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Figure 1-3: Surface exposure and downdip extent of the Paleozoic Aquifers in 

Central Texas. 
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Bill 2 which stipulated the identification and study of areas within the State that 

are experiencing or expected to experience within the next 20 years critical 

groundwater problems. Preston (1996) initiated a project to better delineate the 

aquifers area, and attempt to derive estimates of the amount of water available 

from the aquifers. A secondary purpose was to construct flow models which 

could be utilized as a management tool for planning future water development.  

To relate Paleozoic aquifers this study will identify areas of hydraulic 

communication using the concentrations of major ions, land use, well location, 

and all temporal groundwater samples ranging from the 1940s to present day. 

Any relationship between potentiometric surface elevation and solute 

concentration will aid in determining potential locations that are associated with 

hydraulic communication between aquifer horizons. 

 

Objectives 

The objective of this study is to generate a geochemical analysis of the 

Paleozoic aquifers of Central Texas by using ESRI’s ArcGIS 10.2 (Geographic 

Information Systems) to manage groundwater data from TWDB and display the 

results as geospatial interpretations. This detailed study answers questions 

related to analyses pertaining to the Hickory and the Ellenburger aquifers. 
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1) Identify the major ions associated with Paleozoic aquifers of Central 

Texas. 

An in-depth understanding of the major ions will be a primary focus to determine 

the processes that the minor aquifers undergo. Further analyses of the 

hydrochemical processes will aid in the identification of the dominant 

hydrochemical facies of the study area. 

 

2) Identify flow patterns in the aquifer system and determine the controls of 

the unique geologic setting of the Llano Uplift.  

Due to the basement uplift of the Llano, and subsequent deformation associated 

with the Ouachita Orogeny, heavy metals are released naturally through 

weathering and subsequent leaching into groundwater through water rock 

interaction. Specific groundwater chemistries can identify the controls of the 

hydrogeologic system in the study area. 

 

3) Identify areas with relatively high solute concentrations in groundwater. 

Digital maps have been created to quantify the geochemical and anthropogenic 

processes and identify factors influencing the ionic concentrations. The results 

illustrate spatial variations and factors that control the major ion chemistry of the 

groundwater systems. Comparative analyses of minor aquifers was conducted to 
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evaluate the potential of cross-communication through leaky confining units that 

separate the three minor Paleozoic aquifers of Central Texas. 

 

4) Map the distribution of concentrations over the past eight decades, 1940 – 

2015. 

Municipal wells have been monitored by the Texas Water Development Board. 

Data from these wells were used to evaluate changes in aquifer geochemistry 

through time to discern if any consistent trends appear. A comparative analysis 

has been conducted utilizing these data to assess the fluid evolution and 

potential connectivity within the Paleozoic Aquifers of Central Texas. 

 

5) Determine locations of hydraulic connectivity between Paleozoic aquifers. 

Concentration vs depth graphs have been constructed to determine to 

connectivity of aquifers by illustrating the locations where major ions reside. 

Groundwater flow paths will determine if aquifers are being recharged by the 

leakage of overlying formations or by upwelling of basinal water from underlying 

formations from increased head pressures. 

 

Scientific Implication 

This study continues the work of Bluntzer (1992) by analyzing the 

Paleozoic Aquifers in Central Texas to determine the statistical and areal 
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distribution of chemical constituents using public well data and GIS techniques. 

An aerial view of chemistries allows for broad patterns to be interpreted rather 

than a point-to-point assessment.  Due to the minor amount of literature for the 

Paleozoic aquifers this research will serve to increase the understanding of the 

local groundwater conditions and better implement water resource management.  

Without the use of geospatial techniques, the ability to accurately and 

productively implement the amount of data required to make educated 

observations on groundwater conditions would be costly and time consuming. 

Therefore, the development of a geodatabase assigned to individual hydrologic 

reservoirs provides an efficient and cost effective way to evaluate and 

characterize these systems. Although other techniques exist to provide the same 

information, the environmental industry has begun to implement more geospatial 

software to manage and process the large amount of data that are required.  
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CHAPTER 2 

Literature Review 

 

Uses and Laws for Groundwater in Texas 

In the State of Texas, groundwater is used for agriculture, domestic, 

industrial, and withdrawals. Nearly 80 percent of agriculture use (mostly for 

irrigation) is sourced by aquifers and 28 percent of the public water supply. 

Greater than 99 percent of drinking water is sourced by aquifers for the rural 

population in the state (TGPC, 2014). In addition, 90 percent of the Texas 

population depends on public drinking water supplies with 1.2 billion gallons per 

day produced from groundwater. Nine major and 21 minor aquifers supply 60 

percent of all water used in the state. The quality of Texas groundwater, after 

required disinfection, meets the U.S. Environmental Protection Agency’s (EPA) 

safe drinking water standards without additional treatment (TGPC, 2014). The 

remainder of public water demand is supplied from surface-water reservoirs.  

Texas water laws continue to complicate groundwater depletion problems 

in the state. Surface water is considered property of the state and requires 

permits for its use, which apply to the Texas Commission on Environmental 

Quality (TCEQ). Groundwater on the other hand belongs to the property owner, 

who has the right of capture. This means any groundwater withdrawn by the 

property owner can be used or sold as private property. 
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Although the Texas water wars are still in effect, the courts continue to 

rule in favor of the landowner having the right to pump water from beneath their 

land regardless of the effects on other wells. With the help of conservation 

districts and regulations, groundwater pumped from a renewable aquifer is 

balanced against the average annual recharge rates. Groundwater pumped from 

nonrenewable aquifers determines the length of time the existing supply will last.  

 

General Geology of the Paleozoic Aquifers in Central Texas 

The Llano Uplift, created by the Grenville Orogenic belt, is a broad 

structural dome that has approximately three kilometers of structural relief 

compared to the adjacent Fort Worth and Kerr basins (Standen, 2007). The 

structure is embedded within the North American tectonic plate and has 

experienced uplift and subsidence throughout history. This repeated cycle 

controlled the deposition of the overlying Paleozoic sediments to become 

arranged in a radial pattern that dip away from the dome (Figure 4) (Smith, 

2004). A previous interpretation by Long (2004) described the Cambrian-aged 

Hickory member being deposited around Precambrian knobs throughout the 

region and where the Hickory did not conceal the knobs, the Cap Mountain or 

even Lion Mountain Members were directly deposited onto basement rocks. A 

combination of terrestrial and marine sandstones, siltstones, and mudstones 

comprise the Hickory (Figure 2-1) (Krause, 1996). The formation had been 
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previously subdivided by Black (1988) and found to produce groundwater from 

the lower zone that consists of medium to coarse sandstone and conglomerates 

(Cornish, 1975). The Hickory has been documented to pinch out on the uplift with 

thicknesses ranging up to 160 meters away from the Precambrian basement 

(Black, 1988). The younger Cap Mountain Member unconformably overlies the 

Hickory and is considered the confining unit in the study area. The Welge-Lion 

Mountain Aquifer was combined by Bluntzer (1992), but will not be a part of this 

study because of its very limited spatial extent. 

The San Saba Member caps the Wilberns Formation and is in hydraulic 

communication with the Ellenburger Group that includes the Tanyard, Gorman, 

and Honeycut formations (Figure 2-1). Previous work by Cloud and Barnes 

(1948) classified the group as a medium- to coarse-grained dolomite with signs 

of karstification due to extensive subaerial exposure through time. The thickness 

of these combined aquifers can range from 0 meters in the west to over 730 

meters in the eastern counties (Standen and Ruggierro, 2007). 

Silurian to Mississippian age rocks are described as being heavily eroded 

in the study area and only small outcrops are found in the southern portion of the 

region. The remnants of these units act as the confining layer between the 

Ellenburger-San Saba Aquifer and the Marble Falls Aquifer. During 

Pennsylvanian time, Ouachita tectonism extensively faulted and deformed the 

Bend Group leading to high amounts of variability across the study area.  
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Figure 2-1: Generalized stratigraphic section of units in the Llano Uplift a 
(modified from Long, 2010). 

 

 



14 
 

This alternating lithologic facies displayed in the Marble Falls Formation contains 

fine-grained limestone interbedded with shales (Figure 2-1) (Carrell, 2000). The 

carbonate intervals are the only units capable of producing water and range in 

thickness from 0 to 80 meters in the study area based on geophysical logs 

(Standen and Ruggiero, 2007). 

 

Hydrogeology of the Paleozoic Aquifers in Central Texas 

Minor aquifers are defined as either a hydraulic unit that yields large 

quantities of useable quality water in small areas or relatively small quantities of 

water over large areas of the state (Muller and Price, 1979). The radial patterns 

of the Paleozoic Aquifers in Central Texas are overlain by the northeast trending 

major Mesozoic aquifers. On average, the study area receives about 1.1 million 

hectare-meters of rainfall annually. Due to their limited outcrop exposure, the 

Paleozoic aquifers receive only 1500 hectare-meters in direct recharge with over 

54,000 hectare-meters recharging the Cretaceous aquifers annually (Bluntzer, 

1992). Unusually high to excessive concentrations of nitrate have been observed 

from shallow portions of the Paleozoic and Cretaceous aquifers (Bluntzer, 1992). 

The majority of this pollution occurs in portions of the respected aquifers nearest 

the land surface. Groundwater movement in this region is controlled primarily by 

the faults and fractures within the formations and minimally by the dip away from 

the central uplift (Smith, 2004).  
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Although groundwater in deeper strata is normally confined (Barker, 

1994), chemical analyses can indicate communication through master faults that 

do not contain enough clay smear to obstruct fracture flow. The fractures and 

solution-formed cavities found in carbonate rock are used to classify an aquifer, 

which makes evaluating storage and yield capacities more difficult (Preston et al., 

1996). Adequate amounts of data are not available to determine the direction or 

rate of movement of water in the Paleozoic aquifers, but are inferred to move 

along the dip of the aquifers. Previous work by Barker (1994) determined that the 

up gradient outcrops contain better hydraulic conductivity due to the leaching of 

evaporites and unstable carbonate constituents. In turn, this action has lowered 

the conductivity of downgradient subcrop areas because of precipitation of stable 

minerals in voids of the carbonate rock. 

 

Hickory Aquifer 

The TWDB (2007) defines the Hickory hydraulic reservoir as a minor 

aquifer that has an aerial exposure of 701.9 km2 and a subsurface area of 

21,219.8 km2 over 19 Texas counties. The deposition of the Hickory Formation 

was controlled by the paleotopography of the Precambrian basement after it was 

significantly eroded. After deposition, extensive faulting has created enhanced 

recharge and/or discharge through overlying confining strata; immobilized the 

flow of water down dip of faults; or redirected flow around faults (Black 1988). 



16 
 

  

F
ig

u
re

 2
-2

: 
S

o
u

th
e

a
s
t 
to

 n
o

rt
h

w
e

s
t 

p
ro

fi
le

 (
D

-D
’)
 o

f 
th

e
 L

la
n
o

 U
p

lif
t 
A

q
u

if
e

rs
 (

m
o

d
if
ie

d
 f

ro
m

 K
re

it
le

r,
 2

0
1

3
).

  



17 
 

  

F
ig

u
re

 2
-3

: 
S

o
u

th
w

e
s
t 
to

 n
o

rt
h

e
a

s
t 

p
ro

fi
le

 (
E

-E
’)
 o

f 
th

e
 L

la
n

o
 U

p
lif

t 
a
n

d
 T

ri
n

it
y
 A

q
u

if
e

rs
 (

m
o
d

if
ie

d
 f

ro
m

 
K

re
it
le

r,
 2

0
1

3
).

 

 



18 
 

  

F
ig

u
re

 2
-4

: 
D

ip
 g

e
o

lo
g
ic

 c
ro

s
s
 s

e
c
ti
o
n

, 
(A

-A
’)
 t
h

ro
u

g
h

 M
c
C

u
llo

c
h

 C
o
u

n
ty

, 
T

e
x
a

s
 (

m
o

d
if
ie

d
 f
ro

m
 

K
re

it
le

r,
 2

0
1

3
).

 



19 
 

The producing zones of the Hickory are confined to the gradational contact with 

the overlying Cap Mountain Limestone (McCann, 2012).  

The Hickory Sandstone is the basal member of the Riley Formation (of the 

Moore Hollow Group). The member is up to 250 meters thick containing medium 

to coarse-grained, well-rounded, hematite-cemented, red sandstone in the upper 

section. The middle section is mostly fine- to medium-grained, argillaceous, 

thinly-bedded and micaceous sandstone. The lower section is fine to coarse-

grained, poorly-sorted grains, rounded to subrounded sandstone (USGS, 2014). 

Previous work by George (2011) identified the groundwater’s total 

dissolved solids (TDS) concentration average less than 1,000 milligrams per liter 

(mg/L). These concentrations are located adjacent to the outcrop and are 

indicative of active recharge and groundwater flow. However, the iron content of 

the upper Hickory is in excess of the state’s secondary drinking water standards. 

Radium, in excess of standards, occurs to the north and northeast from high 

concentrations of radioactive minerals derived from underlying Precambrian 

rocks and deposited in specific beds within the Hickory sandstone. 

 

Ellenburger-San Saba Aquifer 

The collective Ellenburger-San Saba hydraulic reservoir is described by the 

TWDB (2007) as a minor aquifer with an aerial exposure of 2,907.7 km2 and a 

subsurface area of 11,038.5 km2 spread across 15 Texas counties. 
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The aquifer is significantly compartmentalized by regional faulting and fluid flow 

controlled by non-uniform fractures and solution cavities under confined 

conditions (Bluntzer, 1992). This aquifer is considered to be one unit due to its 

hydrologic interconnection and difficulty in distinguishing the units in the 

subsurface (Walker, 1979). Recharge of the aquifer originates from precipitation 

on outcrop, inflow from streams crossing the outcrop, and overlying formations 

that allow infiltration through fractures and solution channels. 

The Ellenburger Group contains three formations listed from youngest to 

oldest respectively; these include the Honeycut, Gorman, and Tanyard 

Formations. The Honeycut Formation is up to 210 meters in thickness, thickly- to 

thinly-bedded, light gray, aphanitic limestone with medium gray mostly fine- 

grained to microgranular dolomite (USGS, 2014). The Gorman Formation is up to 

150 meters, thickly- to thinly-bedded, light gray, aphanitic limestone with various 

shades of gray, microgranular to fine-grained dolomite (USGS, 2014). The 

Tanyard Formation is up to 200 meters in thickness, thickly- to thinly- bedded, 

very light gray, aphanitic limestone located in the upper and lower sections. The 

middle section contains mostly fine- to medium-grained, light gray dolomite 

(USGS, 2014). San Saba is the upper member of the Wilberns Formation (of the 

Moore Hollow Group). The member is up to 100 meters thick, thickly- to thinly-

bedded, fine- to very fine-grained, medium gray dolomite with moderately 

glauconitic limestone. Well yields by George et al. (2011) are documented to 
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exceed 3,785 liter per minute, indicating high permeability in some areas. 

Several of the formations that comprise the aquifer, outcrop in the counties of 

San Saba and Lampasas. As described earlier in the Hickory Aquifer section, the 

Ellenberger-San Saba also contains TDS values <1000 mg/L proximal to 

outcrop. Down gradient portions have increased TDS levels with increased 

depth, reflecting the restricted or isolated blocks of the aquifer due to faulting. 

DeLeon (2010) studied the hypogenic and epigenic nature of caves due to 

regional brittle deformation, which indicate a complex, evolving hydrogeologic 

system. 

 

Marble Falls Aquifer 

The Marble Falls hydraulic reservoir is classified by the TWDB as a minor 

aquifer that consists of an aerial exposure of 554.3 km2 and occurs in eight 

counties across Texas. Due to the active tectonism during deposition of the 

formation, it has been mapped as several separated outcrops along the northern 

and eastern portion of the Llano Uplift.  The discontinuous nature of the Silurian 

through Mississippian units allows for frequent communication of the Marble Falls 

and Ellenburger-San Saba aquifers (Smith, 2004). Along the Colorado River 

section, the upper 85 meters is mostly very fine-grained, thin- to thick-bedded, 

various shades of gray limestone. Macrofossils that are commonly found include 

marine algae, crinoids, brachiopods, and chaetetes. The lower 35 meters is 
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mostly massive very fine-grained, with abundant black chert, medium to dark 

gray limestone (Brownwood, 1976).  

Although this is the smallest of the studied aquifers, it has been 

documented to produce as much as 7,570 liters per minute in some areas by the 

formation’s high fracture density and high permeability (McCann, 2012). The 

precipitation of stable minerals has also created low permeability downdip from 

the surface exposures (Bluntzer, 1992). The traditional extent of the confined 

portions of the aquifers are considered to be the bad water line where additional 

filtration is necessary for water to meet the primary drinking water standards. 

Bluntzer (1992) observed that the nitrate concentrations in 27 percent of samples 

exceeded the maximum contaminant level of 44.3 mg/L. 

 

Mineralized Springs 

Springs, in general, are any body of water that occurs naturally where 

groundwater penetrates the surface and produces channelized, overland flow. 

The classification of springs consists of recognizing the type of spring ranging 

from, but not limited to, fractures, faults, contacts and fissures. Secondly, the 

spring discharge, or resurgence, is taken into consideration and labeled based 

on magnitude. Groundwater is naturally discharged from the Paleozoic and 

Cretaceous aquifers by numerous springs, channel seepage associated with 

effluent streams, subsurface underflow, and evapotranspiration. Artificial 
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discharge of the aquifers occurs by numerous wells that supply water needed for 

public, rural domestic, irrigation, and livestock purposes (Bluntzer, 1992). 

The carbonate lithology of the Ellenburger Group is normally associated 

with the majority of springs in the study area. The discharge from springs 

fluctuates with the amount of rainfall. A thermal study conducted by Stafford et al. 

(2011) observed a single spring as a deep circulation system that contacts 

mineralized zones that are characteristic of the Precambrian basement and not 

the surficial carbonate sequences. Infrequent constituents have been 

documented in the upper Moore Hollow Group suggesting communication of 

basement mineralized zones that are mobilized by upwelling of basinal fluids 

from the Ouachita Orogeny. 

 

Chemical Quality of Groundwater 

Groundwater quality is determined by the chemical constituents dissolved 

from the soils and rock as the water percolates from the recharge zones through 

the vadose zone into the saturated zone of an aquifer. Precipitation is relatively 

free of minerals but is moderately acidic which makes it an effective solvent. 

Depending on the regions geology, rainfall acquires the majority of dissolved 

constituents from contacting the land as surface runoff. However, groundwater 

constantly evolves through local, intermediate and regional flow paths in relation 

to changes in rock lithology and strata geochemistry. As the water infiltrates the 
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soil and/or rock, under the influence of gravity, it dissolves minerals at a relatively 

constant rate and accumulative manner (Bluntzer, 1992).  

Water quality is a result of natural physical and chemical states as well as 

any alterations that may have occurred due to anthropogenic activity. When 

groundwater encounters pollutants, they become part of the system at various 

concentrations and alter the natural chemical signature of the aquifer. Other 

important factors that influence the chemical concentrations of groundwater are 

the residence time water is allowed to be in contact with the rock or pollutant, the 

solubility rate of minerals, the amount of carbon dioxide obtained from soils, any 

structural geologic features that may increase or impede the flow, and the 

temperature and pressure at which the water is subjected from the aquifer 

(Bluntzer, 1992). 

 

Water Quality Index 

The assessment of water quality is a critical component of groundwater 

and surface-water resource management and development programs. The 

purpose of water quality standards is to assure the safety of public water supplies 

and to comply with the Federal “Safe Drinking Water Act” and the EPA’s “Primary 

Drinking Water Regulations.” The Texas Commission on Environmental Quality 

(TCEQ) is the state agency authorized to administer these standards to public 

water suppliers in Texas. Primary standards apply to constituents that have set 
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maximum contaminant levels (MCLs) to protect human health. Secondary 

standards are recommended MCLs which are generally associated with taste, 

odor, appearance, and staining problems.  A water quality index (WQI) provides 

a numerical value that expresses the overall water quality for locations based on 

physical and chemical parameters of the water. The index turns complex water 

quality data into information that can be understood and illustrated in an objective 

manner. Applying a “grade” to water is controversial because a single number 

does not include all water quality parameters. However, basing the water index 

on major ions and physical parameters can provide a simple, stable, and 

reproducible indicator of water quality and provide a different perspective for 

possible issues with water for the region. 

Research of this nature has been conducted for over 40 years beginning 

with the general WQI developed by Brown et al. (1970) and reworked for special 

purposes. In this research, an attempt to formulate a WQI using the principle 

components of the regions groundwater is conducted over a large area. The 

basic objective of this index is to serve as a monitoring tool for groundwater 

quality for the Paleozoic aquifers in the region. Methodology for WQI was first 

shown by Ribeiro (2002) and follows similar index construction techniques. Water 

sample analyses allows for the selection of specific parameters including major 

ion and physiochemical characteristics. Establishing a relationship between 

expected values and dimensionless sub-index values ultimately creating an 
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empirical rating curve must standardize these parameters. The resulting values 

are aggregated and include individual weighing factors. Applying weight 

transforms, the concentrations of a parameter into a score to represent the water 

quality for individual wells. 

 

Remote Sensing 

Remote sensing is the practice of deriving information about the Earth’s 

surface using images acquired from an overhead perspective along with the 

treatment and processing of the picture data (Campbell and Wynne, 2011). The 

application of remote sensing in earth sciences is difficult to evaluate because in 

this circumstance aquifers are concealed by the surface of the Earth. Multiple 

disciplines and technologies must be implemented to infer the characteristics of 

subsurface features. Traditional field observations and measurements are a 

necessity for the amount of accuracy that is expected in our industry. 

Furthermore, the classification and interpretations of geoscience information is 

based on subtle variations that are not evident without direct examination. Even 

this level of material analysis is subject to error and controversy, which provides 

additional practical and conceptual difficulties in the application of remote 

sensing.  

Hydrogeology depends on the monitoring of groundwater at specific 

locations to build a place-to-place variation within the water body. Although this 


