HYDROGEOLOGY AND PREDEVELOPMENT FLOW IN THE
TEXAS GULF COAST AQUIFER SYSTEMS

By Paul D. Ryder

U.S. GEOLOGICAL SURVEY
Water—-Resources Investigations Report 87-4248

AUSTIN, TEXAS
1988



DEPARTMENT OF THE INTERIOR

DONALD PAUL HODEL, Secretary

U.S. GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information
write to:

District Chief

U.S. Geological Survey
Water Resources Division
8011 Cameron Rd., Bldg. 1
Austin, TX 78753

—ii-

Copies of this report can
be purchased from:

U.S. Geological Survey
Books and Open-File Reports
Federal Center, Bldg. 810
Box 25425
Denver, CO 80255



CONTENTS

Page
AbSEraCt—= === e e e e e e e 1
Introduction---—c— oo e e 3
Purpose and SCOPE === === e e e e e e e e o 3
Method of investigation------—— o - 5
Description of the area-----——==—= oo e 5
Previous investigationS—-—-——-— oo mm e 7
Acknowledgement === === o e oo e e - 7
Hydrogeo10ogic framework-—————— o oo e e e e 7
Coastal uplands aquifer SyStem=—————— oo o eeee 20
Midway confining unit-----—— e 20
Middle Wilcox aquifer-———— o e 20
Lower Claiborne-upper Wilcox aquifer—--—————— e e oo 26
Lower Claiborne confining unit---------ceeomemmm 26
Middle Claiborne aquifer—-————— - e 26
Middle Claiborne confining unit-——=——— e o mm o~ 33
Upper Claiborne aquifer---—-——-—cem oo e - 33
Vicksburg-Jackson confining unit--—=——cemo oo oo 33
Coastal lowlands aquifer SyStem————mmm- o e oo oo 33
Lower Miocene-upper Oligocene permeable zone-----------ccccoee-o 40
Lower Miocene-upper 0ligocene confining unit------—cccmcmmmeeeo 40
Middle Miocene permeable zZoN@-=—-—-= - oo 40
Middle Miocene confining unit------——— 47
Lower Pliocene-upper Miocene permeable zone-----—---coceoceeo 47
Lower Pleistocene-upper Pliocene permeable zone-------------—--- 47
Holocene-upper Pleistocene permeable zone-----c——coccmommmeeeeo 54
Hydraulic properties and water quality--=-————c oo 54
Horizontal hydraulic conductivity---==-==-cmm e 54
Vertical hydraulic conduCtivity === —— e oo e 58
Water density———— o e e e 60
Freshwater-saltwater delineation-—-—--——— oo 60
Predevelopment flow SyStem === e e oo e o 62
Conceptual mode T === —— === e e e 62
Digital model—=—— == e e e o 63
Model grid and boundary conditions---=—-cecmmmmm oo 63
Hydrologic data and calibration-—-—-—— e 66
Analysis of calibration residudls---=-———cemmm oo 69
Sensitivity analysSiS—=—===—= = = oo e 79
Simulated predevelopment flow—= === oo e 100
Recharge and discharge in outcrop areas--------—-——————coccemme- 102
Inter-aquifer leakage and summary of vertical flow components--- 103
Summary and CONCIUSTONS === == o e e e e e e e e e e 106
Selected referenCes=—=—— - m o o 108
ILLUSTRATIONS
Figure 1-3. Maps showing:
1. Relation of Texas Gulf Coast study area to
onshore part of the Gulf Coast Regional
Aquifer-System analysis study area-------——ccememeeeu 4
2. Location of Texas Gulf Coast study area------—-cceeeeeee-o 6
3. Mean annual precipitation in the Texas Gulf
Coast study aread-----—=—==—ccm e 8



ILLUSTRATIONS--Cont inued

Figure 4. Diagram showing representative electric-log
interpretation of sand and clay beds within
hydrogeo10gic UNitS—me mm oo oo el 10
5-42. Maps showing:
5. Locations of selected wells with geophysical

109 data-====—= e e e 11
Generalized outcrops of aquifers, permeable
zones, and confining unitS—--=— e e oo 15
7. Hydrogeologic section A-A' e e oo ool 16
8. Hydrogeologic section B-B' --—- = mmmm el 17
9. Hydrogeologic section C-C'-m—m—m e 18
10. Altitude of the base of the Texas Gulf Coast
aquifer systems——-———-—- oo e 19
11. Thickness of the Texas Gulf Coast aquifer systems------- 21
12. Altitude of the top of the Midway confining unit-------- 22
13. Thickness of the Midway confining unit----—=c=-eceeeeooo 23
14, Altitude of the top of the middle Wilcox aquifer-------- 24
15. Thickness of the middle Wilcox aquifer----------—caaea-- 25
16. Altitude of the top of the lower Claiborne-upper
Wilcox aquifer-———-em e 27
17. Thickness of the lower Claiborne-upper Wilcox
AQUIF Y = e e e e e e e 28
18. Altitude of the top of the lower Claiborne
confining Unit-ee oo el 29
19. Thickness of the lower Claiborne confining unit--------- 30
20. Altitude of the top of the middle Claiborne
AQUIf Y= e e e e e 31
21. Thickness of the middle Claiborne aquifer-------—------- 32
22. Altitude of the top of the middle Claiborne
confining unit-=——— o m o 34
23. Thickness of the middle Claiborne confining unit-------- 35
24. Altitude of the top of the upper Claiborne aquifer------ 36
25. Thickness of the upper Claiborne aquifer-------————cecee-o 37
26. Altitude of the top of the Vicksburg-Jackson
confining UNit-—m e ol 38
27. Thickness of the Vicksburg-Jackson confining unit------- 39
28. Altitude of the top of the lower Miocene-upper
0ligocene permeable zone---—-—-mm oo emmm e 41
29. Thickness of the lower Miocene-upper Oligocene
permeable zon@---—-—-—m oo 42
30. Altitude of the top of the lower Miocene-upper
0ligocene confining unit---———-ccmmmm e 43
31. Thickness of the lower Miocene-upper 0ligocene
confining unit------m—cmmmmm 44
32. Altitude of the top of the middle Miocene
pPermeable ZONE- e e e e 45
33. Thickness of the middle Miocene permeable zone---------- 46
34. Altitude of the top of the middle Miocene
confining unit-=--—-ecmmm e 48
35. Thickness of the middle Miocene confining unit---------- 49
36. Altitude of the top of the lower Pliocene-upper
Miocene permeable zOn@----------ccc oo 50

~jy-



Figure

44.
45-53.

54-56.

ILLUSTRATIONS--Cont inued

37. Thickness of the lower Pliocene-upper Miocene
permeable zZONE---===—m - e
38. Altitude of the top of the lower Pleistocene-upper
Pliocene permeable zone-----=---cccmmmmm
39. Thickness of the lower Pleistocene-upper Pliocene
permeable zON@-----=-me o e
40. Altitude of the top of the Holocene-upper
Pleistocene permeable zone-----—--—-—c-mmmmmmmmmeen
41. Thickness of the Holocene-upper Pleistocene
permeable zZON@----=—= - e
42. Finite-difference grid superimposed on
modeled area and study area---------—c——ccmcmmcmo
43. Diagram showing conceptual model of aquifer
systems and generalized representation in the
digital model------=- e
Map showing estimated altitude of the water table for
the model constant-head boundary-------c-ccemcmccmmmamo
Maps showing measured and simulated potentiometric
surfaces of the:
45, Middle Wilcox aquifer----———-—cmm oo
46. Lower Claiborne-upper Wilcox aquifer------—c-ccemmeeeeo
47. Middle Claiborne aquifer----—-—-ccccmmmmmm o
48. Upper Claiborne aquifer-------c-commmmm e
49. Lower Miocene-upper Oligocene permeable zone------------
50. Middle Miocene permeable zone-------—-———-—cccmcmmo
51. Lower Pliocene-upper Miocene permeable zone-------------
52. Lower Pleistocene-upper Pliocene permeable zone---------
53. Holocene-upper Pleistocene permeable zone---------------
Graphs showing:
54, Sensitivity of simulated heads to change in
horizontal hydraulic conductivity (Kh) for the:
a. Middle Wilcox aquifer-----—-—ccocemmcmmmmm
b. Lower Claiborne-upper Wilcox aquifer------—--—---
c. Middle Claiborne aquifer-----—-—-—cccmmmmee-
d. Upper Claiborne aquifer--—-—c—cocmmmmmmmmee -
e. Lower Miocene-upper 0Oligocene permeable

f. Middle Miocene permeable zone---------——-cc-
g. Lower Pliocene-upper Miocene permeable

h. Lower Pleistocene-upper Pliocene
permeable zone----=----ccommmmm e
i. Holocene-upper Pleistocene permeable

55. Sensitivity of simulated heads to change in
vertical hydraulic conductivity (Kv) for the:
a. Middle Wilcox aquifer--—-—-—cecmmmmmmmmome o
b. Lower Claiborne-upper Wilcox aquifer-----------
c. Middle Claiborne aquifer---—---—cccmmcmmmeco
d. Upper Claiborne aquifer----——-——ccccmmmmm
e. Lower Miocene-upper Oligocene permeable



Figure 55.--Cont. f

Table 1.
2.
30

ILLUSTRATIONS--Cont inued

Lower Pliocene-upper Miocene permeable

h. Lower Pleistocene-upper Pliocene

permeable zon@---------ccccmmcmmme
i. Holocene-upper Pleistocene permeable zone

56. Map showing simulated recharge and discharge
in the outcrop areas of aquifers, permeable

zones, and confining units------ccoeeccmm -

TABLES

Stratigraphic and hydrogeologic units for the coastal

uplands aquifer System-----comcocm oo

Stratigraphic and hydrogeologic units for the coastal

lowlands aquifer SyStem--—- - oo oo

Horizontal hydraulic conductivities and sand ratios

of aquifer systemS----c-eccmmmmmm e

Vertical hydraulic conductivities of aquifer systems

and adjustment factors------coomcm e

Summary of estimated densities of water in the

hydrogeologic unitS-—---mmmmcm oo o
Analysis of residuals for model calibration run------ee----

Sensitivity of model to 50-percent increase in
horizontal hydraulic conductivity of all aquifers

and permeable zones------c--cmmmmmcc o

Sensitivity of model to 50-percent decrease in
horizontal hydraulic conductivity of all aquifers

and permeable zZON@S-----—-—mcm oo

Sensitivity of model to tenfold increase in vertical

hydraulic conductivity of all model layerS--------------

Sensitivity of model to tenfold decrease in vertical

hydraulic conductivity of all model layerS----=-----w----

Simulated vertical flow rates across hydrogeologic

-vi-

Middle Miocene permeable zone----------ee---



ABBREVIATIONS AND CONVERSION FACTORS

Factors for converting inch-pound units to metric (International System)
units are given in the following table:

Multiply inch-pound units By To obtain metric units

inch (in.) 25.4 millimeter (mm)

inch per year 25.4 millimeter per year
(in./yr) (mm/yr)

foot (ft) 0.3048 meter (m)

foot per day (ft/d) 0.3048 meter per day (m/d)

mile (mi) 1.609 kilometer (km)

square mile (mi?) 2.509 square kilometer (km?)

million gallons per day 0.04381 cubic meter per second
(Mgal/d) (m*/s)

gallon per minute (gal/min) 0.06309 liter per second (L/s)

cubic foot per second 0.02832 cubic meter per second
(fte/s) (m*/s)

foot squared per day 0.0929 meter squared per day
(ft2/d) (m2/d)

Sea level: In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called "Mean Sea Level of 1929".
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HYDROGEOLOGY AND PREDEVELOPMENT FLOW IN THE
TEXAS GULF COAST AQUIFER SYSTEMS

By
Paul D. Ryder

ABSTRACT

A multilayered ground-water flow system exists in the Coastal Plain
sediments of Texas. The Tertiary and Quaternary clastic deposits have an
areal extent of 128,000 square miles onshore and in the Gulf of Mexico. Two
distinct aquifer systems are recognized for the sediments, which range in
thickness from a few feet to more than 12,000 feet. The older system--the
Texas coastal wuplands aquifer system--consists of four aquifers and two
confining units in the Wilcox and Claiborne Groups. It is bounded from below
by the practically impermeable Midway confining unit or by the top of the
geopressured zone. It 1is bounded from above by the poorly permeable
Vicksburg-Jackson confining unit, which separates it from the younger coastal
lowlands aquifer system. The coastal lowlands aquifer system consists of five
permeable zones and two confining units that range in age from Oligocene to
Holocene. The hydrogeologic units of both systems are exposed in bands that
parallel the coastline. The units dip and thicken toward the Gulf.

Quality of water in the aguifer systems varies greatly, with dissolved
solids ranging from a few hundred to more than 200,000 milligrams per liter.

A three-dimensional, variable-density digital model was developed to
simulate predevelopment flow 1in the aquifer systems, for which steady-state
conditions were assumed. Horizontal hydraulic conductivities of the aquifers
and permeable zones in the calibrated model range from 15 feet per day for the
middle Wilcox aquifer, to 170 feet per day for the Holocene-upper Pleistocene

aquifer. Vertical hydraulic conductivities range from 1 x 10‘5 foot per day

for the Vicksburg-Jackson confining unit, to 1 x 10'2 foot per day for four of
the aquifers and permeable zones. The simulated values of transmissivity and
leakance are functions of the percent of sand that is present in each model
grid block.

There is a large range in precipitation across the study area, from about
21 inches per year 1in the west to about 56 inches per year in the east.
Eastward from a line through Corpus Christi and San Antonio, average annual
precipitation ranges from about 30 to about 56 inches. A few inches per year
reaches the saturated zone in topographically high areas and is discharged in
low areas as evapotranspiration, seepage, springflow, and stream base flow. A
smaller amount of water flows through the aquifers and permeable zones downdip
from the outcrop areas. This flow results in upward or downward leakage into
adjacent hydrogeologic units, but is generally upward into overlying units.



Westward from the 1line through Corpus Christi and San Antonio, average
annual precipitation ranges from about 30 to about 21 inches. The general
pattern of flow in the aquifers and permeable zones is similar to that in the
east, but rates of flow are somewhat smaller. In contrast to the east,
ground-water discharge in the west is generally not visible. Evapotrans-
piration is the main mechanism for ground-water discharge, with most ground
water being discharged through evapotranspiration by phreatophytes.

Simulated discharge and recharge rates in the combined outcrop areas of
all units do not exceed 6 inches per year. The large rates occur in small,
local topographically low and high areas. The average discharge rate
simulated in the outcrops of the units is 0.45 inch per year. The recharge
area is considerably smaller than the discharge area, and the average recharge
rate over this smaller area is 0.74 inch per year.

Total simulated recharge in the outcrop areas is 269 million cubic feet
per day, which is offset by an equal amount of discharge in the outcrop areas.
The smallest rates of leakage are across the Vicksburg-Jackson confining unit,
with downward and upward rates of less than one million cubic feet per day.
The greatest rate of leakage is 47 million cubic feet per day upward into the
Holocene-upper Pleistocene permeable zone.







































































































































































































































general direction of ground-water flow in nearly all aquifers is reasonably
well simulated; 2) simulated water levels approximate measured water levels in
the outcrop areas better than in downdip areas; 3) residuals in downdip areas
tend to be positive (simulated water levels are larger than measured water
levels); and 4) the best agreements between simulated and measured water
levels are for the uppermost two permeable zones, excluding the lower Miocene-
upper 0Oligocene permeable zone for which only a limited comparison can be made
because few measurements are available.

The good agreement between simulated and measured water levels in the
outcrop areas, and particularly for the uppermost permeable zone which is
exposed in its entirety, is because there is generally not a great difference
in altitude between the measured mean artesian head and the water table.
Because the aquifer and water table are in direct contact in the outcrop
areas, with no intervening layers, vertical resistance is minimal and the
constant-head water-tabie values are imposed on the aquifers.

A statistical analysis of the residuals is presented in table 6. Table 6
shows, for each aquifer and for the combined aquifers: 1) the number of grid
blocks with measured water levels; 2) the minimum, maximum, mean, and standard
deviation of the residuals; and 3) the mean of the absolute values of the
residuals. Also shown are the rates of recharge and discharge in the outcrop
areas; these will be referred to in the next section that deals with
sensitivity analysis.

There are more than 4,500 grid blocks in the modeled area with measured
water levels. The number of grid blocks with measured water 1levels ranges
from 68 for the lower Miocene-upper Oligocene permeable zone to 991 for the
middle Wilcox aquifer. Residuals range from a minimum value of -134 ft for
the middle Miocene permeable zone to a maximum value of 201 ft for the lower
Claiborne-upper Wilcox aquifer. The lower Claiborne-upper Wilcox aquifer has
the largest residuals of all the aquifers and permeable zones, with a standard
deviation of 53 ft and a mean of the absolute values of the residuals of 56
ft. The Holocene-upper Pleistocene permeable zone has the smallest residuals,
with a standard deviation of 13 ft and a mean of the absolute values of the
residuals of 8 ft. For the combined aquifers and permeable zones, the
standard deviation is 39 ft and the mean of the absolute values of the
residuals is 30 ft.

Sensitivity Analysis

The calibrated values of vertical and horizontal hydraulic conductivities
are neither uniquely determined nor free from error. In order to test the
sensitivity of the model to changes in the calibrated values of the hydraulic
conductivities, four steady-state model runs were made with altered values of
hydraulic conductivities. In the first run, the horizontal hydraulic
conductivities of all aquifers and permeable zones were increased by 50
percent, and 1in the second run the conductivities were decreased by 50
percent. In the third run, the vertical hydraulic conductivities of all
layers (water table, aquifers, permeable =zones, and confining units) were
increased by a factor of 10, and in the fourth run the conductivities were
decreased by a factor of 10. The changes for the four runs are summarized in
the following table:
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Table 6.--Analysis of residuals for model calibration run

[ft, foot; ft3/d, cubic foot per day]

Total
Aquifer Total grid Standard Mean of recharge (+)
and blocks with  Mean of Minimum Max imum deviation absolute and
permeable measured residuals residual residual of values of discharge (-)
zone heads (ft) (ft) (ft) residuals residuals in outcrop
(ft) (ft) areas
(108 £t 3/d)1/
Al 4,537 19 -134 201 39 30 269
-269
Holocene-upper 638 -1 -70 31 13 8 61
Pleistocene -104
Lower Pleistocene- 858 6 -60 66 20 15 16
upper Pliocene -7
Lower Pliocene- 441 30 -129 147 45 46 19
upper Miocene -5
Middle Miocene 261 5 -134 141 45 36 25
-13
Lower Miocene- 68 -4 -71 81 27 21 16
upper 0ligocene -8
Upper Claiborne 137 33 -29 155 39 36 22
1/ -32
Middle Claiborne 548 19 -48 136 37 31 65
1/ -65
Lower Claiborne- 595 52 -59 201 53 56 27
upper Wilcox 1/ -14
Middle Wilcox 991 24 -62 150 35 33 18
-21

1/ Includes flow through outcrop of superjacent confining unit
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Run Property change

1 Horizontal Hydraulic conductivities (Kh's) of all

aquifers and permeable zones = calibrated Kh's x 1.5
2 Horizontal hydraulic conductivities (Kh's) of all

aquifers and permeable zones = calibrated Kh's x 0.5
3 Vertical hydraulic conductivities (Kv's)

of all layers = calibrated Kv's x 10
4 Vertical hydraulic conductivities (Kv's)

of all layers = calibrated Kv's x 0.1

Each change was uniform over the modeled area. When each property value was
changed for a model run, all other values remained unchanged from their cali-
brated values.

Each sensitivity run is evaluated by: 1) showing the change in water
levels resulting from changes in the conductivities for each aquifer and
permeable zone in the hydrogeologic sections in figures 7-9 (model rows 27,
60, and 91); 2) statistically analyzing the new residuals for comparison with
the calibration residuals; and 3) computing new rates of recharge and
discharge in outcrop areas for comparison with rates from the calibrated
model.

For the first sensitivity run, the horizontal hydraulic conductivities of
the aquifers and permeable zones were increased by 50 percent. The changes in
water levels at cross sections located along three model rows (fig. 42) are
shown in figure 54. A maximum decrease in water level of 22 ft occurred in
the outcrop of the middle Miocene permeable zone in row 91, and a maximum
increase in water level of 17 ft occurred in the lower P1iocene-upper Miocene
permeable zone at the farthest downdip point in row 91. The magnitude and
pattern of water-level changes vary greatly with aquifer and with row
location. However, a pattern that frequently occurs is one in which there is
a decrease in water 1level 1in the outcrops and an increase in water-level
downdip. In those areas where there were water level rises in the outcrop,
the rises were in topographically low areas, such as the bottoms or sides of
stream valleys.

The flattening of the potentiometric surfaces 1is accompanied by an
increase in flow rates, but the increase is far less than the 50-percent
increase for hydraulic conductivity. Since the flow rates increase less than
50 percent, Darcy's law implies that there would be a decrease in hydraulic
gradients. This conclusion is similar to that of Baker (1986, p. 58), who
performed a sensitivity analysis for a model of the Jasper aquifer using a
constant recharge rate.

Although there were substantial decreases and increases in water levels
in some aquifers at some 1locations, the statistical analysis of the new
residuals (table 7) is similar to that of the calibration residuals (table 6);
means and standard deviations are generally 2 ft larger. The change in
recharge and discharge rates in outcrop areas ranges from no change in the
lower Claiborne-upper Wilcox aquifer to a 50-percent increase in recharge for
the middle Wilcox aquifer (table 7). For the combined aquifers and permeable
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C. Middie Claiborne aquifer
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E. Lower Miocene-upper Oligocene permeable zone

s L ROW 27

I b | ] |
+ .......0..‘000
t.

o T
+
hd +
+

+
ML P

10 - ROW 60

15~ ROW 91

+ °®

(Kh)

e 15 x CALIBRATED o e,

.20 L *+ 05 x CALIBRATED (Kh) vy

+
] | | 1t

-25 |

F. Middle Miocene premeable zone
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G. Lower Pliocene-upper Miocene permeable zone
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. Holocene upper—Pleistocene permeable zone
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Table 7.--Sensitivity of model to 50 percent increase in horizontal hydraulic
conductivity of all aquifers and permeable zones

[ft, foot: ft3/d, cubic foot per day]

Total
Aquifer Total grid Standard Mean of recharge (+)
and blocks with  Mean of Minimum Max imum deviation absolute and
permeable measured residuals residual residual of values of discharge (-)
zone heads (ft) (ft) (ft) residuals residuals in outcrop
(ft) (ft) areas
(108 £t 3d)1/
Al 4,537 20 -145 209 42 32 316
-316
Holocene-upper 638 -1 -90 36 16 10 71
Pleistocene -125
Lower Pleistocene- 858 7 -61 74 23 17 22
upper Pliocene -8
Lower Pliocene- 441 30 -145 155 49 49 23
upper Miocene -5
Middle Miocene 261 4 -136 143 47 37 27
-14
Lower Miocene- 68 -6 -75 78 28 23 19
Upper 0ligocene -10
Upper Claiborne 137 34 -31 157 41 38 25
1/ -37
Middle Claiborne 548 20 -48 140 39 33 75
1/ -78
Lower Claiborne- 595 53 -64 209 55 59 27
upper Wilcox 1/ -14
Middle Wilcox 991 24 -67 156 37 34 27
-25

1/ Includes flow through outcrop of superjacent confining unit
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zones, there is a 17.5-percent increase in the rates of recharge and discharge
from the calibration rates.

A 50-percent decrease in horizontal hydraulic conductivities in the
second simulation resulted in the water-level change patterns in all aquifers
and permeable zones being nearly mirror images of the patterns that resulted
from the increase in conductivities (fig. 54). The maximum decrease in water
level of 29 ft occurred in the middle Miocene permeable zone at the farthest
downdip point in row 60 (fig. 54f). The maximum increase in water level of 32
ft occurred in the outcrop area of the middle Miocene permeable zone in row 91
(fig. 54f). Water-level changes along the cross sections indicate a greater
sensitivity of the model to a decrease in conductivities compared to an
increase. The relative sensitivity is verified by the statistical analysis
given in table 8, which shows that standard deviations and means decrease to a
somewhat greater extent than they increase in the first sensitivity run. The
decreased residuals produced by the decreased conductivities resulted mainly
from the consistent and rather large decrease in water Jlevels in downdip
areas, which compared better to the measured water levels. The decreased
conductivities also produced a greater change in rates of recharge and
discharge than did the increased conductivities. For the combined aquifers
and permeable zones, there was a 26-percent decrease in the rates of recharge
and discharge in the outcrop areas (table 8).

The vertical hydraulic conductivities of all layers, including the
constant-head layer, aquifers, permeable zones, and confining units were
increased tenfold for the third sensitivity run. The water-level changes
along the three cross sections are shown in figure 55. As with the changed
horizontal hydraulic conductivities, there is a large variation in the
magnitude and pattern of the water-level changes, and also a frequently
occurring pattern. Unlike the response produced by increased horizontal
conductivities, increased vertical conductivities produced an increase in
water levels in the outcrops and a decrease in water level downdip.

The model was considerably more sensitive to the 1,000-percent increase
in vertical hydraulic conductivity than to the 50-percent increase in
horizontal conductivity. The simulation resulted in a maximum decrease in
water level of 128 ft in the lower Miocene-upper Oligocene permeable zone at
the farthest point downdip in row 91 (fig. 55e). The maximum increase in
water level was 94 ft in the outcrop area of the middle Miocene permeable zone
in row 91 (fig. 55f). The statistical analysis of the residuals showed a
large improvement for every aquifer and permeable zone (table 9). For the
combined aquifers and permeable zones, the standard deviation of the residuals
decreased to 29 ft from the calibrated value of 39 ft, and the mean of the
absolute values of the residuals decreased from 30 to 23 ft. However, there
were considerable increases in rates of recharge and discharge in the outcrop
areas. The rate for the combined aquifers and permeable zones was 878 million
ft°/d, more than three times the calibrated rate. The rates were mapped and
examined, and were found to be unrealistically large and unacceptable.

The vertical hydraulic conductivities of all layers were decreased by a
factor of 10 for the fourth sensitivity simulation. Similar to the first two
sensitivity simulations, the water-level change patterns tended to be mirror
images of the patterns that resulted from the increase in vertical
conductivities (fig. 55). The maximum decrease in water level of 147 ft
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A. Middle Wilcox aquifer
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B. Lower Claiborne-upper Wilcox aquifer
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C. Middle Claiborne aquifer
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D. Upper Claiborne aquifer
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E. Lower Miocene-upper Oligocene permeable zone
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F. Middle Miocene permeable zone
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G. Lower Pliocene—upper Miocene permeable zone
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H. Lower Pleistocene—upper Pliocene permeable zone
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l. Holocene~-upper Pleistocene permeable zone
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Table 8.--Sensitivity of model to 50-percent decrease in horizontal hydraulic
conductivity of all aquifers and permeable zones

[ft, foot; ft3d, cubic foot per day]
Total
Aquifer Total grid Standard Mean of recharge (+)
and blocks with Mean of Minimum Maximum deviation absolute and
permeable measured residuals residual residual of values of discharge (-)
zone heads (ft) (ft) (ft) residuals residuals in outcrop
(ft) (ft) areas
(108 £t%/d)1/
All 4,537 18 -126 184 36 27 199
-199
Holocene-upper 638 -1 -50 23 9 6 46
Pleistocene -76
Lower Pleistocene- 858 5 -60 58 17 13 9
upper Pliocene -6
Lower Pliocene- 441 28 -106 128 39 40 14
upper Miocene -4
Middle Miocene 261 5 -126 144 41 33 21
-10
Lower Miocene- 68 -1 -59 84 24 18 12
Upper Oligocene -6
Upper Claiborne 137 32 -26 152 36 35 16
1/ -23
Middle Claiborne 548 17 -50 128 34 29 49
1/ -51
Lower Claiborne- 595 49 -50 184 48 53 17
upper Wilcox 1/ -9
Middle Wilcox 991 23 -65 138 33 31 15
-14

1/ Includes flow through outcrop of superjacent confining unit
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Table 9.--Sensitivity of model to tenfold increase in vertical hydraulic
conductivity of all model layers

(ft, foot; ft3/d, cubic foot per dayl

Total
Aquifer Total grid Standard Mean of recharge (+)
and blocks with  Mean of Minimum Maximum deviation absolute and
permeable measured residuals residual residual of values of discharge (-)
zone heads (ft) (ft) (ft) residuals residuals in outcrop
(ft) (ft) areas

(10® ft¥d)1/

All 4,537 15 -84 143 29 23 878
-878

Holocene-upper 638 -1 -30 23 7 5 231
Pleistocene -347
Lower Pleistocene- 858 1 -61 63 13 10 30
upper Pliocene -34
Lower PTliocene- 441 20 -72 76 24 26 72
upper Miocene -28
Middle Miocene 261 7 -84 123 31 25 107
-54

Lower Miocene- 68 6 -37 87 21 17 40
Upper OTigocene -22
Upper Claiborne 137 30 -29 143 33 33 60
1/ -95

Middle Claiborne 548 14 -60 102 30 26 216
1/-207

Lower Claiborne- 595 40 -50 136 38 44 69
upper Wilcox 1/ -38
Middle Wilcox 991 21 -73 117 31 29 53
-53

1/ Includes flow through outcrop of superjacent confining unit
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occurred in the outcrop area of the Tlower Pliocene-upper Miocene permeable
zone in row 91 (fig. 55g). The maximum increase in water level of 85 ft
occurred in the lower Pliocene-upper Miocene permeable zone at the farthest
point downdip in row 91 (fig. 55g). The statistical analysis in table 10
indicates that the decrease in vertical conductivities caused greater
departures from calibrated water 1levels than did the increase in vertical
conductivities. For the combined aquifers and permeable zones, the standard
deviation of the residuals increased to 53 ft from the 39 ft for the
calibration simulation, and the mean of the absolute values of the residuals
increased to 42 ft from the calibration mean of 30 ft. Recharge and discharge
rates in the outcrops were considerably reduced for each aquifer and permeable
zone. For the combined aquifers and permeable zones, the rate was 59 million
ft3/d, about 22 percent of the calibration rate (table 10). The decreased
vertical conductivities resulted in unrealistically small recharge rates, with
maximum values of only 1 in./yr in eight grid blocks.

The model 1is generally sensitive to reasonable changes in hydraulic
conductivities. Calibration residuals could be decreased by decreasing
horizontal hydraulic conductivities or by increasing vertical hydraulic
conductivities. Any such changes should be done judiciously, so that
resultant recharge rates are reasonable.

The predevelopment model was not tested for sensitivity to changes in
water density. Such tests are probably warranted due to the imprecise method
of estimating densities, and they will be considered in future simulations
that include ground-water development.

Simulated Predevelopment Flow

There are two components of flow: 1) horizontal flow within aquifers and
permeable zones, and 2) vertical flow between the various model 1layers.
Direction of horizontal flow in the aquifers and permeable zones can be
ascertained from the simulated potentiometric-surface maps. In figures 45-53,
simulated and measured heads in the wunshaded areas and somewhat into the
slightly saline water zones are considered freshwater heads. In these areas
of essentially constant density, the direction of ground-water flow is from
the higher to the lower potentials at right angles to the potentiometric
contours. However, water-density variations significantly affect the
direction of flow in the more saline water zones. Theoretical discussions
describing the effect of density on ground-water flow are found in references
such as Freeze and Cherry (1979), Hubbert (1969), and Lusczynski (1961).

The simulated heads in figures 45-53 are termed hydraulic heads and are
defined by the following expression (Kuiper, 1985, p. 9):

h
hydraulic head H = + 2z .

p
where: h = pressure head = .

00 gr
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Table 10.--Sensitivity of model to tenfold decrease in vertical hydraulic
conductivity of all model layers

[ft, foot; fts/d, cubic foot per day]

Total
Aquifer Total grid Standard Mean of recharge (+)
and blocks with  Mean of Minimum Maximum deviation absolute and
permeable measured residuals residual residual of values of discharge (-)
zone heads (ft) (ft) (ft) residuals residuals in outcrop
(ft) (ft) areas

(10° sty

All 4,537 19 -256 226 53 42 59
-59

Halacene-upper 638 -4 -182 49 34 23 14
Pteistocene -27
Lower Pleistocene- 858 8 -94 110 40 31 8
upper Pliocene -1
Lower Pliocene- 441 30 -256 164 65 60 5
upper Miocene -1
Middle Miocene 261 -1 -213 140 53 42 3
-2

Lower Miocene- 68 -11 -92 72 39 34 3
Upper Oligocene -2
Upper Claiborne 137 40 -50 167 50 48 4
1/ -6

Middle Claiborne 548 24 -75 151 49 44 11
1/ -13

Lower Claiborne- 595 54 -93 226 66 66 5
upper Wilcox 1/ -2
Middle Wilcox 991 21 -105 170 45 40 6
-5

1/ Includes flow through outcrop of superjacent confining unit
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z = elevation of point at bottom of well casing,
p = water pressure at bott?m of well casing,
g
p0 = freshwater density = s
cm?
gr = the acceleration of gravity,
p = water density at bottom of well casing.

It would appear from the rather large hydraulic-head gradients in the saline
zones of nearly all the aquifers and permeable zones that there is a large
component of saltwater flow. In fact, analysis of the model results shows
that there may or may not be significant flow in the steep-gradient areas in
the saltwater regime. This seeming contradiction is explained by Lusczynski
(1961), who discusses constant-density and density-dependent flow in relation
to hydraulic heads, which he terms point-water heads.

Examination of the simulated horizontal flow rates shows that the largest
rates are in the outcrop areas where the freshwater gradients are steepest and
hydraulic conductivities tend to be larger. For the predevelopment model, it
is of interest to examine the vertical flow rates more closely. Vertical flow
may be divided into two regimes: 1) flow to and from the water table 1in the
outcrop areas, and 2) flow between aquifers and confining units downdip from
the outcrop areas.

Recharge and Discharge in Outcrop Areas

In the discussion of the conceptual model of the flow system, it was
stated that precipitation on topographically high parts of the outcrops
percolates downward to the water table, and from there most of the water moves
downgradient and is discharged in topographically low parts of the outcrops.
In nature, there is a mixture of vertical and lateral flow components in an
aquifer or permeable zone, made more complex by the common thin clay lenses.
For model simulation, the flow system is simplified so that there is a single,
mean aquifer head in a grid block that interacts with the constant water-table
head in the overlying grid block.

If the water-table head is higher than the aquifer head, there is
downward flow, or recharge, to the aquifer across the bottom of the water-
table layer. If the water-table head is lower than the aquifer head, there is
discharge from the aquifer to the water table. The rate of vertical flow (Q)
is computed by the following equation:

Kl
Q=__ x (H-h) x A s
bl

where: water-table head,
aquifer head,

area of grid block,

>
nouon

K 2 K1 K2

= harmonic mean of leakances,

b* K1 b2 + K2 bl
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where: K1 = vertical hydraulic conductivity of water-table layer,

K2 = vertical hydraulic conductivity of aquifer layer,
bl = thickness of water-table layer,
b2 = thickness of aquifer layer.

Simulated rates of recharge and discharge in outcrop areas, in in./yr,
are shown in figure 56. The rates range from a minimum of about 6 in./yr of
discharge to a maximum of 6 in./yr of recharge. The largest values of
recharge, 4 to 6 in./yr, occur in relatively small areas in topographic highs.
Areas with the greatest range of discharge rates, 4 to 6 in./yr, are also
relatively small and are situated in stream valleys. Much of the recharge,
particularly in areas with the greatest rates, moves laterally through
relatively short distances and emerges as discharge in adjacent stream valleys
(fig. 56). Areas with the greater rates of recharge and discharge are
somewhat more prevalent in the east than 1in the west. Analysis of the
simulated data shows that recharge and discharge rates beyond the Gulf
coastline become progressively smaller. The average grid-block recharge rate
for the area simulated is 0.74 in./yr. Because the discharge area is larger,
the average grid-block discharge rate of 0.45 in./yr is smaller.

Inter-Aquifer Leakage and Summary of Vertical Flow Components

Although there is less flow in the downdip, saline parts of the aquifers
and permeable zones, a significant portion of the recharge in most aquifers
and permeable zones flows downdip beyond the outcrop areas. The water flows
downdip 1in a general Gulfward direction until hydraulic pressure differences
between the aquifer and overlying or underlying units cause flow vertically
upward or downward. If flow is into a confining unit, it continues through
into the next aquifer. After reaching another aquifer, the water may flow in
any of several directions, including: 1) vertically in the same direction
into another aquifer; 2) laterally, and then vertically into the original
aquifer; 3) laterally, to emerge as discharge in an outcrop area; and 4) ver-
tically, into the uppermost permeable zone to emerge as outcrop discharge.

The general result of downdip flow in each aquifer or permeable zone is a
net upward flow into overlying aquifers (table 11). Table 11 summarizes the
upward, downward, and net flow rates for the outcrop and downdip parts of each
aquifer. The small rates of recharge and discharge in outcropping confining
units are included in the rates of subjacent aquifers. The rates are for the
simulated area including parts of Louisiana and Mexico.

Table 11 shows that the smallest rates of leakage (less than 1 million
ft*/d) occur between the upper Claiborne aquifer and the lower Miocene-upper
Oligocene permeable zone. Flow is restricted because the thick, marine clay
of the Vicksburg-Jackson confining unit separates the two units. Higher rates
of leakage are characteristic of the coastal lowlands aquifer system. The
maximum upward leakage, 47 million ft*/d, is into the Holocene-upper
Pleistocene permeable zone.

Total recharge in the outcrop areas is 269 million ft*/d. The middle
Claiborne aquifer receives the largest share, 65 million ft3/d or 24 percent,
closely followed by the Holocene-upper Pleistocene permeable zone which
receives 61 million ft®/d or about 23 percent. Total discharge in the outcrop
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areas is 269 million ft3/d. Of this, the Holocene-upper Pleistocene permeable
zone discharges the most, 104 million ft3/d or nearly 39 percent, followed by
the middle Claiborne aquifer which discharges 65 million ft*/d or 24 percent.
One factor that accounts for the large rates of recharge and discharge in the
middle Claiborne aquifer and Holocene-upper Pleistocene permeable zone is
their relatively large outcrop areas.

SUMMARY AND CONCLUSIONS

Gulf Coastal Plain sediments as much as several thousand feet thick were
subdivided into discrete aquifers, permeable zones, and confining units for
construction of a multilayered digital model. The bases for selecting the
number of hydrogeologic units includes practical considerations of size of the
area, objectives of the model study, and computer cost Tlimitations.
Electrical-log interpretations of lithology, and vertical head differences at
major pumping centers in Texas and Louisiana were used to delineate hydrologic
units.

Two aquifer systems are recognized for the Texas Gulf Coast: the Texas
coastal uplands aquifer system and the coastal lowlands aquifer system. The
coastal uplands aquifer system consists of four aquifers and two confining
units in the Wilcox and Claiborne Groups. The system is bounded from below by
the practically impermeable clays of the Midway Group, or by the top of the
geopressured zone. The overlying Vicksburg-Jackson confining unit separates
the coastal uplands and the younger coastal lowlands aquifer systems.

The coastal lowlands aquifer system consists of five permeable zones and
two confining units that range in age from Oligocene to Holocene. The
hydrogeologic units were identified primarily by vertical head differences at
major pumping centers in Houston, Texas, and Baton Rouge, Louisiana. The unit
intervals were extrapolated to other areas by electrical-log correlations.
Stratigraphic positions of the permeable zones and confining units of the
coastal lowlands aquifer system differ significantly from those that have been
determined for Texas in recent published reports.

Water quality in the aquifer systems varies from freshwater to brines,
with dissolved solids ranging from a few hundred to more than 200,000 mg/L. A
three-dimensional, variable-density digital model was developed for
predevelopment, steady-state flow conditions. The area simulated extends
beyond the study area to include parts of Louisiana and Mexico. No-flow
boundaries were used at the updip and downdip extent of the hydrogeologic
units and at the eastern and western 1limits. A constant-head water-table
boundary provides water to and from the units in their outcrop areas.

Initial estimates of horizontal and vertical hydraulic conductivities
for the model were based on available data. The vertical hydraulic
conductivities were changed during the calibration process, whereby
differences between simulated and measured water levels are minimized.
Vertical hydraulic conductivities in the calibrated model range from 1 x 10'5
ft/d for the Vicksburg-Jackson confining unit, to 1 x 10'2 ft/d for four of
the aquifers and permeable zones. Horizontal hydraulic conductivities range
from 15 ft/d for the middle Wilcox aquifer to 170 ft/d for the Holocene-upper

-106-



Pleistocene permeable zone. Transmissivities and leakances vary areally in
the model as a function of the percent sand.

Calibration residuals (simulated minus measured water Tlevels) were
analyzed graphically and statistically. The residuals are smaller in the
outcrop areas, and there is a strong tendency for simulated to exceed measured
water levels in downdip areas. For the combined aquifers and permeable zones,
a total of more than 4,500 grid blocks contain measured water-level values.
Largest residuals are for the lower Claiborne-upper Wilcox aquifer, with a
standard deviation of 53 ft and a mean of the absolute values of the residuals
of 56 ft. Smallest residuals are for the Holocene-upper Pleistocene permeable
zone, with a standard deviation of 13 ft and an absolute mean of 8 ft. For
the combined aquifers and permeable zones, the standard deviation is 39 ft and
the absolute mean is 30 ft.

The model was tested for sensitivity to changes in horizontal hydraulic
conductivities by both increasing and decreasing conductivities of all
aquifers and permeable zones by 50 percent. Tests were also made for model
sensitivity to changes in vertical hydraulic conductivities by increasing and
by decreasing conductivities of all layers by a factor of 10. In general, the
model is sensitive to the changed hydraulic conductivities. Calibration
residuals could be decreased by decreasing horizontal hydraulic conductivities
or by increasing vertical hydraulic conductivities. Care must be exercised in
making such changes so that resultant recharge rates are reasonable.

Simulated discharge and recharge rates in the combined outcrop areas do
not exceed 6 in./yr. The largest rates are in local topographically low and
high areas. The average discharge rate for the outcrop areas is 0.45 in./yr,
and the average recharge rate is 0.74 in./yr. Recharge and discharge rates
are somewhat lower in the west than in the east. The west, in comparison to
the east, has less annual precipitation and a general lack of springs and
stream base flows.

A total recharge rate of 269 million ft®/d in the outcrop areas is offset
by an equal rate of discharge in the outcrops. The smallest rates of Tleakage
downdip in the systems are across the Vicksburg-Jackson confining unit, where
leakage rates are less than 1 million ft3®/d. The highest rate of 1leakage is
47 million ft*/d upward into the Holocene-upper Pleistocene permeable zone.

The hydrogeologic framework has been described, and a preliminary
description and analysis of aquifer, permeable zone and confining-unit
hydraulic properties and water quality have been presented. Simulated rates
of recharge and discharge 1in the outcrops and downdip leakage in the
predevelopment flow system are reasonable. However, it is 1likely that the
introduction of pumping stresses will lead to improved model calibration and a
better understanding of the Texas Gulf Coast aquifer systems.
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