 

the dolomitic member of Rose (1972). Unit 3 Is an upward-shoaling progradational set of cycles 

with thick tidal-fiat caps. Unit 4 Is an aggradational set of cycles, many containing evaporites 

equivalent to the Klrschberg. Unit 5 and 6 contain cycles with thick gralnstones In the upper 

parts and exhibit upward-deepening trends and probable backstepplng geometries. 

The regional dense member at the base of the Person Formation, unit 7, was deposited 

during maximum flooding. This unit gradually shoals upward Into unit 8. Unit 8 Is also composed 

dominantly of subtidal cycles. Unit 9 contains a number of tidal-fiat cycles and grainstone on 

the San Marcos Platform. Unit 10 on the San Marcos Platform contains thick rudist gralnstones. 

The most reliable log picks on horizons bounding the porous parts of the Edwards aquifer 

were selected for the stratigraphic model. These are (1) the Glen Rose (unit 0) contact across 

the entire area; (2) the structural base of the regional dense member (unit 7) on the San Marcos 

Platform and Its Interpreted approximate correlative, the base of the Salmon Peak Formation In 

the Maverick Basin; and (3) the structural base of the Dc) Rio Formation. These horizons 

subdivide the Edwards Into two units for porosity mapping: a lower Walnut-Kalner-Iower Devils 

River-West Nueces-McKnight Interval and an upper Person-Georgetown-upper Devils Rlver­

Salmon Peak Interval. The thicknesses of these two Intervals were mapped and contoured 

(plates 2, 3, and 4). The thickness of the Edwards Group Increases gradually toward the Gulf 

Coast from a minimum of 500 feet (150 m) to a maximum of 780 feet (240 m) and averages 

560 feet (170 m) In the confined part of the study area. Thickness of the saturated, unconfined 

part of the aquifer decreases rapidly toward the north across the outcrop of the Edwards Group. 

The structural surface and thickness maps were loaded Into Stratamodel SGMC to guide porosity 

interpolation during three-dimensional modeling. 
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Porosity Description from Core and Thin Section 

Six major categories of high porosity arc recognized In the Edwards aquifer: 

(1) Intergranular porosity In gralnstones, (2) Intercrystaliine porosity In dolostone, (3) solution­

enhanced fntergranular/lntercrystalJlne porosity, (4) fracture- and solution-enhanced fracture 

porOSity, (5) cavernous porosity produced by gypsum or carbonate dissolution, and 

(6) Intraclastlc porosity In brecda. In many Intervals two or more of these porosity types are 

found in the same rock. Other porosity types such as moldlc pores contribute relatively minor 

amounts to the total porosity. 

Intergranular Porosity In Gralnstones 

Intergranular porosity In gralnstones Is depositional porosity that has not been lost during 

sediment lithification. Gralnstones composed of platy phyllold algae fragments. rounded 

skeletal grains, ooids, or coated grains have normal grainstone porosities of 25 to 35 percent 

(fig. 9c). However, Edwards aquifer grainstone porosity has been reduced In the depositional 

environment by the Introduction of mud by burrowing and in the subsurface environment by 

diagenetic processes of cementation or compaction (9b). Gypsum beds and cement have played 

a complex role both In enhandng and occluding porosity. Very high porosity and permeability 

were created where a rock of uncertain original composition, possibly a dolomltlzed grainstone, 

has been completely replaced by calcite spar with very high Intergranular/intercrystalllne 

porosity (fig. 14b). A nearby grainstone has been tightly cemented by sparry caldte (fig. 14a). 

Some porosity Is found In gralnstones composed of complexly shaped fossil shell fragments 

such as those of the rudist Toucasia. It Is difficult to assess how much of the porosity In these 

rocks Is accessible. Closed pores within the shell structure may not contribute to permeability, 

and caldte cement, perhaps derived by dissolution of aragonitic (a mineral variety of CaC03) 

shell material, reduces the porosity and complicates the permeability. In other cases, caldte 
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Figure 14. Diagenetic modification of porosity. (a) Caldte.spar·cemented mUioUd/skeletal 
grainstone from same intervals has only 6.9 percent porosity, 0.08 md permeability. USGS 
Sabinal core, 562 ft. (b) Highly altered grainstone(?) from Kainer Formation below Kirschberg 
member has 9.5 percent porosity, 11 md permeabJllty. USGS Sabinal core, S66 ft. (c) Upper 
Person rudist grainstone, 31.4 percent moldlc porosity. Permeability of 199.9 md shows that 
molds are well connected. USGS Castle Hills core, 253 ft. (d) Leached dolomite from subtidal 
wackestone within Interval of thick tldal.flat caps has about 20 percent porosity. TWDB TO·3 
core, SS 1 ft. 



dissolution has Interconnected moldlc porosity, creating moderate porosity and high 

permeability (fig. l4c). Toucasia grainstone porosity ranges from 12 to 25 percent. 

Intcraystalllne Porosity In Dolostone 

Dolomitization and subsequent dedolomitization has Increased the porosity of subtidal 

mudstones, wackestones, and mud-dominated packstones In some Intervals. Without 

dedolomitization, these carbonate mud-rich rocks would lose most of their porosity during 

sediment compaction and stabilization. Dolomitization of subtidal sediments appears to be 

associated with the Intervals containing thicker tidal-flat sequences. The assodation of 

dolomltlzed subtidal rocks with tidal flats suggests that hypersaline brines generated on 

supratidal flats may have contributed to dolomitization of the subtidal sediments. Geochemical 

studies of Edwards dolomite suggests that there were two episodes of dolomitization, an early 

episode with hypersaline water and a later episode with fresh to slightly saline water (Ellis, 

1986a). Detailed geochemical and petrographic studies needed to document this hypothesIs 

were not part of this research; however, the faCies association can be used to explain porosity 

decreases In more subtidal grainstone facies off the San Marcos Platform. 

In most examples [n the Edwards aquifer, [ntercrystalline porosity of subtidal dolostone has 

been enhanced by partial or complete dolomite dissolution (figs. 14d, lSa). Finely crystalline 

dolomite In low-porosity supratidal fades has not generally been replaced by caldte. 

Solution-Enhanced Intergranular/Intercrystalllne Porosity 

Solution-enhanced Intergranular/[ntercrystalllne porosity [s a common cause of high 

porosity In the Edwards aquifer. Postcementatlon dissolution has enhanced the porosity of 

many gra[nstones and most dolostones (Ellis, 1986a). Grainstone d[ssolutlon enlarges pores by 

dissolving both cement and grains (fig. ISb). This dissolution Is probably quite significant In 

improving permeability because the larger and better Interconnected pores have been further 
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Figure 15. Dlagenetfc modification of porosity by dolomitization and leaching. (a) Leached 
dolomite from subtidal, burrowed pellet packstone within Interval of abundant tidal flats has 
27 percent porosity, 33.4 md permeability. USGS Randolph FM 1604 core, 924 ft. (b) Both 
grains and cement have been leached from this caldte-spar-cemented grainstone, resulting In 
about 15 percent porosity. (c) TWDB TD-3 core, 280 ft. Vuggy porosity because of preferential 
dissolution of dolomltlzcd areas In subtidal wackestones. (d) Bulverde section, Bexar County, 
Kainer Formation, showing meter-scale cycles. Darkzone Is dolomltlzed subtidal unit that has 
been Intensely altered and partly dissolved. 
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enlarged and connection Improved. Calcite dissolution also occurred on a fine scale creating 

chalky textures. Solution enhancement of permeability Is especially Important In the 

freshwater parts of the aquifer (Maclay, personal communication, 1993). 

Dissolution of dolomite Is a complex process (Abbott, 1974; Ellis, 1986b). Dolomite Is out of 

Its stability field In the meteoric magnesium-poor caldum-blcarbonate waters probably 

Introduced Into the aquifer at the time of uplift along the Balcones Fault system (Abbott, 1975). 

These waters have (1) dissolved dolomite, (2) precipitated caldte, and (3) dissolved caldte, 

resulting In rocks with remnant finely crystalline dolomite outlining former crystals and grains 

within coarsely crystalline caldte. Large intercrystalllne pores are the product of this process In 

many Edwards Group rocks. Dedolomitization and dolomite dissolution have preferentially 

attacked dolomitic sections of partly dolomltlzed subtidal rocks, creating patchy but probably 

Interconnected porosity (fig. 15c, d). Solution-enhanced porosity as high as 42 percent was 

measured In dlagenetically modified dolostone. 

Fracture- and Solution-Enhanced Fracture Porosity 

Fracture- and solution-enhanced fracture porosity contributes to the total porosity of the 

Edwards Group. These types of porosity development may have a very strong local and 

potentially regional effect on permeability (Wermund and others, 1978; Senger and Kreitier, 

1984; Maclay and Small, 1986). Closely spaced fractures are typical of low-porosity subtidal 

rocks, probably because they are more brittle than high-porosity rocks. Many fractures have 

been partly Infllled with calcite cement (fig. 16a); a few have been enlarged by ground water 

undersaturated with respect to caldte. Some fracturing is the result of dissolution and collapse; 

however, much Edwards aquifer fracturing probably accompanied Balcones faulting, which 

probably occurred In the Miocene and resulted In uplift of the Edwards Plateau relative to the 

Gulf Coast (Ewing and Wilbert, 1991). Fracture Intensity may not be represented properly In 

core, because often recovery Is poor In fractured Intervals. In the Glen Rose Formation In 
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Figure 16. Diagenetic modification of porosity by faults, fractures, and karst. (a) Brecciation and 
fractured low-porosity, subtldallfmestone bed within Klrschberg evaporite, Kainer Formation, 
1WDB TD-3 core, 404 ft. Some fractures are open; others have been cemented by calcite. 
Fractures contribute only minor porosity but substantive permeability. (b) Vug with travertine 
inflll In Interval of calcltlzed gypsum breccia has only 9.6 percent porosity and 126 md 
permeability. USGS Castle Hills core, 288 ft. (c) Carbonate dissolution and karst seen In core as 
missing Intervals with red clay and travertine coats on rounded carbonate brecdas. Porosity of 
Interval measured by neutron log Is 30 percent. USGS Castle Hills well, Person Formation, 
274 ft. (d) Highly altered fabric In Person Formation, New Braunfels. this section Is north of a 
major fault system. Limestone, dolomite, and possible evaporite have been replaced by calcite, 
partly dissolved, with ensuing collapse. Fine-grained subtidal limestone beds are preserved and 
retain original low (S percent) porosity. Cave on right side of photograph is a common porosity 
type In the Edwards. 
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Bexar County, fracture Intensity has been measured In outcrops (Collins, In press) and, 

between two en echelon faults, Is twice that of relatively undeformed areas. The porosity 

contribution of fractures Is small, and fractures are not Identifiable on normal logs unless the 

rock Is brecdated and causes breakout of the well bore. 

Cavernous Porosity Produced by Gypsum or Carbonate Dissolution 

Cavernous porosity produced by gypsum or carbonate dissolution Is unquestionably 

present In the Edwards aquifer (Fleseler and others, 1978) but Is difficult to quantify In core 

and logs. Karst cavities In core appear as Intervals with poor recovery containing solutlon­

rounded locally derived carbonate cobbles in a red, argillaceous mudstone (fig. 16c). Flowstone 

and coarse calcite cements document partial Infilling of some karst cavities. Karst cavities appear 

on logs as high-caliper Intervals or higher than average natural gamma-ray response because of 

the red day (terra rosa) fills. Resistivity log response Is anomalously low. 

Intradastlc Porosity In Breccia 

Intrac1asttc porosity In breccia Is another porosity type closely related to karst, because 

when a carbonate or gypsum layer dissolves, a structural configuration that exceeds the 

mechanical strength of the roof rock Is created. Collapse brecda occurs In a wide variety of 

grain sizes and forms. Two main geometries are noted: stratabound breccias and cave collapse 

breccia. Stratabound brecdas result from dissolution of the more soluble layers (gypsum and 

dolomite) and collapse of the undissolved Interbedded material and variable amounts of the 

overlying roof (fig. 16d). Because they are continuous over large areas, stratabound breCcias are 

volumetrically the major contributors. Cave collapse breccias form as the arched roof of a cavern 

spalls and accumulates In a large, Irregular pile on the cave floor. Large amounts of overlying 

material fall Into the cave when the roof eventually collapses. Cave collapse brecda can be 

formed of large rotated blocks of the roof material or of nearly In situ reSidue of material 
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remaining after dissolution. Clay, sand, and silt are commonly transported through breccias; 

they may be deposited and plug the porOSity. Brecda porosity cannot be measured USing core 

plugs because of the very large clast size. Log measurement of porosity In brecda Intervals Is 

variable, depending on cementation. In some Intervals of dissolution brecda, abundant caJdte 

has precipitated. Dissolution of vugs created moderate porosity but high permeability (fig. 16b). 

Concentrations of transported or residual clay In some of these Intervals may produce 

anomalously high porosity estimates. 

In summary, porosity In the Edwards aquifer can be divided Into matrix porosity such as 

Intergranular, Intercrystalllne, and moldlc pores, and secondary large pores (touching vug) such 

as solution vugs, fractures, solution-enhanced fractures, brecda, and caverns. The distribution of 

porosity Is complex as a result of Cretaceous and post-Miocene diagenetic changes to the 

original porosity of the sediments In the mosaic of carbonate/shelf fades. 

Porosity/Permeability Relationships 

Permeability and porosity were measured on the same samples (table 2). This study does 

not undertake Interpretation of the permeability data; however, because permeability Is a 

factor In the amount of water available for pumpage, the following preliminary observations are 

noted. Most of the sample suites analyzed show multiple porosity/permeability relationships. 

One group of samples had low permeability at moderate porOSity, a relatlonshlp typical of fine­

grained rocks with small pore throats. In the USGS YP-4 core, samples from the Salmon Peak 

Formation with porosities of 25 to 30 percent have permeablllties between 10 and 100 mUll­

dardes (md), corresponding to fine porosity observed In thin section of these burrowed, fine­

grained rocks. Similar porosity/permeability trends were observed In the USGS Randolph core 

from an area south of the bad water line. The other cores have many samples with high 

permeability at moderate porOSity, exceeding 10 md at porosity of 10 percent, as well as some 

samples lallJng on the lower permeability trend. The high-permeability samples generally 
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correspond to areas where diagenetic alteration, such as replacement of dolomite by caldte or 

enlargement of pore throats by dissolution, has Increased both porosity and permeability. 

Porosity Calculation 

PoroSity was calculated for 12S well logs, Including scaled neutron, scaled resistivity, 

unscaled neutron, and unscaled resistivity (table 1). In the USGS Randolph FM 1604 borehole, 

porosity measured In core plugs collected at I-ft (30-em) spadngs matched neutron porosity 

closely (fig. 17). Similar moderate to good matches between plug porosity and the calibrated log 

porosity calculated for this study were obtained in other wells (figs. 17 through 21). Porosity 

derived from scaled neutron logs Is conSidered the most accurate (fig. 22a). Porosity derived 

from resistivity logs generally had a poorer fit to the plug porosity (fig. 22a). This reflects 

variation In pore-flUid salinity and measurement of porosity through a larger rock volume, 

resulting In a smoother and more averaged curve. The effect of higher salinity (and therefore 

higher spedflc conductance) can be seen near the base of the borehole in figures 18 and 20. 

This high salinity may be evidence of cross-formational leakage of higher TDS waters from the 

Glen Rose Formation as was described In the northern part of the Edwards aquifer by Senger 

and others (1990). After calibration of the logs, thin Intervals with the lowest resistivities had 

very high (more than SO percent) calculated porosity (figs. 18 and 20). Some of these might be 

the product of a bad borehole or poor calibration. These Intervals in core from boreholes, 

however, generally corresponded to zones of poor recovery or to beds of travertine and red 

clay, suggesting the presence of large karst-related vugs or honeycombed brecda. These hlgh­

porosity Intervals, therefore, were retained In the data set and the amount of possible error In 

total water volume was estimated. 

Porosity calculated from many commerdal resistivity logs produce high-porosity values of 

30 to 40 percent but low-porosity values of IS to 20 percent. The high values are typical of 

porosity measured using neutron logs and plug analysis, Indicating that the logs are properly 
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scaled and that spedflc conductance Is correct. However, the low values are consistently higher 

than the low-porosity values (about 5 percent) from neutron logs and plug analysis In the same 

stratigraphic and hydrologic settings. These high-porosity values In low-permeability unIts were 

therefore Interpreted as an artifact produced by the presence of more saline pore waters In the 

low-flow parts of the aquifer or by other variables unaccounted for In the simple porosity 

equation. These logs were rescaled so that the low porosity units yielded values Similar to 

adJacent wells. 

The technIques utlllzed In this study yielded a fair agreement between neutron and 

resistIvity porosity calculations (fig. 22b). Dlscrepandes resulting from bad hole conditions or 

pore-fluid salinity variations are local and not systematic, while average and stratigraphic trends 

In porosity distribution are reprodudble and accurate. 

Porosity DIstribution 

Interwell Interpolations of porosity were created using a three-dimensional model built 

with StratamodelC Stratigraphic Geocellular Modeling (SGM) software. This software uses 

stratigraphic horizons to guide Interpolation and uses all porosity data entered. The cell sizes 

generated by this model are 0.5 to 8 ft (0.15 to 2.4 m) In thickness, and 4,104 ft (1,250 m) In 

horizontal dimensions. The Edwards aquifer Is divided Into 196 layers. The stratigraphIc 

horizons are ftrst built Into the model, and the space between the horizons Is subdivided Into 

cells. The attribute, In this case porosity, Is then entered as a file, giving a porosity value for 

each foot. Porosity values are then Interpolated using a least-squares regression for each cell In 

the model, and the Interpreted porosity distribution can be viewed In map view, cross section, 

or block diagram. The results can be exported to other software for contouring or further 

manlpulatlon. 

The vertical porosity distribution Is highly variable because of the high-frequency cyclldty. 

High-porosity (25 to 35 percent) zones 10 to 50 ft (3 to 15 m) In thickness are Interbedded 
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with thinner lower porosity (10 to 20 percent) beds (figs. 23, 24, and 25). Stratiform porous 

units are prominent In the lower Kainer (unit 3), upper Kainer (unit 6), and upper Person 

(units 9 and 10). This cycllc porosity can be traced Into the Devils River Formation. Hlgh­

porosity Intervals are found at the top of the aquifer In Bexar County; these may be Intervals 

where the porosity In rudist gralnstones has been dlagenetlcally enhanced, slmJlar to those 

observed In the USGS castle Hills core. low-porosity units Similar to the lower Kainer (units 1 

and 2), lower Person (unit 7 and parts of 8), and Georgetown Formations can be traced In many 

parts of the study area. Porosity In the Salmon Peak Formation and McKnight Formations are 

less stratigraphically controlled and more blocky, with local high-porosity zones along coarse­

grained layers within the Salmon Peak and within breccia zones of the McKnight (fig. 25). 

Porosity averaged through the thickness of the aquifer generally shows lateral gradational 

changes. Minimum average porosity Is 16 percent and maxJmum average porosity Is 28 percent 

In Individual wells (plates 5, 6, and 7). The Interpolated average porosity of the Edwards Group 

Is 21.7 percent. A large area of low porosity Is recognized In the western Maverick BaSin part of 

the lower Interval in the West Nueces and McKnight Formations. Porosity In the Salmon Peak 

Formation of the Maverick Basin Is higher toward the outcrop. This may reflect areas of 

originally coarser-grained sediment or areas where porosity has been Increased by near-surface 

diagenesis. High porosity toward the west and north In Kinney County Indicates that the 

aquifer drainage divide and outcrop boundaries In this area are Important In assessing the total 

resource. The Devils RJver Formation In central Uvalde County also exhibits high porosity In 

the upper part and low porosity In the lower unit. This geometry may reflect progradation of 

platform gralnstones Into the basin. The stratigraphic varIabfllty In porosity may have an Impact 

In the hydrologic behavior In the Knippa Gap area of southern Uvalde County (Maclay and 

Land, 1988). 

As previously mentioned, an area of high porosity lies along both sides of the bad water 

line In southeastern Medina and southwestern Bexar Counties. This high-porosity zone Is 

within an area of thickening of the Edwards section but does not conform to any known fades 
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change that could increase porosity. It Is possible that fluctuations of the geochemistry along 

the bad water line have driven diagenesis, resulting In porosity Increase. Many of the wells In 

this area have strong vertical variations In apparent spectflc conductance on resistivity logs, 

suggesting that the saline-freshwater Interface has a complex, hydrodynamically controlled 

geometry. 

The northern part of the aquifer In Hays, Comal, and northern Bexar Counties also has 

higher than average porOSity. Outcrops from this area show strong diagenetic modification 

because of dissolution and collapse perhaps related to faulting. Local areas of high and low 

porosity within the central part of the study area may also reflect the effect of faults and 

variable flow on porosity development and occlusion. 

The total amount of water-filled pore space within the Edwards aquifer Is an estimated 

215 mUllon acre-feet on the basis of techniques used In this study. Of this, 156.5 million acre­

feet are within the confined part of the aquifer, and 58.5 million acre-feet are In the 

unconfined aquifer. The amount of total porosity is less In the Edwards outcrop, because the 

upper part of the Edwards has been partly eroded or Is unsaturated. These volumes include the 

total thickness of the Edwards Group (top of Glen Rose to base of Del Rio). The area included 

In the calculations is geographically bounded by: the bad water line of Brown and others (1992) 

on the south, the mapped drainage divide at Brackettville on the west, the mapped drainage 

divide at Kyle on the northeast, and the mapped outcrop limit of the Edwards aquifer on the 

north. The top of the unconfined aquifer was located at the 1972 potentiometric surface. 

Water levels that year were average, recording between 651 and 679 ft in the Bexar 

County J-17 observation well (Brown and others, 1992). In the deep sections of the aquifer In 

southern Medina County, additional fresh water was recently Identified (Schultz, 1992; Schultz 

and Waugh, 1993; John Waugh, written communication, 1993). 

The upper zone of the aquifer (person-upper Devils River-Salmon Peak Formation) 

contains an estimated total water-filled porosity of 103 mlllion acre-feet. The lower zone 
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(Kainer-lower Devils River-West Nueces-McKnlght Formations) contains an estimated 

112 million acre-feet. 

Analysis of Water-Level Response to Atmospheric Pressure Changes 

Data on water-level fluctuations were provided for 17 wells, but only 9 could be used to 

estimate storatlvity (table 3). Water-level fluctuations at these 9 wells matched the atmospheric 

pressure changes well (figs. 26 through 28). Data from the other 8 wells were not used for 

various reasons: equipment malfunction, a float Insensitive to small water-level fluctuations, an 

unexplainable trend, barometric efficiency calculation greater than 1, or an apparent lack of 

water-level response to atmospheric pressure change. Barometric effidency greater than 1 

probably Indicates additional noise (such as pumping effects, recharge, or discharge) that was 

not removed from the water-level hydrograph. 

No statistically significant trends In water levels were found at wells m 69-38-601 In 

Medina County (fig. 26b) and YP 69-50-302 In Uvalde County (fig. 28b). The linear trends in 

water levels In the other 7 hydrographs were removed as previously described. In figures 26 

through 28, the original hydrographs are shown on the right and the hydrographs with trends 

removed are shown beneath the record of atmospheric pressure on the left. The atmospheric 

pressure graph Is repeated in each figure to allow for easy comparison with the hydrographs 

(figs. 26, 27, and 28a). Dally fluctuation In atmospheric pressure and Its water-level response Is 

small compared with the effect of major atmospheric pressure changes probably related to 

frontal air mass movement, which affects the blocky pattern on most hydrographs In 

fIgures 26a and 27a. The effect of the major weather front Is less apparent relative to dally 

fluctuation In the hydrographs In figures 27b and 28. 

The chang~s In atmospheric pressure and the colnddent water levels were analyzed 

following the previously described methods. The standard deviation of atmospheric pressure 

varied between the time segments chosen for comparison (table 3). Short time segments 
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Table 3. Calculation of specific storage and storatlvlty In the Edwards aquifer on the basis of barometric effldency and 
log-based porosity measurements. 

Standard Standard 
nme nme deviation deviation Calaalated 

sepaent sepaent water atmospheric barometric AquIfer 
Well start end level pressure efftdmcy Porosity thickness Speclftc Storage 

County IDuo. (day) (day) (ft) (ft) (1M») (1M») (ft) storage coefficient 

Bexar AY 68-29·103 3.95 31.99 0.1442 0.1827 78.9 28 475 5.12 x 10-7 2.43 x 10""" 
Bexar AY 68-29·103 16 20 0.0415 0.0601 69.1 28 475 5.85 x 10-7 2.78 x 10-4 

Coma. DX 68-30-208 3.95 31.95 0.0667 0.1827 36.5 2S 480 9.89 x 10-7 4.75 x 10-4 
Coma. DX 68-30-208 16 20 0.0592 0.0601 98.S 2S 480 3.66)( 10-7 1.76 x 10-4 

Bexar AY 68-37·203 3.36 31.91 0.1789 0.1829 97.8 17 500 2.51 x 10-7 1.25 x 10-4 

...... Uvalde YP 69·37-402 3.82 31.91 0.1695 0.1828 92.7 19 440 2.96)( 10-7 1.30 x 10""" .. 
Medina TD 69·38-601 1.03 31.99 0.0855 0.1803 47.4 18 S48 5.48 )( 10-7 3.00 )( 10""" 
Medina TO 69-38-601 16 20 0.0224 0.0602 37.2 18 S48 6.98)( 10-7 3.82)( 10-4 

Medina TO 68-41-301 3.9 31.91 0.1267 0.1827 69.4 21 550 4.37)( 10-7 2.40 )( 10""" 
Medina TO 68-41-301 16 20 0.0457 0.0601 76.1 21 S50 3.99 )( 10-7 2.19 x 10-4 

Uvalde TP 69-45-401 3.24 11.57 0.1314 0.1779 73.9 21 510 4.10)( 10-7 2.09 x 10-4 
Uvalde TP 69-45-401 5.09 7.3 0.0656 0.0783 83.9 21 510 3.61)( 10-7 1.84 x 10-4 

Uvalde TP 69-45-401 7.34 9.8 0.0575 0.0687 83.7 21 510 3.62)( 10-7 1.85 x 10""" 

Uvalde TD 69-5()'302 1.03 31.99 0.0724 0.1803 40.1 20 660 7.19)( 10-7 4.75 x 10-4 

Uvalde TO 69-S()'302 16 20 0.0419 0.0602 (8.6 20 660 4.15)( 10-7 2.74 x 10""" 

tmlde yP 69·51-406 21.9 24.7 0.0945 0.1585 59.6 20 66S 4.84)( 10-7 3.22 )( 10""" 
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yielded a typical standard deviation of 0.06, and long time segments yielded a typical standard 

deviation of 0.18. Barometric efftdencles calculated using equation (10) ranged from 0.36 to 

0.99 (table 3). At a well with a high value of barometric efficiency, the aquifer matrix Is less 

compressible, the percent of storage attributable to compression of the aquifer matrix Is small, 

and the percent of storage attributable to expansion of water Is large (Domenlco, 1972). The 

generally high values of barometric efficiency In Edwards aquifer wells reflect the low 

compressibility of carbonate rock. 

The average porosity of the aquifer at monitor wells was extracted from the log-based 

porosity Interpolated using StratamodelCO (table 3). Barometric efficiency from equation (10) 

and Interpolated average porosity were used to estimate specific storage In equation (13). Water 

elastldty was assumed to be 300,000 pSi, and specific weight of water (pg) was assumed to be 

0.433 psi/ft. Spedflc storage (SJ calculated for the wells averaged 2.6 x 10-4 (table 3). The 

specific storage (SJ was converted to the storatlvlty (S) by multiplying the former by formation 

thickness or thickness of the completion interval. 

Storatlvlty has not been measured by aquifer tests at any of the wells having water-level 

hydrographs. It was measured In at least two aquifer tests In Bexar County, at wells AY 68-29-

104 (S = O.COn and AY 68-29-410 (S = 0.00035) (unpublished data, EUWO). The calculation of 

storatlvlty at the first well was questionable. Maclay and Small (1986) estimated that average 

coeffldent of storage Is between 10-4 and 10-5, assuming average formation dimenSions and 

average (20 percent) porosity. The average value of 2.6 x 10-4, calculated from barometric 

efficiency and log-based porosity, agrees well with those estimates. 

The response of water level In a well to atmospheric pressure changes Is small. The effect 

of the well's water-level fluctuation on pressure change In the aquifer therefore Influences 

only a small radius around the well, limiting the interpretation of hydrolOgiC properties. 

Additional field tests and data analysis are required to verify whether storatlvlty Is 

representative of local hydrologic properties. Further specific storage measurements with 

barometric effldency from the same wells could be used to calculate porosity Independently 
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from log-based measurements. For Improved, more precise calculation of porosity, water-level 

hydrographs should be measured at all wells where storatlvlty has been determined from 

aquifer tests. 

In summary, barometric efficiency of wells within the confined part of the Edwards aquifer 

can be approximated by calculating the standard deviation of data In the time series, after 

significant trends are removed. It Is Important to Inspect different segments of the time series 

to confirm that the barometric efficiency Is accurate and unbiased by extraneous noise. The 

amplitudes of water-level and atmospheric pressure fluctuations can be determined more 

prectsely using harmonic or Fourier analysis to filter out nOise, although trends unrelated to the 

barometric response still need to be removed. More sophisticated time-series analysis might be 

lustlfled once additional field-test data have been collected to determine storatlvlty. 

DISCUSSION 

This section of the report assesses the accuracy of the estimate of total water-filled 

porosity, discusses what the estimate of total In-place water volume means, and presents 

examples of how the data set can be used. 

Reasonable matches were obtained between porosity measurements of core plugs and 

porosity calculations from neutron and resistivity logs. These matches Indicate that calibration 

was reasonably successful and that various porosity log types and qualities can be combined to 

yield a functional porosity measurement. Porosity calibration can be erroneous because of 

(1) unidentified changes In pore-water salinity, (2) overestimation of karst or fracture porosity 

because of borehole damage, (3) Inaccuracies In calibration assumptions, and (4) areas of high 

and low porosity not penetrated by logs. In particular, high estimates near the base of the 

Edwards Group ~ay reflect either enhanced porosity because of dolomitization or karstlc 

dissolution, or erroneous high porosity because of saline pore fluids. High estimates of porosity 

at the top of the Edwards Group may be similar to the diagenetlcally enhanced high porosity 
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measured In core In rudist gralnstones In this position. The thickness and amount of porosity In 

some of the very porous Intervals at the top of the aquifer, however, might be overestimated 

by logs because of borehole damage. 

This study provides a detailed assessment of the maximum amount of water In place In the 

Edwards aquifer on the basis of a large data set and a reprodudble method. This study's estimate 

of 215 million aae-feet of total water-filled pore volume, however, Is not a direct measure of 

how much water can or should be produced from the aquifer. The total resource depends on 

sodal, ecological, and economic variables as well as many physical variables Including, but not 

limited to, spedfic retention or amount of water retained against the force of gravity after 

drainage of the unconfined aquifer, distributions of storatlvlty and permeability, water quality, 

and annual variations In recharge rate. 

Maclay (1989) estimated that 25 to 55 million aae-feet of water In the Edwards Is 

drculatlng In pore space or dralnable by gravity (R. W. Maclay, personal communication, 1993). 

This Is, of course, substantially lower than this study's calculation that there Is a total of 

215 million acre-feet of water In storage. Maclay and Small (1976) used capillary-pressure tests 

from the freshwater zone to show that In low-porosity Intervals, very high pressures are 

required to force mercury Into the pores. Water In these small and poorly Interconnected pores 

would be retained In the rock by surface tension, or capillary attraction, and be unrecoverable 

by drainage. More porous samples accepted more mercury at lower pressures; a higher 

percentage of water In these pores Is mobile. Maclay and Small (1976) estimated that only 25 to 

50 percent of pore space drains by gravity In the most permeable part of the Edwards and little 

of the water-filled matrix drains In low-permeability sections such as the Georgetown 

Formation. Permeability measurements made during this study suggest that porosities above 

10 percent generally correspond to permeabiJItles of greater than 10 md. Exceptions are found 

In areas with abundant small pores, such as the Salmon Peak Formation In the Maverick Basin 

and the Person and Kainer Formations south of the bad water line. Applying a 100percent 

porosity cutoff to the model only reduces the total water-filled porosity by about 1 percent, 
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mainly In the West Nueces and McKnight Formations In the Maverick Basin and In thin 

transgressive units on the platform. In addition, some thin Intervals where logs yield high 

porosity might be artifacts produced by borehole damage. Application of a SO-percent porosity 

cutoff to eliminate these intervals reduces the total water-filled porosity by another 2 percent. 

The 3-percent of total water-filled volume that Is In rock with less than la-percent and more 

than SO-percent total porosity Is 7 million acre-feet. 

This total amount of stored water represents the long-term accumulation of the volumetric 

difference between recharge and discharge. Storage Increases when recharge exceeds discharge 

and decreases when recharge Is less than discharge. For the period 1934 to 1992, average 

annual recharge of 677,700 acre-feet was not significantly different from average annual 

discharge of 647,300 acre-feet to springs and wells (Technical AdviSOry Panel, 1990; data for 

1934 to 1992 from Brown and others [1992] and Steve Walthour, personal communication 

[1993]). Recharge to the Edwards Is controlled by rainfall In the catchment area; there does not 

appear to be Induced recharge from perennial streams by the drawdown of water level In the 

aquifer (Woodruff and Abbott, 1989; Technical Advisory Panel, 1990). Under drought 

conditions, pumpage and spring flow can markedly exceed recharge. When this occurs, water Is 

being taken out of storage. In 1956, when water levels were at their historical low during a long 

drought, more than 2 million acre-feet of water were removed from storage when net discharge 

exceeded recharge (Garza, 1976). When discharge exceeds recharge and removes water from 

storage, water levels drop and the volume of spring discharge decreases. 

The model and data developed In this study have many potential uses as an aquifer 

management tool. For example, as previously shown, water volume can be calculated for 

confined and unconfined parts of the aquifer, and for the aquifer above and below the regional 

dense member. In addition, water volume can be calculated for various geographic areas such as 

counties, watersheds, and subregions of the aquifer. The detailed data set compiled In this study 

can be built upon and modified to Incorporate additional well-log data, permeabJUty estimates, 

and the results of future hydrolOgiC research. 
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One example of the use of the porosity model produced by this study Is updating 

estimates of In-place water volume as additional data become available and verified. For 

example, In the deep sections of the aquifer In southern Medina and northern Frio Counties, 

additional fresh water was identified (Schultz, 1992) and recently confirmed by test drilling 

Oohn Waugh, personal communication, 1993). TakJng the bad water line of Schultz (1992) In 

place of that by Brown and others (1992), compared In figures 1 and 2, yields a net gain of 

IS million acre-feet of In-place water In Medina and Frio Counties and a net loss of 3.S million 

acre-feet In Uvalde County. 

A second example of the use of the porosity model Is the estimation of water volume 

between different water levels In the unconfined part of the aquifer, for example, between 

the 1984 and 1992 potentiometric surfaces. The 1984 water levels record the Edwards 

potentiometric surface at a very low elevation Oohn Waugh, written communication, 1993). 

The 1992 water levels record the Edwards potentiometric surface at its highest recent 

elevation. These surfaces were added to the cellular model and the volume of water In the 

unconfined aquifer between these surfaces was calculated. The difference In volume of water 

contained In the unconfined aquifer between the two potentiometric surfaces is 6.9 million 

acre-feet, which is the maximum amount of water expected above the 1984 potentiometric 

surface. This Is only 3 percent of the total water In storage throughout the aquifer. Most of the 

water stored In the Edwards, therefore, lies below the elevation of the 1984 potentiometric 

surface. 

The total amount of water in storage in 1992 must equal the total amount of water in 

storage In 1984 plus the net addition from recharge. Between 1984 and 1992, recharge was 

9.8S million acre-feet and discharge (wells and springs) totaled 6.92 million acre-feet (Brown 

and others, 1992; Steve Walthour, personal communication, 1993). The amount of error In 

these values Is unknown. their difference, however, suggests a net gain of 2.93 million acre­

feet of water In the aquifer, which Is 42 percent of the total water volume calculated between 

the 1984 and 1992 potentiometric surfaces. This suggests that the specific retention of the 
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unconfined part of the Edwards aquifer Is 58 percent of porosity. Spedflc retention Is the 

fraction of the total water-filled pores In the unconfined aquifer that Is not recoverable because 

water exists In discontinuous or poorly Interconnected pore space and because some water Is 

held In the rock by surface tension or capillary attraction. This Is consistent with the 

Interpretation by Maclay and Small (1976) that at least SO percent of pore space Is not 

dralnable by gravity. 

The total water volume calculated using the 1972 potentiometric surface as the upper 

boundary of the unconfined aquifer gives an average volume or average capadty to the extent 

that 1972 was an average water year. The range In capadty about this average value might be 

approximately half of the total volume of calculated pore space In the unconfined aquifer 

between the 1984 and 1992 water-table surfaces, that Is, half of 6.9 million acre-feet. 

Therefore, one could say that the estimate of total water In storage Is 215 ± 3.5 million acre­

feet. This 1.6-percent uncertainty because of water-level fluctuation Is probably less than the 

total amount of error In porosity calculation. 

Changes In the volume or mass of water physically present In the unconfined part of the 

Edwards aquifer occur via the filling and draining of pore space. Prolonged ground-water 

production In excess of recharge would cause pores to drain, water levels to decline, and some 

wells In the upper reaches of the unconfined aquifer to go dry. Changes In water level In the 

confined aquifer, however, do not reflect change In the amount of water In pore space, which 

remains full of water, but reflect a change In water pressure as water fills and drains from the 

unconfined aquifer In the Edwards outcrop. Pumping that removes water from storage In the 

confined aquifer will cause a drawdown of water pressure and Induce water to flow from the 

unconfined to the confined parts of the aquifer. The confined Edwards can be recharged 

rapidly because of Its high permeability. Storatlvlty and permeability determine the amount 

and distribution of water-level decline In the aquifer at a given rate of pumping. These physical 

variables as well as sodal, ecological, and economic variables might limit the recovery of stored 

water. 
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Pumpage of water at rates that exceed annual recharge results In a drop of water level, first 

by bleeding off pressure In the confined aquifer, and eventually, If the water level drops below 

the top of the Edwards aquifer, by draining porosity. Only a small amount of water Is released 

from storage In the confined aquifer with drawdown of water pressure. Water Is released from 

storage In the confined part by the expansion of water and the minute compression of the 

aquifer matrix as water pressure decreases. The volume of water that can be produced with a 

given amount of water-level decline can be estimated from the relation 

where 

V = volume of water, 

S = storatlvity, 

A = aquifer area, and 

tah = change In water level. 

V=SA.1h (14) 

Assuming an average S of 2.6 x 10-4 as estimated from water-level hydrographs, a loo-ft (30-m) 

change In water level over the entire confined aquifer (2,005 ml2 [5,133 kJn2]) would yield only 

33,400 acre-feet of water. More than this amount of water Is produced annually from the 

confined part of the Edwards aquifer, which Indicates that water moves Into the confined part 

of the Edwards from the recharge zone. 

Residence time Is the average duration of water In an aquifer and Is estimated by dividing 

total water volume In storage by the recharge rate. At a recharge of approximately 677,700 acre­

feet/yr, residence time Is approximately 317 years. This means that ground water In the 

Edwards aquifer Is replaced on average every 317 years. This average value Is consistent with 

data on the activity of carbon-14 (14C) and tritium (3H) radioactive Isotopes In Edwards ground 

water (pearson and Rettman, 1976). The reciprocal of residence time Is the fraction of the 

stored ground water that enters and leaves the aquifer In a given year-O.3 percent In the 

Edwards' case. 

84 



In summary, there Is a large volume of ground water In storage. ThIs study's estimate of 

215 million acre-feet of stored water, however, does not describe a previously unrecognized 

resource that might be developed, nor does It Imply more water for development than 

previously thought. Pumpage In excess of the recharge rate takes water out of storage for as 

long as the overdraft continues without mitigation and eventually decreases water pressure In 

the confined aquifer to a level below that which would continue to deliver water to spdngs at 

the discharge end of the aquifer. 

ADDITIONAL STUDIES 

ThIs study outlines a number of significant problems that could be addressed by building on 

the results of this study: 

(1) Permeability distribution 

this study expands the data base of Interpreted porosity logs and shows the three­

dimensional stratigraphic control on porosity In the aquifer. If relationships between porosity 

and permeability can be developed for the variable carbonate rocks of the Edwards aquifer, this 

three-dimensional porosity data might be used as the basis of a detailed model of 

stratigraphically controlled matdx permeability. Many questions regarding aquifer dynamics, 

such as the Interrelation of ground-water production, recharge, water-level change, and spring 

flow, could be addressed more accurately If the permeability distribution were known In detail. 

The vertical heterogeneity and lateral connectivity of the porous zones Identified by this study 

are Important components of the permeability distribution. 

(2) Storatlvlty 

Techniques using barometric effldency to calculate storatlvlty used In this study should be 

validated using aquifer tests with observation wells. If the accuracy of the results Is confirmed, 

water-level hydrographs along with the porosity data set developed In this study will provide a 

cost-effective method of estimating storatJvlty across the confined aquifer. In addition, porosity 
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might be calculated Indirectly from measured storatlvlty and a water-level hydrograph and 

compared to the geophysical log-based porosity estimate. The comparison might help evaluate 

kantlc and fracture porosity. 

(3) Aquifer boundaries 

The porosity model Is least accurate for the outcropping part of the Edwards, which is not 

well represented by the data set obtained In this study. Log suites collected In the upper part 

of the aquifer when water levels are high would provide a useful extension of the data base. 

Coupled geological analysis of outcrops and subsurface formation structure, shallow hlgh­

resolution three-dimensional seismic studies, and hydrologic testing would provide additional 

detailed Information needed to accurately assess water resources and to model ground-water 

flow In the unconfined part of the Edwards aquifer. Comparison of flow In porous matrix to 

flow In fractured and karstlc rock above and below the water table In the unconfined aquifer 

are needed to better constrain and locate recharge to the aquifer. 

Data are sparse In the western part of the study area. The rock fabric In the most porous 

parts of the Salmon Peak Formation should be examined to determine If It has fairly small pores 

and relatively low permeablllties, as in the Salmon Peak core examined In this study. Because of 

the high porosities exhibited, the stratigraphic and hydrologic characteristics of the hydrologic 

divide near Brackettville In Kinney County Is Important. 

Multiple zones of fresh and more saline water have been observed within research wells 

In the freshwater-bearing part of the Edwards Group, Including the South Medina well. 

Additional studies that Integrate geochemistry and hydrology are needed to explain 

stratigraphic controls on water quality and the present geometry of the saline-freshwater 

Interface. Such studies have been made of the northern, fault-bounded part of the aquifer and 

also are needed along the southern boundary of the freshwater zone and at the base of the 

aquifer. Resistivity logs examined during this study show that the boundary of the freshwater 

aquifer Is Irregular In the vertical as well as the map-view dimensions. The complex. and 

dynamic relatlon between the saline-freshwater Interface and water pressure in the aquifer 
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may Influence water quality In wells near the bad water line (Technical Advisory Panel, 1990). 

In addition, sharp deaeases In resistivity In the lower part of the Edwards aquifer suggest that 

aoss-formatlonal leakage of saline water from the Glen Rose Formation may occur at some 

locations. This could be especially significant In the thin, unconfined part of the aquifer. 

(4) Models of ground-water flow and transport 

The amount of ground water that can be produced from different areas of the Edwards 

aquifer for given amounts of water-level decline should be predicted using a numerical model of 

transient ground-water flow that Includes accurate estimates of storatlvlty, recharge rate, and 

stratigraphically and structurally controlled distributions of porosity and permeability. 

Simulations of ground-water flow under a range of aquifer management scenarios can provide 

the data needed to support dedslons concerning the sodal, ecological, and economical Issues 

Involved In using the aquifer's resources. ExIsting hydrologiC models Incorporate geological 

complexity associated with faults In the Edwards but do not Include vertical variations In 

permeabUJty. Adding detail on the regional distribution of storatlvlty and the stratigraphic 

distribution of porosity and matrix permeability, as outlined above, should Increase the accuracy 

with which numerical models predict how much water can be produced from the Edwards for a 

given amount of water-level decline. Such Improved models also could be used to interpret 

hydrolOgiC characteristics of faults and the extent to which ground-water resources might occur 

In local or semi-Isolated compartments. Furthermore, the three-dimensional porosity data 

generated In this study could be used In model simulations to study the movement of the 

saline-freshwater Interface and the transport of contaminants In ground water and to develop 

better understanding of the hydrologic and stratigraphic controls on water quality. 

CONCLUSIONS 

An accurate estimate the total porosity of the Edwards aquifer requires systematic, rigorous 

methods that recognize geologic controls on porosity distribution. This geologically complex, 
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prolific, and Important aquifer will be studied for many years. Therefore, this analysis uses a 

data base to store porosity, log, and stratigraphic data that can be modified to lndude results of 

future Investigations and new well data. This study incorporates acquisition of data, construction 

of a data base, construction of a log-based stratigraphic model, calibration of porosity log 

response to core analysis, and Interwell Interpolation of log-determined porosity using 

StratamodelO SGM three-dImensional modeling software. 

This study generated five products: (1) a revised estimate of the log-determined matrix 

porosity In the Edwards aquifer, (2) a GIS ARC/INFO data base that Indudes all data accumulated 

during the course of the study, (3) a three-dimensional stratigraphic model of the Internal 

stratigraphy of the Edwards aquifer, (4) a cell-based porosity distribution within the aqulfer,_ and 

(5) a demonstration of the use of water-level fluctuation to measure hydrologic properties and 

degree of confinement In the aquifer. 

The porosity of the Edwards aquifer varies on a fine scale from low values of 4 to 

12 percent In highstand fades to high values of 20 to 42 percent In gralnstones and leached 

subtidal dolostones. Average porosities In the aquifer vary In response to depositional fades and 

diagenesis. High average porOSities are recognized In the north part of the aquifer in Hays, 

Comal, and northern Bexar Counties. The southern part of the aquifer on both sizes of the 

saline-freshwater Interface in south Medina and Bexar Counties has higher than average 

porosity. The western part of the aquifer In the outcrop of the Salmon Peak Formation of 

KJnney and Uvalde Counties Is also characterized by high porosity. Porosity for the entire 

aquifer averages 21.7 percent. 

The volume of water in the confined aquifer Inside the study area Is 156.5 million 

acre-feet. Average storatlvlty of the confined aquifer was calculated from barometric effldency 

and Interpolated porosity as 2.6 x 10-4. The average volume of water In the unconfined part of 

the aquifer Is 58.5 million acre-feet. Of this, 6.9 million acre-feet are In the upper part of the 

unconfined aquifer, failing between the maximum historic water level In the aquifer and the 

potentiometric surface at the time Comal Springs became Intermittently dry. 
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GLOSSARY· 

Acre-feet - amount of water that would cover one acre (43,560 ft2) to a depth of one foot 

(approximately 326,000 gal.). 

Aquifer - a formation, group of formations, or part of a formation that both transmIts and 

stores water In pore space and contains sufficient saturated permeable material to yield 

economIc quantities of ground water to wells and springs. 

Aquifer test - a fIeld method for determining permeability and storatlvlty on the basis of 

withdrawal of measured quantities of water from or addition of water to a well and 

measurement of resulting changes In hydraulic head In the aquifer. 

Argillaceous - containing or largely composed of clay-sized particles or clay minerals. 

Barometric efficiency - ratio of the response of water level In a well In a confined aquifer to 

change In atmospheric pressure (dimensionless). 

*ModIfied from defInitions given In Driscoll (1986) and Jackson and Bates (1987). 
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Borehole - a generally cylindrical hole in the earth made by drilling for the purpose of 

extracting liquids such as ground water and petroleum or for measuring subsurface geologic 

characteristics. 

Capillary pressure test - a laboratory method for determining porosity and pore size 

distribution of rock samples, usually small cylinders taken from core obtained from a 

borehole. 

Confined aquifer - an aquifer In which ground water is isolated from the atmosphere and 

bounded above and below by (confining) beds of low permeability that retard movement 

of water into or out of the aquifer, in which water is added to or released from storage In 

pore space by change in water pressure rather than by filling or draining of pore water; 

the confined part of the Edwards aquifer lies entirely in the subsurface and Is confined by 

the overlying Del RIo Clay and the underlying Glen Rose Formation. 

Confined ground water - subsurface water In a confined aquifer; the division between 

confined and unconfined ground water is gradational; confined water is called artesian 

water where the potentiometric surface or the aquifer is above land surface and flowing 

wells or springs are present. 

Dedolomitization - diagenetic process by which dolomite In contact with ground water 

containing very smaJl ratios of dissolved magnesium to calcium Is replaced by caldte, 

usually Increasing in porosity. 

Diagenesis - chemical and physical changes undergone by a sediment after Its deposition and 

burial, usually Involving compaction and minerai solution and prectpltatlon, exclusive of 

metamorp~lsm at elevated temperature and pressure. 
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Discharge - loss or removal of ground water from an aquifer such as by movement to surface 

water In springs and seeps at topographically low elevations, pumping from wells, 

evaporation at a shallow water table, or transpiration by plants. 

Dolomitization - diagenetic process by which caldte (CaC03) is wholly or partly converted to 

dolomite (CaMg(C03)2). 

Effective porosity - percentage of the bulk volume of a rock that is occupied by pore spaces 

that are Interconnected and through which subsurface fluid can move; effective porosity, 

therefore, Is less than total porosity. 

En echelon - an overlapping or staggered arrangement, for example, of faults, In which the 

orientation of Individual features Is at an angle to that of the zone as a whole. 

Geographic Information System - computer programs with which spatial data are complied, 

sorted, retrieved, analyzed, transformed, and displayed. 

Harmonic (Fourier) analysis - a method for determining frequency and amplitude 

characteristics of observed periodic data by comparison with a mathematical function 

consisting of an Infinite series of summed sine and cosine terms. 

Heterogeneity - nonunlformlty In structure or composition with properties, for example, 

permeablUty and porosity, that vary with position. 

Highstand - Interval of time during one or more cycles of relative change of sea level when 

sea level Is at Its highest level above the shelf edge. 
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Hydraulic bead - a representation of the potential energy per unit weight of ground water, 

consisting of gravitational, pressure, and velodty components and expressed In units of 

length; hydraulic head Is determined In an unconfined aquifer by the elevation at which 

water Is observed In a borehole and In a confined aquifer by the pressure of ground water 

and the elevation of the measurement point. 

Hydrograpb - time record of the fluctuation of hydraulic head of ground water as monitored In 

a borehole. 

Hypersaline - excessively saline, with salinity substantially greater than that of sea water. 

Intertidal - depth zone In a marine environment between high water and low water. 

Karst - a type of topography that Is formed by solution of limestone, gypsum, and other rocks 

by ground water and that Is characterized by Sinkholes and caves; also the process of 

solution of limestone, gypsum, and other bedrock that enlarges pore space In the 

subsurface In a karst environment; also the resulting rock characteristics. 

Matrix - the solid skeleton of a porous medium: a granular matrix Is an assembly of solid 

mineral grains separated and surrounded by pores, voids, or Interstices; matrix porosity Is 

the fine porosity between crystals or grains as contrasted with larger fractures and wgs. 

Moldic pores - pores resulting from the removal, usually by solution, of an Individual 

constituent of a rOCk, for example, a fOSSil skeleton. 

Neutron log (scaled/unscaled) - recording of Induced neutron reactions measured versus 

depth In a borehole, espedally sensitive to hydrogen content. 
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Permeability - property or capadty of a granular or fractured medium for transmitting a fluid, 

which relates the rate of fluid flow to the Imposed gradient In hydraulic head (units of 

LfI')i used In this report as a synonym for hydraulic conductivity, which depends not only 

upon the properties of the porous medium but also upon the kJnematlc viscosity of the 

fluid. 

Porosity - ratio of the bulk volume of a rock that Is occupied by pore space or Interstlces, 

whether Isolated or Interconnected; usually stated as a percentage. 

Potentiometric surface - an Imaginary two-dimensional surface representing the total (static) 

hydraulic head of ground water of constant density and defined by the levels to which 

water will rise In a cased borehole open to the aquifer. 

Recharge - the addition of water to the zone of saturation In an aquifer; also the amount of 

water added. 

Resistivity log - recording of electrical resistivity of rock and contained fluids measured versus 

depth In a borehole. 

Rudist - a bivalved mollusk belonging to the superfamily Hlppurltacea, characterized by an 

Inequate shell, usually attached to a substrate and forming mounds or reefs during the 

Cretaceous period. 

Sabkha - a supratidal environment of sedimentation formed under arid to semiarid conditions 

on restricted coastal plains and characterized by evaporite-salt, tidal-flood, and eoUan 

deposits. 

Specific storage - storatlvlty per unit thickness of an aquifer, with dimensions of [IlL]. 
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Storativity - volume of water released from or taken Into a column of aquifer with unIt aoss­

sectional area under unit decline In hydraulic head (dimensionless); also called storage 

coeffident. 

Subtidal - depth zone In a marine environment below low tidal level and below the Intertidal 

zone. 

Supratidal - depth zone In a marine environment Just above high tide level and above the 

intertidal zone. 

Transgressive - produced by a relative rise of sea level that brings offshore, typically deep­

water environments to areas formerly occupied by nearshore, typlcalJy shallow-water 

conditions. 

Unconfined aquifer - an aquifer where the water table forms the upper boundary and is 

exposed to the atmosphere through openings In overlying materlal, In which water Is 

added to or released from storage by filling or draining of pore space; the unconfined part 

of the Edwards aquifer mainly lies within the geologic outcrop of the Edwards Group. 

Well log - recording of measured or computed physlcal, chemlcal, or electrical characteristics 

of a rock section measured versus depth In a borehole. 

101 


	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_001
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_002
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_003
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_004
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_005
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_006
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_007
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_008
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_009
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_010
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_011
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_012
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_013
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_014
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_015
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_016
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_017
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_018
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_019
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_020
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_021
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_022
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_023
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_024
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_025
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_026
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_027
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_028
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_029
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_030
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_031
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_032
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_033
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_034
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_035
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_036
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_037
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_038
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_039
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_040
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_041
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_042
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_043
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_044
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_045
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_046
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_047
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_048
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_049
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_050
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_051
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_052
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_053
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_054
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_055
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_056
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_057
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_058
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_059
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_060
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_061
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_062
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_063
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_064
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_065
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_066
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_067
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_068
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_069
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_070
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_071
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_072
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_073
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_074
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_075
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_076
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_077
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_078
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_079
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_080
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_081
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_082
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_083
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_084
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_085
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_086
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_087
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_088
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_089
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_090
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_091
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_092
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_093
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_094
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_095
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_096
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_097
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_098
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_099
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_100
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_101
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_102
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_103
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_104
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_105
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_106
	QAe5625-EDWARDS AQUIFER STORAGE ASSESSMENT, KINNEY COUNTY TO HATS COUNTY_Page_107

