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GROUND-WATER QUALITY OF TEXAS-AN OVERVIEW
OF NATURAL AND MAN-AFFECTED CONDITIONS

SUMMARY OF RESULTS
Ground water is an important resource in
Texas, and provides a major source of usable
water. During 1984, the major and minor aquifers
furnished about 57 percent the total state water
requirements, or about 8.9 million acre-feet of the
total annual need of 15.6 million acre-feet. These
aquifers crop out or underlie approximately 76 percent of the state's surface area of about 276,300
square miles. As the ground-water stewards, it is
essential that the responsible state agencies, as well
as the public, exert every effort to preserve this
valuable resource for future generations.
Data availability, time, funding, and cooperation
from numerous people and organizations, will insure
that the state has clean water. To accomplish this
task, the Texas Water Commission has established
close working relationships with the federal government, responsible state agencies, and local entities.
Through these groups, a statewide ground-water
protection strategy was developed.
During the development of the strategy, it was
recognized that statewide definition of natural verses
man-induced regional quality changes, ground-water
pollution problems, and identification of known and
potential sources of pollution was needed. This
report is designed to outline the existing natural
ground-water quality in the major and minor aquifers
of the state, identify areas which are hydrologically
sensitive to man-induced contamination, and delineate known or potential sources of natural and maninduced ground-water contamination.
Ground-water chemical composition changes
along its flow path from recharge to discharge. Natural ground-water quality within an aquifer is dependent upon many factors including reactions which take
place between the water and aquifer matrix; aquifer
waters mixing with water containing a high percentage of ions, either through interaquifer exchange,
inflow of basinal waters, or diffusion of marine connate water into the fresher water zones from muddier
facies; and the flow velocity, distance along the flow

path, and residence time of the ground water in the
aquifer. The environment under which the aquifer
sediments were deposited will influence the chemical
character of the water, due to permeability variations;
orientation of thicker, more permeable units; and
chemical composition of the lithologic units. Groundwater chemical quality between individual aquifers
within the state will vary, due to the difference in
lithologic and hydrologic conditions.
Natural contamination probably affects the quality
of more ground water in the state than all other
sources of contamination combined. Leaching is the
result of the interaction between water and the aquifer
matrix, substances tied up in the soil zone, and/or
minerals in the watershed. Discharge from deeper,
more saline, aquifers can contribute additional mineralization to ground water, increasing its salinity. Natural
contamination can take many forms including increased mineralization; the addition of toxic substances including metals, nitrates, and radioactivity;
and the addition of excessive nuisance minerals such
as iron, sulfate, or chloride which may give the water
an undesirable color, odor, or taste.
Suitability of ground water for municipal, industrial, rural, irrigation, and other uses is determined by
the amount and type of minerals present in the water.
One of the main factors which limits the use of ground
water is the total dissolved solids (TDS) concentration. Most aquifers contain water which ranges from
fresh, less than 1000 ppm (parts per million) TDS, to
brine, greater than 35,000 ppm TDS. Waters for
irrigation use of less than 480 mg/L (milligrams per
liter) TDS are considered to pose no problem under
ordinary conditions, however, universal standards
have not been formulated. High TDS is usually
avoided for industrial water supplies. TDS concentrations were mapped for all major and select minor
aquifers. Generally, TDS concentration increases
downgradient from recharge areas. Topography,
surface drainage pattern, and faults have visible
effects on the mapped regional water quality trends
within an aquifer and may be responsible for some
identified areas of natural contamination.

Individual discussions of natural pollutants, such
as sulfate, chloride, iron, nitrate, and radium, include
natural sources, recommended lim~s in drinking water,
known health effects (if any), and limits based on
heahh or esthetic reasons such as taste, color, odor,
staining, and scaling. Because 78 percent of all the
ground-water pumped in Texas in 1984 was used for
irrigation, and the nuisance of high concentrations
when present in drinking water, areas that exceed the
secondary drinking water standard of 300 mg/L for
sulfate and chloride were mapped for the major
aquifers. Excessive amounts of iron forms a red
precipitate which stains laundry and plumbing fixtures, gives water an irony taste, and can clog pipes
and well screens. Areas where the secondary drinking water standard of 0.3 mg/L for iron were exceeded
are mapped for the Carrizo-Wilcox aquifer.

aquifers in the state according to their potential for
contamination from the land surface was determined.
Finally, areas of the state which received high pollution potential indices were compared with known
contamination incidents to test the validity of DRASTIC in predicting the potential for aquifer contamination.
DRASTIC mapping can be used as a tool in
combination with other information sources fordeveloping g~nd-water management and protection plans.
Ground-water protection programs can utilize these
maps to delineate priority areas for program action.
Regional and local planners can also use the maps
to provide guidance for zoning, community action,
and water resource planning.
This particular methodology (DRASTIC), while
presenting a means for identifying areas sensitive to
ground-water pollution, does not take into account
certain aspects olthe hydrologic cycle. Interpretation
of pollution potential maps depends upon an understanding of just how the methodology works and what
is and is not considered during a DRASTIC evaluation. Information relating to human use, water
quality, or existing features which affect the aquifer is
not considered here. It is important to understand
that DRASTIC does not stand alone as an interpretive
tool, however, it can be concluded that pollution
potential mapping, when viewed in the light of its
inherent limitations, can be an effective tool for setting
priorities and decision-making.

N~rate,

the most common contaminate of g~ound
water, is very mobile and does not absorb onto the
aquifer material or precipitate as a mineral. Natural
processes which may add nitrate to the ground water
include precipitation, mineral weathering, and decay
of organic matter. Nitrate (as N) in concentrations
greater than 10 mglL can produce anoxemia and
even death by asphyxia in infants under three months
of age and in the human fetuses. Although determining the exact source and relative contribution between man-induced and natural causes of nitrate
contamination was not feasible for this report, maps
showing the locations of wells or areas where the
primary drinking water standard for nitrate has been
exceeded were made for the High Plains (Ogallala),
Edwards (Balcones Fault Zone), and Alluvium and
Bolson Deposits aquifers.

The quality of ground water in the state is
generally good; however, localized areas have been
impacted by sources of contamination which are not
located at a specific point, or noncompliant waste
disposal activities. This has caused pockets of
pollution immediately around the source, but no resulting aquifer-wide quality problems. The susceptibility of a facility site to ground-water contamination
depends in part on the hydrogeologic setting. If
ground water does become contaminated, it is extremely difficult to clean up. Therefore, the regulatory
philosophy is to prevent contamination from occurring in the first place.

Radium is a naturally occurring radioactive
nuclide, and the most abundant isotope, radium-226,
is the most toxic of all inorganic material, and decays
into radon-222, a water soluble gas. Radium is
absorbed by the bone tissue, with bone cancer being
the greatest health risk. Exposure to radon gas can
cause lung cancer. Locations of counties where the
limit for radium has been exceeded in the public
drinking water supplies, and the location of geologic
trends, statewide, that contain potentially radioactive
waters were mapped. Gulf Coast and Hickory aquifer
discussions contain additional information on specific
areas and sources of high radium concentration.

Man induced ground-water contamination usually involves substances released on or slightly below
land surface and, therefore, shallow aquifers are
normally considered more susceptible to pollution
than the deeper aquifers. Current data suggests that,
forthe most part, pollution is regionally confined to the
most heavily populated and industrialized areas of
Texas. However, isolated local cases of groundwater contamination have been found in many other
parts of the state. At this time, ~ is not thought that the

Pollution potential mapping was carried out with
the objectives of delineating areas of the state sensitive to contamination of ground water and developing
tools for decision-making. Two maps illustrating
ground-water pollution potential for general and agricultural sources of pollution were constructed. In
addition, the relative ranking of both major and minor
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Septic tanks, used for disposal of human waste,
discharge large volumes of effluent directly to waterbearing units. l!these septic systems are not properly
sited, constructed, or employed, this waste disposal
practice becomes a threat to ground water. There are
more than one million older tanks scattered throughout the state. It is these older tanks which are of
primary concem. Newly constructed tanks will be
adequately controlled under revised regulations.

usefulness of ground water has been appreciably
reduced statewide. Probably less than one percent of
the stale's ground water has been contaminated by
man. However, due to the sparsity of data, "only the
tip of the iceberg" may have been assessed.
Contamination found in the ground water ranged
in degree from slight degradation, in the case of septic
tanks, to the presence of toxic concentrations of
contaminants, such as heavy metals, organics, and
inorganics (including pesticides), which were present
in abandoned hazardous waste facilities. Additionally, minor amounts of pesticides, related to agricultural activities, have been detected in the state's
ground waters. In most cases, ground-water contamination was discovered only after a drinking water
source had been affected. There are several known
cases where municipal water supply wells have become
unusable due to contamination. Numerous instances
of private wells being affected were not13d during the
investigation.

Industrial waste-water impoundments are used
to handle large volumes of waste in a concentrated
area. In the past, all types of industrial impoundments
have locally polluted ground water and almost every
county of the state could possibly have been affected
by these disposal units. Until 1969, thousands were
used for disposal of salt water associated with oil and
gas production. With the exception of previously
abandoned salt water disposal impoundments, regulations for the cleanup of pollution are in place.
Chemical quality maps included in this report, indicate that a plume of salt water may be present below
many of these now abandoned salt water pits. Since
there are so many of these, it is not known if it would
be economically or technically feasible to attempt to
mitigate these ground-water problems. Possibly
contamination should be addressed on a case-bycase basis as it becomes a problem:::.-, ",17£.'; ,- '_' - we

Based on this statewide assessment of potential and actual ground-water contaminants, waste
disposal practices being employed, and existing
regulations which are available for cQntamination
detection and mitigation, it was concluded that there
are still conditions which exist orpractic€is being used
which are a cause for concern. For the most part, the
state presently has in place regulations which will
effectively reduce future pollution, however, past
practices may return to haunt us. It is difficult to
prioritize areas or practices of concem, however,
based on best professional judgement, the followlo"are
considered to be of major concern.

Underground storage tanks often lie within the
vadose zone or where continually saturated conditions exist at shallow depths. Therefore, when they
leak, high concentrations of contaminants may reach
the ground water. Underground storage tanks are
considered to be one of the principal contributing
sources of ground-water pollution, placing a significant loading on the state's aquifers, due to their
regional distribution and high number which are estimated to be leaking. Statewide, there should be
about 154,000 tanks which will ultimately be registered. It is now estimated that about 38,500 could
eventually leak. As of July 12, 1988, there were about
1000 confirmed leakers. At that time, the Texas
Water Commission was receiving notice of confirmed
leakers at the rate of about 50 per month. Leakers,
which have contaminated ground water, are being
actively mitigated.

Improperly completed and abandoned water
wells are possibly of greatest concern. These wells
allow direct access from the surface to ground-water
aquifers by permitting vertical leakage from the surface. Most pesticides presently found in ground
water are believed to have moved to aqu ifers through
wells of this type. Interaquifer transfer of high TDS
water is also believed to be occurring between different water-bearing zones encountered b~' these wells.
Additionally, a safety hazard to humans and animals
is posed by this category of wells. It is conservatively
estimated that statewide there may be at least 600,000
total wells, of which about 150,000 are believed to be
abandoned. Shallow wells which are uSEid for agricultural drainage, stormwater runoff disposal, heat pump
/ air conditioning exchange, sewage disposal, mine
backfill spoil disposal, automobile service station
disposal, and artificial recharge purposes may also
provide avenues for possible contaminants to reach
the underlying aquifer.

Based on a recent study, past disposal practices associated with municipal sanitary landfills may
have already resulted in, or ultimately will contribute
significantly to ground-water pollution. Historically,
this contamination has been caused by siting these
facilities in areas where the bottom of the landfill
encountered the water table. Additionally, almost all
of the older operations lacked proper liners, leachate
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collection systems, and/or did not have ground-water
mon~oring wells, The Environmental Protection Agency
is now in the process of developing new rules related
to the operation of municipal solid waste landfills.

ing hydrologic data, as well as evaluate waste disposal and chemical use practices that are currently
being employed. A periodic evaluation of statewide
ground-water conditions, both natural and man-induced, can aid in the identification of deficiencies in
the type of water-related information being gathered,
waste disposal practices being employed, and present regulatory practices, and it also can serve as a
tool fordeveloping future water-policy options , including the formation of underground water conservation
districts, the establishment of wellhead protection
areas, and development of future regulations, if deemed
necessary. As the lead agency in Texas with the responsibility for protecting and restoring the quality of
surface and ground water, the Texas Water Commission is responsible for making such an evaluation and
for coordinating the state's efforts to develop and implement a comprehensive ground-water protection
strategy.

Within agricultural producing areas, located
primarily in north-central Texas, there are localities
where excessively high nitrate content is present in
ground water. Much of this is believed to be naturally
occurring, however, over fertilization and seepage
from barnyards and/or septic tanks may also be
causes.
Recently, pesticides have also been
documented in ground water in these and other
agricultural areas. Both high nitrates and pesticides
in ground water are problems which require additional
attention. To address these problems, a statewide
agricultural chemical (fertilizer and pesticide) groundwater strategy will be developed in the immediate
future. Additionally, since high nitrate-bearing materials and waste waters are used in land spreading
operations, there should be a revaluation of the use
of these wastes within the affected areas.

This report is intended to describe and analyze
the conditions which affect the quality of the state's
ground-water resources. It is organized into the
following four parts, each of which is independent, but
related to the others:

INTRODUCTION

General hydrologic principles of ground
water and definition ofterms, which provides
a synopsis of hydrologic processes including
short discussions on the hydrologiC cycle, how
ground-water occurs, the interrelationship between surface and ground water, hydrochemical evolution of ground water, how ground water
becomes contaminated, and the general chemical quality of ground water. This section provides background information for aquifer chemical quality, pollution potential estimates, and
man-induced contamination hazards discussed
in subsequent parts of this report.

One of Texas' most treasured natural resources is its surface and ground water. The general
public has come to expect an abundance of inexpensive, clean, and environmentally safe water at the
turn of the tap. Ground water provides the major
source of usable water within Texas, During 1984,
the major and minor aquifers fumished about 57
percent of the state's total water requirements or
about 8.9 million acre-feet of the total annual need of
15.6 million acre-feet (Texas Water Development
Board, 1988).
Almost daily, the public reads or hears of numerous ground-water cond~ions or water-related issues
which are a cause of concern, such as declining water
levels, land-surface subsidence, and saline-water
encroachment as well as ground-water pollution which
has resulted from many of man's activities. These
concerns and other hydrologic events have raised numerous questions about the status of the state's
ground-water resources, What is the natural groundwater quality? What changes to the natural quality
are taking place? What type of contamination is
occurring? How does man contaminate ground water?
How extensive is ground-water contamination? How
sensitive is the ground water to contamination? What
is being done to combat quality changes which are
taking place?

Chemical quality of the major and minor
aquifers, which discusses the naturally occurring ground-water quality within the seven major
and seventeen minor aquifers of the state.
Aquifer specific data is presented on naturally
occurring hydrologic processes, such as mineralization due to aquifer matrix - water interactions and interaquifer exchange (both of which
are considered for this report to be sources of
natural contamination). Total dissolved solids,
sulfate, and chloride concentration maps are
included in each major aquifer section and,
where there is a recognized problem, areas and
possible causes of excessive concentrations of
nitrate, radium, or iron are examined. General
water quality is discussed for all minor aquifers,
with total dissolved solids concentration trends

To answer these questions and many others, it
is necessary to assess, analyze, and evaluate exist-
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and quality problems provided for selected minor
aquifers.

Methods of Study and Limitations
Principal objectives ofthis investigation were to
establish a base line profile of current water quality of
the state, to identify and rank areas which are sensitive to ground-water contamination, and to assess
and evaluate man-induced ground-water pollution.
To accomplish the first objective, it was necessary to
review previous water-quality reports and investigations covering major and minor aquifers of the state.
The most recent information was reviewed with
emphasis placed on regional reports. Sources of
information were found in the libraries, files, and
reports of the Texas Water Commission, Texas Water
Development Board, U.S. Geological Survey, and
the University of Texas Bureau of Economic Geology. Where insufficient compiled data exist, the computerized statewide water quality data base was
utilized.

DRASTIC - a systematic approach to groundwater pollution potential mapping, which
identifies statewide areas which are hydrologically sensitive to man-induced contamination.
The DRASTIC methodology is explained through
a discussion ofthe underlying principles and the
difference between general and agricultural
DRASTIC mapping is highlighted. Statewide
pollution potential maps are presented and the
use of pollution potential mapping as a tool is
discussed.
An assessment of known and potential
sources of man-induced ground-water contamination within Texas, which summarizes
brief assessments of many categories of pollution, caused by man, which may degrade the
aquifers of the state. Major categories addressed are land disposal of waste materials;
water wells; sewage and waste-water disposal
systems and municipal sewage collection lines;
leaks and spills; oil and gas production and
other mining; agricultural practices; class V injection wells; stormwater runoff; other possible
ground-water pollution sources; and groundwater withdrawals. Each of these contain
numerous subcategories with discussions of
potential contaminants, nationwide problems, a
statewide assessment, the responsible state
agency, and the exisiing regulatory programs
employed to prevent or mitigate pollution.

Based on the available data, major and minor
aquiferwater-quality maps were either modified from
existing work or constructed from the data in the
computerized system. Data acquired from the existing computerized data base required filtering before
the maps were constructed, with only the most recent
analysis for an individual well being utilized. Maps
were constructed for all major and specific minor
aquifers, illustrating total dissolved solids (TDS)
concentrations using 500,1000,3000, and 10,000
TDS contour intervals. Generally, the boundaries of
the aquifers as delineated in December, 1982, by the
Texas Department of Water Resources were used,
however, some of the areas have been revised and!
or extended to rel/ect more recent work. Specific
problem constituents, that occur in some aquifers,
were delineated on separate aquifer inset maps, such
as high sulfate and chloride concentrations which
exceed the recommended drinking water standards,
or known areas of high constituent concentrations,
such as high iron in the Sabine Uplift area, high
nitrates in North Central Texas, high arsenic in the
High Plains, or high radium. All water-quality maps
presented in this report represent a regional estimate
of quality trends. Local quality may vary from the
regionaltrends and caution should be exercised ifthe
maps are used to predict specific water quality in an
area.

Purpose and Scope
The primary purpose ofthis investigation was to
expeditiously determine the existing water quality of
the major and minor aquifers of the state, identify
areas which are hydrologically sensitive to maninduced contamination, and delineate known or potential sources of ground-water contamination. The
general scope ofthis investigation included the evaluation, synthesis, and mapping (on an aquifer by
aquifer basis) of both previously compiled hydrochemical data in the published literature and data
available in the Commission computer data base
files; generation of state wide maps illustrating groundwater pollution potential; and synthesis and evaluation, on a statewide basis, of man-induced groundwater pollution.

The second objective of this investigation was
accomplished through the creation of maps which
depict statewide hydrologic sensitivity to surface contamination, using the DRASTIC methodology.
DRASTIC uses a relatively straightforward process
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of data collection and evaluation to create maps
which represent vulnerability to pollutants in the ground
water. Readers interested in a more detailed explanation of the DRASTIC methodology are referred to
the EPA Report entitled "DRASTIC: A Standardized
System for Evaluating Ground Water Pollution Potential Using Hydrogeologic Settings," (Aller and
others, 1987).

of West Texas contrasted by a subtropical arid climate in the surrounding lowlands. Humid subtropical
conditions occur in the Coastal Plain. Average annual precipitation ranges from eight inches in EI Paso
County to 56 inches in eastern counties (Beaumont
area). Temperatures also vary widely with average
monthly lows during January ranging from 18·
Fahrenheit(F) in the northwest corner to 51·F in the
extreme southern part. The hottest temperatures of
the summer months occur during July when average
monthly highs vary from 91·F in the state's northwest
corner to 1OO·F orgreaterinthe south-southwest part
of the state (Larkin and Bomar, 1983).

The assessment of known and potential sources
of man-induced ground-water contamination, the third
objective, was severely restricted by: the fact that
most land disposal practices being assessed lacked
ground-water monitoring facilities; most data found
did not indicate the condition of ground-water quality,
and there was an acute shortage of data which
located potential or known pollution problems. This
assessment, which is limited in scope, was made
using easily accessible existing data, which in some
cases, was far from complete. Sources included
questionnaires obtained from personnel of the Texas
Water Commission district field offices and the
Commission's extensive water related library which
contained data from multi-state agencies, the U.S.
Geological Survey, ground-water consultants, s()me
underground water conservations districts, and
numerous state universities including the University of Texas Bureau of Economic Geology.

Geologically, the state is also varied. Its surface
geology consists of igneous, metamorphic, and sedimentary rocks; however, sedimentary units are the
dominant type. Major physiographical subdivisions
consist of the Rocky Mountain Region (foothills of) in
the west-southwest, the Great Western High Plains,
the Great Western Lower Plains, and the Gulf Coastal
Forested Plains. These features and favorable soils
enable Texas to be one of the most prominent agricultural states in the nation and to rank highly in nearly
every phase of agricultural production.
Texas has a varied topography with its surface
elevations ranging from 8751 feet at Guadalupe
Mountain,located in Culberson County in thewestern
part of the state, to sea level along the Gulf Coast on
the southeast. This elevation differential results in all
of the state's major streams flowing to the eastsoutheast.

Additionally, technical and assessment data
generated by the U.S. Environmental Protection AgEKlCf
were used extensively. Also included were categories of pollution related to nonpoint sources. These
data were provided by members of a Task Force
composed of members selected by participating
agencies which make up the statewide Ground Water
Protection Committee. Agencies represented by this
Task Force were the Texas Water Commission (lead
agency), the Texas Water Development Board, Railroad Commission of Texas, Texas Department of
Health, Texas Department of Agriculture, the Texas
State Soil and Water Conservation Board, and the
Texas Agricultural Extension Service.

Industry within Texas differs greatly by region;
however, major statewide industries are: hydrocarbon production, energy related services, and processing; agribusiness; manufacturing; mining and related activities; forest products; finance, banking, and
trade; commerce and shipping; and fishing. Both agribusiness and energy production in Texas are currently suffering serious economic problems.
In addition, the following background information is made available to the reader to aid in the
assessment of data contained in this report:

Background

State population: 14,229,191 (1980 Texas Water

Texas is a very large and diversified state.
Compared to other states, it is second in size only to
Alaska. With a total area of 267,338 square miles
(about 171 million acres), approximately 167.8 million
acres consist of land area and about 3.3 million acres
are covered by inland water (Kingston and Harris,
1983).

Development Board (TWDB) data); 16,369,586 (1985
TWDBdata)

Rural population: 3,080,544 (1980 TWDB data);
3,752,992 (1985 TWDB data)
Population density: 54.3 persons per square mile
(one of lowest densely populated states in the nation,
1980)

The climate olthe state is varied. Mountainous
conditions prevail in parts olthe Trans-Pecos Region
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Breakdown of land use: (January 1, 1983-King-

(West and Broadhurst, 1975; Baker and Wall, 1976;
and Bedinger and Sniegocki, 1976). At present, it is
not known how much of this can be considered as
recoverable storage without causing irreparable
damage to the states aquifers.

ston and Harris, 1983)
Use
-c;:Qj::>land
Pastureland
Rangeland
Fon~stland

Urban and Transportation
Other land
Federal
Total land area

Acres
30,430,000
18,773,000
95,401,000
9,240,000
7,310,000
3,725,000
2,887,000
167,766,000

The estimated average annual quantity of ground
water available from the state's aquifers was 12.9
million acre-feet in 1980 and is expected to decrease
to 9.6 million acre-feet in 2030 based on current and
projected rates of water use (Texas Water Development Board, 1988). In 1984, Texans used 8,854,470
acre-feet of ground water, with pumpage for irrigation
supply in the High Plains accounting for 60 percent
and other significant pumpage occurring in the Houston and San Antonio areas (Texas Water Development Board, 1988). 01 the total ground water pumped
in the state in 1984, approximately 78 percent was
used for irrigation supply, 17 percent for municipal
supply, 2 percent for manufacturing supply, and 1
percent each for livestock, electric, and mining supplies (Texas Water Development Board, 1988).

Number of river or coastal basins: 23 basins
(Figures 1 and 2)

Total streambed miles: 80,000 stream miles
Classified stream miles: 15,942 stream miles
Total stream segments: 311 segments
Number of major lakes or reservoirs with capacity greater than 5000 acre-feet (January 1,
1983): 189 lakes or reservoirs

GENERAL HYDROLOGIC PRINCIPLES
OF GROUND WATER
AND DEFINITION OF TERMS

Total lake or reservoir capacity: 58.6 million acrefeet

Total area of lakes or reservoirs with capacity
greater than 5000 acre-feet: Greater than 1,616,781

Hydrologic Cycle

acres (for 186 lakes or reservoirs)

For the benefit of the general reader, this section is included for familiarization with some basic
ground-water hydrologic principles and terms. Portions of the following discussion borrow heavily from
Muller and Price (1979, p. 3 - 8).

Area of marsh and wetlands: 400,000 acres
Area of bays and estuaries adjacent to coast: 2350
square miles

Water is constantly moving between the ocean,
atmosphere, and land. Water available for use by
man - whether as rain, water from wells, or stream
flow - is captured in transit, and alter its use and
reuse, is returned to the hydrologic cycle from which
it came. Ground water is part of the returning water
which has entered the subsurface and filled the void
spaces of the porous rocks which are within the zone
of saturation. The primary source of ground water is
precipitation. Only a small percentage of precipitation actually reaches the ground water by the process
of recharge.

Miles of coast bordering Gulf of Mexico: 367
miles

Names and mileage of border rivers:
Sabine River ............ 180 miles
Red River ................ 480 miles
Rio Grande .............. 1200 miles

Average annual runoff (streamflow): 49 million
acre-feet
A total of seven major and seventeen minor
aquifers have been delineated within Texas (Figures
1 and 2). Based on data supplied by the U. S.
Geological Survey, it is conservatively estimated that
there is a total of approximately nine billion acre-feet
of potable ground water in storage within Texas

Figure 3 graphically illustrates the continuing
movement of ground water from infiltrating rainfall to
movement down gradient through the aquifer to disposition either by evapotranspiration (evaporation
and plant transpiration) or discharge to wells, rivers,

- 7-

EXPLANATION
MAJOR AQUIFERS
Y,elds I¥Qe QuanM,e. 01 wa,er In '"'ge area, 01 'he S,.,e

D

Hlg~ Pla,~,

IOga'lalal

[ ] ] AII,,",um and Bo,"o~ Depos"

LS8 Edword. T'Inl'.IPla"eaul
Edward. 1B.lcc~e, faull lone San An'onlO R~gl,'nl

•

Edward. !Balcrmes F.ull low AuSI,c Reg'Dnl

~~:.;:~: ~
~~:.;:~~

o

D

20 40 60 80 Mil.,

'""*'"

r"n"V GrouD

r!!l ['''''0 W, co,
~GuIfCo.s,

Figure 1

Major Aquifers of Texas

- 8-

E""""'1

,<:'-':...... ~

-N--

!I

~
..

".:"

: .. ' .,:.'
'.".'.'...
'w - :

..

'V:'''"."'

\"':

A"

.

'Q:'~'TfRlJ""GO"-

•

EXPLANATION
YI.'~I

MINOR AQUIFERS
la'9<I ""a""'i.. 01 "al., in ,",~II g,."" 0' '.'ol,.ely .mall
q""M<tie. ot .. 01., In 10'9<1 a,ea. of tn" sra'o
Blaine Gypsum

Woodbine
Ouean City
Spa,to
Ed,""erds-Trinity (Hi\lh Pleins)
Sonlo Flolo
Hickory Sgndltone
Ellenb~r\ler- Son Sabo
Marble Foils Limestone

\ ......

~

~::~)~hSonRO~~:ulon.

(.

Bone Sprin\l end Victorie Peak Lomestonn
Coplten Limestone
Rustler
~O~(lto~h Sond

\'''"\',''

BloHOm Sand

Others Undiflerentlot .. d (Not Shown)

Figure 2

Minor Aquifers of Texas

- 9-

streams, and ultimately the ocean. Recharge is the
addition of water to an aquifer and may be absorbed
from precipitation, streams, and lakes, either direclly
into a formation or indirecUy by way of another
formation. Also, it may mean the quantity of water
which is added to the zone o f saturation (Meinzer,
1923). Effective recharge is the amount of water
that enters an aquifer and is availab le for development . Among the factors which influence the amount
of recharge received by an aqu ifer are: the amount
and freque ncy of precipitation; the aerial exte nt olthe
oulcropor intake area ; topograp hy, type, and amount
of vegetation, and the condition o f soil cover in the
outcrop area; and the ability of the aquifer to accept
recharge and transmit it to areas o f discharge.
Grou nd water moves from areas of recharge to
areas of discharge or from points of higher water level
to po int s of lower water level. Movement is in the
direction of the hydraulic gradient just as in the case
of surface-water flow. Under normal artesian conditions, movement o f ground water usually is in the
direct ion of the aquifer's regional dip. Under watertable conditions, the slope o f the water table and
consequently the direction of ground-water movement usually is closely related to the slope of the land
su rface. However, in the case of both artesian and
water-tab le cond itions, local ano malies are developed in areas of pumping and some water moves
toward the center of artificial disc harge.
Discharge is the loss of water from an aquifer.
Discharge may be either artificial or natural. Artificial
discharge takes place from flowing and PUfl'lJed
water wells , drainage ditches, gravel pits, and other
excavations which intersect the water table. Natu ral
discharge occurs as effluent seepage. springs, evaporation, transpiration, and interformational leakage
(Peckham, 1965).

Occurrence
The qua ntity of water an aquifer receives as
recharge and the ability of the aquifer to transmit
water to the areas of discharge are the principal
factors that must be considered in determining the
amount of water available for withdrawal on a sustained bas is. The following discussion of how and
where water occurs wit hin aquifers borrows heavily
from Muller and Price (1979, p. 3 - 8).
Ground water is co ntained in the interstices or
void spaces of rocks. Two rock characteristics of fundamental importance related to the occu rrence of
ground water are porosity, w hich is the amount of
open space contained in the rock ; and permeability,
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(Adllp ted From Meinzer, 1923, p. 3).

Ihe ability of the porous material 10 allow fluids 10
move through it . In sedimentary rocks, such as
sandstone, gravel, clay, and silt , the porosity is a
function of the size, shape, sorting, and degree of
cementation of the grains (Figure4). In limestone and
evapo rites (other types of sedimentary rocks) poros ity is a function of openings such as cracks,
crevices, caverns, and vugs caused in part by dissolution of the rock matrix by grou nd water.
Fine-gra ined sediments, such as clay and silt .
usually have high porosity, but due to the small size
of the voids , the permeability is low and these formationsdo not readily yield or transmil water. Therefore,
in order for a geologic formation to be an aquifer it
must be porous, permeable, and water-bearing. An
aquifer is made up of saturated permeable rocks of
a geologic format ion, group o f formatio ns , or part of
a formation that is water-bearing (Meinzer, 1923). In
general, to be anaquifer, the water-bearing formation
shou ld yield water in sufficient quantities to provide a
useable supply ; otherwise , the formation may be
termed either an aquitard or aquiclude. Rgure 5
depicts areas within the stale in which no major or
minor aquifer is present. An aquitard is a semipermeable, semioo nfining geologic formation adjacent
to or between aquifers and partially restricts the
movement of ground water. Clay lenses interbedded
with sands are characteristic of "leaky" aquitards .
Where clay is sufficiently thick and widespread, it is
called an aquiclude and is usually impervious, an
impedimenl to ground-water movement , and acts as
a confining layer to the aquifer. Considerable quantities of ground water can be stored in the clay interstices.

When precipitation falls on the outcrop of an
aquifer, it may take one of many courses in completing the hydrologic cycle. A large portion of it returns
to the atmosphere by evaporation. Vegetation utilizes a part of the water and returns moisture to the
atmosphere by transpiration. Some of Ihe precipitation will run off the land surface into :streams and
return to the sea. A small percentage will percolate
downward through the soil zone by the force of gravity
to the zone of saturation in which thH hydrostatic
pressure in the water-filled interstices of the permeable rocks of the aquifer is equal to or greater than
atmospheric pressure (Meinzer, 1923). The upper
surface of this zone is called the water table. Water
entering the zone of saturation moves to lower elevations where it is discharged naturally, for example, by
springs or artificially by wells. Above the zone of
saturation, the rock interstices are partlially filled by
moisture and partially by air, and is known as the
zone of aeration, unsaturated zone, or vadose
zone. Occasionally, a local impermeable layer is
present in this zone above the water table, and it will
intercept the downward percolating water, creating a
perched saturated zone above the main water table
causing a perched water table of limited aerial
extent.
An aquifer is considered to be under watertable conditions or unconfined when the ground
water is in direct contact vertically with the atmosphere. The water surface fluctuates with atmospheric pressure and in response to a change in the
volume of water in storage within the aquifer. In an
unconfined aquifer, the zone of saturation extends
from the water table to the underlying confining bed.
The aquifer is confined when the ground water
contained in it is separated from the atmosphere by
impermeable material of a confining bed and the
water is under sufficient pressure to ris.~ above the
level at which it is encountered by a well. In this case,
the water is under artesian conditions, whether it
flows at the land surface or not, and the levello which
the water will rise in a borehole defines an imaginary
surface called the piezometric surface. For a
confined aquifer, the zone of saturation represents
complete saturation of the water-bearin~1 unit and is
equal to its thickness. The term potentiometric
surface applies both to the piezometric surface of a
confined aquifer and the water-table surface of an
unconfined aquifer, coinciding with the hydrostatic
pressure level of the water in the aquifer (Todd,
1959).
The hydraulic gradient or pressure gradient
of an aquifer is exemplified by the slope of the potentiometric surface. It is the rate of change of the
hydrostatic pressure per unit distance in a given
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direction. Ifthe rate of change is uniform between two
points, the hydraulic gradient between these points is
the ratio of the difference in static level between the
points to the horizontal distance between them (Meinzer,
1923). The hydrostatic pressure is the pressure
exerted by the water at any given point in a body of
water at rest. Hydrostatic pressure of ground water
is generally due to the weight of the water at higher
levels in the zone of saturation (Meinzer, 1923).
The water-producing capability of an aquifer
depends upon its ability to store and transmit water.
Although the porosity of a rock is a measure of its
capacity to store water, not all of this water in storage
may be recovered by pumping. Some of the water
stored in the interstices is retained because of the
molecular attraction between the rock particles and
the water. The coefficient of storage is the volume
of water an aquifer releases from or takes in to
storage per unit surface area of the aquifer per unit
change in the component of hydrostatic pressure
normal to that surface (Ferris and others, 1962). In
confined or artesian aquifers, it is the result of two
elastic effects-{;ompression of the aquifer and expansion of the contained water-when the hydrostatic
pressure is reduced by pumping. The value of the
coefficient of storage is small, and is dimensionless.
In the unconfined case, the storage coefficient is also
dimensionless and is assumed equal to the specific
yield of the material. The specific yield measures
the water removed from an aquifer by the force of
gravity. It has been defined as the ratio of the volume
of water which an aquifer, after being saturated, will
yield by gravity to the volume of the aquifer drained.
The ratio is usually expressed as a percentage (Meinzer,
1923).

Interrelationship Between
Surface and Ground Water
An understanding of the interrelationship between surface water and ground water is important in
the interpretation of both regional and local hydrologiC
conditions. In humid and semiarid areas such as
those found in most of Texas, an aquifer's water
table, in outcrop, normally conforms to the surface
topography. Usually, the water table is high beneath
topographically high areas and its hydraulic gradient
slopes away from the divides (recharge areas) toward the low areas which serve as ground-water
discharge zones (U.S. Environmental Protection
Agency, 1987b, p. 56-58). Ground water may eventually flow into a stream or body of surface water.
Approximately thirty percent of the nation's surfacewater flow is provided by ground water (FeliCiano,
1985).

Under normal conditions, ground-water discharge
may account for a stream's entire flow, during dry
weather. During flood stages, the hydraulic gradient
may develop a higher potential than that of ground
water. When this happens, a reversal of flow occurs
and any contaminants in the surface water may enter
the ground-water system (U.S. Environmental Protection Agency. 1987b, p. 4). When ground-water
pumpage near a stream lowers the water level sufficiently, a reversal of flow may also occur which
induces vertical leakage from a nearby stream or
lake. Under these conditions, contamination of the
most permeable shallow aquifers can easily occur.
When ground-water discharges to a surfacewater body, it can affect the surface-water quality.
Most ground-water aquifers contain water which ranges
from fresh, less than 1000 milligrams per liter (mg/L)
or parts per million (ppm) total dissolved solids (TDS),
to brine, greater than 35,000 ppm TDS. In general,
the quality and availability of ground water degrades or diminishes from east to west across
Texas. Natural surface-water quality varies widely
within the state. Total dissolved solids concentrations of streamflows range from less than 100 rng/L in
the extreme eastern part of the state to 3000 mg/L or
greater in the upper reaches of the Red, Brazos,
and Pecos Rivers, as well as within the San AntonioNueces and Nueces-Rio Grande Coastal basins. In
general, surface-water quality improves from west to
east across the state, reflecting an improvement in
ground-water quality and increased average precipitation amounts.
Volumetric importance of ground water when
compared with surface water is illustrated in Table 1.

Freeze and Cherry (1979) gave a breakdown of the
available volume of water worldwide and estimated
residence time of each category. Water residing in
the ground accounts for four percent of the total world
water balance. If water containing high levels of
salinity, the oceans and seas, is removed from the
total budget, ground water then represents about 66
percent of the total available fresh water. If only
utilizable fresh-water resources are considered (minus
the icecaps and glaCiers), then ground water accounts for almost the total volume of fresh water
available for man's use. They estimate that the freshwater budget breakdown is: ground water, 95 percent; lakes, swamps, reservoirs, and river channels,
3.5 percent; and soil moisture, 1.5 percent.
Residence times and rate of water movement
vary greatly between different phases of the hydrologic cycle. Surface water has a residence time of
about two weeks, while ground water may reside
within an aquifer from two weeks to 10,000 years
depending on the flow velocity (Freeze and Cherry,
1979). However, the average residence time of
ground water is on the order of 200 years (Miller,
1980, p. 103). Ground water moves relatively slowly
throug h the aqu ifer, as little as a few feet per year, and
in distinct paths with little mixing. In contrast, surface
water flow is turbulent and often fast (Feliciano,
1985). Due to its high visibility, contamination of
surface water is relatively easier to detect than groundi-water contamination. Because contamination in ground
water occurs in distinct plumes, almost every known
instance of ground-water contamination has been
discovered only after a drinking-water source has'
been affected (Miller, 1980).
..
'

\'

~

Table 1.-Estimate of the Water Balance of the World

Parameter
Oceans and seas
Lakes and reservoirs
Swamps
River channels
Soil moisture
Ground water
Icecaps and glaciers
Atmospheric water
Biospheric water

Volume
(km3)x1Q8
1370
0.13
<0.01
<0.01
0.07
60
30
0.01
<0.01

Source: Freeze and Cherry, 1979
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Volume
(km3)x1Q8

Residence time

94
<0.01
<0.01
<0.01
<0.01
4
2
<0.01
<0.01

-4000 years
-10 years
1-10 years
-2 weeks
-2 weeks-1 year
2 weeks-10,000 years
10-1000 years
-10 days
-1 week

~~
AQUITARD

DIS~GE

Ca 2 +-Na+
S042- - HC03-

J

\

CoC03 supersaturation

Figure 6.-Schematic Diagram Illustrating Ground-Water Hydrochemical Evolution From
Calcium-Bicarbonate to Sodium-Chloride Type. Major controls are bulk rock composition
(or mineralogy), water rock interaction, flow velocity, distance along flow path,
residence time, and mixing (Modified from Kaiser and Ambrose, 1986.)

Hydrochemical Evolution
Ground-water quality within an aquifer is dependent upon reactions which take place between
water and the aquifer bulk·mineral composition.
Ground·water chemical composition evolves along
the flow path, from recharge to discharge areas, or
with increasing depth. Total dissolved ions in the
ground water, or total dissolved solids (TDS), increase along the flow path as the ground water, an
excellent solvent, reacts with the bulk rock that
composes the aquifer (Figure 6).
Generally, ground water starts as precipitation
which moves through the soil zone to the underlying
aquifer materials. The soil zone contains organic
matter that generates carbonic acid through plant
respiration and decay. In recharge areas, mineral
matter such as calcite and feldspar is dissolved by the
low pH waters, releasing calcium and bicarbonate
ions. Calcium can be removed from the system when
it exchanges for sodium on clay mineral surfaces. As
more calcite is dissolved, more calcium is released to
exchange for sodium on the clays, resulting in a net
increase in both sodium and bicarbonate concentrations in the ground water (Kaiser and Ambrose,
1986).
Increased sulfate and chloride concentrations
may be derived from several different sources. Along
the flow path, the dissolution of minerals which con-
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tain these ions (such as gypsum, pyrite, anhydrite, or
halite) orthe mixing of aquifer waters with waters that
contain a high percentage ofthese ions eitherthrough
interaquifer exchange, mixing with basinal waters, or
diffusion of marine connate water into the fresher
water zones from muddier facies, may occur. As the
ground water becomes either supersaturated with
respect to certain ions, or as the water becomes
chemically reduced, minerals will precipitate onto the
surface of aquifer materials, in a process known as
cementation. In deep basinal systems or in areas
where ground-water movement is almost static, a
chloride brine may evolve (Freeze and Cherry, 1979).
Chemical composition of individual aquifers within
the state will vary, dueto differences in bulk rock composition (I.e. minerals which are available for reaction
with the ground water). Total ground·water chemical
composition is controlled by the amount of soluble
minerals available and the opportunity for the ground
waterto react with the minerals (Table 2). Therefore,
the chemical character of ground water mirrors the
general mineral composition of the media through
which it has passed. Flow velocity, distance along the
flow path, and residence time of the ground water in
the aquifer are additional controlling factors on hydrochemical evolution (Kaiser and others, in progress).
A more detailed discussion of the hydrochemical
evolution process can be found in Freeze and Cherry
(1979).

Table 2.-Source, Significance, and Concentration of Dissolved Mineral
Constituents and Properties of Water
(Adapted from Doll and others, 1963, p. 39-43)

Constituent
or
Property

Source or Cause

Significance

Silica (SiO,)

Dissolved from practically all rocks and
soils, commonly less than 30 mg/L. High
concentrations, as much as 100 mglL,
generally o~r in highly alkaline waters.

Forms hard scale In pipes and boilers. Carried over in
steam of high pressure boilers to form deposits on blades
of turbines. Inhibits deterioration of zeolite-type water
softeners.

Iron (Fe)

Dissolved from practically all rocks and
soils. May also be derived from iron pipes,
pumps, and other equipment.

On exposure to air, iron in ground water oxidizes to
reddish-brown precipitate. More than about 0.3 mg/L
stains laundry and utensils reddish-brown. Objectionable
for food processing, textile processing, beverages, ice
manufacture, brewing, and other processes. Texas
Department of Health (1988) drinking water standards
recommend that iron should not exceed 0.3 mglL. Larger
quantities cause unpleasant taste and favor groW1h of
iron bacteria.

Calcium (Ca) and
Magnesium (Mg)

Dissolved from praclically all soils and
rocks, but especially from limestone, dolomite, and gypsum. Calcium and magnesium are found in large quantities in some
brines. Magnesium is present in large
quantities in sea water.

Causes most of the hardness and scale-forming properties of water; soap consuming (see hardness). Waters
low in calcium and magnesium desired in electroplating,
tanning, dyeing, and in textile manufacturing.

Sodium (Na) and Potassium (K)

Dissolved from practically all soils and
rocks. Also found in oil··field brines, sea water, industrial brines, and sewage.

Large amounts, in combination with chloride, give a salty
taste. Moderate quantities have little effect on the usefulness of water for most purposes. Sodium salts may
cause foaming in steam boilers and a high sodium content may limit the use of water for irrigation.

Bicarbonate (HC03 ) and
Carbonate (C03 )

Action of carbon dioxide in water on carbonate rocks such as limestone and dolomite.

Bicarbonate and carbonate produce alkalinity. Bicarbonates of calcium and magnesium decompose in steam
boilers and hot water facilities to form scale and release
corrosive carbon-dioxide gas. In combination with calcium and magnesium, cause carbonate hardness.

Sulfate (SO,)

Dissolved from rocks and soils containing
gypsum, iron sulfides, and other sulfur
compounds. Commonly present in some
industrial wastes.

Sulfate in water containing calcium forms hard scale in
steam boilers. In large amounts, sulfate in combination
with other ions gives bitter taste to water. Can have a
laxative effect. Texas Department of Health (1988) drinking water standards recommend that the sulfate content
should not exceed 300 mglL.

Chloride (CI)

Dissolved from rocks and soils. Present in
sewage and found in large amounts in oilfield brines, sea water, and industrial
brines.

In large amounts in combination with sodium, gives salty
taste to drinking water. In large quantities, increases the
corrosiveness of water. Texas Department of Health
(1988) drinking water standards recommend that the
chloride content should not exceed 300 mglL.

Fluoride (F)

Dissolved in small te, minute quantities
from most rocks and soils. Added to many
municipal water supplies.

Fluoride in drinking water reduces the incidence of tooth
decay when the water is consumed during the period of
enamel calcification. However, it may cause mottling of
the teeth, depending on the concentration of fluoride, the
age of the child, amount of drinking water consumed, and
the susceptibility of the individual (Maier, 1950, p. 11201132). Texas Department of Health (1988) recommends
a primary drinking water standard for fluoride content of
4.0 mglL for all community type systems and a secondary
standard of 2.0 mglL for all public water systems.
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Table 2.-Source, Significance, and Concentration of Dissolved Mineral
Constituents and Properties of Water-Continued
(Adapted from Doll and others, 1963, p. 39-43)

Constituent
or
Property

Source or Cause

Significance

Nitrate (NO,) or Nitrate (as N)

Decaying organic matter, sewage, fertilizers, run off from barnyards and/or concentrated feeding operations, and nitrates in
soil.

May give water a bitter taste. Concentration much greater
than the local average may suggest pollution. Texas
Department of Health (1988) drinking water standards
suggest a limit of 45 mg/L (as NO,) or 10 mg/L (as N) in
community water systems. At the discretion of the Texas
Department of Health, nitrate (as N) levels not to exceed
20 mglL may be allowed if the water will not be available
to children under six months of age, the system will
continuously post the fact that the nitrate (as N) levels
exceed 10 mg/L, local and state public health authorities
are notified, and no adverse health effects result. Waters
of high nitrate content (greater than 10 mg/L) have been
reported 10 be the cause of methemoglobinemia (an often
fatal disease in infants) and therefore should not be used
in infant feeding (Maxcy, 1950, p. 271). Nitrate shown to
be helpful in reducing inter-crystalline cracking of boiler
steel. It encourages growth of algae and other organisms
which produce undesirable tastes and odors.

Boron (B)

A minor constituent of rocks and of natural
waters. Als() found in evaporite deposits
and sea waler.

An excessive boron content will make water unsuitable
for irrigation. Wilcox (1955, p. t 1) indicated that a boron
concentration of as much as 1.0 mg/L is permissible for
irrigating sensitive crops; as much as 2.0 mg/L for semitolerant crops. Crops sensitive to boron include most
deciduous fruit and nut trees and navy beans; semitolerant crops include most small grains, potatoes and some
other vegetables, and cotton; and tolerant crops include
alfalfa, most root vegetables, and date palm.

Dissolved solids

Chiefly mineral constituents dissolved
from rocks and soils.

Texas Department of Health (1988) drinking water standards recommended that waters containing more than
1000 mglL dissolved solids not be used if other less
mineralized supplies are available. For many purposes
the dissolved-solids content is a major limitation on the
use of waters. A general classification of water based on
dissolved-solids content, in ppm, is as follows (Winslow
and Kister, t956, p. 5): Water containing less than 1000
of dissolved solids are considered fresh; 1000 10 3000,
slightly saline; 3000 10 10,000, moderately saline; 10,000
1035,000, very saline; and more than 35,000, brine.

Hardness as CaCO,

In most waters, nearly all the hardness is
due to calcium and magnesium. All of the
metallic cati()ns other than the alkali metals
also cause hardness.

Percent Sodium (% Na)

Sodium in water.

Consumes soap before a lather will form. Deposits soap
curd on bathtubs. Hard water forms scale in boilers, water
heaters, and pipes. Hardness equivalent 10 the bicarbonate and carbonate is called carbonale hardness. Any
hardness is excess of this is called non-carbonate hardness. Walers of hardness up 10 60 mg/L are considered
soft; 6110120 mg/L, moderalely hard; 121 to 180 mgll,
hard; more than 180 mglL, very hard.
A ratio (using milliequivalents per liler) of sodium ions to
the total sodium, calcium, and magnesium ions. Asodium
percentage exceeding 60 percenl is a warning of a
sodium hazard. Continued irrigation with this type of
water will impair the tilth and permeability of the soil.
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Table 2.-5ource, Significance, and Concentration of Dissolved Minerai
Constituents and Properties of Water-Continued
(Adapted from Doll and others, 1963, p. 39-43)

Constituent
or
Property
Sodium-adsorption ratio (SAR)

Source o,r Cause
Sodium in water.

Significance
A ratio for soil extracts and irrigation waters used to
express the relatiVe activity of sodium ions in exchange
reactions with soil (U.S. Salinity LaboratoryStaH, 1954, p.
72,156). The SAR is defined by the following equation, all
ions are expressed in milliequivalents per liter (me/l):

SAR _ Na> I V(Ca> + Mg'»
Residual sodium carbonate (RSC)

Sodium and carbonate or bicarbonate in
water.

12.

As calcium and magnesium precipitate as carbonates in

the soil, the relatiVe proportion of sodium in the water is
increased (Eaton, 1950, p. 123-133). Defined by the
following equation, all ions are expressed in milliequiva/ents per liter (melL):
RSC - (C03 " + HC03 ')

-

(Ca'> + Mg'».

Specific conductance
(micromhos at 25'C)

Mineral content of the water.

Indicates degree of mineralization. Specific conductance
is a measure of the capacity of the water to conduct an
electric current. Varies with concentration and degree of
ionization of the constituents.

Hydrogen ion concentration (pH)

Acids, acid generating salts, and free carbon dioxide lower the pH. Carbonates,
bicarbonates, hydroxides, phosphates,
silicates, and berates raise the pH.

A pH of 7.0 indicates neutrality of a solution. Values
higher than 7.0 denote increasing alkalinity; values lower
than 7.0 indicate increasing acidity. pH is a measure of
the actiVity of the hydrogen ions. Corrosiveness of water
generally increases with decreasing pH. However, excessively alkaline waters may also attack metals. The
Texas Department of Health (1988) recommends a pH
greater than 7.
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Contamination
Natural contamination probably affects the quality
of more ground water in the state than all other
sources of contamination combined (Scalf and others, 1973). Natural leaching of minerals to the ground
water is the result of the interaction between water
and either the aquifer matrix, substances tied up in
the soil zone, or minerals in the watershed (Scalf and
others, 1973). Natural discharge from deeper, more
saline, aquifers can contribute additional mineralization to an aquifer, increasing its salinity. Natural
contamination can take many forms including increased salinity; the addition of toxic substances
including metals, nitrates, and radioactivity; and addition
of excessive nu isance minerals such as fluoride, iron,
or sulfate which may give the water all undesirable
color or taste.
Man-induced ground-water contamination usually involves substances released on or slightly below
land surface and, therefore, shallow aquifers are
normally considered more susceptible to pollution
than the deeper aquifers. Ground-water pollution
occurs by infiltration, direct migratiOn!, interaquifer
exchange, and recharge from surfacl3 water (U.S.
Environmental Protection Agency, 1987b, p. 2-4).
Various human induced impacts on the ground-water
quality are exhibited on Figure 3. Contamination from
specific activities is discussed in the section which
assesses the known and potential sources of maninduced ground-water contamination within Texas.
Ground-water contamination begins with a source
of pollutants or with waste disposal practices. These
sources have a wide range, including anything from
landfilileachates to the excessive amoll nts of salts in
oil-field brines. Contaminants may be retained in the
soil profile, leaked to, percolated to, discharged to, or
injected into the aquifers of the state (Miller, 1980a
and 1980b). Eventually, they may be discharged to
the surface-drainage network.
A small portion of surface water moves downward under the influence of gravity, and slowly infiltrates the soil through pore spaces in the soil matrix.
This downward percolating water may carry pollution
with it, or may move through a contaminated zone dissolving material and/or picking up additional contaminants (leachate). Leachate may continue to migrate
downward and eventually reach the saturated zone.
When this happens, horizontal and vertical spreading
of contaminants will occur, and usually moves in the
direction of ground-water flow.
The soil profile plays a significant role in governing the behavior of chemical contaminants. Important
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soil properties are texture, permeability, and organic
matter content. Soil acts as a complicated buffer
system. Its composition determines if a chemical
leaches to the water table as well as determining the
concentration of the pollutants which reach an aquifer. Downward movement of a chemical is determined by the interaction between the processes of
degradation and leaching. Normally, downward
movement of a chemical under the influence of
infiltrating water, is unlikely when a chemical degrades rapidly in soil. A chemical which is tightly
bou nd to the soil is also unlikely to move downward no
matter how long it remains in the soil. Therefore, the
two dominant characteristics of chemicals which
determines their potential to leach to ground water
are their relative persistence in soil and the lack of
binding to the soil (U.S. Environmental Protection
Agency, 1987d, p. 31-35). More detailed information
relatedtothis subject may be found in Dragun (1988a
and 1988b).
Not all chemicals have equal ability to reach
ground water. There are great variations in the
properties of chemicals which control their tendency
to leach. The interaction of several independent
properties governs leaching behavior. These are: 1)
water solubility, 2) hydrolysis, 3) soil adsorption, 4)
volatility, and 5) soil degradation (U. S. Environmental Protection Agency, 1987d, p. 34). Water
solubility is the ability of a chemical to dissolve in
water. Hydrolysis is the rate at which the degradation of a chemical takes place in water when no other
process is occurring. Soil adsorption is the ability of
a chemical to bind to soil. Highly volatile chemicals
are easily lost to the atmosphere through evaporation. Soil degradation is a simplified measure of a
chemical's persistence in soil, normally measured as
the time required forthe disappearance of one-half of
the residue present. A pollutant with a high leaching
potential, indicated by a half-life of greater than about
three weeks, has a soil persistence sufficient to allow
migration to the ground water (U.S. Environmental
Protection Agency, 1987d, p. 34).
Once a pollutant has moved through the vertical
soil profile above the water table and entered ground
water, it flows in a linear path in a downdip direction
at right angles to contours which denote the potentiometric surface. The rate at which a contaminant
moves is dependent upon the aquifer's permeability.
Along the course of its travel, the contaminant may be
modified by attenuation processes such as biological,
physical, and chemical reactions which operate to
depress or reduce the chemical concentration in
water by mixing it with native ground water. Some
toxic substances are highly mobile, however, in most
instances, a pollutant will move extremely slowly

along a very distinct path. A contaminant undergoes
very little mixing since movement of ground water
typically ranges from about three feet per year to
slightly over 3300 feet per year. The most common
ground-water velocities range between 33 and 328
feet per year (U. S. Environmental Protection Agency,
1987d, p. 17). This results, in most cases, in groundwater pollutants moving very slowly in concentrated
slugs called plumes which will not likely be diluted
and/or dispersed through mixing. By contrast, surface water flow is turbulent, often fast, frequently
causing contaminants to be well mixed and dispersed
throughout the water system (Feliciano, 1985, p. 5).
Site conditions also determine the vulnerability
of ground water to pollution from chemicals or pesticides. Important considerations of the site am: 1)
depth to ground water, 2) geologic conditions, and 3)
climate. Since soil acts as a filter, the shallower the
depth to ground water, the shorter transit time in the
vadose zone results in fewer opportunities for degradation or adsorption of the chemicals. The permeability of the lithologic layers present, between the soil
surface and the water table, determines the dclwnward rate at which a chemical moves. Ground water
is more vulnerable to contamination when the permeabi lities of the overlying layers are higher or when
they contain less clay. Lastly, chemicals are more
likely to leach to the water table when there are
greater amounts of water moving through the soil
profile. This occurs when high rainfall or a large
volume of water, due to irrigation, is percolating
downward in areas with a shallow water table and the
soil profile contains highly permeable materials.
Under some conditions, contaminants can
migrate directly into ground water from below-ground
sources which lie within the saturated zone. Examples of these sources are pipelines, septic tanks,
waste-water disposal ponds, landfills, and underground storage tanks. Since "continually saturated
conditions" usually exist below these sources and
degradation in the soil zone does not take place,
much greater concentrations of contaminants may
enter the water. Ground-water contamination may
also result from vertical leakage through the seals
around well casings of improperly abandoned wells,
or through deteriorated or improperly constructed
water wells (U.S. Environmental Protection Agency,
1987b, p. 3).
The process known as interaquifer exchange
occurs when one water-bearing unit is in hydraulic
communication with another water-bearing zone. This
is most common in wells which penetrate more Ilhan
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one water-bearing unit to provide an increased yield.
When the well is not being pumped, water will move
from the formation with the greatest potential head to
the formation with lesser potential. If the formation
with the greater potential contains contaminated or
poor quality water, the water in the other unit can be
degraded. Vertical movement may also be induced
by pumping, or may occur under normal gradients, in
old and improperly abandoned wells with deteriorated
casings (U.S. Environmental Protection Agency, 1987b,
p.3).
All ground-water systems constantly undergo
recharge at varying rates. Even though movement
through an aquifer may be only a few feet per year,
eventually ground water will discharge to the surface.
An estimate of the amount of time involved has been
postulated by Freeze and Cherry (1979) who stated
that the residence time of ground water within an
aquifer, may vary from two weeks to 10,000 years
(Table 1). Ground-water discharge rates vary depending on climatic and aquifer conditions. Miller
(1980) postulates that the average residence time of
ground water is on the order of 200 years. In arid
areas, recharge and discharge are extremely small
and infrequent. In humid regions, discharge of pollutants is relatively rapid in shallow water-table aquifers.
However, discharge from artesian aquifers is limited.
Points of discharge of contaminated ground water
(either natural or man-induced) may be to wells and
springs used for water supply, and to surface-water
bodies such as streams and lakes. During low flow
periods, the base flow of many streams is supported
almost entirely by ground-water discharge. Therefore, sampling of surface water stream flow during
these times may give an indication of ground-water
problems.

General Chemical Quality
Suitability of ground water for muniCipal, industrial, rural, irrigation, and other uses is determined by
the amount and type of minerals present in the water
(Muller and Price, 1979). Several criteria for waterquality requirements have been developed through
the years (Table 2), and serve as guidelines in
determining the suitability of ground waterfor various
uses. The Texas Department of Health (1988) has
establiShed chemical quality standards, for inorganic
and organic constituents (Table 3) for drinking water,
which comply with the requirements of Public Law 93523, the Federal "Safe Drinking Water Act", and the
"Interim Primary Drinking Water Regulations" which
have been promulgated by the Environmental Pro-

Table 3.-Maximum Acceptable Concentration levels in Drinking Water
(25 Texas Administrative Code, Chapter 337, Water Hygiene, Section 337.1-337.18,
Drinking Water Standards Governing Drinking Water Quality and Reporting
Requirements for Public Water Supply Systems)

Maximum constituent level (for Community Type Systems):
Constituent

Level in mg/L

Arsenic
Barium
Cadmium
Chromium
Lead
Mercury
Nitrate (as N)'
Selenium
Silver
Fluoride

0.05
1.0
0.010
0.05
0.05
0.002
10.0
0.01
0.05
4.0

'Also applicable to noncommunity water systems.

Maximum contaminant levels for organic chemicals (for Community Water Systems):
Constituent
Chlorinated hydrocarbons
Lindane
Methoxychlor
Toxaphene
Chlorophenoxys
2,4,5-TP Silvex

Level in mg/L

Micrograms/L

0.0002
0.004
0.1
0.005
0.1
0.01

0.2
4.0
100.0
5.0
100.0
10.0

Maximum contaminant levels for organics (for Community Water Systems and
Nontransient Noncommunity Water Systems):
Constituent
Benzene
Vinyl Chloride
Carbon Tetrachloride
1,2-Dichloroethane
Trichloroethylene
1,1-Dichloroethylene
1 ,1,1-Trichloroethane
para-Dichlorobenzene

Level in mg/L
0.005
0.002
0.005
0.005
0.005
0.007
0.20
0.075
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Micrograms/L
5

2
5
5
5
7
200
75

Table 3.-Maximum Acceptable Concentration Levels in Drinking Water-Continued
(25 Texas Administrative Code, Chapter 337, Water Hygiene, Sections 337.1-337.18,
Drinking Water Standards Governing Drinking Water Quality and Reporting
Requirements for Public Water Supply Systems)

Maximum radiological contaminant level (for Community Systems):
Constituent

Radiation Level

Combined radium-226 and
radium-228

5 pC ilL

Gross alpha particle

15 pCilL

Average annual concentration
for beta particle and photon
radioactivity from man-made
radionuclides

4 (mrem)/year

Recommended Secondary Constituent Levels (for all Public Water Systems):
Level

Constituent

300 mg/L
5 color units
1.0 mglL
Non-corrosive
2.0 mglL
0.5 mglL
0.05 mg/L
0.3 mglL
0.05 mglL
3 Threshold Odor Number
> 7.0
300 mglL
1000 mglL
5.0 mgll

Chloride
Color
Copper
Corrosivity
Fluoride
Foaming agents
Hydrogen sulfide
Iron
Manganese
Odor
pH
Sulfate
Total Dissolved Solids
Zinc

tection Agency (EPA). The maximum contaminant
level for a pollutant that is allowed in drinking water is
the established maximum limit for that contaminant
which will cause no adverse effects on human health.
Secondary levels, usually based on esthetic reasons
such as taste, color, odor, staining, and scaling, are
recommended limits, except for water systems which
were not in existence as of the effective date for that
standard. If no other alternate source of water supply
of acceptable chemical quality is available, then the
Texas Department of Health may give written approval to exceed the secondary standards.
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Total Dissolved Solids
One of the main factors which limits the use of
ground water is the total dissolved-solids concentration (TDS). TDS trends were mapped for all the major
aquifers and for selected high-use minor aquifers.
Winslow and Kister (1956) developed a general classification of waters based on the TOS in parts per
million (ppm). Fresh water is defined as having less
than 1000 ppm; slightly saline ranges from 1000 to
3000 ppm; moderately saline ranges from 3000 to
10,000 ppm; very saline ranges from 10,000 to 35,000;

and brine is defined as greater than :35,000 ppm.
Analyses are usually reported either in milligrams per
liter (mg/L) or ppm. Below 7000 units (either ppm or
mg/L) there is little significant difference between
these two units of measure. In more highly mineralized waters, the following density correction factor
should be used (Price and others, 198~1):
milligrams per liter
Parts per million

=
specific gravity of water.

through osmotic effects, the concentration of specific
ions which may be toxic to plants or have an unfavorable effect on crop quality, and the concentrations of
cations that can cause deflocculation of the clay in the
soil (resulting indamageto soil structure and declines
in infiltration rates) (Bouwer, 1978). Universal standards for irrigation water cannot be formulated, because ground-water quality which would be poor for
irrigation in one soil and climatic regime could be
acceptable somewhere else. For example, alfalfa
grown in sandy soil can tolerate concentrations of
dissolved constituents many times greater than citrus
trees grown in clayey soil (Davis and DeWiest, 1966).

Agricultural Use
According to Bouwer (1978), watl3rs for irrigation use, of less than 480 mg/L TDS are considered
to pose no problem under ordinary conditions of
climate and soil, even for sensitive plants. Waters
ranging between 480 and 1920 mg/L will cause
increasing problems, with greater than 1920 mglL
TDS causing severe problems (Table 4). Quality
standards for irrigation water are based on the total
salt concentration in the water as it affects crop yield

Caution should be used when watering stock
with high TDS water. As the TDS level increases
above 7000 mg/L, the risk to farm animals increases.
An upper limit of about 5000 mg/L TDS for use by
livestock is recommended for best growth and development of animals, with an upper TDS limit for the
following stock (Hem, 1985): poultry - 2860 mg/L,
pigs - 4290 mglL, horses - 6435 mg/L, cattle (dairy) 7150 mglL, cattle (beef) - 10,100 mg/L, and sheep
(adult) - 12,900 mglL. Young animals and pregnant

Table 4.-Guidelines for Interpretation of Water Quality for Irrigation
No
Problems

Increasing
Problems

Severe
Problems

Salinity effects on crop yield:
Total dissolved-solids concentration (mglL)

<480

480-1920

>1920

Deflocculation of clay and reduction in K
and infiltration rate:
Total dissolved-solids concentration (mglL)
Adjusted sodium adsorption ratio (SAR)

>320
<6

<320
6-9

<128
>9

Specific ion toxicity:
Boron (mglL)
Sodium (as SAR) if water is absorbed by roots only
Sodium (mglL) if VII; :1, is also absorbed by leaves
Chloride (mg/L) if water is absorbed by roots only
Chloride (mg/L) if water is also absorbed by leaves

<0.5
<3
<69
<142
<106

0.5-2
3-9
>69
142-355
>106

2-10
>9

Quality effects:
Nitrogen in mglL (excess N may delay harvest time
and adversely affect yield or quality of sugar
beets, grapes, citrus, avocados, apricots, etc.)

<5

5-30

>30

Bicarbonate as HC03 in mg/L (when water is applied
with sprinklers, bicarbonate may cause white
carbonate deposits on fruits and leaves)

<90

90-520

>520

Problems and quality parameters

From: Bouwer, 1978
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>355

secondary drinking water standard of 300 mg/L for
chloride (Table 3) were mapped for all the major
aquifers. Water that contains a chloride concentration greater than 400 mg/L will have a noticeable salty
taste for most people (Hem, 1985). Humans can
tolerate up to 1500 mglL chloride in their drinking
water (Anderson, 1981), however, large quantities
will increase the corrosivity of the water (Table 2),
causing problems with piping.

or lactating animals are less resistant to high TDS
levels than older animals (Bouwer, 1978).

Industrial Use
High total dissolved solids content is usually
avoided for industrial water supplies, although the
specific water-quality requirements are generally
determined by the type of industry (Muller and Price,
1979). Of main concern to many industries, is thatthe
supply does not contain corrosive or scale-forming
constituents (Table 2). Both magnesium and calcium
affect the water hardness, and are of concern in boiler
use. Excessive amounts of silica and iron cause
scale deposits which reduce the efficiency of many
industrial processes. Water quality is of concern in
food processing due to possible taste or vegetable
hardness problems.

According to Bouwer (1978), waters for irrigation use which contain less than 142 mg/L chloride are
considered to pose no problem under ordinary conditions of climate and soil, if water is absorbed by roots
only (Table 4). If water is also absorbed by t he leaves,
106 mg/L is considered safe. Waters ranging between 142 and 355 mg/L will cause increasing problems, with greater than 355 mglL chloride causing
severe problems. Irrigation water, absorbed by the
leaves, greater than 106 rng/L chloride will cause
increasing problems.

Sulfate
Nitrate

Sulfate is the most common form of su Ifu r found
in normal pH waters (Hem, 1985), however, hydrogen sulfide gas (H 2S), with its associated "rotten egg"
odor, is found in ground water in many parts of the
state. Areas which exceed the secondary drinking
water standard of 300 mg/L for su Ifate (Table 3) were
mapped for all the major aquifers. Water having
more than 500 mg/L sulfate has a bitter taste and,
when sodium and magnesium are present, can have
a laxative effect on persons when first used as
drinking water due to the formation of salts. Humans
can tolerate up to 2000 mglL sulfate in their drinking
water after becoming acclimated (Anderson, 1981).
Water that contains sulfate along with calcium and
magnesium will contribute to the formation of noncarbonate water hardness which can form hard scale
in boilers and is not suitable for some industrial uses
(Table 2).

Although igneous rocks contain small amounts
of soluble nitrate or ammonia, most nitrate in ground
water is derived from organic sources or from industrial and agricultural chemicals (Davis and DeWiest,
1966). Nitrate, the most common contaminant of
ground water, is very mobile, does not adsorb onto
aquifer matrix materials, and does not precipitate as
a mineral (Hendry, 1988). Natural processes that
may add nitrate to the ground water include precipitation, mineral weathering, and decay of organic
matter. Certain plants, such as alfalfa and other
legumes, have bacteria living on root nodules which
fix nitrogen gas from the atmosphere and these
nitrates are commonly in excess of the plant's needs,
leaving a surplus available for leaching into the ground
water (Davis and DeWiest, 1966). Another natural
source of nitrates which may leach to ground water is
the accumulated guano from large numbers of bats
living in limestone caves (Hem, 1985). Man's activities which contribute to nitrate contamination of the
ground water include runoff from barnyards, pastures, and livestock feed yards; effluent from sewage
lagoons, privies, and septic systems; sanitary landfills;
excessive nitrogen fertilization; deforestation; and
the change in the soil organic matter regime resulting
from crop rotation (Hendry, 1988).

Sulfates are considered beneficial in irrigation
waters, especially in the presence of calcium (Bouwer,
1978). The addition of gypsum (calcium sulfate) to
irrigation waters is a common practice with thH excess calcium used to counteract high sodium content.
Calcium may prevent the formation of, or restore,
deflocculated soil clays that have become impermeable to water and therefore difflCUR to cuRivate (Bouwer,
1978).

In 1982, the U.S. Office of Drinking Water
estimated that more than a half-million households in
the United States were using water with high nitrate
levels (McFarland, 1988). Maps showing locations of
wells with analysis and/or areas which exceed the

Chloride
Chloride is the most common form of chlorine
found in water (Hem, 1985). Areas which exceed the
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primary drinking water standard of 10 rnglL nitrate (as
N) or 4!5 mg/L nitrate (as N03 ) (Tables ~~ and 3) forthe
High Plains (Ogallala), Edwards (Balcones Fault
Zone), and the Alluvium and Bolson Deposits aquifers W€ire made, although the exact source and the
relative, contribution between man-induced contamination and naturally large concentrations in ground
water is not known. Detailed sampling using sophisticated analysis would be necessary to determine the
source or sources of nitrate to the ground water. One
such study in Runnels County indicated that sources
of nitrate in the ground water were natural soil nitrogen and, to a much lesser extent, animal waste
nitrogen (Kreitler, 1975). It was concluded that high
nitrate ,:;oncentrations in the ground water were due
to cultivation practices that oxidized the soil humus,
which was naturally high in nitrate due to the previous
cover of buffalo grass. Subsequent migration of the
nitrate from the soil zone to the ground water followed
extensive terracing in the 1950's which resulted in a
rise in the water table.
Water which contains a nitrate concentration
greater than 10 mg/L nitrate (as N) or~45 rng/L nitrate
(as N03 ) has been proven to be a health hazard to
human fetuses and infants underthree months of age
(FeHer, 1980). At these and higher levels, young
infants could die from methemoglobinemia or bluebaby disease. Infants can be poisoned by the water
itself, by their mother's milk if she drinks the water, or
by the milk from cows drinking the water (ReVelle and
ReVelle, 1974). Since gastric juices ()f infants lack
sufficient acidity, nitrate reducing bacteria can grow in
their upper intestinal tracts. When thEiY ingest high
nitrate levels, it is reduced by the bacteria to nitrite.
Nitrite IS then absorbed directly into the blood stream,
where it reacts with the hemoglobin to form methemoglobin, an ineffective oxygen carrier (Bouwer, 1978).
This can produce anoxemia, and can cause death by
asphyxia.
Older infants and adults can consume higher
nitrate levels in drinking water and food because their
stomach is acid enough to prevent the growth of
nitrate reducing bacteria (Bouwer, 1978). However,
nitrate may playa role in the production of nitrosamines in the stomach, which are known carcinogens
(Bouwer, 1978) that may cause birth defects and
genetic damage (ReVelle and ReVelle, 1974). High
nitrates in drinking water have been linked with cancer of the stomach and esophagus (Bouwer, 1978;
McFarland,1988).
Waters for irrigation use which contain less than
5 mglL nitrate (as N) are considered to pose no
problem under ordinary conditions of climate and soil
(Bouwer, 1978, Table 4). Waters ranging between 5
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and 30 mg/L nitrate (as N) will cause increasing
problems, with greater than 30 mg/L nitrate (as N)
causing severe problems. Excess nitrogen may
delay harvest time, and adversely affect crop yield
(Bouwer, 1978).

Radium
Radium is a naturally occurring radioactive nuclide
with a half-life of 1620 years (Hem, 1985). The most
abundant isotope of radium, 226, is the most toxic of
all inorganic material (Davis and DeWiest, 1966) and
is a decay product of uranium-238. A review by Hem
(1985) gives the following relevant data: 1) isotopes
of radium and radon are the main alpha-emitting substances in natural water; 2) the radioactivity of water
is usually expressed in terms of an equivalent quantityof radium, or in terms of the rate of radioactive disintegration (curies) per liter of water; 3) one curie (Ci)
is defined as 3.7 x 10 10 disintegrations per second;
and 4) ground-water analysis are generally expressed
in picocuries (curies x 10.12 , or pCi).
Radiation harms tissue through the ionization of
body cells, and as radium (which is absorbed into the
bone tissue) decays, the radiation exposure may
result in bone cancer (Aieta and others, 1987). The
maximum allowable radiological contaminant level
for community public water supply systems is
5 pCi/L for radium-226 and radium-228 combined
(Table 3) based on the carcinogenic potential of these
ions. Radium-226 will decay into radon-222 (Hem,
1985), a water soluble gas which has recently received notoriety. Cothern (1987) estimates that
between 5000 and 20,000 lung cancer fatalities occur
every year in the United States because of the
existence of radon in indoor air, with approximately
one to seven percent of these fatalities being the
result of radon released from water. Exposu re occurs
through inhalation of natural radon released from
water during showering, bathing, flushing toilets,
cooking, and washing clothes and dishes.
Figure 7 illustrates the locations of counties
where the limit for radium has been exceeded in
public drinking water supplies, and the location of
geologic trends where potentially radioactive ground
waters may occur. Relatively high concentrations of
radium and associated radon gas are most likely to
occur in water from deep aquifers, or in areas of
uranium or phosphate mining (Hem, 1985). Potential
areas were delineated on the basis of the presence of
uranium bearing strata or radioactive anomalies. A
study by Cech and others (1987 and 1988) indicated
that low levels of radium and radon had been found in
ground water from wells completed in northern part of

the High Plains (Ogallala) aquifer. They reported high
levels in water from aquifers situated adjacent to the
Llano Uplift in West-Central Texas and from the Gulf
Coast aquifer in parts of northwest Harris County and
Fort Bend Cou nty. A more detailed disClJssion of the
location and natural source of radium in the Hickory
and Gulf Coast aquifers can be found in the groundwater quality discussion for those aquifers.

Major and minor aquifers either occur at the
surface, or underlie about 76 percent of the state's
total area (Figure 5). They are composed of many
rock types, including limestones, dolomites, sandstones, gypsum, and alluvial gravels (Muller and
Price, 1979). In some parts of the state, ground
waters are also found in igneous rocks. In 1984,
Texans used about 15.6 million acre-feet of water, of
which8.9 million acre-feet, or 57 percent, was derived
from ground-water sources (Texas Water Development Board, 1988). The remaining 43 percent or
about 7.05 million acre-feet was derived from surface
sources. About 78 percent of all ground water is used
for irrigation, with the remainder being utilized for
public supplies, rural and domestic consumption,
rural livestock, electric utility, and other industries
(Texas Water Development Board, 1988). About 50
percent of municipal water is obtained from groundwater sources (Texas Department of Water Resources, 1984). The High Plains (Ogallala) aquifer is
intensively developed and primarily used to supply
water for irrigation (Strause, 1987). The Gulf Coast,
Carrizo-Wilcox, Edwards (Balcones Fault Zone), and
Trinity Group aquifers are intensively developed around
population centers and are also utilized for irrigation
supply (Strause, 1987).

Iron
Iron is necessary for metabolism in animals and
plants, however, when present in excessive amounts
in water, it forms a red precipitate which stains
laundry and plumbing fixtures (Hem, 1995), gives
water an irony taste, and can clog pipes and well
screens (Broom, 1966). Large amounts of iron pose
a nuisance, and cause problems for many domestic,
municipal, and industrial users of ground water in
parts of east Texas (Broom, 1966). Analyses that
exceed the secondary drinking water standard of 0.3
mg/L for iron (Tables 2 and 3) were mapped for the
Carrizo-Wilcox aquifer, a major aquifer where excess
iron is a recognized problem.

CHEMICAL QUALITY OF THE MAJOR
AND MINOR AQUIFERS

Major Aquifers

A major aquifer is defined as one which yields
large quantities of useable quality water in a comparatively large area of the state (Muller and Price,
1979). The major aquifers (Figure 1), as described by
the Te):as Department of Water Resources (1984),
are the High Plains (Ogallala), Carrizo-Wilcox, Edwards (Balcones Fault Zone), Trinity Group, Alluvium
and Bolson Deposits, Gulf Coast, and EdwardsTrinity (Plateau). Approximately 96 p,ercent of the
ground water used in Texas in 1984 was produced
from the major aquifers (Texas Water Development
Board, 1988). Minor aquifers (Figure <~) are defined
as those which yield large quantities of useable
quality water in small areas or relatively small quantities of water in large areas of the statl~ (Muller and
Price, '1979) and consist of the Woodbine, Queen
City, Sparta, Edwards-Trinity (High Plains), Santa
Rosa, Hickory Sandstone, Ellenburger-San Saba,
Marble Falls Limestone, Blaine Gypsum, Igneous
Rocks, Marathon Limestone, Bone Spring and Victorio Peak Limestones, Capitan LimestlJne, Rustier,
Nacatoch Sand, Blossom Sand, and other undifferentiated aquifers. The minor aquifers are important
locally, and may be the only source of fresh water
available in some areas. Individual aquifer groundwater quality is discussed in detail later in this chapter.
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High Plains (Ogallala)
The High Plains (Ogallala) aquifer, located in
the Panhandle of Texas (Figure 1), covers approximately 35,000 square miles in all or part of 46
counties and consists primarily of the Ogallala Formation of Tertiary age and associated hydraulically
connected water-bearing units in underlying Cretaceous and Triassic sediments (Knowles and others,
1984). Most of the water from the aquifer is used for
irrigation, however, many public water supply systems are dependent upon ground water as their sole
production sou rce (Strause, 1987).
With a maximum of almost 900 feet of thickness
in Ochiltrea County, the aquifer is composed of unconsolidated, fine- to coarse-grained, gray to red
sand, clay, and silt with interbedded cemented zones
of calcium carbonate (i.e. caliche) (Gutentag and others, 1984). These sediments were deposited by
overlapping low-gradient alluvial fans (aprons of
sediment along a mountain front) which were sourced
in the mountains to the west (Seni, 1980). As
discussed in the "Hydrochemical Evolution" section,
bulk rock mineral composition controls water quality
and ground water lIow velocity. A detailed sedimen-

tological study of the Ogallala Formation by Seni
(1980) concluded that three lobes of medial- (middle)
and distal- (farthest from the source area) fan facies
are present in Texas. Medial-fan facies occur in the
north and northwest part of the Panhandle and are
thick sand and gravel layers of high permeability
which were deposited by braided-stream processes.
To the south and southeast, the medial-fan facies
grade into distal-fan facies which were deposited by
narrow channel systems resulting in distinct sand
lenses with. a net thickness range of 100 to 300 feet.
Areas between the channel deposits are predominately composed of mud and silt sediments of lower
permeability. Seni also stated that aquifer thickness
and composition was controlled by pre-Ogallala topog raphy (valleys) and depressions caused by dissolution of the underlying salt beds.
Water-bearing areas of the aquifer are hydraulically connected except where the Canadian Hiver
has eroded partially or totally through in Oldham,
Potter, Moore, and Hutchinson Counties (Muller and
Price, 1979). This division is considered to bEt the
separation between the North Plains and South Plains.
In general, the greatest saturated thickness lies in the
North Plains. South of Lubbock, to Midland County,
the saturated thickness varies from less than ,!O to
200 feet. Depth to water below land surface reaches
almost 400 feet in parts of the North Plains. Much of
the South Plains has a depth to water of 100 to 200
feet Wells yields vary from 100 to 2000 gallons per
minute (gal/min) with an average of 500 gaVmin.
An average of less than 0.2 inches per year
(in/yr) of effective recharge actually reaches the
water table from precipitation on the surface (Klemt,
1981). Knowles and others (1984) report that recharge rates are affected by a combination of small
annual precipitation, high evaporation rate, ancllow
infiltration rate controlled by vegetative cover,. soil
type, and the presence of clay or caliche aquicludes.
Recharge due to underflow from the part 011 the
aquifer in New Mexico also occurs (Knowles and
others, 1984). Ground water moves through the
aquifer in a southeastward direction toward the caprock
edge or eastern escarpment of the High Plains (Figure 8). The majority of ground-water discharge from
the High Plains (Ogallala) aquifer occurs artificially
through wells, with natural discharge being minimal,
and primarily through seeps and springs along the
eastern edge of the escarpment and the Canadian
River (Knowles and others, 1984).
General quality of ground water in the High
Plains (Ogallala) aquifer is illustrated in Figure 8. In
general, total dissolved solids (TDS), chloride., sulfate, and nitrate concentrations increase from north
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to south. TDS concentrations range from 200 to 9000
mglL (Knowles and other, 1984). The North Plains
area generally contains lower TDS waters (less than
500 mg/L or ppm) with the exception of Ochiltree and
Roberts Counties. The northem half of the South
Plains also contains lower TDS waters. Greater
aquifer thickness and more permeable medial-fan
sediments (Seni, 1980) contribute to the higher quality of ground water found in these areas.
As the aquifer thins to the south, higher concentrations of all mapped constituents occur. The south
and southeast portion of the High Plains (Ogallala)
aquifer is underlain by, and in hydrologic contact with,
lower Cretaceous rocks (as defined by Gutentag and
others, 1984), and is composed of lower permeability
(i.e. higher clay content) distal-fan facies (Seni, 1980).
Water with TDS values which exceed 3000 mglL or
ppm and high chloride and sulfate values are associated with alkali lake basins where Cretaceous rocks
are very shallow or crop out in Lamb, Hockley, Terry,
Lynn, eastern Gaines, and Martin Counties. Possible
reasons for the elevated concentrations are deep
discharge from the underlying Cretaceous rocks,
declining water levels and thinner saturated thickness of the aquifer, local contamination from industrial activities such as petroleum production and
animal feed lots, and dissolution of underlying Permian salt beds with discharge to these areas (Knowles
and others, 1984). Higher TDS, sulfate, and chloride
areas in the South Plains also occur along natural
discharge areas such as springs and incised streams.
Most High Plains (Ogallala) aquifer wells that
have analyses which exceed the drinking water standard for nitrate occur in the South Plains area. Strause
(1988) indicated that 25 percent of all the analyses
from wells throughout the High Plains (Ogallala)
aquifer exceeded 10 mg/L nitrate as N, the drinking
water standard for nitrate. Reeves and Miller (1978)
attribute the source of nitrates present in the ground
waterto leaching of nitrogen-based fertilizers applied
to intensively cultivated sandy soils and subsequent
vertical migration to the shallow ground-water table.
Other possible causes for natural nitrate concentrations are discussed in the preceding section on that
constituent.
Water analyses which exceed the drinking water
standard forfluorideoccurthroughoullhe High Plains
(Ogallala) aquifer (Knowles and others, 1984). Analyses
which exceeded the primary drinking water standard
of 4.0 mg/L for fluoride (Table 3) occurred in almost
20 percent of the samples studied by Strause (1987).
Fluoride in smaller quantities in drinking water can
reduce the incidence of tooth decay when consumed
during enamel calcification in childhood (Table 2).

When fluoride concentration in the drinking water is
excessive, discoloration and mottling of th e teeth may
occur. High natural concentrations in the High Plains
(Ogallala) aquifer are atlributed by Gutentag andothers (1984) to the leaching of volcanic-ash deposits
within the aquifer orto discharge from the underlying
Cretaceous rocks. A smaller portion of the fluoride is
atlributed to dissolution of fluoride minerals in the
sand and gravel that comprise the aqui fer.
Within the High Plains (Ogallala) aquifer, arsenic concentrations in some areas exceed the primary
drinking water standard of 0.05 mgll (Table 3 and
Figure 50). The majority of the arseniccontamination
in this area is considered by many authors to be
agriculturally related , although arsenic can occur
naturally, and leaching of arsenic-containing rocks or
discharge of arsenic-bearing ground waters are considered to be possible sources for part of the arsenic
content found within the High Plains (Ogallala) aquifer. Nativ (1988) indicates that high concentrationsot
arsenic, which exceed the drinking water standard of
0.05 mg/l, exist where the High Plains (Ogallala)
aquiferwater table is generally less than 40 feet below
land surface and where there is a potential for upward
movement of Oockum Group ground water. Arsenic
in the ground water has been found to be associated
with natura l uran ium mineralization in the High Plains
(Nichols and others, 1977). Areas with arsenic concentrations which exceed the drinking water standard
(Figure 50) are located bas inward of outcrop of
uranium bearing strata (Figure 7) indicating that a
natural conlribution to the arsenic problem is possible.

Carrizo-Wilcox
The Carrizo-Wilcox aqu ifer of Paleogene (early
Tertiary) age is one of the most extensive aquilers in
Texas, furnishing water to wells in a wide belt ex tending from the Rio Grande to the Arkansas and louisiana border (Figure 1) . The aquifer provides irrigation
and public supplies throughout much of centra l and
southern Texas (Strause, 1987). The eastern part of
the aquifer provides water for public supplies and
industry. Coveri ng all or part of 61 counties, the
aquifer consists of hydrologically connected ferrug inous, cross-bedded sand with clay, sandstone, silt,
lignite, and gravel of the Wilcox Group and overlying
Carrizo Sand Formation (M uller and Price, 1979).
These sediments were deposited by large, fluvialdeltaic river systems which were sourced in the
Rocky Mountain foreland region and, to a minor
extent for the eastern part of the aquifer, the Ouachita-Arbuckle Mountains (Ayers and lewis, 1985) .
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Sediments that make upthe aquifer in the south
and central regions crop out in a band which is
subparallel to the coast and then dip beneath the land
surface, thickening toward the Gu lf (Figures 1, 9A,
9B, and9C). The arc in the outcrop, shown on Figure
9A in Zavala County, is a surface exp ression of the
Rio Grande Embayment, a structural low area that received Carrizo-Wilcox sediment lill from both the
north and south (Ayers and Lewis, 1985) . The
eastern part of the aquifer is more complex structu rally as indicated on Figure 90 by the two distinct
bands of oulcrop, one in Van Zandt , Rains, Wood,
Hopkins, Franklin , Titus, Morris, Cass, and Bowie
Cou nties; the other, caused by the Sabine Uplift, in
Marion, Harrison, Gregg, Rusk, Panola, Shelby,
Nacogdoches, San Augustine, and Sabine Counties.
Between these two outcrops lies the East Texas
Basin, a structural trough into which sediments of the
aquifer dip from both sides, allowing recharge to
occur Irom both directions. South of Nacogdoches,
San Augustine, and Sabine Counties, the aquifer dips
beneath the land surface and thickens toward the
Gu lf (Figure 9C and 90). The thickness olthe aqu ifer
in the downdip, artesian areas ranges from 150 feet
in Oimmit County to more than 3000 feet in Atascosa
County in the southern part of the aquifer (Muller and
Price, 1979); from less than 1000 to more than 3500
leet in the downdip portion olthe aquifer in the central
and eastern areas (Ayers and Lewis, 1985) .Structural and lithologic features are hydrologically important in this aqu ifer and affect water qua lity. Faults in
the outcrop and subsurface throughout the aquifer,
may act like baffles, and cut 011 recharge to downgradient portions of the aquifer by disconnecting the
more permeable sand un its, which may result in
ground water flow being redirected around the hydrologic barriers. Faults can also expose sediments at
the surface, providing additional surface area for
recharge to the aqui fer. Sa lt domes, in the East
Texas Basin area, provide condu~s for vertical groundwater lIow both from deeper units, as discu ssed later
in the Gulf Coast aquifer section, and through recharge at aqu ifer outcrop exposed at the surface .
The San Marcos Arch, which lies parallel to the
Guadalupe and Caldwell County line, is a positive
structural feature which affected thedeposition of the
Carrizo-Wilcox, acting as a divis ion between the
southern (Figu re 9A) and central areas (Figures 98
and 9C). The aquifer thins over the arch and thickens
to either side. South of the arch, sed iments of the
Carrizo Sand are the dominant sou rce of grou nd
water. North of the arch, sediments of both the Wilcox
Group and Carrizo Sand are utilized for ground-water
production. In the eastern part of the aquifer (Figure
90), the Carrizo Sand Formationthins and is undiffer-

enliated from the sediments of the Wilcox Group.
These natural separations within the aquifer were
utilized in mapping waterqualily.
The Canizo-Wilcox aquifer yields fresh to slightly
saline water which is acceptable for most irrigation,
public supply, and industrial purposes along most of
its extent (Muller and Price, 1979). Surface topography exerts a strong control on ground-water movement within the aquifer, with recharge occurring in
outcrop along drainage divides and moving down
gradient into the aquifer andlor discharging to topographic lows along river basins. Bulk rock mineral
composition controls water quality and ground-water
flow velocity as discussed in the MHydrochemical
Evolution" section. In outcrop, the aquifer contains
hard water that is usually low in dissolved solids
content . Downdip, the water becomes softer due to
carbonate loss through clay cation exchange, has a
higher temperature , and contains more dissolved
solids. Throughoutthe aquifer, nitrate and fluoride do
not exceed drinking water standards (Strause, 1987).
Hydrogen sulfide and methane gas may be found locally within the aquifer (Muller and Price, 1979).
Lignite beds in the Wilcox Group may impart an
undesirable color to the water in some areas (Scali
and others , 1973). Excessive pumpage in certa in
areas, such as Angelina and Nacogdoches Counties
(W. F. Guyton & Associates, 1970), is causing a
reversal of the hydraulic gradient in the aquifer,
resulting in an encroachment of poorer quality water
into these areas, either through cross formational
flow (poorer water coming from the surrounding strata)
or from deeper more basinal waters being drawn up
into the aquiler (Muller and Price, 1979).
Excessively corrosive water, with a high iron
content, occurs in many parts of the aquifer, however,
it is most common throughout much olthe northeastern part of the aquifer. Dissolution of iron containing
minerals (present in all sediments) by oxidizing, acidic
waters provides thesourceof iron in the ground water
(Hem, 1985). Iron are deposits which overlie the
Carrizo-Wilcox aquifer in East Texas provide an
additional source of iron. In a study of this area,
Broom (1966) found that hematite and limonite, stable
in oxidizing conditions, were generally present at and
near the land surface, with siderite and pyrite, stable
in reducing conditions, found at depths below sixty
feet. Shallow ground waters, in recharge areas, were
found to be relatively free of iron, probablyduetoprior
removal of available iron by oxidizing waters. Deep,
reduced ground waters were also relatively free of
iron, probably due to removal of free iron by precipitation of pyrite. Within the transition zone between
oxidizing and reducing conditions, iron dissolved in
the ground water was stable and water wells which

intersected this zone were postulated to produce iron
bearing waters.
Ground-water quality in the southern part of the
aquifer (Figure 9A) is characterized by low TDS concentrations nearoutcrop , increasing down dip into the
basin . Chloride and sulfate concentrations which
exceed drinking water sta ndards are small in geographic extent. One possible explanation for the
distribution of these local areas, especially in Dimmit
County, may be that saline water from the overlying
Bigford Formation is leaking through old well bores
and contaminating the aquifer (Muller .and Price,
1979). Iron content is high in some wells which are
located in and nearthe Carrizo outcrop in Guadalupe,
western Gonzales, northern Atascosa, and parts of
Frio Counties.
Water quality in the Carrizo Sand Formation
portion of the Carrizo-Wilcox aquifer in Central Texas
displays a strong correlation with topography (Figure
9B). Low TOS waters (less than 500 mg/L) occur in
recharge areas in outcrop. Higher TDS waters occur
downdip 01 outcrop and in natural discharge valley
areas, such as the Brazos and Little Brazos Rivers
between the Milam-Robertson and Burleson-Brazos
County lines and the Trinity River between Freestone-Anderson and Leon-Houston County lines.
Higher TOS waters also occur in the middle of the
East Texas Basin in south-central Cherokee and
eastern Houston Counties. The width of the band of
ground water which contains less than 1000 mglL
TOS water, increases in a northeast direction (as the
dip of the aquifer decreases). Only isolated areas
exceed drinking water standards for chloride and sulfate . Iron problem areas occur in and near outcrop
and appear to decrease with distance from the outcrop or in discharge (chemically reduced) areas.
The lithology in the Wilcox Group portion of the
Carrizo-Wilcox aquifer in Central Texas is different
from the Carrizo Sand Formation . Containing a
thicker sequence of sediments with a higher percentage of less permeable sediment layers within the
aquifer and an overall higher clay fraction within the
aquifer (Ayers and Lewis, 1985), the Witcox Group is
less hydrologically conductive than the Carrizo Sand.
As illustrated on the previous map, topography has a
high correlation with TDS concentration in the Wilcox
part of the aquifer (Figure 9Cl . Drainage divides
(topographic highs) in outcrop, such as the area
around Rockdale in Milam County, can cause discharge from the aquiler to occur into topographically
lower areas, to the northwest, down stratigraphic
section within the outcrop. Deepest penetration of
less than 500 mglL TDS waters (recharging waters)
occurs in Burleson, Robertson, and Leon Counties,

. 34 .

r

along major depositional channel-sand axes mapped
by Ayers and Lewis, 1985. Higher TOS waters again
correlate with discharge areas such as river basins.
In contrast to the Carrizo Sand map, there are larger
and more numerous areas that exceed drinking water
standards for chloride and sulfate in the outcrop. This
difference may be duetothe higher clay fraction ofthe
sediments and/orthe more marine depositional origin
of the aquifer matrix. Highest iron concentrations
appear to correlate with recharge waters of less than
500 mg/L TOS. A more detailed discLission of the
ground-water chemistry in both the Carrizo and Wilcox
portions of the aquifer in the Central Texas area can
be found in Fogg and others (in press).

ceous sediments in the area of the East Texas Oil
Field. A more detailed discussion ofthe ground-water
chemistry in this area can be found in Kaiser and
Ambrose (1986).
,_.J

Edwards (Balcones Fault Zone)
Located in central and south-central Texas, the
Edwards (Balcones Fault Zone) aquifer (Figure 1)
covers approximately 4350 square miles and is bounded
by ground-water divides in Kinney County on the
west, by faulted outcrop on the north and northwest,
by the interface between fresh and saline water to the
south and southeast, and by extreme thinning of the
aqu ifer near the Leon River in Bell County (Baker and
others, 1986; Maclay and Small, 1986; and Senger
and Kreitier, 1984). The aquifer consists of the
Edwards and associated Georgetown and Comanche Peak Formations in the north and the Edwards
Group in the south (Muller and Price, 1979). Composed of evaporitic, tidal flat, and reef deposits of
Cretaceous age (Maclay and Small, 1983); the aquifer provides water primarily for public supply, although some water is pumped for irrigation, industry,
domestic, and livestock use.

Ground-water quality in the eastern part of the
aquifer (Figure 90) is variable, but generally characterized by low TOS (less than 1000 mg/L) concentrations in and near outcrop, increasing clowndip. As
discussed earlier, this area contains two outcrop
belts, with recharge to the aquifer occurring from both
the east and the west into a trough of sediments. TOS
concentrations increase basinward, with increasing
depth, in both the East Texas Basin and the Gulf
Coast Basin in southern Cherokee, Angelina, San
Augustine, and Sabine Counties. HigherTOS values
(greater than 500 mg/L) are coincident with discharge
along rivers, for example: southwest Van Zand!
County (again, due to topography, discharge occurs
opposite from the the dip of the sedimenlls); along the
Sabine River in outcrop areas along tho Van ZandtRains, Harrison-Gregg, Harrison-Rusk., and Harrison-Panola County lines; along the Sulphur River in
northern Titus, Morris, and Cass-Bowie County lines;
Big Cypress Bayou in southern Marion County; and
Attoyac Bayou along the Nacogdoches-Shelby County
line. Higher TOS areas occur on the northern (down
thrown) side of the Mount Enterprise Fault Zone in
central Cherokee, southwest Rusk, and westernmost
Shelby Counties.
Isolated areas with ground-water concentrations that exceed drinking water standards for sulfate
occur in the outcrop of the eastern sl~tion of the
Carrizo-Wilcox aquifer (Figure 90). WI~lIs with high
iron concentrations are found in or near outcrop, near
recharging areas, and decrease in number down
gradient, deeper into the basins. Areas with high
chloride concentrations are generally is~)lated in outcrop, however, large areas occur alongl the Sulphur
River in Cass, Morris, and Titus Countil~s; in Marion
County, east of a fault which runs through Jefferson
and extends northward into an oil producing area; and
in southern Upshur and eastern Gregg Gounties, extending along the Sabine River. The laller area has
been attributed by Kaiser and others, in preparation,
to natural deep discharge from underlying Creta/-

The uneroded thickness of massive to thinbedded, nodular, cherty, gypsiferous, clayey, white to
gray limestones and dolomites which are in hydraulic
continuity (Muller and Price, 1979), increases from
northeast to southwest along strike and expands
down dip from the outcrop. In Kinney County, the
aquifer thickness is greater than 1000 feet and diminishes northward to about 500 feet in Hays County to
225 feet in southern Bell County (Baker and others,
1986). The Edwards Limestone is the primary waterbearing formation, and yields moderate to large
quantities of fresh water (Muller and Price, 1979).
Over wide areas, the aquifer produces water from
several layers of highly permeable and porous honeycombed rocks (karst) caused by ground-waterdissolution (Maclay and Small, 1983). Oue to the extremely high permeability of these layers, wells pumping
from this aquifer are among the most prolific in the
world, with some yielding more than 16,000 gal/min
(Muller and Price, 1979).
Recharge occurs by downward percolation of
surface water from rivers and streams crossing the
aquifer outcrop and/or infiltration zone (Figure 10)
and secondarily by direct infiltration of precipitation on
the outcrop (Muller and Price, 1979). Some streams
crossing the outcrop flow only during floods because
of the high rate of surface-water seepage into the
underlying strata. Recharge waters reach the aquifer
mainly through solution crevices and faults within the
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displacement of the aquifer is less severe, ground
water with a TDS concentration of less than 1000
mglL extends a greater distance downdip (Baker and
others, 1986).

Balcones FauHZone. Small amounts of ground water
enter the aquifer from the underlying Glen Rose
Formation as either lateral underflow or upward leakage along faults. Water moves regionally from recharge areas, through highly permeable solution
zones, to discharge at wells and naturally at numerous small and large springs including Leona Springs
near Uvalde, San Antonio and San Pedro Sprin!Js in
San Antonio, Comal Springs in New Braunfels, San
Marcos Springs in San Marcos, Barton Sprin~,s in
Austin, and Salado Springs in Salado (Muller and
Price, 1979).
Discussions by Maclay and Small (1983) and
Maclay and others (1985) on lithology and fauH
barriers within the Edwards (Balcones Fault Zone)
aquifer indicate that the direction of ground-water
flow is controlled by the presence and continuity of
permeable strata within the aquifer and by faults
which abruptly disrupt the lateral continuity of these
permeable zones. High angle normal fauHs within the
aquifer can place rocks of very high permeability
adjacent to rocks of very low permeability. They
concluded that as ground water moves downgradient, the displacement of high permeable layers can
cause a partial to complete barrier to flow within the
aquifer, and can result in a redirection of flow palrallel
to the fault. The "bad water line," defined for this
report as the down gradient boundary of less than
1000 mglL TDS water (Figure 10), in the southern
portion of the aquifer is partially caused by ground
water not crossing fauHs with a vertical displacement
of greater than 50 percent of the thickness o'f the
aquifer (Maclay and Small, 1983). Also, the aquifer
permeability is less downdip from the ''bad water
line," with the rock matrix in the saline water ;wne
having undergone relatively little change since burial
by late Cretaceous deposits. The permeability ofthis
part of the aquifer is less, due to the small size of the
interconnecting channels between the pores within
the rock matrix (Maclay and Small, 1983).
In the southern part of the aquifer, in Medina
County, the width of the aquifer which contains fresh
water (TDS of 1000 mg/L or less) is greatest, and
thins to the east and northeast towards Austin in
Travis County (Figure 10). The fresh water ;wne
widens in the Rwnd Rock and Georgetown areal and
then thins in Bell County. The narrow zone oflow TDS
water in the Austin area is associated with intensive
fauHing which retards ground-water recharge and
flow in an easterly (downgradient) direction (Baker
and others, 1986). North of Pflugerville, where faulting is less intense, a tongue of recharging water
containing less than 500 mg/L TDS has penetrated
downgradient between fauH blocks. In Williamson
and Bell Counties where fauHing and the resuHant
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The same quality trends are evident for chloride
and sulfate, with concentrations that exceed drinking
water standards generally occurring downgradient of
the "bad water line" (Figure 10). Clement and Sharp
(1987) attribute the increase of chloride and sulfate to
either the long residence time of the water in the
aquifer, which allows the water to react with the
natural evaporite deposits within the rock matrix, or
upward movement along faults of more saline waters
into the aquifer. The latter may be responsible for
isolated spots of highly mineralized ground water
which occur upgradient of the "bad water line."
High nitrate concentrations in the ground water
are considered to be a man-induced problem (Kreitler
and others, 1987). A review of published data did not
indicate a problem with high nitrate concentrations in
wells completed in the southern section of the aquifer
(Browning, 1977), possibly due to dilution by the high
recharge volumes entering the aquifer. However,
high values have been recorded in one well northeast
of the city of Uvalde. In the northern section of the
aquifer in the Pflugerville and Georgetown area, wells
with high nitrate concentrations occur (Figure 10).
Concentrations that exceed the drinking water standard are associated with low TDS (less than 500
mglL) recharging waters, and may be the result of
direct recharge to the aquifer from leaking septic
systems (Kreitler and others, 1987).

Trinity Group
Providing public, domestic, and industrial supplies in densely populated areas in North, Central,
and South-Central Texas and irrigation supply throughout much of northern and central Texas (Muller and·
Price, 1979), the Trinity Group aquifer serves all or
part of 56 Texas counties (Figure 1). The aquifer is
composed oft he Paluxy, Glen Rose, and Travis Peak
(Twin Mountains) Formations. The Glen Rose Formation normally separates the Paluxy and Travis
Peak, however, west of a line which runs through
Eastland, Comanche, and Brown Counties and north
of Decatu r in Wise County, the Glen Rose Formation
thins or is missing, and the Paluxy and Travis Peak
Formations merge and are termed the Antlers Formation (Muller and Price, 1979). These lower Cretaceous-age strata were deposited in fluvial, deltaic,
strandplain, and shallow marine environments
(Mosteller, 1970; Hobday and others, 1981) and are
composed primarily of sand with interbedded clays,

limestone, dolomite, gravel, and conglomerates with
evaporite deposits present in the upper Glen Rose
Formation. Saturated thickness rangl~s from approximately 100 feet in the outcrop area to about 1200
feet neal' the downdip limit of fresh to slightly saline
water (Muller and Price, 1979).
General quality olthe ground water in the Trinity
aquifer is illustrated in Figure 11. Recharge, infiltration, lithology, environment of deposition, and structure exert natural controls on the water quality. Recharge through the unconfined portion Clf the aquifer
is primarily in the form of infiltration of precipitation
and seopage of surface water from lakes, unlined
earthen ponds, streams, and return flClws of water
used to iirrigate crops; and substantial recharge to the
confined portion of the aquifer is derived by leakage
from the overlying water-bearing strata (Ashworth,
1983; Rapp, 1988). During dry periods, recharge is
relatively small, and large water level declines can
occur. Water entering the Trinity Group aquifer
generally moves basinward to the south and southeast as reflected in the increasing TDS, sulfate, and
chloride concentrations along the flow path. Discharge occurs in areas of continuous plJmpage and
naturallY' through spring flow to drainage areas.
Topography controls the local flow direction more
directly than structural dip in the unconfined portion of
the aquifer (Ashworth, 1983) with high,er TDS concentrations occurring in major drainage basins.
Structural features, including the Balcones and
Luling-Mexia-Talco Fault Zones and th,e ridges and
valleys of the eroded pre-Cretaceous depositional
surface such as the McGregor High, affl~ct the direction and rate of regional ground-waterflow (Klemt and
others, 1975). The Balcones Fault Zone extends
from Kinney to Bell Counties (Figure 11). The LUlingMexia-Talco Fault Zone parallels the Balcones in the
northeastern part of the aquifer. TheSE) fault zones
may completely block or severely restrict the movement of water into the basin, and may aillow undesirable saline water to enter the aquifer along the fault
planes. The western boundary of the Luling-MexiaTalco Fault Zone may control the downdip limit of
fresh to slightly saline water (Klemt and others, 1975).
Control on accumulated thickness of thEt aquifer was
exerted by the paleotopography which elcisted prior to
the deposition of the Cretaceous sands, resulting in
thicker accurrulations of sand occurring in the paleovalleys and thinner (less permeable) accumulations
occurring on the ridges (Klemt and othors, 1975).
The environment under which the aquifer sediments were deposited influences the chemical character of the water due to permeability variations;
orientation of thicker, more permeabl,e units; and
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chemical composition of the lithologic units. There is
a rapid increase in TDS, chloride, and sulfateconcentration at the boundary between the dip-elongate
more permeable fluvial-deltaic systems and the less
permeable strike-elongate prodelta, lagoon, and shelf
system in Falls, Mclennan, and Hill Counties (Woodruff
and McBride, 1979). Strike-elongate sand thicks
correlate with deep penetration of less than 1000
mg/L TDS waters in the central part of the aquifer.
Recharge by infiltration through the overlying Glen
Rose Formation may result in an increase in sodium
sulfate and chloride by dissolution of the evaporite
deposits (Rapp, 1988). High TDS and associated
high sulfate and chloride concentrations also correspond to a mapped lithologic change of less permeable calcareous cemented facies south of Killeen
(Klemt and others, 1975). Higherconstituentconcentrations in northern Lamar, Fannin, and Red River
Counties may be due to a lithologic pinch out of
aquifer material indicated on cross sections by Baker
and others (1963).
Excessive ground-water pumpage from the lower
part of the Trinity aquifer may allow significant amounts
of more sulfate-rich water, from the Glen Rose or
deeper more basinal waters, to be drawn into the
production zone, resulting in lower water levels with
an associated increase in pumping costs and production of poorer quality water (Rapp, 1988). The
elongate fingering of higherTDS waters in the DallasFort Worth area may indicate areas where over
pumpage of the aquifer is occurring. Movement of
poorer quality waters into the more permeable dipelongate units, either from the basin or out of the
adjacent less permeable units, may be the result of
over stressing the aquifer. Areas of over production
that may have resulted in a change in water quality
occur throughout the northern part of the aquifer, for
example, near Sherman in Grayson County and
McKinney in Collin County. Additionally in the northwest outcrop of the aquifer, oil and gas production
with its associated disposal of salt water has been
indicated as a possible source of high constituent
concentrations in the ground water in Parker, Wise,
Eastland, and Comanche Counties (Klemt and others, 1975; Nordstrom, 1982).

Alluvium and Bolson Deposits
Water-bearing alluvium and bolson deposits of
Tertiary to Recent age occur throughout the state
(Figure 1). Although these sediments are completely
separate geographically, they are collectively considered a Single major aquifer due to their geologic and
hydrologic similarities (Muller and Price, 1979). Alluvium deposits are composed of stream-borne, wind-

deposits (Muller and Price, 1979). Ground-water
movement in this area, as described by White and
others (1980), begins with recharge along the foothills
of the mountains and plateaus where the sediments
are coarse grained and permeable, and possibly
along the channels of ephemeral streams in the
basins. Generally, recharge does not occur unless
precipitation is sufficient to cause surface flow through
the foothill areas and in the ephemeral streams,
otherwise the water is either directly evaporated or
lost from the shallow subsurface by evapotranspiration. Man-induced recharge to the Cenozoic Alluvium
from saline water in the Pecos River has resulted in
the highest concentrations of total dissolved solids,
chloride, and sulfate occurring in areas adjacent to
the river (Figure 12) where heavy irrigation pumpage
has substantially lowered the ground-water potentiometric surface (Scalf and others, 1973).

borne, and playa lake sediments. Bolson deposits (a
term applied in desert regions) are composed of deep
alluvial accumulations washed into intermontane
(valley) areas from the surrounding highlands (Bates
and Jackson, 1980). The water-bearing sediments
which form this aquifer are generally unconsolidated,
alternating, and discontinuous beds of silt, clay, sand,
gravel, and boulders with associated caliche, I::JYPsum, conglomerate, volcanic ash, tuffs, and basalts
(Muller and Price, 1979).
In some areas, alluvial and bolson deposits
contain large volumes of good quality ground water
(Muller and Price, 1979). Quality trends were mapped
in three of the most productive areas of this aquifer,
the alluvium and bolson deposits of West THxas
(Figure 12), the alluvium of North-Central THxas
(Figure 13), and the Brazos River Alluvium of Southeast Texas (Figure 14). Ground water also exists in
other river alluviums of the state, however, data are
too scarce to fully evaluate the water quality in these
scattered deposits.

Ground water moves from recharge areas to
discharge in the topographically lower parts of the
basins (White and others, 1980). Fresh water (TDS
less than 1000 mg/L with low concentrations of
sulfate and chloride) is generally located in recharge
areas that flank the topographically higher basin edge
(Figure 12), and may occur down gradient in distinct
lenses intertongued with less permeable sediments
which contain older, more saline waters. Total dissolved solids, chloride, and sulfate concentrations
increase along the ground-water flow path by interaction with the rock matrix, dissolution of associated
evaporite deposits, and/or evapotranspiration concentration. Basinward, slightly saline to saline ground
water may discharge naturally through evaporation,
which can result in accumulation of salts on the land
surface; may leave the topographically closed basin
through the rocks that underlie the basin; ordischarge
directly to surface drainage such as the Rio Grande
(White and others, 1980).

West Texas
Fifty-seven percent of ground water that is used
for all purposes in this part of the state is supplied by
alluvium and bolson deposits, with the majority of
water being used for irrigation (Texas Department of
Water Resources, 1984). A minor amount is used for
livestock watering and in the more densely populated
areas, ground water also supplies municipal, mining,
manufacturing, and steam-electrical power generation purposes (Texas Department of Water Resources,
1984). Ground water is also used for petroleum and
natural gas production, principally in Winkler County.
Seven different alluvium and bolson deposits were
mapped for water quality parameters (Figure 12). As
delineated by Gates and others (1978) and Muller
and Price (1979), the individual areas which make up
the aquifer are the Mesilla and Hueco Bolsons in the
EI Paso area, Salt Bolson and its subareas, EaglE! Flat
Bolson, Red Light Draw Bolson, Green River Valley
Bolson, Presidio and Redford Bolsons, and the Cenozoic Alluvium in the upper part of the Pecos I~iver
Valley (Figure 12). Bolson deposits may reach a total
thickness of up to 9000 feet and fresh water occurs as
deeply as 1200 feet in the Hueco Bolson (Texas
Department of Water Resources, 1984). Cenozoic
Alluvium deposits range up to 1500 feet or more in
thickness (Muller and Price, 1979).

Large amounts of man-induced ground-water
discharge have occurred historically, where the aquifer was (and in some areas still is) utilized for irrigation
in the Salt Bolson agricultural areas such as the Wild
Horse and Michigan Flats areas north and west of
Van Hom, Lobo Flats south of Van Horn, and in the
Cenozoic Alluvium of the Pecos Valley (Texas Water
Development Board, 1986). Currently, large amounts
of ground water are withdrawn for municipal and industrial use in the EI Paso area from the Hueco and
lower Mesilla Bolsons. Overproduction of ground
water may result in a rise in dissolved constituents
due to mixing of fresh water with slightly saline to
saline water withdrawn from the sediments which
underlie, overlie, or adjoin the fresh-water bearing
zones.

Precipitation and, to a minor extent, infiltration
from the Rio Grande and Pecos River, are the principal sources of recharge to the alluvial and bolson
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Two groups of wells that contain nitrate concentrations above the drinking water standard are associated with irrigation areas in the Cenozoic Alluvium
in northwest Pecos County in the Coyanosa Irrigation
Area and south of the Pecos in ReElves County
(Figure 12). High nitrate values may be! the resuH of
man-induced contamination resulting from over fertilization. High salinity in the Cenozoic Alluvium may
be the result of excessive irrigation water application
with increasing ground-water salinity contributed by
water which has leached accumulated salts from the
soil zone, and percolated downward to the saturated
zone. High nitrate contamination inthe Hueco Bolson
around the San Elizario area may bEl a result of
sewage effluent infiltration, and nitrates in the Old
Mesa Well Field area in EI Paso near Fort Bliss, may
be the result of contamination enterin!~ the aquifer
through abandoned wells (White, 1987).

duced discharge created by pumping large capacity
wells.
Water quality varies greatly between and within
the alluvial remnants (Figure 13). In a study by RW.
Harden and Associates (1978), lower TDS content
correlaled with recharge areas having sandy soils,
and higher TDS values occurred away from recharge
areas and may represent natural mineralization from
rock-water interaction. However, pollution from oil
field brine, which cou Id increase the TDS content, has
been documented (Price, 1978 and 1979; R. W.
Harden and Associates, 1978). Sources or potential
sources of brine pollution from oil field activities
include unlined surface disposal pits, improperly plugged
abandoned oil tests, fauHy injection wells and oil
wells, spills, and unplugged seismic and stratigraphic
holes (R. W. Harden and Associates, 1978). High
chloride concentrations could be the result of natural
mineralization or inflow from Permian strata, however, pollution from oil field brines or septic tanks
could increase the chloride content. Heavy pumping
in some areas has caused a salinity increase which
has rendered the water unusable for municipal or
domestic use (Muller and Price, 1979). Sulfate
distribution is similar to that of total dissolved solids
and chloride.

North-Central Texas
In twenty-three counties in North-Central Texas
(Figure 13), isolated areas of alluvium (erosional
remnants of the Seymour Formation) fumish water
for irrigation and municipal supply, with a minor
amount used for manufacturing and livestock watering (Texas Water Development Board, 1988). Additionally, in east central Tom Green County, the Leona
Alluvium, an erosional outlier of the Ogallala Formation, yields water principally for irrigation (Muller and
Price, 1979). The aquifer is generally composed of
discontinuous beds of poorly sorted gravel, conglomerate, sand, silty clay, and caliche (Price, 1978 and
1979). Individual areas vary greatly in thickness, with
a total thickness usually less than 100 feet (Texas
Department of Water Resou rces, 1984). However, in
isolated areas in the northern part of the aquifer,
thickness may reach 360 feet from the filling of
paleokarst featu res. Saturated thickness is generally
less than 100 feet, and in the northern part is commonly less than 50 feet (Smith, 1970). Total saturated thickness of these deposits is directly related to
the amount of erosional dissection from drainage
development across these remnants, with increased
dissection resuHing in increased drainage of the
water bearing units and decreased saturated thickness. Recharge is principally derived from precipitation on the outcrop with natural dischalrge occurring
from seeps and springs along drainage areas on the
edge of the aquifer, evapotranspiration by plants,
evaporation from the water table, and IHakage to the
underlying Permian strata (R.W. Harden and Associates, 1978). Ground-water movement is generally
from higher-elevation recharge areas tOllower-elevation discharge areas or towards areas of man-in-

Abnormally high nitrate concentrations occur in
ground water over a wide geographic area (Figure
13). As discussed in the previous section on nitrate
in ground water, this widespread distribution may be
the result of leaching of soil and humus in agricultural
areas once covered by nitrogen fixing vegetation
such as grasses and/or mesquite groves (Kreitler,
1975). Some of the nitrate in the ground water may
be the resuH of excessive nitrogen fertilizer application. Nitrate values above the normally high background nitrate concentration have been attributed to
poorly functioning septic systems or infiltration of
animal wastes from barnyards (Price, 1978 and 1979;
R.W. Harden and Associates, 1978).

Southeast Texas
Along the Brazos River, between northern
McLennan County and central Fort Bend County,
stream-deposited alluvial material, ranging from less
than one mile to about seven miles wide (Figure 14),
supplies water mainly for irrigation and a minor amount
for livestock watering and mining supply (Texas
Department of Water Resources, 1984; Cronin and
Wilson, 1967). Total thickness of the Brazos River
Alluvium ranges from 15 to 200 feet with saturated
thickness up to 85 feet or more (Muller and Price,
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1979). Maximum thickness occur in the central and
southeastern part ofthe aquifer. Recharge is derived
primarily from precipitation on the outcrop, with ()ther
sources of water being inflow from underlying strata,
infiltration from irrigation, recharge from the river in
areas of high pumpage, and temporary bank storage
from floods along the river (Cronin and others, 1963).
Natural discharge from springs, seeps, and
evapotranspiration, and artificial discharge due to
pumpage, occur along the length of the river (Cronin
and others, 1963).
Ground-water chemical quality varies widely,
even within short distances (Figure 14). Areas where
total dissolved solids exceed 1000 mg/L, and sulfate
and chloride exceed drinking water standards, may
be the direct result of the mixing of alluvial aquifer
water with highly mineralized water naturally discharging from the underlying water-bearing units
such as the Midway Group in southern Falls County
(Cronin and Wilson, 1967), Yegua Formation and
Jackson Group in central and southern Burl13son
County, and the Catahoula Formation in southern
Brazos County, (all strata of Tertiary age). Wells
which exceeded the drinking water standard fm nitrate were few, and distributed throughout the aquifer,
indicating a local rather than regional problem.

Gulf Coast

The Gulf Coast aquifer covers all or part of 53
counties (Figures 1 and 15), and is composed of
Miocene to Holocene sediments of the Catahoula,
Oakville, Lagarto, Goliad, Willis, Lissie, and Beaumont
Formations, as well as overlying surficial deposits
(Muller and Price, 1979). The principal water-bearing
units are the Goliad, Willis, and Lissie Formations.
Consisting of alternating beds of clay, silt, sand, and
gravel, which are hydrologically connected, the aquifer is considered by Muller and Price (1979) to be a
large, leaky artesian system. Ranging from a few feet
in thickness in outcrop to tens of thousands of fe'et at
the coastline (Baker, 1979), these sediments were
deposited under fluvial, deltaic, and shallow marine
environments and, in the Catahoula Formation, contain wind-transported volcanic ash. Water-bearing
units thicken toward the Gulf of Mexico and are
inclined in a gulfward direction, resulting in the younger
units cropping out nearer the Gulf, with older sediment exposed at the surface farther inland (Muller
and Price, 1979). Outcrops of the more permeable
sediments (Goliad, Willis, and Lissie Formati()ns),
which are the aquifer's recharge areas, occur in
bands that parallel the coast.

Ground water is used for public supply in densely
populated areas and for irrigation and public supply
elsewhere (Strause, 1987). Man-induced problems
resulting from long term withdrawal of ground water
from the Gulf Coast aquifer have been recognized by
many authors. Overdraft upon the aquifer has resulted in land-surface subsidence in Houston and
surrounding areas, increased chloride content in the
ground water due to interaquifer exchange, saltwater encroachment along the coast (Muller and
Price, 1979), and a lower potentiometric surface in
parts of the aquifer, with a resulting increase in
pumping lift, making it more expensive to produce
ground water (Grubb, 1984).
Bulk rock mineral composition controls water
quality and ground·water flow velocity in the aquifer.
Sediments deposited under marine conditions contain brackish or highly mineralized waters. Aquifer
flushing of brackish water by recharging fresh water
occurs in outcrop areas and a limited distance down
hydraulic gradient, depending upon the permeability
of the sediments (Baker, 1986). The percentage of
sand within the aquifer increases from west to east
(Baker, 1979), with a significant increase in sand
body thickness and resultant permeability occu rring
east of the San Marcos Arch (Figure 15). East of the
arch, the maximum total aggregate sand thickness is
about 1300 feet, while west olthe arch, the maximum
total sand thickness is about 700 feet (Muller and
Price, 1979).
Beller quality water, generally containing less
than 500 mg/L TDS with few instances of chloride and
sulfate concentrations above drinking water standards, occurs east of the San Marcos arch (Figure
15). In this area, water of less than 3000 mg/L TDS
may be found to a maximum depth of 3200 feet from
land surface (Muller and Price, 1979), however, the
aquifer thickness containing water of this quality thins
in a gulfward direction. More mineralized water
occurs in sediments that have not been as flushed as
those upgradient, especially along the Gulf. Isolated
areas of more mineralized waters may indicate natural mixing of aquifer waters with more saline waters,
either through dissolution of salt domes or mixing with
deep basinal waters which have moved up along the
flanks of the domes or along faults. Other more
mineralized areas, such as central and western Harris
County, may be due to over pumpage of the ground
water that has resulted in encroachment of more
saline waters into the producing zones of the aquifer
(Muller and Price, 1979). No substantial areas are
affected by high sulfate or chloride concentrations
east of the Arch. Strause (1988) indicated that
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slightly more than 10 percent of all the analyses from
wells throughout the Gulf Coast aquifer Elxceeded the
drinking water standard for nitrate.
As discussed earlier in the section on radium,
ground water in several areas of the Gulf Coast
aquifer, east of the San Marcos Arch, contains high
levels of radium and/or radon (Figure 7). The results
of a study in this area by Cech and others (1987 and
1988) indicated that anomalous radium concentrations, up to 65 pCi/L, reached a peak at a depth range
between 585 and 1140 feet below the surface and
were associated with wells developed near salt domes
and/or near streams. Radon concentrations tended
to increase with depth and to increase in a gulfward
direction. This study also indicated that the proximity
of salt domes and associated fault systems was an
important predictor for the presence of radon and
radium in the ground water. Concentrations decreased as distance from domes increased. It was
concluded that radium and radon in the !Jround water
may have originated in the Catahoula Formation, a
known source of uranium mineralization, and migrated upward into the shallower portion of the Gulf
Coast aquifer. Avenues for migration may be located
along the flanks of piercement-type salt domes, along
faults, and through permeable sediments deposited
by streams. Alternately, it was proposed that uranium
could have migrated through the upper aquifer strata,
and concentrated in the reducing halo surrounding
the domes.
Ground-water quality decreases west of the
San Marcos arch (Figure 15). The more mineralized
ground water found in this part of the aquifer may
indicate that the sediments which cj:>mpose that
aquifer have not been as flushed as their more
permeable counterparts to the east, especially along
the Gulf where greater than 10,000 mglL or ppm TDS
can be found. It should be noted, however, that
Figure 15 was produced using water quality from
wells completed at many different producing horizons, and that locally deviations from the regional
trends may be found. Most waters average between
1000 and 1500 mg/L TDS, however, there are areas
in Aransas, Calhoun, Cameron, Hidalgo, Kenedy,
Kleberg, Nueces, San Patricio, and Willacy Counties
where little to no appreciable amounts of ground
water with less than 3000 mglL TDS Gan be found
(Muller and Price, 1979). Large areas ,of the aquifer
have chloride and sulfate concentrations above drinking water standards. On barrier islands along the
shoreline, ground water suitable for domestic and
livestock use may be found in shallow sands (Muller
and Price, 1979). Little ofthe water in the southwestern part of the aquifer is recommended Ilor prolonged
irrigation use due to either high salinity or alkalinity
hazard, or both (Muller and Price, 1SI79). During
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times when the water quality and/or quantity of the
Rio Grande does not meet the demand, supplemental ground water is pumped for irrigation as well as for
municipal use in the Lower Rio Grande Valley (Muller
and Price, 1979).

Edwards-Trinity (Plateau)
The Edwards-Trinity (Plateau) aquiferunderlies
the Edwards Plateau east of the Pecos River and the
Stockton Plateau west of the Pecos River and extends from Gillespie County on the east to Culberson
County in the Trans-Pecos area on the west, and
from Kinney County on the south to Howard County
on the north (Muller and Price, 1979; Figures 1 and
16). Principally, the aquifer is used for irrigation,
however, mu nicipal, indu strial, livestock, and domestic supply is important (Texas Water Development
Board, 1988). The production of oil and gas is a major
industry, especially in the northwestern part of the
region.
Aquifer strata were deposited under marine
conditions and consist of the Comanche Series,
which is further subdivided into the Trinity, Fredericksburg, and Washita Groups (Walker, 1979).
Composed of saturated sediments of Lower Cretaceous age, the aquifer is made up of sands, sandstone, gravel, and conglomerates ofthe Trinity Group
(Antlers Formation and lateral equivalents); and cherty,
gypsiferous, clayey, cavernous limestones and dolomites of the Comanche Peak and Edwards Limestones of the Fredericksburg Group and the Georgetown Formation of the Washita Group (Muller and
Price, 1979). The Santa Rosa Sandstone ofTriassic
age is considered to be part of the aquifer when it is
in hydrologic continuity with the Edwards-Trinity strata.
Saturated thickness of the water-bearing units
reaches a maximum of 800 feet (Walker, 1979).
Recharge is primarily derived from precipitation, which
infiltrates through the soil zone through dissolution
openings and crevices in the limestone outcrop to
reach the saturated zone. To a certain extent,
ground-water flow direction is controlled by topography (Walker, 1979). Ground water generally flows in
a southeasterly direction following the dip of the
strata. Near the plateau edge, movement is towards
major streams and rivers where ground water is
discharged from springs (Walker, 1979). Locally, in
areas of high artificial discharge, such as pumpage
for irrigation and oil field supply, regional cones of
depression in the water table have formed, resulting
in ground water-flow being redirected towards the
center of the pumped area (Rees and Buckner, 1980;
Walker, 1979).

Ground water from the Edwards-Trinity (Plateau) aquifer has a wide range of TDS concentrations, with a general increase from southeast to
northwest (Figure 16). Ground-water salinity increases toward regional discharge areas such as
major rivers and streams which dissect the aquifer,
for example, the Pecos Riverwhich marks the boundary between Pecos and Crockett Counties; the Llano
River in central and northeastern Kimble County; the
San Saba River in central Menard County; the South
and Middle Concho Rivers and Spring Creek southwest of San Angelo in Tom Green County; and the
North Concho River in southeastern Sterling County.
In the northwest where the aquifer is overlain by
younger sediments which contain saline water" the
higherTDS, chloride, and sulfate concentrations may
be due to leakage into the aquifer from these sediments (Scalf and others, 1973). In the trans-Pecos
part ofthe aquifer, Rees and Buckner (1980) attribute
the high concentrations of TDS, chloride, and sulfate
to deep discharge to the Edwards-Trinity (Plateau)
aquifer from the underlying evaporite deposits of the
Castile and Rustler Formations in Culberson and
northwest Reeves Counties and from the Rustler
Formation in north central Pecos County. In some
heavily irrigated areas, infiltration from water applied
on fields may be entering the ground water to be
cycled again onto the fields, causing a salinity increase due to the continual contribution of leached
surface salts from the soil zone (Rees and Buckner,
1980). Elevated levels of nitrate in the ground water
around one irrigation area in Pecos County were indicated by Rees and Buckner (1980).

and Rustler aquifers are all composed of limestone
and/or dolomite and contain water which is hard, and
contain higher concentrations of calcium, magnesium, and bicarbonate (Texas Department of Water
Resources, 1984). The Edwards-Trinity (High Plains),
Bone Spring and Victorio Peak, Capitan, and Rustler
aquifers have high concentrations of chloride and
sulfate in some areas.
Sandstone aquifers, consisting of the Woodbine, Queen City, Sparta, Santa Rosa, Hickory,
Nacatoch, and Blossom, contain higher concentrations of sodium, chloride, and sulfate ions (Texas
Department of Water Resources, 1984). The Woodbine, Queen City, Sparta, and Hickory aquifers have
areas of high iron concentrations. Hydrogen sulfide
gas is abundant within the Queen City aquifer (Texas
Department of Water Resources, 1984). Water from
the Blaine, an aquifer composed of evaporitic deposits, is high in dissolved solids, chiefly calcium and
sulfate.

Woodbine

Minor Aquifers

From northern McLennan County northward to
the Red River (Figures 2 and 17), the sand and
sandstone beds of Cretaceous age which comprise
the Woodbine aquifer furnish water for muniCipal,
industrial, and small irrigation supplies (Muller and
Price, 1979). The aquifer crops out in a narrow belt
which trends south from southeastern Cooke County
and is exposed in patches in a west-east direction
paralleling the Red River in Grayson, Fannin, Lamar,
and Red River Counties (Muller and Price, 1979). As
described in a study by Nordstrom (1982), rainfall on
the outcrop is the primary source of aquifer recharge,
however, surface-water seepage from lakes and
streams is considered to be an additional recharge
source. Ground water flows to the east, following the
dip of the aquifer into the subsurface. Discharge
occurs naturally through springs and seeps, evaporation, and transpiration by plants. Most artificial discharge occurs through the pumping of wells, with a
minor amount of discharge occurring from flowing
wells along the Red River portion of the outcrop
(Nordstrom, 1982).

Minor aquifers provide water throughout the
state (Figure 2) and contain the same dissolved
minerals as the major aquifers, including calcium,
magnesium, bicarbonate, sodium, chloride, sulfate,
nitrate, iron, and radium, and dissolved gases like
hydrogen sulfide, and methane (Texas Department
of Water Resources, 1984). The Edwards-Trinity
(High Plains), Ellenburger-San Saba, Marble Falls,
Marathon, Bone Spring and Victorio Peak, Capitan,

The aquifer reaches a maximum thickness of
about 600 feet and contains fresh to slightly saline
water to a maximum depth of 2000 feet below land
surface (Muller and Price, 1979). In the southern
segment ofthe aquifer, the Woodbine is composed of
friable, iron bearing fine-grained sand and sandstone
with interbedded shale, sandy shale, and clay (Nordstrom, 1982). The northern segment is generally
divided into lower, middle, and upper parts, with the

Some areas of high chloride concentration are
coincident with areas of heavy oil and gas production
such as Sterling, Glasscock, Reagan, Upton, Crockett, and north-central Pecos Counties, and may be
the result of oil field brine disposal activities (Rees and
Buckner, 1980; and Walker, 1979). Contaminatkm of
the aquifer may be occurring from historic salt water
disposal pits, brine disposal wells or playa lakes, or
historic dumping of salt water into surface drainageways and on county roads (Walker, 1979).
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upper being composed of fine-grained, well sorted,
reddish-brown sandstone with concretions and shale
present; the middle part being composed of reddish
sandstone with interbedded gray to brown clay and
shale; and the lower part being composed of interbedded, red-brown to white sandstone withlironstone and
sandy, gray to brown clay (Nordstrom, 1982). In the
northern segment, only the lower part olthe aquifer is
considered by Nordstrom (1982) to bl3 suitable for
water supply development.
Fresh, good quality water is produced from
wells completed on or near the outcrop of the Woodbine aquifer (Nordstrom, 1982; Figure 17). High iron
concentrations, which occur in the upper Woodbine
sands (Nordstrom, 1982), make the water undesirable, as discussed earlier in the section on iron.
Water quality deteriorates rapidly downdip from the
outcrop, with total dissolved solids, sodium, chloride,
and bicarbonate concentrations increasing (Nordstrom, 1982). High fluoride concentrations have
been reported in some areas (Texas Water Development Board, 1988). A finger of higher TDS waters in
Collin County, west of McKinney, corresponds to an
area that is experiencing extensive ground-water
pumpage with a resultant lowering of the groundwater potentiometric surface (Texas Water Development Board, 1988). High nitrate levels are not found
naturally in aquifer waters, however, a few shallow
dug wells produce water with nitrate levels above 45
mgtL (Nordstrom, 1982).

Queen City
Extending from the Frio River in Frio County
northeastward to the Louisiana border (Figure 18),
the Queen City aquifer of Eocene age consists principally of sand, loosely cemented sandstone, and
interbedded clays (Muller and Price, 1979). North of
Houston County, the aquifer is generally exposed at
the surface with intense faulting in Cherokee and
Anderson Counties. The arched outcrop in this
segment of the aquifer curves around the Sabine
Uplift (described in the "Carrizo-Wilcox" section)
and, beginning in Cherokee and Anderson Counties,
the sediments dip to the south (Payne, 1972). South
of this area, the width of the outcrop narrows and is
highly faulted from Milam to Gonzales Counties and
then becomes wider again in Frio County. In the
southem section, aquifer sediments dip to the south
and southeast, towards the Gulf (Payne, 1972).
Variations in aquifer thickness and hydraulic
conductivity are a reflection of the environments
under which the sediments were deposited. Payne
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(1972) studied the Queen City aquifer and found that
it is about 800 feet thick near the outcrop in Frio and
Atascosa Counties and then thins eastward to 600
feet or less in the outcrop in Wilson and Gonzales
Counties. The aquifer continues to thin in a northeastward direction to a minimum thickness of 50-1 00
feet and eventually the water-bearing sands pinch out
in the vicinity of Lufkin, Angelina County. Thethickest
and highest percentage of sand units occurs in the
southwestern part of the aqu ifer in a band from Wilson
to Frio Counties. He determined that these sands
were deposited in channels and as nearshore and
alongshore bars associated with a delta complex
centered in La Salle, McMullen, and Webb Counties.
Eastward, the sands were deposited by minor fluvial
systems. He concluded that the general elongation
subparallel to the outcrop of the sands in Burleson
and Walker Counties suggests that they were deposited in nearshore and alongshore bars and beach
environments.
Recharge to the Queen City occurs by infiltration of rainfall on the outcrop, infiltration of water from
streams, and by upward movement of water from the
underlying Carrizo-Wilcox aquifer (Payne, 1972). In
the southwestern part of the aquifer, discharge from
the Carrizo Sand is considered to be a major source
of recharge to the Queen City aquifer (Payne, 1972).
Regional flow is down the dip of the aquifer to the
south and southeast. Water discharges naturally
through seeps and springs in the outcrop and through
leakage to the overlying strata. Man-induced discharge from wells is used to supply water for rural,
domestic, and livestock purposes on or near the
outcrop, for municipal pumpage in central and northeast Texas, and for irrigation purposes in the southern part of the aquifer, especially in Wilson County
(Texas Water Development Board, 1988).
Concentrations of total dissolved solids are
generally low (less than 1000 mg/L) in outcrop areas
(Figure 18), and probably reflect sedimentflushing by
recharging waters. Recharge through the large outcrop area north of Houston County is reflected by the
large extent of less than 500 rng/L TDS waters.
Intense fau Iting in the south-central part ofthe aquifer
outcrop and orientation of the sand bodies perpendicu lar to flow direction may prevent deep penetration
of recharge waters, resulting in a rapid deterioration
of ground-water quality towards the basin. Throughout much of the aquifer in northeast Texas, the
ground water has high acidity (low pH) and locally
contains excessive concentrations of iron (Muller and
Price, 1979). Hydrogen sulfide gas, present in some
areas, gives the water a "rotten egg" odor.

Sparta

Santa Rosa

The Sparta aquifer extends from the Frio River
in Frio County northeastward to the Louisiana border
in Sabine County (Figure 19). Water from the aquifer
is used for domestic and livestock purposes on or
near the outcrop throughout its extent (Texas Water
Development Board, 1988). The central and eastern
parts of the aquifer supply water for public and
industrial use, with minor amounts of water being
utilized for irrigation in East Texas (Texas Water
Development Board, 1988). The Sparta is recharged
by infiltration of water from rainfall on the outcrop, by
leakage from other aquifers, and by infiltration of
water from streams, with natural discharge occurring
primarily by leakage to the overlying and underlying
confining beds (Payne, 1968).

The lower part of the Triassic age Dockum
Group, which consists olthe Santa Rosa Formation
and its lateral equivalents, makes up the Santa Rosa
aquifer (Knowles and others, 1984). Majority of the
pumpage from this aquifer is used for municipal,
irrigation, and oil field water-flooding purposes (Texas
Water Development Board, 1988). Principally composed of interbedded shale, sand, sandstone, and
conglomerate strata, the aquifer underlies the High
Plains (Ogallala) aquifer and the Cenozoic Alluvium
in the Pecos River basin, and subcrops beneath the
western part of the Edwards-Trinity Plateau aquifer
(Muller and Price, 1979) (Figures 1 and 20).

Composed mainly of sands and interbedded
clays of Eocene age which range in thickness from
100 feet in the southwest to 300 feet in the northeast,
the sediments that make up the aquifer dip tel the
south and southeast from the outcrop area towards
the Gulf (Payne, 1968). Regional ground-water flow
parallels the dip of the aquifer. Payne (1968) divided
the Sparta aquifer into two geographical areas which
represent different depositional environments which
affected water quality. He concluded that northeastward from Burleson County, the pattern of sand
distribution is elongate into the basin, suggestive of a
fluvial-deltaic plain environment. The more hydraulically conductive sediments trend parallel to the direction of ground-water flow, allowing a deeper penetration of less than 1000 mglL TDS waters into the basin
(Figure 19).

Dutton and Sirrpkins (1986) studied the Dockum
Group and presented the following pertinent conclusions. Dockum Group sediments were accumulated
in a closed basin by fluvial, deltaic, and lacustrine
processes. Sediments of the Santa Rosa aquifer
were deposited from the outer edge of the basin
towards its center in braided- and meander-stream,
alluvial-fan, and deltaic environments. Total sand
composition percentage decreases (resulting in decreased aquifer permeability) towards the basin center
(generally outlined by areas of greater than 10,000
mg/L or ppm TDS concentration on Figure 20).
SLibsequently, the basin tilted to the east from New
Mexico towards the eastern edge of the aquifer in
Texas. The Dockum Group ranges from less than
100 to more than 2000 feet in thickness. Where the
Santa Rosa aquifer is confined, it may contain saturated thickness of up to 700 feet (Muller and Price,
1979).

South and west ofthis area, the long axes olthe
sand bodies are parallel to the outcrop and trend
normal to the direction of ground-water flow (Payne,
1968). These strata are predominantly near-shore
bar and beach deposits rather than fluvial deposits
(Payne, 1968). The limited extent ofthese sands into
the subsurface, the disruption of their continuity by
faulting in the outcrop in Bastrop through Wilson
Counties, and their orientation perpendicular to the
direction of ground-water flow are not conducive to
extensive downdip migration of fresh, rechar'ging
waters. Water in this area may also have a high
sulfate concentrations, which can represent up \It> 50
percent or more of the total anion content (Pa:vne,
1968). Many areas throughout the aquifer contain
iron in excess of the secondary drinking water standard (Muller and Price, 1979).

Dutton and Simpkins (1986) also postulated
that the aquifer's original depositional environment,
recharge areas and resulting flow patterns, and aquifer
matrix composition control its ground water chemical
compoSition. During Pleistocene time, the aquifer
received recharge from rainfall on the outcrop to the
west in New Mexico, with ground water flowing to the
east into the basin. Since that time, the Pecos River
has truncated the outcrop, and has become a discharge area for the Dockum Group (Dutton and
Simpkins, 1986). As a result, they inferred that only
limited recharge enters the aquifer, with the majority
resulting from infiltration of precipitation on the outcrop and shallow subcrop (Figure 20). In Texas, the
aquifer is exposed at the land surface east of the
erosional caprock escarpment. Additional outcrop
areas are exposed by the downcutting of the Cana-

-68-

dian River in Oldham and Potter Counties and by
erosion associated with the drainage area of the
Colorado River in Borden and Mitchell Counties.
Outcrop and shallow subcrop recharge areas generally contain ground water with a total dissolved solids
content of 1000 mglL or less. Where the two aquifers
are in hydrologic communication, some, deep percolation of ground water from the overlyin!~ High Plains
(Ogallala) may provide a minor amount of recharge to
the Santa Rosa (Dutton and Simpkins, 1986).

sediments were deposited along an east-west trending shoreline with the Cambrian sea located to the
south of the Uplift (Black, 1988). Thickest accumulations occur southwest of the Uplift in Kimble County
(500 feet) and thin to the east and northeast (Black,
1988). Subsequent erosion and faulting of the sediments have also contributed to aquifer thickness variability.

A basinward increase in total dissolved solids
concentration (Figure 20) may be due to the lack of
recharge water entering the basin and/or decreasing
strata permeability (which would allow a longer time
for ground water to dissolve the surrounding rock
matrix). Dutton and Simpkins (1986) also attribute
increased TDS to the inflow and mixing of ground
water containing dissolved anhydrite and halite from
the underlying Permian strata and the diffusion and
mixing of paleo-seawater from overlying Cretaceous
strata and from the lower permeability areas of the
Dockum Group. The potential for interaquifer groundwater movement is illustrated by a man-induced
occurrence in 1980 south of Kermit in Winkler County
which was documented by BaumgardnElr and others
(1982). The Wink Sinkhole formed as a result of
ground water dissolving the underlyir ,11 salt beds and
subsequent collapse of the overlying sediments into
the solution cavity. A plugged and abandoned well
which was located within the circumference of the
sinkhole may have provided a conduit for groundwater flow (Baumgardner and others, 1982).

Hickory Sandstone
The Hickory Sandstone aquifer crops out and
dips into the subsurface in a radial pattern around the
Llano Uplift region of Central Texas (Figures 2 and
21). Furnishing most of the ground water used in the
area, the aquifer provides, in descending order of
produced quantity, water supplies for irrigation,
municipal, manufacturing, and livestock purposes
(Texas Water Development Board, 1988). The aquifer
is principally composed of sand and sandstone of the
Hickory Sandstone Member of the Riley Formation of
Cambrian age (Muller and Price, 1979) and is the
oldest aquifer evaluated in this report.

Although recharge from precipitation on the
circular outcrop with ground-water movement downgradient in a radial direction into the aquifer does
occur, the ground-waterflow direction into and within
the aquifer is modified by intense faulting as indicated
in a study by Black (1988). He postulated that faults
may either enhance recharge or discharge through
overlying confining strata; may impede flow, causing
ground water to stagnate down dip of a fault; or
redirect flow around a fault. Water is naturally discharged from the aquifer by evapotranspiration,
movement into or out of the underlying Precambrian
or overlying limestone strata, and by spring flow and
seepage into drainage areas (Black, 1988). He
concluded that the aquifer could be divided into two
parts, the outcrop and very shallow confined portions
which are characterized by active recharge and
ground-water flow; and the deeper, confined portion
which is nearly stagnant, isolated from the outcrop,
and receives recharge through only a small fraction of
the area bordering the outcrop.
Ground water containing lower concentrations
of total dissolved solids (less than 500 mglL) surrounds the Llano Uplift and is indicative of recharge
and active ground-water flow systems on and near
the outcrop (Figure 21). Tongues of higher TDS
water extend towards the outcrop in a northeastsouthwest direction, along the general trend of the
surface faults, and may indicate restricted subsurface flow areas. The downdip increase in TDS may
reflect nearly stagnant flow conditions, and corresponds to mapped areas where the aquifer thins
north and northeast of the Uplift (Black, 1988).
Natural contamination of the aquifer may result
from inflow from other water-bearing strata and dissolution of the aquifer matrix. Radium, in excess of the
drinking water standard (Table 3), occurs in public
supplies along the northern flank of the Uplift (Figure
21). As discussed in the section on radium, the
source of this ion is probably the underlying granite
and the aquifer matrix itself (if the sediments were
derived from a granitic source). Iron concentrations
above the secondary drinking water standard (Table
3) occur naturally in wells completed in the upper part
of the Hickory Sandstone aquifer (Walker, 1979;
Black, 1988).

Extensively faulted in the outcrop and subsurface (Figure 21), the aquifer strata dip steeply away
from the Llano Uplift. The Hickory was deposited
upon an unevenly eroded metamorphic and igneous
rock surface with a topographic relief in excess of 300
feet, which resulted in a wide variability in the accumulated thickness (Walker, 1979; Black, 1988). These

- 75-

Ellenburger-San Saba

Blaine Gypsum

Composed of marine limestone and dolomite
deposits of the San Saba Member of the Wilberns
Formation of Cambrian age and the Ellenburger
Group of Cambrian and Ordovician age, the
Ellenburger-San Saba aquifer (Figure 2) yields small
to moderate supplies of water for domestic, municipal, industrial, and minor irrigation needs in areas
surrounding the Llano Uplift (Muller and Price, 1!379).
The San Saba Member and the Ellenburger Group
are considered to be one aquifer due to their hydrologic interconnection and the difficulty in distinguishing the two stratigraphic units in the subsurface
(Walker,1979). As described earlier in the Hickory
Sandstone aquifer section, the Ellenburger-San Saba
is also exposed at the surface in a circular shape
which surrounds the Llano Uplift and dips into the
subsurface away from the Uplift (Figure 22). The
aquifer is highly faulted in the surface and subsurface
and was eroded prior to being covered by Cretaceous
sediments, causing a large variation in aquifer thickness, ranging from 450 to 800 feet in Kimble and
Mason Counties, 0 to 1000 feet in Gillespie County,
and 280 to 600 feet in McCulloch County (Walker,
1979).

Composed of water-bearing zones within the
Blaine Formation, the Blaine Gypsum aquifer, is
normally considered to extend in a narrow outcrop
band from Wheeler to King Counties in the ROiling
Plains (Muller and Price, 1979) (Figure 2). For the
purpose of this evaluation, the aquifer quality map
(Figure 23) was extended southward to Coke County,
however, this portion of the aquifer contributes only a
minor amount of water on a local basis. Irrigation
(restricted to salt-tolerant crops, or to areas where
soils have adequate drainage to prevent salt accumulation in the soil profile) comprises 97 percent of the
total usage of water from the aquifer (Texas Water
Development Board, 1988).

Precipitation on the outcrop, inflow from stmams
crossing the outcrop, and inflow from the overlying
Hensel Sand of Cretaceous age infiltrate through
fractures and solution channels to recharge the aquifer
(Mount, 1962 and 1963; Muller and Price, 1!379).
Ground water then flows downgradient into the confined portion of the aquifer, and/or discharges naturally from seeps and springs (Muller and Price, 1!379).
Discharge from the aquifer supports the base flow of
streams which cross the outcrop which include the
Liano, San Saba, Pedernales, and Colorado Rr~ers.

Deposited in a restricted marine environment,
the Blaine Gypsum aquifer is located on the eastern
fringe of thick evaporitic deposits of anhydrite and
massive halite which were accumulated in Middle to
Late Permian time (Richter and Kreitler, 1986). The
aquifer is composed of red silty shale, gypsum,
anhydrite, salt, and dolomite, and usable water occurs chiefly in solution channels and caverns dissolved from the beds of anhydrite and gypsum
(Winslow and Kister, 1956; Smith, 1970; and Maderak, 1972 and 1973). Recharge from infiltration of
precipitation on the Caprock Escarpment and Permian strata to the west. and on the Blaine outcrop,
moves eastward along the solution channels and
caverns, dissolving the evaporitic deposits, and discharging into topographically low areas through salt
seeps and springs (Figure 23; Richter and Kreitler,
1986).
Total dissolved solids concentration increases
as aquifer depth from the surface increases to the
west, and in natural discharge areas along surface
drainage. Less mineralized water, with a total dissolved solids content of less than 1000 mglL (Figure
23), occurs in topographically higher (recharge) areas in the outcrop, and may be enhanced by recharge
from the overlying alluvium (Maderak, 1972). Water
from wells and springs tapping the lower TDS portions of the Blaine Gypsum is calcium- and magnesium-sulfate ion dominated, and in Childress County
the water has been reported to contain up to four parts
per million of boron (Winslow and Kister, 1956).
Boron concentrations in this range may cause severe
crop toxicity problems (Table 4).

As discussed in the Hickory Sandstone aquifer
section, the Ellenburger-San Saba aquifer water
quality probably reflects two distinct flow systems
with a fault derived overprint (Figure 22). Ground
water containing less than 1000 mg/L total dissolved
solids reflects active recharge and flow within the
aquifer and occurs in and near the outcrop. Downgradient, TDS increases with increased depth,
probably reflecting restricted or stagnant flow areas.
Interfingering of lower and higher TDS areas trends
northeast-southwest, reflecting the regional fau!~ing,
and may indicate areas were faults have either enhanced recharge into the aquifer or restricted flow by
isolating blocks of the aquifer.

Natural pollution of surface water by ground
water issuing from salt springs and seeps is a long
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recognized problem in this part of the state. A study
by Richter and Kreitler (1986) indicated that most
salt-emission areas occur within the Blaine Formation outcrop (Figure 23). They attributed the occurrence of highly mineralized ground water within the
Blaine Gypsum to two sources, halite dissolution by
local ground-water flow through the Blaine and brine
discharge from deep-basinal saline aquifers which
underlie the High Plains. To date, efforts to control or
reduce natural pollution of surface water, including
plugging springs or applying backhead pressure in
discharge areas, have only succeeded in shifting the
problem from one place to another or delaying the
problem for a relatively short period of lime (Richter
and Kreitler, 1986).

Total dissolved solids concentration increases
downgradient, eastward into the basin (Figure 24),
with a shift from sulfate to chloride as the predominant
anion (Winslow and Kister, 1956). Highly mineralized
ground water may be caused by the dissolution of
evaporites within the Rustler due to local groundwater flow and/or mixing with brine which has discharged upward through collapse breccia from the
deep-basinal saline aquifers underlying the Rustler
(Hiss, 1975). An area of greater than 10,000 mg/L or
ppm total dissolved solids around Pecos in Reeves
County, which corresponds to a large dissolution
collapse area mapped by Hiss (1975), may be an
example of flow into the more transmissive aquifer
sediments of high TDS waters derived from the
dissolving bedded salts below the aquifer.

Rustler
Nacatoch Sand
Composed of Permian age dolomite, limestone,
gypsum, minor amounts of saK (wnh increasing amounts
of evaporites basinward, to the east), and a basal
zone of sand, conglomerate, and shale, the Rustler
aquifer provides water to the Trans-Pecos area (Muller
and Price, 1979) (Figure 2). The aquifer yields water
for irrigation, livestock, and oil reservoilr water-flooding operations (Muller and Price, 1979), and has been
used for brine disposal injection (Baumgardner and
others, 1982).
Rustler sediments were deposited in a restricted
marine environment during the final incursion of the
Permian sea into the Delaware Basin (Adams, 1944).
Highly transmissive zones within the dc)lomite, limestone, and gypsum strata may have been caused by
a combination of processes including mmoval of the
underlying and interbedded salt and othmevaporites,
dissolution of other parts of the rock matrix, and
faulting and collapse of the unsupport€id sediments
into underlying solution cavities (Adams:, 1944; Hiss,
1975; and Baumgardner and others, 1982). Water is
probably produced from higher permeability zones
caused by these solution channels, caverns, and
collapse breccia.
Recharge from the infiltration of pmcipitation on
the outcrop (Figure 24) moves eastward into the
basin, and may discharge into the overlying EdwardsTrinity (Plateau) aquifer (Rees and Buckner, 1980).
Less mineralized water, with a total dissolved solids
content of less than 1000 mglL, occurs only in one
area within the outcrop in southern Culbe!rson County
(Figure 24). An isolated area of less than 3000 mgl
L TDS water in eastern Loving County colrresponds to
a portion of the aquifer that is relatively close to the
surface (Adams, 1944), and may be the result of
recharge which has infiltrated through the overlying
permeable cover.
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Arching in a northeastward direction around the
western flank of the East Texas Basin, from Navarro
to Bowie County, the Nacatoch Sand aquifer crops
out in a narrow strip, four to seven miles wide (Ashworth, 1988; Figure 25). The Nacatoch Sand aquifer
is composed of the Nacatoch Formation south of
Greenville in Hunt County and the undifferentiated
Navarro Group north of Greenville (Ashworth, 1988),
and provides water for municipal, irrigation, and livestock watering purposes, with only a minor amount
used for oil field production and manufacturing supply
(Texas Water Development Board, 1988).
Cretaceous age strata which make up the aquifer
consist of light gray, unconsolidated to cemented,
massive, glauconitic, calcareous sand, and clay and
ranges in thickness from 350 to 500 feet (Muller and
Price, 1979). Deposited under near-marine and
marine conditions, the strata have been geographically divided by McGowen and Lopez (1983) into
different (but related) depositional environment areas
which have influenced the aquifer water quality. Sand
strata, the more hydraulically conductive units within
the aquifer, were deposited in a deltaic environment
and were oriented perpendicular to the paleoshoreline, which generally coincides with the northern
outcrop (McGowen and Lopez, 1983). Deltaic sand
accumulations are located in southern Red River
County; eastem Hunt, southwestern Delta, and westem
Hopkins Counties; and southem Hunt County (mapped
by McGowen and Lopez, 1983). The deltaiC deposits
were reworked by wave action and longshore currents, which resulted in sand body elongation parallel
to the paleoshoreline. Therefore, between thedellas,
the sand bodies are oriented parallel to the outcrop,
suggesting to McGowen and Lopez (1983) the existence of a barrier island and broad tidal inlet environment, with the limited shelf sand sediments that occur

in Navarro County being the southernmost extent of
deltaic influence.

400 feet of Cretaceous age strata (Muller and Price,
1979). Composed of a~ernating layers of brown to
light gray, unconsolidated, ferruginous, glauconitic
sand, shale, clay, marl, and chalk, the sediments
were deposited in a fluvial de~aic environment along
the northern edge olthe East Texas Basin (McLaurin,
1988). Sand units are the water producing strata of
the aquifer, and the amount of sand within the aquifer
decreases westward, with very little being present
west of central Lamar County (McLaurin, 1988). The
western edge olthe aquifer is generally considered to
be the city of Paris (McLaurin, 1988), however, a
small amount of water is produced from the outcrop
in Fannin County, and water quality was included for
both areas (Figure 26).

Orientation of sand units and fau~s, with respect to outcrop, ground-water flow direction, and
present day topography and drainage, control groundwater quality (Figure 25). Recharge from precipitation on the outcrop infiltrates to the water table and
then moves down hydraulic gradient, through the
most conductive sediments, into the basin in a south
and southeastward direction (Ashworth, 1988). Deltaic facies, usually containing greater than 40 feet of
net sand (as mapped by McGowen and Lopez, 1983),
are coincident with areas which contain water with
less than 1000 mglL TDS. The sand orientation
parallel to the direction of ground-water flow has
probably allowed deeper penetration and flushing of
recharge waters into aquifer. South of Kaufman and
between de~a areas, the sands are oriented pe!pendicu lar to the direction of ground-water flow, and the
depth of recharge water penetrating from the outcrop
appears to be reduced.
Ground-water flow into the basin is interrupted
by numerous and extensive faults olthe Mexia-Talco
Fau~ Zone (Figure 25). Ashworth (1988) indicated
that these fau~s usually cause downdip flow to ha~ or
be diverted parallel to the fau~, due to the displacement of higher transmissive sediments adjacent to
sediment of lower hydraulic conductivity. In many
places, water quality changes abruptly from 1000 to
3000 mglL TDS on the down gradient side of a fau~
(Ashworth, 1988; Figure 25). In outcrop, topography
has influenced water quality, with lower TDS values
occurring in topographically higher recharge areas,
including areas where recharge is derived from the
highly permeable alluvial deposits which overly the
Nacatoch Sand aquifer (Ashworth, 1988). Higher
TDS values occur in inferred discharge areas which
correspond to the incised drainage feeders 01 the
Sabine, Trinity, and Sulphur Rivers, and possibly in
areas that may receive deeper discharge along faults
such as the downgradient area which underlies the
Sulphur River.

A study of the aquifer by McLaurin (1988)
indicated that recharge to the aquifer occurs by
infiltration of precipitation on the outcrop and from
infiltration through alluvial deposits which are in hydraulic communication with the Blossom, particularly
in northeast Red River and Bowie Counties. Water
with a total dissolved solids content of less than 1000
mg/L (indicative of more active recharge areas)
generally occurs in the outcrop, except for an area of
deeper penetration in the vicinity of Clarksville (Figure
26). The width of the aquifer that contains fresh to
slightly-saline ground water decreases from east to
west, corresponding to a decrease in net sand content (McLaurin, 1988) (which results in a decrease in
hydraulic conductivity). High iron content occurs in
localized areas (McLaurin, 1988), and may be controlled by the oxidization of iron bearing strata (ferruginous and glauconitic sands) by recharging waters, as presented in the previous discussion on iron.
Ground water moves downgradient into the aquifer in
a south to southeasterly direction, into the basin, and
discharges through seeps and springs on the outcrop
and through pumpage of wells (McLaurin, 1988).
TDS content increases with increasing distance along
the flow path (Figure 26), and may in part be influenced by lithologic changes in the strata which make
up the aquifer.

Edwards-Trinity (High Plains)
Blossom Sand
Sands and sandstones of the Trinity Group and
limestones of the Fredericksburg Group, both of
Cretaceous age, make up the Edwards-Trinity (High
Plains) aquifer in the Southern High Plains (Muller
and Price, 1979) (Figure 2). With a total thickness of
up to 300 feet, the aquifer underlies, and is generally
in hydrologiC communication with the overlying High
Plains (Ogallala) aquifer (Muller and Price, 1979).
Water quality is usually poorer than the overlying High
Plains (Ogallala) aquifer, and is generally Slightly to

Extending from Fannin County eastward through
Lamar, Red River, and Bowie Counties, the Blossom
Sand aquifer (Figures 2 and 26) provides water for
municipal, domestic, and livestock watering purposes
(Muller and Price, 1979). Of the total water pumped,
88 percent is used for municipal supply, with Clarksville
in Red River County being the largest consumer
(McLaurin, 1988; Texas Water Development Board,
1988). The Blossom Sand Formation consists of 0 to
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moderately saline. Poorest quality is found below
salt-water playa lake areas (Texas Water Development Board, 1988). The major amount of water
produced from this aquifer is used for irrigation, with
minor amounts being utilized for secondary oil recovery, livestock, and municipal supply (Muller and Price,
1979).

feet deep (Muller and Price, 1979). Water quality
usually ranges from 500 to 1000 mg/L total dissolved
solids and is generally very hard (Muller and Price,
1979). Only a relatively small amount of water is
pumped from the aquifer, primarily for municipal and
domestic use in the town of Marathon (Texas Water
Development Board, 1988).

Marble Falls Limestone

Bone Spring and Victorio Peak Limestones

Exposed along the northern and eastern flanks
of the Llano Uplift (Figure 2), the Marble Falls Limestone aquifer provides minor amounts of water for
livestock, municipal, irrigation, manufacturing, and
mining supply (Texas Water Development Board,
1988). The aquifer reaches a maximum thickness of
600 feet, with ground water occurring in cavities and
fractures in the Pennsylvanian aged limestone (Muller
and Price, 1979). The majority of aquifer recharge is
probably derived from inflow along cavities and fractures from the underlying strata (BrunE!, 1975), and
infiltration of precipitation on the outcrop. Discharge
occurs from large springs issuing from the limestone
(Brune, 1975). The quality of water produced from
the aquifer is generally suitable for most purposes in
and near the outcrop area with the downdip limit of
slightly saline water being unknown (Muller and Price,
1979).

The Bone Spring and Victorio Peak Limestones
aquifer occurs in the northeast corner of Hudspeth
County (Figure 2). Composed of Permian age strata,
the aquifer underlies a narrow north-trending topographic basin which is located between the Guadalupe Mountains on the east and the Diablo Plateau on
the west. Ground water is contained in the joints,
fractures, and solution cavities and varies in quality
from 1000 to 8000 mglL total dissolved solids (Muller
and Price, 1979). Used principally for irrigation in the
Dell City area, treatment is desirable prior to use for
municipal and domestic purposes (Texas Water
Development Board, 1988). Large amounts of maninduced ground-water discharge in the area have occurred historically. Increasing ground-water salinity
in the Dell City area may be the result of excessive
irrigation water application, with salinity contributed
by water that has leached accumulated salts from the
soil zone and percolated downward to the saturated
zone (Texas Department of Water Resources, 1984).

Igneous Rocks
InWestTexas near Alpine and Marfa (Rgure 2),
the fissures and fracture of lava flows, tuffs, and
related igneous rocks of Tertiary age, produce small
to large amounts of good quality water for municipal,
domestic, irrigation, livestock watering, and other
uses (Muller and Price, 1979). In Presidio and
Brewster Counties, towns such as Alpine, Fort Davis,
and Marfa derive all or part of their municipal water
supply from this aquifer (Texas Water Development
Board, 1988). Thickness varies considerably, and
wells can exceed 1000 feet in depth (Rees, 1987).
Water quality ranges from fresh to moderately saline
(Texas Department of Water Resources, 1984).

Capitan Limestone
Originally deposited as a reef, consisting of
limestone, dolomite, and talus, the Capitan limestone (Permian age) is from 1500 to 2000 feet thick
(Rees, 1987). The reef deposits parallel the margins
of the Delaware Basin in an arcuate six to eleven mile
wide strip extending from the Guadalupe Mountains
southwest of Carlsbad, New Mexico, to the Glass
Mountains southwest of Fort Stockton on the PecosBrewster County line, then northward through Ward
and Winkler Counties (Hiss, 1975). Portions of the
reef deposit which are considered to be the minor
aquifer (Figure 2) occur where the limestone underlies the Salt Bolson deposits in the Diablo Farms area
along the Culberson and Hudspeth County line, and
where the Ii mestone crops out in the Glass Mou nta ins
and Apache Mountains in southeastern Culberson
County (Muller and Price, 1979).

Marathon Limestone

Ocrurring in a small area in northwestern Brewster
County (Figure 2), the Marathon Limestone of Lower
OrdoviCian age is an up-folded limestone aquifer at or
nearthe land surface (Muller and Price, 1979). Ground
water occurs chiefly under water-table conditions in
crevices, joints, and cavities. Total thickness ranges
from 350 to 900 feet, but most wells are less than 250

Belterquality water is found in the rocks with the
highest dissolution permeability, where the original
brines have been displaced by fresh water recharging
from from the Glass and Guadalupe Mountains and
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other outcrop areas (Hiss, 1975). In the Diablo Farms
area, the chemical quality of the ground water ranges
from 850 to 1500 mglL total dissolved solids concentration with the principal constituents being calcium,
sulfate, and bicarbonate. In some instances, iron occurs in excessive amounts for domestic and municipal use (Muller and Price, 1979). In outcrop areas,
the quality may be fresh to slightly saline (Rees,
1987). Water is principally used for irrigation and oilfield production supply, and minor amounts are utilized for municipal and livestock watering (Texas
Water Development Board, 1988).

pollution from certain agricultural practices, using the
DRASTIC methodology.

DRASTIC Methodology
DRASTIC was developed as a tool for comparing land units on the basis of their vulnerability to
ground-water pollution. ArtifICial classification of natural
systems, including aquifers, has been used for years.
A system for ranking ground-water pollution potential
which took into consideration a relatively large number of parameters had not been developed, however.
Through a consensus process, a group sponsored by
the National Water Well Association and the Robert
S. Kerr Environmental Research Laboratory developed the methodology used in this report (Aller and
others, 1987).

Other Undifferentiated
Throughout the state, these aquifers, although
undifferentiated on the Figure 2, may represent the
only source of ground water locally available. Limited
deposits of Quaternary, Tertiary, Cretaceous, Permian, and Pennsylvanian age provide small to rnoderatequantities of fresh to slightly saline ground water
for irrigation, municpal, domestic, and livestock watering
purposes (Texas Water Development Board, 1988).
Irrigation pump age from the Quaternary and Tertiary
deposits of the Nueces River Basin accounted for 40
percent of the total pumpage and 58 percent of the
irrigation pumpage from this group of aquifers (Texas
Water Development Board, 1988). Water-bearing
sediments in north central Texas which consist olf the
Wichita Group, San Angelo Sandstone and Whitehorse Group (all Permian age) and the Cisco Group
(Pennsylvania age) make up another important part
of this category (Muller and Price, 1979).

Principles
DRASTIC is a systematic process for assessing the ground-water pollution potential of hydrogeologic settings. The DRASTIC system is a methodology which involves delineation of hydrogeologic settings and analysis of data to develop a single index
number which represents the sensitivity of that setting to ground-water pollution potential. The method
is simple, understandable, and has wide applicability
as a management and learning tool. The system
depends to some degree on subjective but skilled
judgement by the user, as does any artificial system.
Hydrogeologic settings are delineated based on
seven parameters, which are used to develop an
index number for each setting. The parameters, or
factors, have been organized to create the acronym
DRASTIC. DRASTIC stands for:

DRASTIC - A SYSTEMATIC APPROACH
TO GROUND-WATER POLLUTION
POTENTIAL MAPPING

D
R
A
S
T
I
C

As part of its statewide ground-water assessment and protection program, the Texas Water
Commission (TWC) has sought tools for the evaluation of ground-water pollution potential. Vulnerability mapping of the state's aquifers was begun by the
TWC in 1987. DRASTIC, a methodology for delineating sensitivity to ground-water pollution, was dlNeloped in the mid-1980's to serve as a tool in groundwater assessment. This project was undertaken as
an attempt to classify Texas aquifers according to
their pollution potential and to test the feasibility and
utility of the DRASTIC system on a statewide basis.

-

Depth to water
Annual recharge
Aquifer media
Soil media
Topography
Vadose zone impact
Hydraulic conductivity

After development of the index numbers, maps
can be constructed to present a graphic display of the
pollution potential. For a more detailed description of
the DRASTIC methodology, see Aller and others
(1987) or Hart (1989).

Objectives of this project were to develop two
maps, one depicting general vulnerability to groundwater pollution and the other specifically aimed at

The methodology was developed around a set
of basic assumptions conceming a generic contami-

- 92-

nant. The material, introduced at the land surface as
a solid or liquid, travels to the aquifer with recharge
waters derived from precipitation. Mobility of the
contaminant is assumed to be equal to that of the
ground water. Attenuation processes are assumed to
go on in the soil, vadose zone, and aquifer.
The parameters used in the DRASTIC system
are a combination of geologic, hydroIO!;Jic, geomorphologic, and meteorologic factors which describe
physical characteristics of the hydrogeologic setting.
They include depth to water, annual recharge, aquifer
media, soil media and thickness, topographic relief,
vadose zone media, and hydrau lic conductivity of the
aquifer. Data sources include geologic maps, hydrogeologic and technical reports, welllog!~ing records,
generalized data from standard references, and
professional judgement.
Each parameter is divided into ranges with corresponding ratings. Rating values depend on the
impact of the factor on contamination potential. The
general and agricultural DRASTIC evaluations use
the same ranges and rating values, only the weighting
of the parameters changes. Weightin!~ serves two
purposes in the DRASTIC system. It represents an
attempt to define the relative importance of each
factor in its ability to affect pollution transport to and
within the aquifer and it creates the differences between the general and agricultural indic:es.
Two pollution potential numbers, one forgenerali zed pollution sources and one for pollution due to
agricultural activities, are generated for each hydrogeologic setting. The formula forthe index number is:
= (Dr x Dw)+(Rr x Rw)+(Ar x Aw)+(Sr x Sw)+

(Tr x Tw)+(lr x Iw)+(Cr x Cw)
I - DRASTIC index number
D,R,A,S,T,I,C - parameters
r - rating
w - weight
The maps are labeled with designators for the
hydrogeologic settings and pollution potential numbers and the indices are then divided into ranges for
color coding of the final maps.
Several terms used in this portion of the document should be clearly defined in the context of this
project. Ground-water pollution potential means
the potential for a contaminant, at levels which cause
significant degradation, to travel to and within an
aquifer. Hydrogeologic settings are mappable
surface areas which share a common set of values for

the parameters which make up the pollution potential
number and hence a common vulnerability. The
settings are determined by geologic, geomorphologic
and hydrogeologic characteristics. The DRASTIC
index number is the figure which represents the
pollution potential of a hydrogeologic setting. It is
derived by multiplying each factor by its weight and
then summing these terms. DRASTIC factors, or
parameters, are the physical components of the
aquifer and related processes which are used to
describe the pollution potential of a particular hydrogeologic setting.

General and Agricultural
DRASTIC Maps
Two maps were developed. Plate 1 is a general
pollution potential map which is intended to represent
ground-water pollution potential from concentrated or
localized point-of-application contaminants. Examples
ofthis are residential, commercial, industrial, mining,
transportation, and urban sources of contamination
such as accidental spills, industrial wastes, septic
tanks, underground storage tanks, pits, or landfills.
Plate 2, the agricultural map, depicts pollution potential from widespread, surface-applied materials such
as fertilizers, pesticides, aerial sprays, and other
agricultural products. Diffuse sources from other
activities such as silviculture and some waste disposal methods are also applicable to this map. The
weighting for Plate 2 emphasizes those processes
which affect pesticides in the soils by adjusting the
weighting of the factors. It is perhaps the method of
application and not the source of pollution which is
important in determining which DRASTIC map is
most applicable.

Statewide DRASTIC Maps
Initial maps were constructed using the Land
Resources of Texas Map (Texas Bureau of Economic Geology, 1977) as a base. Land resource
areas correlated in most cases with surface geologic
features as shown on the Geologic Atlas of Texas
sheets, also developed by the Bureau of Economic
Geology. Each delineated area on the map was
established by evaluating surface geologic and soil
conditions, with areas of similar lithologic and soil
types grouped to form a hydrogeologic setting. Soil
maps for each county were used in conjunction with
the other parameters to choose final boundaries for
each hydrogeologic setting. Final maps are published at a scale of 1:2,000,000.
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The hydrogeologic settings used were based on
settings described in EPA Report 600/2-87/035 (Aller
and others, 1987). Major ground-water regions althe
United States are outlined in the report. Four of these
regions are found in Texas: the High Plains, nonglaciated central, alluvial basins, and Atlantic and
Gulf Coastal plain regions. Within these regions,
standardized hydrogeologic settings are described,
such as mountain slopes, alluvial mountain valleys,
river alluvium, and unconsolidated and semi-consolidated aquifers. Each standard setting is assigned a
set of representative ratings and an index number.
These settings were used in creating the Texas map,
aHhough individual indices were calculated for ~aach
setting based on data collected for this project.
Indices for the general pollution potential map
ranged from a low value of 58 to a high of 164. The
agricuHure map showed a range from 81 to 190,
indicating greater sensitiv~y to pesticide-type pollution than general point-source pollution for most
areas of the state. Agricultural values averaged 30
points higher than general values. The color code for
the maps uses the same colors as the designated
national color code described in the EPA repont, but
the ranges are defined using different break pc)ints.
This was done to provide more contrast in the map
and delineate at a finer level the various sens~iv~ies
of the hydrogeologic settings. Color codes and
ranges are the same for both maps, allowing for direct
comparison between the two.

Pollution Potential Mapping as a Tool
DRASTIC was designed to be of use to those
concerned w~h planning and managing land and
ground-water resources, to serve as a tool for setting
priorities w~h regard to protection and mon~oring of
ground water, and to act as a learning tool. The
indices and maps can be integrated w~h other information to provide a screening mechanism for decision-making. Regulatory agencies can apply DHASTIC to such programs as Resource Conservation and
Recovery Act (RCRA), Superfund, Wellhead Protection, and state ground-water protection programs.
Local and regional planning groups can use DHASTIC in determining land use and zoning priorities.
State agencies can develop monitoring and remediation plans with pollution potential maps and complementary information. Systems which classify aquifers according to a set of physical parameters can
also be useful for educators who wish to teach a
logical method of analysis to students. DRASTIC
parameters describe a set of basic relationships
between the land surface, weather, soils, and the
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subsurface which create ground-water flow in aquifers. Students who develop an understanding of
aquifers as a collection of related parameters may be
better able to appreciate the complexities and difficulties in evaluation of natural systems.
An objective was to identify areas of the state
sensitive to man-made contamination. Table 5 is a
ranking oflhe major and minor aquifers according to
their ground-water pollution potential as determined
by DRASTIC. This table was created by comparing
average sensitivity numbers for the outcrop of each
aquifer. It is worth noting that many areas of the state
which are sensitive to ground-water pollution are
underlain by neither major nor minor aquifers. Although not classified as aquifers, these areas contain
limited but vulnerable supplies of ground water, in
most cases located close to the land surface.

Table 5.-Relative Pollution Potential Ranking
of Major and Minor Aquifers in Texas
Major Aquifer. (Ranked from higher to lower potential)

Rank

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Aquifer
Edwards (BaJcones Fault Zone-Austin Region)
Edwards (Balcones Fault Zon~an Antonio Region)
Alluvial deposits
Carrizo-Wilcox
Edwards-Trinity (Plateau)
Trinity Group
Gulf Coast
High Plains (Ogallala-North)
High Plains (Ogallala-South)
Bolson deposits

Minor Aquifer. (Ranked from higher to lower potential)

Rank

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Aquifer
Ellenburger-San Saba
Marble Falls Limestone
Hickory Sandstone
Nacatoch Sand
Blossom Sand
Queen City
Rustler
Blaine Gypsum
Bone Spring and Victorio Peak Limestones
Capitan Limestone
Sparta
Marathon Limestone
Woodbine
Santa Rosa
Igneous Rocks
Edwards-Trinity (High Plains)

DRASTIC has a number of limitations which
should be considered. DRASTIC does not consider
the impact of human activity on ground water, nor
does it take into account natural or man-induced
water quality problems. The methodolClgy does not
always accurately predict pollution potential for several reasons. Some physical parameters which are
neglected by the current methods and have a strong
influence on ground-water pollution include fractu ring
and fau Iting; the significant effects of precipitation
duration and intensity; soil reactivity; differences in
specific contaminant mobility; and anisotropy and
heterogeneity in soil, vadose zone, and aquifer hydraulic conductivity.
The maps presented in this report represent
pollution potential from surface sources: only. However, other sources of contamination are affected by
subsets of the DRASTIC factors. Surface pollutants
are most affected by factors such as topc)graphy, soil
media, recharge, and vadose zone media. Shallow
subsurface pollutants are not affected by topographic
relief and may not be affected by soil media. Recharge in combination with topograph)' determines
the runoff potential of a contaminant. Shallow and
deep subsurface pollutants are therelore less affected by these two factors. Deep subsurface pollutants are unaffected by topography, depth to water,
soil media, and vadose zone media. HydrauliC conductivity of the aquifer is important as ;a factor only
after the contaminant has reached thE' aquifer. A
modified DRASTIC system could be designed to
evaluate the pollution potential of these subsurface
contaminants, grouped by point of application.

A brief assessment of known and potential
sources of ground-water contamination related to the
above are described in sections which follow. Where
possible, actual or suspected incidents of pollution
are noted for each of the major categories and their
subcategories. Numerous illustrations are also presented to show the statewide distribution of suspected or documented contamination and to explain
hydrogeological relationships.

Land Disposal of Waste Materials
As is the case with most other states, Texas has
a wide variety of wastes which are generated by
private residents, municipalities, and industries. Most
of these are disposed of on or near the land surface.
These disposal sites can be a source of grou nd-water
contamination, primarily becau se of the generation of
leachate caused by water percolating through bodies
of refuse and waste materials and infiltration of liquid
waste through the unsaturated zone to ground water
(Figure 27 and 28).

Zone of Aeration

Figure 27.-Percolallon of Contaminants From a Disposal
Pit to a Water-Table Aquifer (U.S. Envlronmentsl
AgenCy, 19n; AHer Deutsch, M., 1963)

AN ASSESSMENT OF KNOWN
AND POTENTIAL SOURCES OF
MAN-INDUCED GROUND-WATER
CONTAMINATION WITHIN TEXAS

Leachate is a fluid which is highly mineralized
The many and varied practices of man produce
numerous waste materials and by-products. These
are often deposited or stored on the land surface or in
shallow subsurface zones. Percolation from these locations may eventually be carried downward modifying the natural quality of ground water.
Many sources of pollution degrade the aquifers
of the state. These have been categorized into
subchapters under the following major headings: 1)
Land Disposal of Waste Materials; 2) Water Wells; 3)
Sewage and Waste Water Disposal Systems and
Municipal Collection Lines; 4) Leaks and Spills; 5) Oil,
Gas, and Mining Activities; 6) Agricultural Practices;
7) Ground-WaterWithdrawals; and 8) Other Possible
Ground-Water Pollution Sources.
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by a variety of organic chemicals; numerous metals
such as iron, copper, and lead; as well as chloride,
nitrate, and sodium. Hazardous constituents are
often present in the leachate where manufacturing
wastes are included. Examples of these are: cyanide, cadmium, chromium, chlorinated hydrocarbons,
and polychlorinated biphyenyl (PCB). In some cases,
the leachate may contain low-level radioactive wastes.
In summary, the type of industry using a disposal site
determines the constituents found in its leachates
(Miller, 1980).
Subcategories which were considered during
this assessment are Industrial Facilities, Abandoned
Hazardous Waste Facilities, Sanitary Landfills, Industrial Waste Disposal Wells, and Graveyards.
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------------------------------------------------------------Figure 28.-Contamination of an Aquifer by Leaching of Surface Solids
(U.S. Environmental Protection Agency, 19n; After Deutsch, M., 1963)

Industrial Facilities

tural solid wastes are those resulting from animal and
crop production including animal manures, dead
animals, pesticide and crop residues (Texas Department of Water Resources, 1981). In addition to solid
wastes, these activities also generate liquid wastes.

Prior to enactment of the Texas Solid Waste
Disposal Act (the Act) in 1969, there were no effective
state regulations governing the disposal of industrial
wastes. In many cases, wastes were dumped indiscriminately, without ample record keeping or consideration for environmental safeguards including the
protection of ground water. With the passage of the
Act, the foundation for the systematic control of
industrial solid and liquid wastes was commenced.

Texans generate tons of waste each year.
These wastes include common household trash,
complex industrial wastes, municipal and industrial
sewage sludge, agricultural wastes, and those produced by hospitals and laboratories or infectious
wastes.

The term Industrial solid waste includes those
solid wastes resulting from or incidental to any process of industry, manufacturing, mining, or agricu Itural
operations. This definition includes waste materials
associated with mining, concentrating, and refining of
metallic ores and their ultimate fabrication; the refining of oil and natural gas; the manufacturing of
chemical, stone, glass, paper, wood, machinery, and
metal products; and wastes associated with the
demolition of old buildings, highways, and bridges.
Industrial solid wastes also include those incidental to
the food processing industries such as canning,
freezing, and dehydrating of fruits and vegetables;
slaughtering and processing of meat animals; and the
processing and packaging of dairy products. Agricul-

Not all of these wastes are hazardous. Certain
characteristics of wastes can make them harmful.
Hazardous wastes may be solids, liquids, sludges, or
gases.
Texas has adopted the same definition of hazardous as set forth by the U.S. Environmental Protection Agency (40 CFR, Part 261). Specifically, wastes
are designated as "hazardous" due to their exhibiting
one or more of the following characteristics:
1) Ignitability-These wastes have the potential to create fires or explode under certain conditions.
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icity characteristics, and are generally degradable.
Environmental problems related to Class II waste
usually become significant when the wastes are accumulated in large quantities. These may include
paper, wood, grease, plant trash, fabric waste, and
other similar materials.

2) Toxicity-Toxic wastes are hamlful or deadly
when absorbed by the skin or when swallowed.
3) Reactivity-These wastes normally react
violently when they come in contact with water or air.
4) Corrosivity-Corrosive wastes include those
which are acidic and those which eat away or corrode
metal (Texas Water Commission, 1988c).
In addition to those substances having the
above characteristics, approximately 400 other chemicals have been listed by the EPA as hazardous
wastes. These are referred to as the "listed" hazardous wastes. These substances are divided into the
three groups which follow and they am considered
hazardous regardless of the amount elf hazardous
material a waste contains:
1) Generic Wastes-Wastes in this group are
derived from common industrial and manufacturing
processes and they include solvents and other substances used in degreasing operation from any industry.
2) Commercial Chemical Products-Certain
chemicals products are on this list and they include
products such as selected pesticides and creosote.

Class III wastes are inert and essentially insoluble materials including, but not limited to materials
such as rock, brick, glass, dirt and certain plastics,
and rubber, etc., that are not readily decomposable
(Texas Department of Water Resources, 1981).
In Texas as of 1980, at least 15 million metric
tons of Class I and Class II industrial solid waste were
generated each year by more than 1,800 registered
industrial facilities. Of these, 1258 generated Class
I industrial waste. Table 6 shows the total volume (in
metric tons) of Class I and Class II waste generated
in Texas from 1977 to 1979. Quantities of Class III
wastes were not reported.
Table S.-Annual Volumes of Various
Classes of Industrial Wastes Generated
in Texas, in Metric Tons

Class I
Class II

3) Source Specific Wastes-Included in this
list are wastes from specific industries,such as wood
preserving and petroleum refining. Other examples
are wastes from treatment and industrial processes,
including their waste waters and sludges (Texas
Water Commission, 1988c).

19n

1978

1979

11,544,464
6,72B,453

13,60B,886
3,931,309

11,885,053
3,B63,763

Total volumes 01 Class I and II waste generated in Texas during
1979 by off-site and on-site designation:

Class I

Except for the above wastes, all others are
considered as nonhazardous wastes.

Off·site
On-site

1,322,051
10,563,002

Class II
2,812,422
1,051,341

Source: Texas Department of Water Resources, 1981

Using the above characteristics, the TWC classifies industrial waste materials according to their
degree of hazard and they are classified as Class I,
Class II, and Class III wastes. Class I waste is any
industrial solid waste or mixture of industrial solid
waste which because of its concentration, or physical
or chemical characteristics is toxic; corrosive; flammable; a strong irritant; a generator of sudden pressure by decomposition,heat or other means; and may
pose a substantial present or potential danger to
human health or the environment when improperly
processed, stored, transported, disposed of, orotherwise managed, and includes hazardous industrial
waste.
Class II wastes are those which present a
relatively low level of hazard with respect to acute tox-
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These data clearly indicate that Texas industry
generated significant quantities of solid and hazardous waste at that time. A more recent estimate,
provided by the U.S. Congressional Budget Office,
suggested that Texas is the largest generator of
hazardous waste in the United States with about 35
million metric tons being generated during 1983 (U.S.
Congressional Budget Office, 1984).
Table 7 lists probable contaminants of industrial
activities. Examples of bUSiness activities which
commonly produce hazardous wastes are: construction, equipment repair, electroplating, furniture refinishing, hospitals, jewelry manufacturing, laboratories, laundry and dry cleaning, lawn and garden
suppliers, motor and rail terminals, pesticide applica-

Table 7. -Probable Contaminants of Various Industrial Activities
Probable Contaminants

Activity
Metal Industries
Stripping and Finishing
Metal Plating and
High Tech Industries

Acids or caustics, degreasing solvents, lead,
chromium, zinc, cadmium, nickel, cyanide.
Cyanide, acids or caustics, heavy metals,
spent solvents.

Wood Industries
Treating (Wolmanized)
Treating (Pentachlorophenol
(PCP)-Creosote)
Pulp and Lumber

Arsenic, phenols, fluoride.
PCP, phenols, substituted phenols,
P-Nitroaniline (PNA's), chromium, cadmium,
sulfide, styrene, phenols.

Inorganic Chemical Production
Sulfuric Acid
Sodium Hydroxide
Hydrochloric Acid
Nitric Acid
Organic Chemical Production
Ethylene Dichloride
Benzene
Ethyl Benzene
Vinyl Chloride
Styrene
Toluene
Xylenes
Acetonitrile
Carbon Tetrachloride
Analine
Chlorobenzenes
Toluene Diamine
Dinitrotoluene
Other Organics
Plastics
Ag Chemicals

Oil Refining
Wastes

Acidity, heavy metals, vanadium.
Caustic.
Chlorinated organics (by-product reaction).
Acidity.

Chlorinated ethanes,ethenes, methanes.
Benzene, substituted benzenes.
Benzene, xylene.
Ethylene dichloride.
Ethylbenzene, benzene.
Toluene.
Petroleum by-products toluene.
Acetonitrile, acrylonitrile, cyanide.
Chlorinated ethanes, ethenes, benzenes.
Analine, nitrobenzene, diphenylamine, benzene.
Benzene and chlorinated benzenes.
Toluene diamine, toluidine.
2, 4-Dinitrotoluene.

Phthalates, volatile organics, catalysts.
Chlorinated pesticides, organophosphate
pesticides, other pesticides, such as
herbicides, fungicides,and others.
Chromium, lead, cadmium, vanadium, PNA's,
volatile organics.

From: Texas Water Commission, 1987, source unknown
tors, photographic, printing, service stations, vehicle
maintenance shops, vocational shops, wood preserving, and many more (Texas Water Commission,

land unsuitable for farming or other uses. In time,
they may percolate to and pollute ground water.

1986).

Numerous options have been or are presently
employed for the handling of hazardous and nonhazardous solid wastes. Brief discussions of some of the
techniques and their possible effects on ground water
follow.

Both hazardous and nonhazardous waste
leachates may seep from improperly designed storage or disposal facilities to the soil profile and render
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Regulated Hazardous and
Nonhazardous Solid Waste Facilities
The relative simplicity and low operating costs
have made surface-water impoundments the preferred technology for industrial waste water handling,
treatment, and disposal of liquid wastes in most
instances where they can be utilized. They are
designed to hold an accumulation of liquid wastes and
wastes containing free liquids (Texas Department of
Water Resources, 1981).

Surface Waste-Water Impoundments
Surface waste-water impoundments such as
lagoons, treatment basins, pits, or ponds are used for
storage.. treatment, or disposal of liquid or solid
hazardous or nonhazardous wastes. These impoundments may serve many basic purposes, including: 1) storage or impoundment of settled solids, 2)
settling and removal of suspended solids, 3) aeration,
4) equalization, 5) neutralization, 6) biological treatment, and 7) treatment through evaporation (Texas
Department of Water Resources, 1981).
As the preferred technology for industrial waste
water handling, treatment and disposal, these impoundments have been used extensively in the past
and continue to be used to contain accumulations of
liquid wastes and wastes containing free liquid.
Normally, industrial waste-water impoundments
of the past were not subject to any special regulations
unless it was shown that they might degrade surfaceand/or ground-water quality. These impoundments
at that time, were usually unlined, even though this is
not a desirable feature. Certain precautions are now
taken to reduce or eliminate leakage to ground water.
Among these are the use of impermeable barriers
(liners) composed of clay or synthetic material; orthe
replacement of the use of impoundments with alternatives such as clarifiers, filtration or centrifugation
equipment, and aerobic or anaerobic digestion (Miller,
1980).
Even with newer precautions taken to eliminate
possible ground-water pollution, past practices and
possible mismanagement of these impoundments
pose a serious threat to the environment. (Miller,
1980 and Texas Department of Water Resources,
1981). This is primarily due to the fact that they were
or are confined to a relatively small area, the enonnous
volume of fluids involved, and the possibility of their
leaking mobile hazardous and nonhazardous wastes
to ground water (Figure 27).
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Potential ground-water contaminants from leaking impoundments cover the broad range of organic
and inorganic chemicals normally contained in industrial waste waters. Those documented as having
polluted shallow aquifers elsewhere in the nation
include phenols, acids, heavy metals, and cyanide
(Miller, 1980).
Nationwide, major users of impoundments are
primarily the paper and allied products industry, the
petroleum and mining industry, and the chemical industry. Waste-water impoundments are also used
for storage and disposal of mu nicipal waste water and
sludge, oil and gas extraction wastes (now very
limited in Texas), concentrated animal feedlot and
farm animal wastes, cooling waters, and utility wastes.
Industries, nationwide, process about five trillion gallons per year (gaVyr) of waste water before
discharging it to the environment. About 1700 billion
gallyr are pumped to oxidation impoundments for
future treatment or during the treatment process.
Based on determined standard leakage coefficients
and the total volumes of waste discharged, it is
estimated that more than 100 billion gaVyr of industrial effluents enter the ground-water aquifers of the
United States (Miller, 1980). Similar data are not
available for Texas.
According to a 1983 EPA nationwide impoundment survey, there were 181,000 waste-water impoundments located at 80,000 sites. A breakdown of
this total by type and percentage was: oil and gas
brine pits (36), municipal (21), industrial (15), mining
(14), agricultural (11), and unspecified (3). The size
of these waste-management units varied from commonly less than 5 acres (industrial, municipal, oil and
gas, and agricultural) to 1000 acres (20 industrial).
The largest industrial lagoon covered 5500 acres.
Normally, mining impoundments ranged from 5 to
about 2000 acres. The depth of all types of impoundments ranged from 2 to 30 feet (U.S. Environmental
Protection Agency, 1983). The practice of disposal of
brines into evaporation pits within the state, was
halted by the Railroad Commission of Texas (RCT)
by a statewide no-pit order which became effective on
January 1, 1969. Under special circumstances,
some oil and gas related pits are still authorized. This
action has significantly reduced the percentage of oil
and gas brine pits present within Texas.
The previously cited assessment found that
only about seven percent of the impoundments were
located over geohydrological areas favorable for the
protection of ground water. Of all of the structures
evaluated, 30 percent were situated in areas under-

lain by highly transmissive aquifers containing potable water. Additionally, over 98 percent were
located within one mile of useable quality ground
water or drinking water sources.
Protection of underlying useable ground-water
sources can be afforded by the siting of surface
waste-water impoundments over impermeable clay
soil layers or by employing clay or plastic liners. Between 1978 and 1980, EPA found that nationwide,
liners were being used in these impoundments as follows: by industry (28 percent), municipalities (23),
mining (17), agriculture (16), and by oil and gas
industry (10). Liners usually employed were constructed of clay, rubber, and plastic (U.S. Environmental Protection Agency, 1983).
Surface waste-water impoundments are conside red a threat to ground water due to the possibility
of overflow, sudden release due to dike failures, and
when they are unlined, from slow seepage. Nationwide assembled EPA data on these waste-water
management units indicated that seepage was responsible for 80 percent of 277 documented cases of
ground-water pollution. Additionally, dike failure and
overflow were responsible for 10 percent. Liner
failures and other causes were responsible for E!ight
percent of contamination cases (U.S. EnvironmEmtal
Protection Agency, 1983).

By 1985, there were about 1000 active industrial waste management facilities operating in Texas.
About one-half involved the use of landfills and/or
surface waste-water impoundments. Ground-water
contamination has been documented at a number of
these sites. To date, these are very localized problems and they have not seriously impacted ground
water (U.S. Environmental Protection Agency, 1985a).
The state has made significant strides in the
reduction of ground-water pollution which results
from the use of these impoundments. Those which
are used for the disposal of hazardous wastes are
well regulated. Holding ponds and lagoons used in
connection with concentrated livestock feeding operations are also well controlled. The Railroad
Commission ofTexas' statewide no-pit order of 1969
has drastically reduced the number of impoundments
used in oil and gas related activities. Other instances
of control of these waste-water management units
will follow in later sections.
Reduction of potential ground-water pollution
by impoundments can be accomplished by siting
these structures in less sensitive areas (Plates 1 and
2) and constructing them with liners, leachate collection systems, and/or monitoring wells.

Landfills

As of January 1988, a total of 54 counties within
the state had documented cases of ground-water
contamination resulting from disposal of wastes at
regulated industrial waste facilities. Many of these
are due to the use of surface waste-water impoundments (Texas Water Commission, Hazardous and
Solid Waste Enforcement Section, 1988). Incidences
of confirmed cased of ground-water pollution due
specifically to impoundments, were documented in at
least six separate counties (Texas Water Commission, Field Offices, 1987). Additionally, numerous
documented cases of ground-water contamination
have resulted form the now discontinued practice of
disposal of oil and gas produced brines into evaporation pits. These are discussed in the subchapter
titled, "Oil and Gas Activities" which will follow.
In 1980, a total of 348 surface waste-water
impoundments were located at registered on-site industrial solid waste facilities within Texas. Of these,
252 were used for storage of Class I wastes, 71 were
receiving Class" wastes, and 25 were being used for
Class III wastes (Texas Department of Water Resources, 1981). The statewide distribution of these is
unknown.

The most common method for disposal of industrial wastes in Texas is the landfill. Facility owners
are finding it increasingly difficult and costly to site this
type of disposal management unit because of public
opposition. This opposition may be related to the disastrous results of improper management of hazardous waste which have occurred in other areas of the
country in the past, such as the Love Canal incident
in the northeast United States.
Landfills are land disposal sites in which liquid
or solid wastes are located. In the past, they have
been located with little or no regard for their possible
effects on ground- or surface-water resources. Historically, they have been the most common method of
disposing of wastes. Their wastes are classified as
hazardous and nonhazardous (U.S. Environmental
Protection Agency, 1987a).
Usually, municipal landfills receive solid waste
products from residences, small industries, and from
other commercial activities. These wastes are generally, but not always nonhazardous. Those municipal landfills which are designed to minimize adverse

- 100-

environmental impacts are known as sanitary landfills.
Landfills used for disposal of wastes from large
industry are industrial landfills. Wastes deposited in
these facilities are often hazardous (Office of Technology Assessment, 1984).
Potential contaminants of landfills are organics,
inorganics, microorganisms, and radionuclides (U.S.
Environmental Protection Agency, 1987a). A wide
variety of industrial wastes are disposed of on land.
Examples of probable contaminants resuHing from
various industrial wastes have been previously
introduced (Table 7).
The exact number of industrial solid waste land
disposal sites, nationwide, is unknown. However,
EPA has estimated that there are about 75,700 active
landfill sites used forthis purpose. Approximately 200
of these are hazardous waste facilitios. A large
portion of industrial solid wastes, including some of
which are hazardous, are also known to be disposed
of in some municipal landfills (Office of Technology
Assessment, 1984).
Nationwide estimates of the amounts of nonhazardous and hazardous industrial solid wastes disposed of in landfills are questionable. Estimates for
nonhazardous solid wastes range from 40 - 140
million wet tons per year. Of this total, it is estimated
that a minimum of 40 million wet tons may be hazardous. During 1981, at least 0.81 billion gallons of
hazardous wastes were disposed of in 199 landfill
facilities nationwide (Office of Technology Assessment, 1984).
It is further estimated that about 30 million tons
of solid waste, mostly fly and bottom ash derived from
the burning of fossil fuels at various utilities, was also
disposed of in these facilities.
In 1980, Texas had approximately 900 industrial solid waste management facilities, 875 were
registered on-site operations and 23 WElre permitted
commercial (off-site) facilities. Of these, 376 were
landfills located at registered on-site industrial solid
waste facilities. About 213 of these received Class I
(hazardous) wastes, 112 received Class II wastes,
and 51 handled Class III wastes (Texas Department
of Water Resources, 1981).
Figure 29, illustrates the statewide distribution
of waste-disposal sites regulated under the Federal
Resource Conservation and Recovery Act (RCRA) of
1976; the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) of 1980;
and Underground Injection Control (UIC) regulations.

As of September 1985, 168 hazardous-waste
sites, situated at 19 separate Department of Defense
(DOD) facilities located within Texas, had been identified as having potential ground-water contamination
and these were included in DOD's Installation Restoration Program (IRP). Of the 168 sites in the IRP
program, 52 sites contained known ground-waste
contaminants, but did not present a hazard to the
environment. Thirty-one sites, located at seven
facilities, were considered to present a hazard significant enough to warrant a response action in accordance with C ERCLA. Remedial action at three sites
had been completed under the program. Remaining
sites were scheduled for confirmation studies to
determine if remedial action was required (Strause,
1987).
Additionally, about 180 active Texas industrial
landfill hazardous waste sites (Figure 29) require
ground-water monitoring under RCRA. At many of
these sites, ground-water pollution has been found at
shallow depths, but contamination has been minimal.
Many ofthese waste-disposal sites are located on the
outcrop of the Beaumont Formation in the Houston
area, and this clay, which is relatively impermeable,
has probably helped to prevent contaminants from
invading deeper artesian aquifers which are used for
public supply purposes (Strause, 1987).
The location of industrial landfills appears to
coincide with the general population centers; consequently, these landfills are concentrated around population centers and industrial facilities (Figure 37).
In the past, it was thought that land disposal of
industrial solid wastes containing harmful hazardous
substances was reasonably safe. This was based on
assumptions that substances would remain where
they were buried and/or that they would degrade into
harmless products. It has since been found that
these assumptions were erroneous and that substances either degrade very slowly, do not degrade at
all, or they degrade into other substances which are
also hazardous. Additionally, it has been found that
leachates generated by these wastes do not remain
where they were originally stored and that they are
moved to other locations by stormwater runoff, wind,
and through seepage to underlying ground waters.
The greatest threat to both surface and ground
water is the generation and the movement of leachates
from these landfills. According to a nationwide survey, in 1983 only 1609 of almost 13,000 landfills
surveyed were equipped with adequate systems for
monitoring ground water, leachate collection, or gas
emission (Office of Technology Assessment, 1984).
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Ground-water contamination can be minimized
by employing the proper design, construction, and
operation and maintenance of a facility. Unfortunately, many ofthe older landfills were not sited using
geological or hydrological considerations, many were
unlined or minimally lined, others had no leachate collection system, ground water was unmonitored, they
were not properly maintained nor covered, and some
have been allowed to deteriorate. As a direct result,
many 01 these are now a threat to the Elnvironment.
From the previous brief treatment of this subject, it can be seen that considerable local groundwater pollution has or may have resulted from landfill
activities within the state. Problems with these facilities should continue for some time into the future.
It is no longer technically or economically practical to handle hazardous industrial solid wastes as
they have often been handled in the past and they
must be placed in specially designed landfills. These
landfills should be sited in the proper !~eologic and
hydrologic environment, they should be double lined
with a leachate collection system, they should contain
separate compartments for the separatiion of incompatible wastes, liquid wastes should not be accepted
or they should be converted to solids, collected
leachates should be treated or disposed of in deep
subsurface waste disposal wells, and ~Iround water
should be monitored regularly to check for leachate
escape. When a landfill is completed,it should be
properly covered and vegetation planted to hold
cover soil in place. Monitoring and leachate collection
and its disposal should be continued urrtil danger no
longer exists. Then, these sites should be closed
forever. No houses or other buildings should ever be
erected on these sites.
Both federal and state regulations exist for the
operation of these facilities; however, past management practices appear to have been inadequate for
the proper protection of ground water. The EPA is
now in the process of developing new regulations of
these facilities which emphasize ground-water protection.
Landfills are regulated by both the Texas Water
Commission and the Texas Department of Health.
As of September 1, 1985, Texas legislation consolidated the management responsibility of all hazardous waste (both industrial and nonindustrial) with the
TWC. The regulation of sanitary landfills is the
responsibility of the TDH.

Small Quantity Generators
Originally, hazardous waste laws affected only
those companies and businesses which produced
relatively large quantities of hazardous or acutely
toxic wastes. As a result of recent federal and state
laws, formerly non-regulated generators of even small
quantities of hazardous wastes are now regulated.
Laws applying to these businesses became effective
September 1, 1986. Activities of many of these
formerly unregulated businesses may have locally
affected ground water.
In general, any waste which if improperly stored,
processed, transported, or disposed of, and may
cause illness, death, or serious harm to the environment, is now subject to regulation.
The same definition of hazardous waste which
applies to large generators, still applies to these
affected businesses. Examples of businesses and or
activities which commonly produce hazardous waste
have been previously presented in the introductory
discussion of hazardous waste. Some of the hazardous wastes now regulated are: solvents, strong acids
or akalis, bleaches, degreasing agents, metallic wastes,
dyes, rust removers, etching materials, waste ink and
sludges, photographic wastes, paint removers, pesticides, poisons, oxidizing agents, batteries, and many
more (Texas Water Commission, 1986).
A business is considered as a small quantity
generator if in a calendar month, it generates a total
of less than 1000 kilograms (2200 pounds or approximately 265 gallons) of hazardous waste. There are
two categories of business which are used to establish precise waste management requirements placed
on small quantity generators. These are based on the
total monthly quantity of waste generated and are:
1) Those who in a calendar month, produce
an amount greater than 1 ~O, but less than 1000
kilograms. They are referred to as Small Quantity
Generators (SQGs); and
2) Those generators who in a calendar month,
produce a total of no more than 100 kilograms of
hazardous wastes. They are referred to as Conditionally Exempt Small Quantity Generators (CESQGs).
When a generator generates greater than 1000
kilograms of waste per calendar month, he must
comply with the regulations that apply to a large hazardous waste generator (Texas Water Commission,
1986).
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All small quantity generators (SQGs and
C ESQGs) who in a single calendar month generate or
who at any time accumulate on site, quantities of
acute hazardous waste greater than set forth belc)w in
1) and 2) are required to handle those acute hazardous wastes as "fully regulated wastes." These are:
1) A total of one kilogram of acute hazardous
wastes as listed by EPAregulations; or
2) A total of 100 kilograms of any residue or
contaminated soil, waste, or other debris resulting
from the cleanup of a spill into or on any land or water,
of any acute hazardous waste listed by EPA.
The term ''fully regulated" simply means that
any relaxation of waste management that might
otherwise be afforded to CESQGs or SQGs does not
extend to these amounts of acute hazardous wastes.
Activities which may impact ground water and
are believed to possibly require greater monitoring in
the future are: structural pesticide application, dry
cleaning, automobile service stations, and autc)mobile junk yards.
The small quantity hazardous waste generator
program in Texas is the responsibility of the TWC.
Authority to regulate hazardous waste in Texas is set
forth in the Texas Solid Waste Disposal Act, Texas
Civil Statutes, Article4477-7. Amendments totheAct
passed by the 69th Texas Legislature, became effective September 1, 1985, consolidated the management responsibility of all hazardous waste with the
TWC. Rules of the TWC related to SQGs may be
found in Title 3 t T AC Chapter 335. Nonhazardous
waste disposal of the small quantity generator is the
responsibility of the TDH.

Abandoned Hazardous Waste Facilities
One of the largest threats to ground water is
abandoned hazardous waste management facilities.
Some of these require immediate clean-up actions.
Nationwide, as of August, 1987, there was a total of
808 abandoned waste sites located in 48 states and
five territories which were listed on EPA's National
Priority List (N Pl.) (Texas Water Commission, 1988a).
These were targeted for federally funded mitigation
under the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA), commonly referred to as "Superfund". A total of 47 of
these were federal facilities. Approximately 75 percent of these sites had documented ground-water

pollution problems. An additional 149 sites were in
the "proposed" category awaiting a deciSion on listing. There were 22 Texas sites on the NPL. Six of
these CERCLA or Superfund sites have been documented to have shallow ground-water pollution. None
are believed to have caused widespread contamination of deeper aquifer drinking-water supplies (Strause,
1987). Figure 29 depicts the statewide locations of
these abandoned hazardous waste sites (CERCLA)
as of 1987.
Numerous potentially toxic pollutants are known
to be present at the nationwide sites. At last count,
over 400 of these had been identified. The most
commonly found contaminants include arsenic, benzene, cadmium, chloroform, chromium, lead, polychlorinated biphenyhls (PCBs), phenol, tetrachloroethylene (TCE), and toluene. In addition to the
above listed pollutants, one or more of the most
harmful pesticides were also found. At least twothirds of the 400 identified toxic substances found at
the abandoned sites were known to have contaminated ground water (U.S. Environmental Protection
Agency, 1984e; and Culver, 1985).
In 1986, the Superfund Amendments and
Reauthorization Act (SARA) amended CERCLA giving the Superfund program new responsibilities and
authorities, and increased the size of the trust fu nd to
$8.5 billion.
In addition to federal laws, Texas has authority
to regulate and clean up hazardous waste under the
Texas Water Code and the Texas Solid Waste Disposal Act (TSWDA). The TSWDA was originally
passed in 1969 when the 61st Texas Legislature
initiated the regulation of industrial solid waste management. Since then, Texas lawmakers have continued to amend the TSWDA to safeguard the hea~h,
welfare, and physical property of the public, and to
protect the environment. In 1985, the TSWDA was
amended to establish a state Superfund program to
address those sites not eligible for funding under the
federal Superfund program (Texas Water Commission, 1988a).
The federal and state programs work together
to identify and respond directly to hazardous waste
sites in Texas that may constitute an imminent and
substantial endangerment to public hea~h or the
environment. It takes time to clean up complex environmental problems that may have developed over
many years, and Superfund is helping to solve the
hazardous waste problems found in some neighborhoods and communities in Texas.
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In Texas, the Superfund program is addressing:
1) Contaminated ground water which supplies area drinking water;
2) Properties where chemicals were carelessly
disposed of in pits oron the surface ofthe ground; and
3) Sites where industrial waste were abondoned in place.
The oversight for cleanup work at the Superfund
sites on the NPL in Texas may be done by the EPA
or by the TWC.
Frequently, new information from a citizen's
complaint or a TWC probe will alert agency officials to
a potential problem at a site. Once a potential site is
identified, the first step federal and state officials take
is to research existing information about the site.
Investigators check through records, old photos,and
news articles about the site. They try to determine
what was buried or dumped there, when, and by
whom. In addition, they review old inspection and
legal records for the site or property (Texas Water
Commission, 1988a).
Next, the TWC or EPA staff may make an initial
inspection of the problem area. Staff members note
obvious signs of trouble such as spills, stockpiled
wastes, old barrels, and dead or discolored vegetation.
This initial evaluation of the site may also include an analysis of land slope, water movement, and
the distance to homes, businesses, or water wells.
Samples of waste, water, soil, and air may be taken
during this inspection. Following the initial inspection,
each site receives a numerical rating that indicates
how hazardous the site may be (Texas Water Commission, 1988a).
The Hazardous Ranking System developed by
the EPA is used to determine the numerical rating.
The score a site receives depends on a number of
factors, such as:

Sites that receive relatively high scores are
nominated for inclusion on the Superfund NPL. The
NPL lists potentially hazardous sites from across the
nation which may be eligible for long-term remedial
actions under the Superfund program.
If a site does not score high enough to be added
to the NPL, it may be added to the Texas Registry of
hazardous waste sites. The Registry is similar to the
NPL, in that it identifies the waste sites which may
constitute a threat to the public's health and the
environment. If a site is added to the Texas Registry,
it may be eligible for remedial actions under the state
Superfund program. Presently, there are 28 state
sites on the Registry. The TSWDA requires that the
property owner or the party legally responsible forthe
problem at a Registry site assume the financial
bu rden of the cleanup. If this is not forthcoming, state
funds may be available for remediation (Texas Water
Commission, 1988a).
If a site is placed on the NPL, the federal Superfund program allows the TWC to conduct a more
comprehensive site evaluation called a remedial
investigation and feasibility study (RifFS). Remedial
investigations are conducted to collect and analyze
the information needed to determine the extent and
nature of the contamination. The feasibility study
follows to identify and evaluate possible technical
solutions for the site. When the feasibility study is
completed, public input is solicited through public
meetings and a comment period.

Once public comments have been received, the
TWC and the EPA select a cleanup option that is:
1)

Protective of public health,

2)

Environmentally sound,

3)

Cost-effective,

4)

Technically feasible, and

5) Generally acceptable to the majority of the
residents.

2) The distance to the nearest hu man popu lation; and

Then the final engineering plan, or remedial
design (RD) of the remedy is drafted. The remedial
action (RA), or construction activities at the site are
conducted under the supervision of the TWC (Texas
Water Commission, 1988a).

3)
ment.

In addition to federal requirements, remedies in
Texas must also meet the requirements of the TSWDA.

1) Whether contamination could be or is being
released to the ground water, surface water, or air;

The potential effect on the area environ-
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The TWC and the EPA encourage private parties who are responsible for hazardou s sites to voluntarily clean up any problems they may have created.
If the private party cleans up a site, the EPA or the
TWC will oversee the cleanup activities to ensum that
all threats to human health and the environment are
addressed, and that the cleanup procedures comply
with all relevant federal and state environmental
regulations. In the cases where those responsible
are unknown, or financially unable to cooperate, the
TWC and/or the EPA provides for the cleanup work
(Texas Water Commission, 1988a).
If the responsible parties are unwilling to cooperate, EPA can issue an administrative order or may
take them to court to force them to clean up the site.
If the responsible parties ignore an EPA cleanup
order, then they may be liable for punitive damages
up to triple the costs of the TWC or EPA cleanup
actions.
Under the National Oil and Hazardous Substances Pollution Contingency Plan (NCP), primary
responsibility for cleanup actions taken at Superfund
sites resides with EPA. However, for some site cleanups EPA may delegate lead responsibility to the TWC
by entering into a cooperative agreement with the
state agency (Texas Water Commission, 1988a).
At state-lead sites, the TWC is responsible for
planning and implementing the cleanup action 10 be
undertaken at the site. Private contractors are hired
to perform remedial work at state-lead sites. These
contractors are financed by the Superfund prollram
and are supervised by the TWC.
At federal··lead sites, the EPA has the responsibility for planning and implementing the response
actions at a site. The U.S. Army Corps of Engineers
manage the design of the remedy and construction
activities at the site for the EPA. The Army Co~ps of
Engineers may also provide technical assistance to
EPA during the remedial investigation and feasibility
study. The TWC maintains a role by reviewing and
commenting on all plans and reports (Texas Water
Commission, 1988a).
Although the exact combination of state and
federal resources used at each site varies, in general
when EPA and the TWC perform cleanup actions,
Texas contributes 10 percent of the cost of remedial
response actions undertaken at sites financed from
the Superfund. If a site was owned and operated by
the state or by a political subdivision within Texas, the
state is then responsible for 50 percent of the cleanup
cost. Following the first year after closure, Texas
finances 100 percent of the post-closure operation

and maintenance costs at all Superfund remedial
action sites in Texas for a period of 30 years.
The Superfund finances 100 percent of the immediate removal actions conducted in Texas. Additionally, any post-closure operation and maintenance
costs are also financed by the Superfund.
At sites where EPA and the responsible party
have negotiated an agreement for the responsible
party to undertake the cleanup action, the responsible party finances 100 percent olthe cleanup action.
At the expense and discretion of those responsible,
the operation and maintenance of a site cleaned up by
the responsible party may be delegated to the TWC
(Texas Water Commission, 1988a).

Sanitary Landfills
The use of sanitary landfills is the preferred
method of disposal of municipal solid wastes, provided that precautions are exercised in locating these
facilities to insure the proper protection of surface and
ground waters.
A sanitary landfill is a land disposal site which
employs an engineered method of disposing of solid
wastes on land. The designed method minimizes
environmental hazards by spreading the wastes in
thin layers and reducing them to the smallest practical
volume. Cover material is then applied and compacted at the end of each operating day. True
sanitary landfills are rare (Miller, 1980).
Landfills in the past were almost always located
on land that was considered to have little or no value
for other uses. Thus, abandoned sand and gravel
pits, old strip mines, marshlands, or limestone sinkholes were often used. In most of these, the water
table is at or very near the surface and, therefore, they
are extremely susceptible to ground-water contamination. Even though many were originally engineered, control measures for minimizing pollution of
ground water were not instituted (Miller, 1980) (Figure 28).
Wastes normally placed in a sanitary landfill are
municipal solid waste products which are generally,
but not always, nonhazardous. Thus, these landfills
are referred to as municipal solid waste landfills.
MuniCipal solid waste landfill (MSWLF) sites
generate leachate which is normally composed of
highly mineralized liquids containing chemical constituents such as chloride, copper, iron, lead, nitrogen, sodium, and various organics as well as micro-
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organisms. Previous illegally dumped industrial
hazardous wastes may also have added the constituents of cadmium, chlorinated hydrocarbons, chromium, cyanide, and polychlorinated biphenyls (PCBs)
(Novotn)' and Chesters, 1981). Table 8 lists typical
constituemts present in municipal solid waste which
are genmated under normal U.S. conditions.
The EPA estimated that during 1984, a nationwidetotaJ of9284 MSWLFs handled about 133 million
tons of waste (U.S. Environmental Protection Agency,
1987a). It was further projected that by theyear 1990,
that from 295 to 341 million metric tons ~Jf refuse will
be produced annually in the United States (U.S.
Environmental Protection Agency, 1988b). Leachate

generated by this huge volume of material increases
the potential for adversely affecting human health
and the environment and it also can be a significant
source of both surlace- and ground-water pollution if
it is not properly managed.
During 1977, landfills nationwide, combined
with individual domestic septic systems were releasing an estimated 1700 billion gallons of contaminated
liquid into the ground each year (U.S. Environmental
Protection Agency, 1988b).
A 1976 nationwide survey, conducted by the
EPA, found that 80 percent of all wastes were landlilled
illegally with the rest being placed in authorized

Table a.-Leachate Characteristics From Municipal Solid Waste w
Components

Median Value
(mg/liter) hi

Ranges of All Values
(mglliter) hi

Alkalinity (CaC0 3 )
Biochemical oxygen demand (5 days)
Calcium (Ca)

3050
5700
438

0-20,850
81-33,360
60-7200

Chemical oxygen demand (COD)
Copper (Cu)
Chloride (CI)

8100
0.5
700

40-89,520
0-9.9
4.7-2500

Hardness (CaC0 3 )
Iron, total (Fe)
Lead (Pb)

2750
94
0.75

0-22,800
0-2820
<0.1-2.0

Magnesium (Mg)
Manganese (Mn)
Nitrogen (NH4)

230
0.22
218

17-15,600
0.06-125
0-1106

Potassium (K)
Sodium (Na)
Sulfate (S04)

371
767
47

28-3770
0-7700
1-1558

8955
220
10.1

584-44,900
10-26,500
0-130

Total dissolved solids (TDS)
Total suspended solids (TSS)
Total phosphate (P04)
Zinc (Zn)
pH

3.5
5.8

a/Based on 20 samples
b/where applicable

Source: Novotny and Chesters, 1981
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0-370
3.7-8.5

disposal sites (U.S. Environmental Protection Agency,
1988b).
In July 1988, the U.S. Environmental Protection
Agency concluded and published its findings related
to nationwide studies on ground- and surface-water
contamination resulting from MSWLFs. A brief
summation of their ground-water related findings at
146 sites, selected from around the nation, follows.
At the 146 selected sites, ground-water pollution was the most commonly reported problem associated with the landfills. Contamination varied from
simply elevated levels of various chemical constituents in grou nd waters below these sites to pollution of
major aquifers and/or productive municipal well fields.
Thirty-five landfill facilities were documented to have
affected private and community water supply systems. Contamination resulted in the development of
alternative water supplies in 17 of these cases.
Numerous instances of surface-water contamination
were also documented (U.S. Environmental Protection Agency, 1988b).
It was also found that various levels of corrective action had been initiated in response to the resulting ground-water contamination. Most common actions taken ranged from improvements in the design
or operating requirements to actual site closur,e. In
most cases, some actions were taken to prevent
further pollution. Seldom were any measures taken
to remove contaminant chemicals from ground water.
Evaluation of the effectiveness of correction action
was impossible due to the lack of information (U.S.
Environmental Protection Agency, 1988b).
Problems which contributed to ground- and surface-water contamination appeared to have a common set of characteristics and these were:
1) The lack of or inadequate means of controlling leachate generation and its migration (e.g. final
cover, run-ontrun-off control systems, liners, or leachate
collection systems); and

pollution has been detected at 586 active MSWLFs
and that only about 25 percent of these facilities are
now monitoring ground water (U.S. Environmental
Protection Agency, 1988b).
Older sanitary landfills were often located without consideration for the potential for ground-water
pollution, were usually unlined, and often left uncovered. Many of these have contaminated ground
water on a local basis. New York State has estimated
that 82 percent of its waste facilities leak or are
suspected of leaking. Only about 28 percent of their
sanitary landfills have liners (Ground Water Monitor,
1986).
Texas also has documented cases of MSWLFs
having contaminated ground water. In their 1988
investigation of MSWLFs, the EPA confirmed groundwater contamination at landfills which follow. The
counties in which these are located are shown in
parenthesis when they are known. Those documented to be leaking are: Victoria (Victoria), Gainesville
(Cooke), San Antonio-Pearsall Road (Bexar), DallasFort Worth (Tarrant), Sunset Farms (unknown), and
Atascocita (Atascosa). Other confirmed cases of
pollution are known to be present in Harris County
(U.S. Environmental Protection Agency, 1987a). An
additional case of a landfill leak was located by personnel of the TWC during monitoring activities at a
hazardous wastes site in Nueces County (Cole, Texas
Water Commission, personal communication, 1988).
Figure 30 gives the approximate statewide distribution of known municipal landfill sites in Texas
(Strause, 1987). A total of 950 active and several
hundred closed and abandoned municipal solid waste
sites were known to exist in Texas in 1984. In 1985,
the TDH evaluated 163 landfills against the RCRA
open dump inventory criteria and four of these were
classified as open dumps. Of the 71 landfills which
had ground-water monitoring facilities, three had
contaminants in excess of background concentration
(U.S. Environmental Protection Agency, 1985).

2) Poor choice of location (e .g. located in wetlands, on permeable soils, or in areas of shallow
ground-water levels) which further aggravated the
lack of environmental controls by permitting migration
of the pollutants to both surface and ground waler.

Landfills are believed to be a significantthreat to
ground water in the very near future. Ground-water
contamination resulting from landfills is probably
much more widespread than preliminary data indicates. The only reason it has not been found is that
most of these facilities are unmonitored.

Current nationwide data, released by the EPA,
indicate that only 25 to 30 percent of MSWLFs are
equipped with ground-water monitoring systems.
Additionally, information submitted to the U.S. EPA
by the states during 1984, confirms that ground-water

Landfills are regulated by the TDH under the
oversight of the U.S. Environmental Protection
Agency. New federal regulations are now being
developed to correct problems related to these facilities.
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Existing Regulations for Industrial, IHazardous
and Nonhazardous Solid Waste Facilities,
and Sanitary Landfills
Federal and state laws impose specific regulatory obligations on generators of industrial hazardous
and nonhazardous wastes as well as municipal solid
wastes. A very brief discussion of these follow.
The Resource Conservation and Recovery Act
(RCRAl (40 CFR, various parts) provides the TDH
with authority to regulate nonhazardous waste facilities such as municipal landfills and open dumps .

..

Additionally, the Texas Solid Waste Disposal Act
(Article 4477-7, V.T.C.S.) designates the TDH as the
solid waste agency with respect to the management
of municipal solid waste. Disposal of nonhazardous
industrial solid waste (except radioactive material) is
regulated by the TWC. Where both municipal and
industrial wastes are involved, except for Class I
industrial waste, the TDH is delegated jurisdiction.
The TDH also regulates the use, handling, and transportation of radioactive materials, including the storage, processing, and disposal of low-level radioactive
wastes including mining mill wastes.

..
.

LANDFILL SITE
• Municipal - Active 01' inactive

Figure 30.-Locations of Municipal Landfill Sites as of 1986
(Strause, 1987; From Texas Department of Health Files)
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The authority to regulate hazardous waste in
Texas is also set forth in the Texas Solid Waste
Disposal Act (V.T.C.S., Article 4477-7). Amendments tothe law, passed September 1,1985, consolidated the management responsibility of all ha:zardous wastes (both industrial and nonindustrial) wil.h the
TWC.
The Comprehensive Environmental Resp<lnse,
Compensation and Liability Act (Superfund, 40 GFR,
Parts 300-302) under the National Contingency Plan,
authorizes the EPA and the TWC (Chapter 26, Texas
Water Code) to respond to releases of hazardous
materials which include remedial activities at sitl~s on
the National Priorities List (NPL) and emergency
response activities at listed or unlisted sites.
The TWC regu latE!S all activities related to water
use and water-quality permits. Chapter 26 of the
Texas Water Code contains provisions under which
the TWC regulates most waste-water discharges and
surface impoundments of nonhazardous and ha;~ard
ous wastes.
Past improper disposal methods have created
concern that hazardous wastes will come back to
haunt those who have not properly closed their disposal facilities. Stiffer existing TWC requirements for
closure, post-closure, financial requirements, and
perpetual care have minimized such threats t() the
environment in the future and insure that these sites
will be properly maintained without placing an undue
burden on the tax payers of the state.
In cooperation with the states in 1988, the EPA
completed a background document which addressed
case studies on ground-water and surface-water
contamination resulting from municipal solid waste
landfills. This survey will enable the EPA and the
states to evaluate their existing facilities. As a result
of the study, EPA has proposed new rules governing
municipal waste landfills. Under the proposed nJles,
virtually every municipal waste dump in the nation
would be required to monitor for ground-water contamination.

Industrial Waste Disposal Wells
Texas ranks first among the states in the use of
injection wells for industrial waste disposal. This
results from three factors: (a) the industrial deVE!lopment of the state, especially in the chemical and
petrochemical sector; (b) expertise in well technology
from experience gained in oil and gas exploration,
production, and development; and (c) the availability

of suitable disposal reservoirs in many areas of
Texas. Currently about five (5) billion gallons of
industrial waste water are injected into subsurface
reservoirs each year; this is approximately 60 percent
of the waste disposed of each year in Texas by
weight.
The advantages of underground disposal of
waste water are: (a) the fate of the waste is, in
general, known and understood; (b) the waste is
contained and can be isolated from man's food,
water, air, and activity; and, (c) the waste can be
recovered ifthe need arises. To date, there has never
been a case of usable-quality ground water being
contaminated by an industrial waste disposal well in
Texas. Usable quality ground water means water
with less then 3000 mg/L total dissolved solids.
Potential contaminants derived from leaking
wells ofthis type would vary depending on the industry generating the wastes. Fluids injected into these
wells range from practically pure rain water, through
sewage effluent, to highly toxic chemical wastes and
radioactive substances (Miller, 1980). Normally, the
contaminants would contain metals, nonmetals, organics, organic and inorganic acids, microorganisms,
or radionuclides (U.S. Environmental Protection
Agency, 1987a). Depending on the injectants, they
may degrade ground water. A partial list of normally
injected wastes is shown in Table 9 which follows.
The typical waste stream in an industrial waste disposal well is: (a) relatively low volume; (b) not readily
amenable to alternate disposal methods such as
incineration or treatment and surface discharge; (c)
within a neutral pH range; (d) very high in total
dissolved solids concentration; (e) containing other
process-related pollutants; and, (f) essentially without suspended solids. Waste water is usually filtered
prior to injection. It is estimated that over 60 billion
gallons of industrial wastes had been disposed of by
disposal wells in the state prior to that time (Knape,
1984).
The rock units used as disposal zones in Texas
range in geologic age from Ordovician to Tertiary.
More wells use strata olthe Miocene Series (Tertiary
System) for waste injection than any other age rock
because most chemical industries that generate waste
water are located in areas of thick Miocene sediments. Therefore, most disposal wells inject into
saline water-bearing zones of the Gulf Coast aquifer.
These wells inject into horizons which contain waters
of greater than 10,000 ppm total dissolved solids and
these zones are located well below the potable waterbearing units. The majority of industrial waste disposal operations inject into sand strata; however,
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Table g.-Possible Injected Wastes of Industrial Waste Disposal Wells
acetaladehyde
acetate ammonia
acroline
activated sludge
alcohols
aldehydes
aluminum hydroxide
ammonia liquor
ammonium chloride
ammonium sulphate
acids
acetic
adipic
chromic
formic
hydrochloric
sulfuric
benzene
bicarbonates
boiler water
BOD waste
butadiene waste
butanol
brines
bromides
calcium chloride
calcium carbonate particles
calcium sulphate
chloromycetin

chlorinated hydrocarbons
chlorinated organics
chl'omates
chromium
clay particles
COD waste
coke quench water
colloidal compounds
contaminated storm drainage
cooling tower water
CrElsols
cyanides
caustic
detergents
diatomaceous earth
drilling muds
ethynol
ferric chloride
ferrous chloride
ferrous sulphate
hexamethylediamine chlorates
heavy metal salts
hydrocarbons
ketones
lime sludge
laundromat waste
magnesium sulphate
mineral acids

methyl cellulose
mercaptans
magnesium chloride
methyldichlorophosphine
nitriles
naphthalene
natural plasticizer wastes
nitroles
oils
oil refinery waste
organic phosphorus
organic solvents
organic nitrogen
photo processing waste
phosphorus trichloride
pharmaceutical process waste
phenol
polyethylene waste
pulping liquor
paint removers
propylene oxide
silica
stream drain
steriods
sodium hydroxide
sodium sulphate
sodium chloride
uranium mill and radioactive
laboratory wastes

Source: Miller, 1980

limestone and dolomite are also used. No waste
disposal well pmmit has been issued for injection into
fractured shale, igneous rock, or metamorphic rock
(Knape, 1984).
A nationwide inventory of industrial waste disposal wells was completed by the U.S. Environmental
Protection Agency in 1986. At that time, there were
555 known Class I injection wells in existence, of
which 255 were classed as hazardous (U .S. Environmental Protection Agency, 1987a). In 1987 within
Texas, a total of 118 wells were known to exist
(Strause, 1987). The approximate breakdown of the
types of these wells is as follows: 79 hazardous, 20
nonhazardous, and 19 uranium related (I{ohler, Texas
Water Commission, personalcommuniGation, 1988).
Pursuant to the Texas Injection Well Act, the
TWC has full authority to regulate industrial waste

disposal wells. Additionally, this category includes
injection wells used for the disposal of production
waste waters and aquifer restoration waters generated by the uranium solution-mining industry (Knape,
1984). The statewide distribution of Class I injection
wells are shown on Figure 29.

Graveyards
In the past, very little thought has been given to
graveyards as a possible source of ground-water
contamination. Therefore, the appraisal of statewide
burial grounds or cemeteries included in this report is
very preliminary.
In cases where wooden coffins or nonleakproof
caskets are used, it is possible for fluids produced by
decomposing bodies to leak to underlying ground-
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waters. Areas of high rainfall and aquifers having
shallow water tables am most susceptible to this type
of contamination (Bouwer, 1978).

Table 10.-Average Chemical Parameters
of Ground Water Below Grave Sites
Parameters

Potential pollutants from graves are embalming
fluids; metals; nonmetals (primarily chlorides, sulfates, and bicarbonates); and microorganisms (U.S.
Environmental Protection Agency, 1987a and BOllwer,
1978). In Berlin, Germany, during the late 1800's, H
was found that people living near cemeteries had a
higher incidence of typhoid fever. In Paris, France,
water from wells close to cemeteries was n()ted,
during hot summer months, to have a "sweetish taste
and infected odor" (Bol/wer, 1978).
Based on information assembled by van Haaren
(1951) and Schraps (1972), Souwer (1978) presented data related to possible ground-water pollution resulting from graveyards as follows.
It is estimated that about 6.7 pounds (Ibs) of
protein, 3.4lbs of fat, and 0.3 Ib of carbohydratEl are
contained in the average sized human corpse. Based
on a leaching rate of about 16 inches per year in
Holland, van Haaren (1951) estimated that bio-olcidation of this amount of body material would require
about 10 years at about eight feet of burial depth in
sandy soil. Assuming the above leaching rate, the
total volume passing through a typical gravl~site
wou Id be about 106 gallons per year. Additionally,
Bouwer (1978) presenlEld Tables 10 and 11 which list
the average chemical parameters of shallow ground
water found below gra'lesas well as the expected
ground-water quality in relation to distance "from
graves, respectively.

Amounts

Color (platinum-scale units)
Electrical conductivity
COD (using KMnO.)
Chloride
Sulfate
Bicarbonate

75
2.3 mmhos
95
500

300
450

mg/L
mg/L
mg/L
mglL

Source: Bouwer. 1978

caution in locating graveyards or drinking water wells
in the vicinHy of them should be exercised. Additionally, very coarse or sandy soils should also be avoided.
Water well drillers, as well as prospective well owners, should be advised of the potential for groundwater pollution. A geologist or hydrologist is recommended regarding the locating of a cemetery and/or
the placement of a drinking water well in the vicinity of
one.
Insofar as known, there are no state regulations
regarding water well distance spacing from graveyards. Minimum distance between drinking water
wells and cemeteries are required by law in England,
France, and Holland. Required distances are 300,
328, and 164 feet, respectively. Extreme care should
be exercised in locating any drinking water well down
gradient from a cemetery.

From the tables, it is apparent that in addition
to other factors, a safe distance for the locatiCin of
drinking water wells is important. They further suggests that pollution resulting from cemeteries, in
some cases, may be very localized.

In Europe, several incidents of ground-water
pollution from cemeteries has been found_ Schraps
(1972) found contamination in the immediate vicinity
of graves (Table 11); however, pollution diminished
greatly in less than 20 feet from the graves. Depending upon soil and aquifer conditions, as well as the
amount of rainfall, ground-water contamination cou Id
move a much greater distance than indicated in the
table.

In areas underlain by cavernous or fractured
reservoirs such as the Edwards (Balcones Fault
Zone) aquifer or a sandstone water-bearing unit,

Within Texas, data are not available to document any ground-water pollution resulting from cemeteries. MonHoring of ground waler down gradient

Table 11.-Ground-Water Quality In Relation to Distance From a Row of Graves
Distance from graves(ft)
Bacteria count (per ml):
NH4 (mg/L):
N03 (rnglL):
COD (mg/L, using KMn04):

1.6
6000
6
4.8
26.7

4.9
8000
0.75
0.1
16.4

Source: Modified From Schraps, 1972
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8.2
8000

11.5
3600

14.8
1200

18.0
180

15.4

15.4

11.4

11.4

should be conducted at selected locations around the
state to check the impact of graveyards on ground
water. Figure 31 shows the approximatE~ distribution
of known cemeteries within Texas. The location of
these was determined using county maps prepared
by the Texas Department of Highways and Public
Transportation. Using the above data, it is estimated
that about 7000 cemeteries were in existence as of
1986. However, the actual number of these
cemeteries could be much higher.

water within Texas. Of greatest concern are improperly abandoned high-capacity municipal, industrial,
and irrigation wells. Additionally, abandoned rigsupply wells, domestic or livestock wells, and unplugged testholes drilled in connection with fresh
water well-field exploration and construction foundation testing also need to be addressed. These wells
are part of a larger group which are discussed in a
subchapter of this report titled, "Class V Injection
Wells."

In summary, contamination resultino from graveyards appears to be very localized. Several factors
determine the potential for pollution Qf underlying
ground waters. These are the soil types present,
depth to ground water, types of caskets used, and the
amount of annual rainfall (U.S. Environmental Protection Agency . 1987a).

Many wells are old and improperly constructed.
In many cases, there is inadequate or a total absence
of casing within the holes, the surface casing has not
been cemented, and most have been left uncapped.
The wells are of various depths and in many,
hydraulic communication is present between more
than one water-bearing unit, allowing interaquifer
exchange and water degradation (Figure 44). These
conditions also allow an undetermined amount of
contaminants to enter ground water during storm
related events via vertical leakage from the surface
(Figure 32). Additionally, they are also a safety
hazard to humans and livestock.

Cemeteries are regulated by the Tt~xas Funeral
Service Commission, the State Purchasing and General
Services Commission (the State Cemetery), Texas
Banking Depal1ment (perpetual care of), and the
State Property Tax Board (taxing thereof).
Current regulations included in Title 26 of the
Texas Administrative Code, relating to cemeteries
deal with the acquisition of property, cemetery locations, depth of body burial, cemetery operation, perpetual care thereof, their taxation, and graveyard
abandonment. Statutes set forth required distances
of cemeteries from incorporated cities. Distances
range trom one to five miles for cities of 200,000
inhabitants or less depending on their population.
Bu rial requirements state that "no dead body shall be
buried in such a manner that the top of the outside
container within which said dead human body is
placed in less than two feet below the surface of the
ground, exceptthat, if such container is rnadeof steel,
bronze, concrete, or the impermeable material, the
top of such container shall be not less than one and
one-half feet below the surface." There are no
provisions included in these statutes which deal with
the protection of ground water.
Neither the TDH nor the Texas Water Well
Drillers Board (TWWDB) have any regulations related to distance requirements for the placement of
drinking water wells near graveyards.

Water Wells
This topic includes abandoned wells, well construction, and testholes. Water wells are considered
one of the greatest sources of pollution of ground

In order to reduce the potential for future
ground-water contamination, greater care should be
exercised in locating the wells where surface waters containing potential contaminants could not
enter the well bore easily (Figure33). Propercompletion techniques should be practiced to cement the
surface casing and/or cement off intervals of poor
water quality to prevent interaquifer transfer between water-bearing intervals of varying quality.
Possibly stronger enforcement of existing water-well
drilling standards should be required.
Since wells exist in every county of the state,
they impact all the aquifers of the state in all river
basins. There are 105 counties in which limited data
indicate that a problem could possibly exist related to
unplugged rig supply wells which have been inventoried to date. Figure 34 shows the approximate
distribution of possible abandoned rig supply wells.
This inventorying is a statewide ongoing program.
An exact count of all types of abandoned water
wells is not presently available; however, it is conservatively estimated that possibly as many as 25 percent or about 150,000 of the state's 600,000 estimated total water wells may be involved (Knowles,
Texas Water Development B.oard, personal communication, 1987). Dr. Knowles further estimates that an
additional 20,000 new wells are being drilled, annually. As of August 5, 1988, the personnel olthe TWC
had located about 5100 of these wells.
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ABANDONED WELL
Contaminants Introduced

Contaminated Ground Water
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Figure 32.-Movement of Contaminants From an Abandoned Well to a Nearby
Pumping Well. (U.S. Environmental Protection Agency, 1977; After Deutsch, M., 1963)
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Figure 33.-Flood Waters Entering a Well Through an Improperly Sealed Gravel Pack.
(U.S. Environmental Protection Agency, 1977; After Deutsch, M., 1963)
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A tentative estimate of the possible pollution
effects of abandoned wells is conservatively estimated lIsing the following data:
Assumod average drainage area
of a well .................................................. 0.01 acre
Average mean annual rainfall
for state.................................................. 2.38 ft/yr
(Larkin, Texas Water Commission, personal communication, 1987)
Total no. of abandoned wells .................... 150,000
Assumed percent of abandoned wells
contributing to pollution .......... .......................... 80
Estimated amount of total volume
as contaminants entering
ground water ..................... 0.01 perclmt or 0.0001

not less than ten (10) feet. Within thirty (30) days of
plugging the well, a report must be filed with the
Commission on forms supplied by the Texas Water
Commission Drillers Board Assistance Program. This
authority is now being exercised in the plugging of
abandoned water wells statewide.
In order to reduce present statewide data gaps
related to abandoned water wells, the TWC has an
ongoing well inventory and assessment program for
wells ofthis type. Additionally, through these efforts,
the Commission has also located, inventoried, and
evaluated rig-supply wells. All of these wells are also
regarded by the TWC as new Class V injection wells.
More specific discussions of Class V wells will follow
under the heading of "Class V Injection Wells." As
new detailed ground-water resources studies are
completed by the TWOS, data related to abandoned
domestic, livestock, irrigation, muniCipal, and industrial wells will also be incorporated into this program.

Estimated percent of rainfall as runoff .............. 12
(Kingston and Crawford, 1987; and Larkin, 1983)
Employing the above data and assumptions, it
is estimated that the average radius of influence of an
individual well would be about 12 feet; that about 912
gallons (gals) of total fluid would be entering the
impacted ground water beneath each well, annually;
that about 0.09 gaVyr/well of potential c:ontaminants
could be entering affected ground water beneath
each well. Cumulatively, wells which are thought to
be contributing, could furnish a total of about 109.5
million gals of fluid of which about 11,000 gals of
potential pollutants, annually, could be released toall
of the aquifers of the state in all river basins. Additional estimates of loading of the aquifms related to
interaquifer exchange between different water-bearing zones within the individual wells are not possible.

Sewage and Waste-Water Disposal
Systems and MuniCipal Sewage
Collection Lines
Private On-Site Sewage Disposal Systems

Abandoned water wells may rank lirst in priority
for mitigation by the state. Ranking j,n relation to
reduction of loadings vs. cost benefits could be
relatively high since all that might be involved in many
cases is location of wells through well inventory, and
directing the owners to properly plug the wells or
protect ground waters.

Most rural Texans rely on an on-site disposal
system to manage their domestic waste water (Figure 35). During 1980, over 120,000 people in the
state were reported to live in dwellings in which there
were no bathroom facilities or toilets (Texas Rural
Water Quality Network Project, 1986a). These people
relied upon pit privies to meettheir needs. Prior to the
widespread use of drainfields, a significant numberof
rural people relied (and many still do rely) on lesssophisticated alternatives which include sewage disposal wells. These are composed of bored or dug
holes in which the depth exceeds the diameter.
Common disposal methods include boreholes, injection wells, cesspools, seepage pits, and seepage
wells. Most of these wells dispose of septic-tank
effluent while the remainder dispose of raw sewage
(Knape and others, 1984).

In Texas, regulatory authority over abandoned
water wells is under the jurisdiction of the TWC and
TWWDB. Under new Texas Administrative Code
(TAC.) Chaptnr 287 Rules relating tothe Water Well
Drillers Act, the property owner, if so' directed, is
responsible for properly plugging or capping the
abandoned well. If the well has no cement behind
casing, then the casing must be removed and a
cement plug extended from land surfacEI to a depth of

In rural areas, septic tank systems and cesspools replaced the pit privy for domestic waste disposal as the rural electrification program ofthe 1940's
made supplying water to indoor plumbing systems
inexpensive and readily available. Septic tank treatment of domestic waste frequently employed the
cesspool as an addition or replacement for a conventional soil adsorption system. Use of septic tanks and
cesspools increased tremendously during the 1950's
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Figure 35.-A Typical Domestic Septic Tank System (U.S. Environmental
Protection Agency, 19nj After Bouma, J., et aI., 1972)

and steadily overthe following two decades with rapid
development of suburban areas around cities. Useof
sewerage disposal wells also developed in areas
where suburban development were not served by
municipal sewerage systems and where soil conditions or lot size were unsuitable for soil adsorption
systems.
The nature of pollution resulting from private onsite disposal systems can only be roughly appraised
at this time, using very limited available data. In areas
where the ground-water table is near surface such as
in alluvial gravels, in the outcrop of the Trinity Group,
the Carrizo-Wilcox, and the Gulf Coast aquifers, as
well as where porous limestones are present, such as
on the Edwards (Balcones Fault Zone) aquifer, septic
tanks are of great concern (Figures 1 and 2). Both of
the above conditions reduce the soil contact time
available before the waste reaches ground water;
therefore, increasing the chances of bacterial contamination of ground water. This type of contamination has been documented in widely scattered counties of the state.

Characteristic
pH
Total suspended solids (TSS)
Biochemical oxygen demand (BOD)
Chemical oxygen demand (COD)
Soluble organic carbon (SOC)
Total phosphates (PO.-P)
Ammonia nitrogen
Nitrate -N
Total soluble iron
Chlorides

Rsnge

Mean
Value

6.53- 7.45
68 - 624
140 - 666
240 - 2026
24 - 190
625 - 30.0
77-111
0.00 - 0.10
0.00 - 20.0
37 - 101

6.90
176
280
568
73
11.6
97
0.026
2.63
53

All values except pH are milligrams per liter.

If the above concentration of constituents entered the water table five (5) feet below the land
surface, the concentrations of constituents which
would be entering ground water (Canter and Knox,
1985, p. 58) would be:

Characteristics of typical septic tank effluent
(Canter and Knox, 1985, p. 58) are as follows:
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TSS .................................... 18
BOD .................................... 28
COD .................................. 57
SOC .................................... 7
Total phosphates ................ 6
Am monla
..
nitrogen .............. 10

- 53 mglL
- 84 mglL
- 142 mglL
- 18 mglL
9 mglL
- 78 mglL

Aside from the dangers of pathogens in sewage-conlaminated ground water, chemical constituents of sewage can also cause ground-water problems ranging from the nuisance of mineralized taste
of the water (nitrates cause a bitter taste) to more
serious heaHh problems such as methemoglobinemia in infants when nitrates are in €iXCeSS of 45
mglL. Additionally, research data conducted by the
Suffolk County Department of HeaHh Services, Suffolk County, Long Island, New York, has confirmed
that the use of organic solvents for cleaning on-site
subsu rface waste-water disposal systems are also a
major source of ground-water contamination (Suffolk
County Department of HeaHh Services and W.F.
Cosulich Associates, 1980). Their study confirmed
that the halogenated hydrocarbon group of organic
solvents should be prohibited. Except for "Drainz",
brand names of specific household products involved
are not available, however, halogenatHd hydrocarbons parameters measured during the study were as
follows:
Basic Group

Parameters

Halogenated
Hydrocarbons

1,1,2 Trichlor01,2,2 Trifluoroethane'
Chloroform
1 ,1,1 Trichloroethane
Carbon Tetrachloride
1 ,1 ,2 Trichloroethylene
Chlorodibromomethane
Tetrachloroethylene
Bromoform
Bromodichloromethane
Methylene Chloride
1,2 Dichloroethylene
1,2 Dichloroethane
Trichloroethylene
1,1,2 Trichloroethane

holes (4), and other (18) (Texas Water Commission
Files, 1987; Scalf and others, 1973; and Ramirez,
Consumer Protection Division, Office of the Attomey
General, personal communication, 1987).

It is difficult, at present, to establish the location
and the number of single-family residences and other
establishments using septic tank systems and/or
sewage disposal wells within Texas, for two reasons.
First, there is generally no above-ground equipment
associated with these facilities to aid in their location
since both of these systems are normally buried
beneath the surface and are not easily detected.
Second, lack of regulation has precluded adequate
record keeping of existing installations. However, it is
estimated that these facilities are present in all counties of Texas and that they impact the ground waters
of all aquifers to some degree. The TDH estimated
that about 1,212,600 private on-site septic tank systems were in operation within the state in 1985
(Salgado, written and personal communication, 1987).
This estimate, along with other pertinent data supplied to the TDH by Mr. David Pimentel formerly with
the Texas Department of AgricuHure (TDA), was
derived using the following information:
Percent of population on septic tanks .............. 20
Average area of drainfield ...................... 1400 ft2
Estimated population of
Texas (1985) ................................ 16,369,586
Estimated waste-water flow per person
per day............................................ 50 gallons
Estimated persons per residence .................... 2.7
Therefore:

Some of the above chemicals are considered
insoluble in water and have a specific gravity greater
than water, thus making them a lesser immediate
threat to ground-water pollution since they would
collect in the bottom of the tank. However, these
contaminants would be present in sludge pumped
from these tanks.
Data are not presently available to effectively
evaluate pollution resulting from the septic tank systems of Texas. However, documented ground-water
contamination related to on-site sewage disposal
systems have been confirmed in 47 separate counties. These are bacterial contaminati()n and other
problems related to septic tanks (22 cases), wastewater discharge (3), cesspools (5), lago()ns (1), bore-

(.20)(16,369,586) = 1,212,600 septic tanks in Texas
2.7
(1,212,600 total septic tanks)(135 gal/dalresidence)

= 164 X 106 gallons/day of total septic tank effluent
produced
(1400)(1,212,600)
43,560

= 38,972 acres of land in
state used for drainfields

(1,212,600 total tanks)(2.7 persons/residence)
(50 gal effluentlpersontda) (365 da/yr)
=59.7 billion gallons total effluent generated/yr.
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As is evident from the above data, these systems could have total annual effluent releases into the
ground waters of the state of about 59.7 billion
gallons. Mr. Bob Silvus (Texas Water Commission,
personal communication, 1987) estimates that less
than 0.1 percent of the total effluent which passes
through a septic tank system is hazardous waste
since any greater amount would kill the bacterial
action necessary for degradation of wastes. If one
arbitrarily assumes that one tenth of the above percentage were additives or influent of various household products which were hazardous, then 0.01 percent (0.0001) or about 6.0 million gallons of harmful
wastes could be entering the state's aquifers, annually. These would cover an area somewhat larger
than approximately 39,000 acres underlying the drainfields of the septic tanks.
At present, 78 counties have adopted local ordinances regulating on-site systems (Figure 36).
Most counties that do not have septic tank control
orders are essentially unregulated.
The standards entitled "Construction Standards
for On-Site Sewerage Systems" replaced old existing
standards on January 1, 1988. These new standards
recognized new technology, require a registered
professional engineer or registered sanitarians to
design non-standard systems for approval, increase
requirements for submittal of innovative designs,
increase lot size requirements, and reflect ()ther
improvements over the old standards.
The 70th Legislature enacted H.B. 1875 which
became effective September 1, 1987, relating t() onsite sewage disposal, and affects the TWC, the TDH,
and local organizations. H.B.1875:
1) Recognizes, until September 1, 1989, the
TWC as the authority that approves local governmental ordinances relating to on-site sewage disposal. After September 1, 1989, the TDH will assume
that authority.
2) Allows the TDH to collect fees for on-site
sewage disposal permits in an area not locally regulated and to assess a charge-back fee to the local
governmental entity for administrative costs relating
to the permitting function that are not covered by the
permit fees collected.
3) Requires the TDH to provide educational
training, testing, and licensing programs for both onsite sewage disposal system installers and agents of
the local governmental agencies.

4) Requires that all persons comply with the
legislation and applicable rules promulgated by the
TWC, TDH, and the local governmental authority.

5) Provides that the TDH, its authorized agent,
or a designated representative is not liable for damages resulting from the TDH's or authorized agent's
approval ofthe installation and operation of an on-site
sewage disposal system.
6) Requires the TWC and the TDH to each
promulgate and implement rules relating to grey
water usage, depending on the nature of the usage.
In summary, H.B. 1875 will provide statewide
regulation of on-site disposal systems and will implement the training and registration of on-site system
installers, the permitting of disposal systems, the
inspection of these systems, and the monitoring by
the TDH of local regulating entities for compliance
with the bill. The intent of these requirements is to
reduce the potential for ground- and surface-water
pollution.
All new on-site sewage disposal systems handling over 5000 gallons per day must be permitted by
the TWC (Morris, Texas Water Commission, personal communication, 1987).

Municipal Sewage Collection Lines
As the name implies, these lines are used to
collect and transport raw sewage from private residences and other wastes to city sewage treatment
facilities. These sewage pipelines are, therefore,
most often located in densely populated areas (Figure 37). They are either constructed of clay (about 52
percent) or of polyvinyl chloride (PVC) (about 48
percent) (Rose, Texas Water Development Board,
written communication, 1987).
Infiltration and inflow are quite often serious
problems which lead to raw sewage discharges from
the collection system (which can affect ground water), and overloaded treatment plants which leads to
the surface (bypasses), usually from manholes or lift
stations, occur when the collection system is overloaded. This usually occurs during wet weather when
rainwater and high water-table ground water infiltrates into deteriorated lines and overwhelms the
hydraulic capacity of the collection systems. Certain
old, overloaded collection systems also bypass during dry weather. Raw sewage discharges to the
surface can contaminate the local surface and/or
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ground water. During dry weather, at times when the
water table is below the collection lines, these same
deteriorated sewage lines can discharge raw sewage
on a continuous basis to ground water (Figure 38)
(Rashin, Texas Water Commission, written communication, 1987).
Potential contaminants from leaking lines are
organics, metals, inorganic acids, and microorganisms (U.S. Environmental Protection Agency, 1987a,
p. 103). Waste influent characteristics of typical
municipal waste water, which contains some industrial waste and some infiltration, are as follows (U.S.
Environmental Protection Agency, 1980, p. 2-22):

municipal sewage lines within the state are based on
the following data:
Urban population
(1980 TWDB data) .......................... 11,148,647
Average no. of feet of sewer per person
(Rose, Texas Water Development Board,
written communication, 1987) ........................ 20
No. of feet per mile ........................................ 5280
Therefore:
11,148,647 X 20 = 222,972,940 Total feet of
municipal sewer lines in Texas; or

Waate Influent Characteristics
Temperature:
Summer
Winter
Suspended solids
Volatile solids
Settleable solids
BODS
SBOD (Soluble)
COD
SCOD (Soluble)

pH
Cations
Anions
PO. (as P)
TKN (as N)
NH3 (as N)
NO. (as N)
N03 (as N)
011 and grease

23'
10'

Degrees Centigrade
Degrees Centigrade

200
60
15

mglL
Percent 01 suspended
mglL
mgIL
mgIL

250
75
500
400
7.6
160
160
18
45

222,972,940
5280

Total miles of municipal
sewer lines in Texas

A conservative estimate of the total amount of
municipal waste water generated per day, within
Texas, is about 1.8 billion gallons (Rose, Texas
Water Development Board, written communication,
1987).

mgIL
mglL

mgIL
mglL
mglL
mglL
25 mgIL
0.0 mgIL
0.0 mglL

80

= 42,230

mglL

The above waste-water characteristics are based
on 100-120 gallons/day/capita waste (Rose, Texas
Water Development Board, written communication,
1987). Additionally, it must be kept in mind that fluids
which leak from municipal sewage lines will not
necessarily be full strength due to screening dependent upon the size of opening in the pipe (Salgado,
Texas Department of Health, personal communication, 1987).
In 1986, the estimated number of municipal
sewage collection systems in Texas was 1554 (U.S.
Environmental Protection Agency, 1987c, p. C-3).
Using 1980 census of population and housing
data, it is estimated that 4,461,444 housing units in
Texas are serviced by public sewers (Rose, Texas
Water Development Board, written communication,
1987). Conservative estimates of the total miles of

An accurate estimate of the volume of waste
water that leaks out of sewage collection lines (exfiltration) throughout the state is not easily derived.
Determining factors such as geology, pipe material,
size, and age of the lines vary throughout the state.
Engineers involved in the design of collection and
treatment facilities are primarily concemed with ground
water that leaks into sewers (infiltration) (Salgado,
Texas Department of Health, written communication,
1987).
During periods of wet weather, in most areas
the sewage lines will be 100 percent full due to load
and infiltration. In dry weather, the lines will normally
be less than 50 percent full. Exfiltration takes place
during this time (Rose, Texas Water Development
Board, personal communication, 1987).
Leakage from municipal sewage lines is usually
more prevalent where exfiltration occurs due to arid
(dry) conditions (Figure 38). Additionally, more leakage occurs in older parts of cities and from the lines
of older cities which have a history of slower growth
rate (this is due to greater density of clay lines). In
East Texas, there is greater rainfall and water tables
are closer to land surface. Under these conditions,
infiltration is normally greater (Salgado, Texas De-
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Note:

Each dot on the map represents
1,000 people. Data from U.S.
Bureau of the Census 1980
decennial census files, adjusted to
the 1985 U.S. Bureau of Census
data for county populations.

Figure 37.-Population Distribution as of 1985
(Figure courtesy of the U.S. Geological Survey,
Open-File Report 87-0754, Strause, 1987)

Land

sUrfaCe)

A

I

Leaking Sewer Line

Figure 38.-Source of Ground-Water Contamination Caused by a Leaking Sewer Line
(U.S. Environmental Protection Agency, 1977)
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partment of Health, personal communication, 1987).
Therefore, it is the more arid parts of the state (West
Texas) which are of greatest concern.

violations of its waste-water permit, the collection
system and its problems are considered along with
other factors when corrective actions are developed.

Assuming a worst case scenario, the following
amounts of exfiltration could be infiltrating the aquifers of Texas:

Since June, 1981, the TWC "Design Criteria for
Sewerage Systems" limits the allowable amount of
exfiltration in new sewers not to exceed 200 gallons
per inch diameter per mile per 24 hours with a test
head of two feet. Sewage collection lines properly
installed since 1981 may be considered to be virtually
water tight. It can be expected that as cities expand
in size, leaking sewers installed prior to 1981 will be
rehabilitated or replaced with collection systems
constructed of superior pipe materials. (Salgado,
Texas Department of Health, written communication,
1987).

Total amount of waste water generated
per day (gallons) (Rose, TWDB, written
communication, 1987) ................ 1.80314 X 109
Urban population
(1980 TWDB data) .......................... 11,148,647
Average infiltration per day (Salgado,
Texas Department of Health,
personal communication,
1987) ........................................ 80 gaVdalcapita

Disposal of Municipal and Industrial WasteWater Treatment Plant Sludges

Then:
1.80314 x 10· gpd = 162 gpd/c total waste generated
11 ,148,647 people

Sewage, also referred to as waste water, is
derived from the wastes of communities or from those
generated by industries. Domestic waste waters
originate primarily, from the many sinks, bathtubs,
toilets, dishwashers, washing machines, and drains
of individual homes. Various industries connected to
a sewage treatment plant's collection system, also
contribute a variety of wastes. Sewage is over 99
percent water.

Then:
162 gpd/c
- 80 gpd/c
82 gPdlc

Waste generated + infiltration
Infiltration
Estimated dry weather flow

82 gpd/c x .1 =8.2 gpd/c Estimated exfiltration
8.2 gpd/c x 11,148,647 people= 91.4 x 106 gaVday
exfiltration from lines
91.4 x 108 gpd
42,230 mi of line

= 2165 gpd/mi of line during
dry weather flow

In the past. incorporated cities and towns individually were responsible for overseeing their municipal sewage collection lines. They were required to
dispose of human wastes through methods approved
by the TDH. Following the passage of House Bill
1326, effective September 1,1987, all municipal engineering plans and specifications must now be
approved by the TWC. This includes municipal
sewage collection lines. These new installations
must now conform to general statewide Commission
Rules 31 T AC 317. Older lines are still subject to llocal
oversight; however, Chapter 26 of the Texas Water
Code gives the TWC the authority to abate the pollution of local ground waters. For older facilities, cities
may either increase plant capacity or improve collection lines to comply with TWC directives to cease
polluting. When a city comes under enforcement for

Solids removed from waste waters as it moves
through a treatment facility are referred to as sludges.
These debris accumulate on screens and in settling
chambers as waste water is processed through the
system (Texas Department of Water Resources,
1981). These sludges may be derived from either
municipal treatment plants or they may be derived
from industrial facilities. The treated waste waters
which remain as an end product are known as effluent.
Previous topics entitled, "Municipal Sewage
Collection Lines" and "Surface Waste-Water Impoundments" also discussed the impacts of sewage
and waste waters on ground water. Additionally, the
subchapter titled, "Stormwater Runoff" includes the
mechanisms for controlling potential contaminant runoff from industrial and other sources. Discussions
presented here are primarily concerned with the
effects of the disposal of sludges on ground water.
Potential contaminants of these wastes commonly include nitrogen, phosphorous, heavy metals,
hydrocarbons, microorganisms, and radionuclides
(U.S. Environmental Protection Agency, 1987a).
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Several of the more common pollutants such as
microoro;lanisms, phosphates, and BOD remain near
the application area and areof less concern. As these
waters pass through the soil, bacterial and viruses
usually die off quite rapidly. Present evidence indicates that it is the mobile pollutants such as nitrates,
which are of greatest concern (Novotny and Chesters, 1981). Table 6 lists various industries and
their probable contaminants.
Municipal and industrial sludge may be disposed of at a landfill or a lagoon, incinerated, spread
on land, or composted. The suitability of the disposal
option will vary considerably from place to place.
Lagoons have limited utility unless ample space and
favorable conditions for evapotranspiration are present. Incinerators may face problems of air quality
emissions standards as well as with the disposal of
heavy metals remaining in the ash. Land spreading
and composting suffer from uncertaint~' about government regulations restricting the use of sludge on
lands that may produce food-chain crops. Composting options are also complex because reliable,
long-term markets for the compost must be found
(Texas Department of Water Resources, 1981).
Sludge management usually involves its conveyance to a landfill, either as a place for disposal or
as a reserve facility for resource recovery. Disposal
at landfills and land spreading are the most common
disposal methods for sludge. Landfill owners and
operators may not be willing to accept sludge because it requires special accommodations (to deal
with the high water content, meet the needs of sludge
trucks, etc.). Texas Department of Health regulations
require that only sludges containing 10-100 percent
solids may be accepted at municipal landfill facilities
(Texas Department of Water Resources, 1981).

these varied activities are nonhazardous. However,
industry contributes both hazardous and nonhazardous wastes. Even though the soil has a great
capacity for the attenuation of contaminants, the
resulting ground water found below these disposal
areas undergoes changes, some of which are undesirable.
Many of the same problems associated with
land disposal of waste water are similar to those
discussed in more detail in the section titled, "Private
On-Site Sewage Disposal Systems"; however, it
must be noted that in the instances now being discussed, that much greater volumes of wastes are
concentrated within a relatively confined area.
In 1970, more than 5000 of the existing 22,000
waste-water treatment plants in the nation had stabilization ponds. These ponds were seldom lined and
almost never monitored by wells. At that time, more
than two billion gallons per day of sewage treatment
plant effluent discharged to the land did not meet
secondary treatment standards (Miller, 1980).
It is estimated that slightly over 70 percent of
disposal facilities for municipal, industrial, and agricultural operations are surface impoundments. These
are usually man-made holding areas such as lagoons
and ponds; however, they may include modified playa
lakes in the High Plains area of West Texas.

If sludge is not contaminated, it is valuable as a
soil amendment. Contamination may be caused by
pathogens, persistent organic compounds (pesticides and solvents) or trace inorganics (including
heavy metals and trace elements).

Surface impoundments are used for both wastewater storage and sludge disposal. However, most
municipal sludge is trucked to a landfill fordisposition.
Treatment of waste water in these facilities is accomplished in several ways: chemical coagulation and
precipitation, pH adjustment, biological oxidation,
separation of suspended solids, and temperature
reduction. Some facilities discharge their "treated"
liquid wastes into nearby surface water bodies. This
may occur continuously or periodically. Liquid loss
from nondischarging impoundments is accomplished
through subsurface seepage or evaporation (U.S.
Environmental Protection Agency, 1987a).

Land systems, primarily surface impoundments,
for both municipal and industrial waste-water disposal have been used on a small scale since the
inception of water collection systems. However, in
this activity, the major emphasis has been placed on
disposal only. With the adoption of a federal "no pollution discharge" policy, interest increased in land
disposal of liquid wastes. Typical liquids now disposed of are waste-water sewage effluents, sewage
sludge, animal and feedlot wastes, and industrial
wastes. For the most part, wastes generated by

A 1986 EPA study reported that there were
about 192,000 of these surface impoundments nationwide. Various types of facilities with their respective percentage shown in parentheses were: industrial (8), municipal (1.2), agricultural (9), mining (10),
oil and gas related (65), and others (6.8). Additionally, approximately 400 known hazardous waste
facilities nationwide have about 3200 surface-water
impoundments which are used for treatment, storage, and disposal of waste water (U.S. Environmental Protection Agency, 1987a).
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Livestock waste treatment lagoons and holding
ponds are also used to collect and dispose of runoff
from concentrated livestock feeding operations. These
are located primarily, in the High Plains of West
Texas. However, they are also found at scattered
areas around the state. Clay liners are required for
these facilities to reduce the possibility of percolation
of waste to the ground-water system.
Surface impoundments are considered to be
one of the greatest threats to ground water, based on
the volumes of waste involved. Nationwide, about 37
percent of these are located over aquifers used as
sources of drinking water. Additionally, about 70
percent of the known impoundments are located over
hydrologically vulnerable areas (Plates 1 and 2) (U.S.
Environmental Protection Agency, 1987a). Geographically, these surface waste-water impoundments
are scattered throughout the United States. The
same holds true within Texas. Of the states with the
highest number of these nonhazardous facilities,
Texas ranks eighth nationwide (U.S. Environmental
Protection Agency, 1987a).
Many municipalities, industrial operations, concentrated feedlots, and rural farms dispose of their
wastes using land treatment methods. Additionally,
some radioactive uranium wastes are disposed of by
this method.

Land treatment is a waste management method
in which waste materials are incorporated into the soil
or applied to the land surface. Waste materials are
usually sludges 'lrslurriesderived from waste waters.
This practice utilizes the physical, chemical, and biological abilities of the plant-soil system to serve as the
ultimate receiver of the wastes. During these operations, wastes are generally applied in thin layers using
common farming techniques such as tilling, contour
plowing, and erosion control. In some cases, fertilizers (nitrogen and phosphorus) may also be added to
enhance microbial degradation of organic waste constituents (Texas Department of Water Resources,
1981 ).

Additionally, of the over seven million dry tons of
sludge produced by these treatment plants, over 20
percent is now being applied directly tothe land. Data
are lacking on industrial sludge.
In 1986, EPA further estimated that the nationwide total number of nonhazardous land application
units was about 19,900. A breakdown follows: 11 ,937
municipal; 5605 industrial; 726 were oil and gas related; and 621 were other facilities (U.S. Environmental Protection Agency, 1987a).
About 0.4 million metric tons of hazardous
wastes were disposed of by land application methods
during 1981, by about 70 land spreading operations
(Westat Incorporated, 1984). The number of systems spreading hazardous waste had increased to
200 by the year 1983. At that time, there were also
over 1000 nonhazardous facilities spreading their
wastes over cropland (National Research Council,
1983). During 1985, farmers were estimated to have
land disposed of about 159 metric tons of manure
nationwide (U.S. Department of Agriculture, 1986).
Larger concentrated animal feeding operations
within Texas apply both livestock manure and waste
water to the land. Application rates to soils must be
matched to expected plant uptake of nutrients and
crop yield goals to assure that ground-water contamination does not occur. With the proper application
rates, crop yields equal to or exceeding the yields with
commercial fertilizers, have been realized. Additionally, following application of manure nutrients, yields
are often sustained several years longer than with
commercial fertilizer. This is due to the slower
release of nutrients and micronutrients (Sweeten,
1988).
In many areas of the state, agricultural soil has
low nitrogen and micronutrient status and benefits
from manure application. However, nitrogen and
phosphorus accumulate in the root zone following
manure applications, which greatly exceed nutrient
requirements. These buildups can be subject to
leaching to ground water with time. To assess this
possibility, annual soil/water/plant testing to guide
fertilization application rates should be made (Sweeten,
1988).

The EPA (1984e) reported that about 25 percent of all municipal sludge generated, nationwide,
was disposed of by some form of land application.
About eight percent of all publicly owned treatment facilities were applying sludges of various concentrations to the land. Other industrial operations were
also disposing of hazardous and nonhazardous liquid
wastes through this same method.

The most promising approaches to land spreading are generally grouped into three main categories:
1) infiltrating-percolation, 2) cropland irrigation, and
3) spray-runoff (Scalf and others, 1973).

EPA (1987a) reported that, nationwide, at least
2464 publicly-owned treatment works presently are
applying thickened or liquid sludge to the land.

Systems using the infiltration-percolation approach have been used for many years. Operations
using this method are deSigned for high hydraulic
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rates which necessitates rapidly permeable soils and
length of drying and wetting periods which greatly
influence the treatment efficiency, especially nitrogen
removal. The Mering and ion-exchange action ofthe
soil determines the treatment efficiency of the systems. Since most of the waste water percolates to
ground water, the effect on ground water quality can
be significant. These systems are not in general use
within the state except for the widely used septic
tanks which may constitute a significant groundwater problem (Scalf and others, 1973).
Cropland irrigation is a well established practice
which is used both for an additional water source as
well as a waste-management approach. Scalf and
others (1973) reported that since the beginning ofthis
century, many municipalities in Texas have practiced
cropland irrigation disposal of wastes. Some of these
cities were recorded to have had these operations in
existence for 70 to 80 years, prior to 1965. Known
cities which use sewage effluent for land application
practices for cropland, parks, golf C1Durses, and
cemeteries are Abilene, Amarillo, Lubb()ck, and San
Antonio. Undoubtedly, there are many more.
Lubbock, Texas has used municipal effluent for
cropland irrigation since the 1930s in the Buffalo
Springs-Ransom Canyon Lake area of Lubbock County.
A recently completed study by Russell and others
(1988), documented definite changes in the groundwater chemistry underlying this area. A plume or
ridge of high nitrate concentration has been confirmed south and east of the effluent storage lagoons,
on the property. Nitrates as nitrogen (N0 3- N), found
in ground water, ranged from 3.45 to 33.59 mg/L
underlying the operation. In addition to high nitrates,
chlorides ranged from 68 to 633 mg/L and total
dissolved solids ranged from 532 to 1914 mg/L. The
study also suggests that sources other than municipal effluent also may contribute to the contamination.
Other suggested sources of pollution were septic
systems and back flowing effluent to ground water
through abandoned wells.

potential ground-water pollution. Feedlots which
have been abandoned without manure removal may
offer greater potential for ground-water contamination than active feedlots (Sweeten, 1988).
A relatively recent approach to land disposal is
spray-runoff. This method of disposal has been
found to be very applicable to industrial wastes. Tight
soils are most suitable for this technique, since more
than one-half of the applied waste water returns to
surface water as controlled runoff. Efficiencies of
treatment depend on the biological, chemical, and
physical processes which take place as liquid moves
slowly along the soil surface (Scalf and others, 1973).
Since most of the applied waste water runs off
the surface and additional waters are lost due to
evaporation, this technique of land application probably has the least effect on ground water, since the
quality of water which reaches the potentiometric
surface is of good quality. An excellent example of an
operation employing the spray-runoff technique is at
the Campbell Soup Company of Paris, Texas. This
operation applies about three million gallons of cannery waste water per day to about 300 acres without
any detectable deterioration of ground-water quality
(Scalf and others, 1973).
The limiting factor in almost all of the above land
application soil systems appears to be nitrogen concentrations present within waste-water effluents.
Land treatment requires careful planning and
management to avoid impacts on the environment
since the rate that the plant-soil systems can assimilate waste materials varies considerably. When used
properly land application can provide a safe treatment
method, it can add nutrients to the soil, and return
good quality water to ground-water systems underlying these operations (U.S. Environmental Protection
Agency, 1984e).

Leaks and Spills
Figures 48A through 48C show the location of
concentrated animal feeding operations within the
state, many of which use cropland irrigation for waste
disposal. Ground-water analyses collected underlying 80 of the cattle feedlots in the Texas High Plains
area determined that about one-fourth of the feedlots
contributed to increased nitrate levels which approached or exceeded EPA's drinking water standards of 10 mg/L in their immediate vicinity. New
TWC regulations enacted in 1987, place rigid requirements on confined, concentrated livestock and poultry feeding operations by requiring that all lagoons
and holding ponds be constructed so as to prevent

Leaking Underground Storage Tanks
Included under this topic are all underground
storage tanks (USTs) and their associated piping
systems, which are used to store not only petroleum
products, but a wide range of other products such as
acids, metals, industrial solvents, technical grade
chemicals, and their wastes. Due to the regional
distribution of these tanks, the estimated number of
leaking USTs, and the fact that they can place a
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significant loading on the ground-water aquifer systems, these tanks are considered to be one of the
most significant sources of ground-water contamination within the state.
Underground storage tanks sometimes lie within
the saturated zone (Figure 39). This causes continually saturated conditions to exist in shallow deposits
below the tanks. Therefore, when these leak, high
concentrations of contaminants may occur. Common potential pollutants of ground water resulting
from leakage are organics (hydrocarbons), metallic
substances, inorganic acids, microorganisms, and
radionuclides. To date, most confirmed leaking
underground storage tanks within the state are leaking gasoline, diesel, number two fuel oil, naptha,
acetic acid, mixed solvents, xylene, toluene, used
motor oil, hydraulic oil, and methyl ethyl ketone.
AsofJuly 12,1988, therewere117counties (46
percent) of the state which had confirmed leaking
underground storage tanks. The total number of
confirmed leaking USTs on this date was 954 . The
statewide distribution of these is shown on Figure 40.
These leakers have impacted or have the potential to
impact all of the major aquifers. Additionally, leaking
tanks have been confirmed in counties of the state
which do not have either a major or minor aquifer;
however, they may impact localized alluvial or other
small water-bearing unns. Ultimately, these tanks will
probably impact all aquifers of the state as well as
every county. The extent of underground tanks within

Texas is widespread. They are present in every
county ofthe state and are concentrated in population
centers (Figure 37).
A total of 123,000 tanks had been registered
with the TWC by July 19, 1988. These tanks are
located at about 45,800 separate facilities. Ultimately, there are estimated to be about 154,000 total
tanks. The Commission is receiving notice of confirmed leaking tanks at an average rate of 62 per
month. The U. S. Environmental Protection Agency
(1988c) conservatively estimates that at least 25
percent of the total number of underground storage
tanks will ultimately be confirmed as leakers. If this is
true, then about 38,500 of the estimated total tanks
have a reasonable probability of leaking. The National Fire Prevention Association (NFPA No. 329) requires that precision tank testing be capable of detecting a leak rate of at least 0.05 gallons per hour.
The leak rate of 0.05 gallon per hour equals 1.2
gallons per day, which is a yearly total of 438 gallons.
For the purposes of this analyses, it is assumed that
each leakerwilileak an average of at least 500 gallons
per year before a leak is detected. If this is indeed
realistic, then the potential minimum loading to all of
the aquifers of the state would be on the order of
38,500 times 500 or about 19 million gallons of contaminants, annually.
Texas Water Commission personnel are presently actively mitigating these problems. Since August
1986, 143 cases have been resolved.

Vapors Lost to
Atmo.pher.

Land
Surface

Soil Contaminated by
Adsorbed R•• idual Hydrocarbons
Bound to Soi I Particle.

Table

roi ..ol.ed Hydrocarbons in Water
~igrating Down Water Table Gradient

Figure 39.-Common Occurances, Avenues of Hydrocarbon Migration, and Reduction
Following the Leak of an Underground Storage Tank (After Yanlga, P. M., 1986)
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On April 17, 1987, the EPA published proposed
federal Underground Storage Tank rules covering
design, construction, installation, and compatibility
standards for new tank systems as well as requirements applicable to all tank owners concerning leak
detection, recordkeeping, reporting, closure, corrective action, and financial responsibility. These proposed federal rules were finalized in September,
1988.
The Commission's Storage Tank Program was
authorized by Senate Bill 779 (70th Legislature)
which added a new Subchapter I to Chapter 26 of the
Texas Water Code. The TWC promulgated initial
UST rules in September 1987 to be followed with
comprehensive rules later. These rules are codified
in Chapter 334 of 31 TAC ofthe Texas Water Code.
The directives address UST registration and notification requirements and general construction and installation performance standards. A regulatory program pertaining to UST installations located within
the Edwards (Balcones Fault Zone) aquifer recharge
and transition zones is found in 31 TAC Chaptera13.
These requirements specify new USTs to bEl of
double-wall or equivalent construction with interstitial
monitoring.
Existing TWC regulations are planned to be
supplemented with comprehensive UST regulations
which should become effective in the spring of 1989.
These will address the areas of: 1) design, construction, and installation of new USTs; 2) operation,
maintenance, and record keeping; 3) upgrading of
existing USTs to provide for release detection, overfill
protection, and corrosion protection; 4) reporting of
releases and corrective action requirements; and 5)
closure and abandonment of out-of-service USTs.

Leaking Surface-Storage Tanks
To date, there is little evidence that Texas has
devoted much attention to above-ground storage
facilities. These vessels are stationary devices designed to store accumulations of waste and nonwaste
materials. They are primarily used for storage of
various chemicals generated and/or used in industrial, agricultural, or commercial operations. Additionally, they include those tanks located at private facilities (U.S. Environmental Protection Agency, 1987a).
Available data do not indicate that there has
been a nationwide or statewide assessment made of
the total number of these tanks nor the potential
threat they may pose to ground water. The mechanism is now in place within the state for reporting the

frequency and amounts of leaks and spills resulting
from these tanks (Emergency Spill Response Program). These vessels can leak and cause the pollution of ground water if they are not properly installed,
maintained, and operated.
Releases from surface-storage tanks usually
result from spills, overflows, operator errors, or leaks.
The U.S. Environmental Protection Agency (1987a)
reports that expected potential contaminants from
these vessels are organics, metaVnonmetallic inorganic, inorganic acids, microorganisms, and radionuclides.
These tanks are normally constructed of welded
or bolted carbon steel or stainless steel, fiberglass,
plastic, reinforced plastic, or concrete. Carbon steel
tanks, which are probably the most common type in
use, are more likely to corrode than fiberglass, but
may be coated to protect them from most Chemicals.
Therefore, their structural strength makes them the
preferred type for most purposes. Fiberglass tanks
are primarily used for the storage of acids. For safety
reasons, many tanks used for the storage of flammable liquids are placed below ground surface.
Above-ground tanks within Texas are used
primarily for bulk storage of crude oil and petroleum
products. The largest of these can contain as much
as one million gallons. Large numbers ofthese, which
are referred to as ''tank farms", are often concentrated at petroleum off-loading facilities and are also
used for the storage of petroleum at refineries.
Additionally, anywhere from three to six of these
tanks may be located at each of the hydrocarbon producing leases which are scattered throughout the
state. Numerous other tanks are located at other
private facilities.
In the absence of a reporting system, a reliable
statewide estimate of the number of these tanks is
difficult to obtain. However, some information has
been assembled which enables one to make a rough
estimate.
In 1987, a spokesman for the American Petroleum Institute stated that there was an estimated 984
million barrels (40 billion gallons) of major petroleum
products (gasoline and fuel oil) located in storage
facilities throughout the nation. It was further estimated that another 10 billion gallons of other petroleum allied products were also stored in aboveground tanks. During 1983, Texas refineries alone
had crude oil capacities of about 4.1 billion barrels
(Kingston and Crawford, 1987).
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Additionally, the state of New York estimated
that about 30 percent of its total storage tanks were
above-ground tanks (State of New York, Department
of Environmental Conservation, 1985). Assuming
that this figure was representative of the national
average and based on the API data, it estimated that
as many as one million of these tanks may exist
nationwide. In early 1986, EPA estimated that from
42,000 to 47,000 of the above-surface tanks which
were regulated by RCRA, contained hazardous
materials. At that time, they postulated that about
24,000 tanks contained used oil (U.S. Environmental
Protection Agency, 1986e).
Based on the number of underground storage
tanks reported within the state to date" it has been
projected that there should ultimately be a total of
about 154,000 located and registered tanks statewide (Jameson, Texas Water Commission, personal
communication, 1988). If this is an accurate estimate, and ifit represents 70 percent ofthetotal tanks,
as in the case of New York State, then a conservative
estimate of the total number of above-ground tanks
present in Texas would be about 66,000. These
tanks should be located in every county of the state;
however, there should be greater concentrations of
these in areas where hydrocarbon refineries are
located. Plate 3 shows the locations of hydrocarbon
producing areas where large numbers of these should
also be present.
There are a variety of ways in which tanks could
cause ground-water problems. These include leaks,
primarily from those resting directly on the ground.
Older tanks of this type may corrode with time, and
leak their contents to ground water. Other spills which
may also occur are from leaks from pipe joints,
valves, and those which may occur during loading
and unloading operations. Future limited leaks of
residual materials may also occur when these tanks
are improperly abandoned.
Surface-tank leaks can be reduced or prevented by employing some or all of the following
practices. Tanks should be constructed of noncorrodible materials and be placed on impermeable
surfaces or raised above ground, if possible. Systems should also be developed to prevent or capture
spilled materials. This may include the construction
of containment berms around the facilities and programs for immediate and thorough cleanup of spills to
prevent ground-water contamination. Additionally,
possible leaks may be monitored by poriodic inventory of stocks.
Even though there have undoubtedly been numerous instances of ground-water contamination

which have resulted from leaks or spills from these
tanks, documented data are not now readily available. In other areas of the nation, pollution resulting
from these tanks has been confirmed. Available data
indicate that further evaluation of this possible groundwater problem is merited.
Above-ground storage tanks containing hazardous wastes are federally regulated under Subtitle
C of the Resource Conservation and Recovery Act
(RCRA). Recently revised federal standards for
treatment of hazardous waste in tanks or storage in
above-surface tanks are designed to protect ground
water (51 CFR 25422). Senate Bill 2020, the Aboveground Storage Prevention Act of 1988, is also federallegislation which is designed to prevent environmental catastrophes. This bill requires the EPA to
promulgate national requirements concerning these
tanks. It applies specifically to those tanks which
posed a risk of catastrophic failure, such as rupture or
collapse. Such tanks have the capacity to contain at
least one million gallons of petroleum and are at least
30 years old, or have been relocated, or reconstructed (Tank Talk, 1988).
At present, many surface-storage tanks are
under the regulatory authority ofthe RCT. Numerous
surface-storage tanks are used in connection with
energy development activities. The Railroad Commission regulates above-ground storage tanks used
for the storage of produced hydrocarbon products.
Many of these are ''tank batteries" which are located
on the numerous oil and gas producing leases situated in 231 of the 254 counties of the state. Specific
regulations are found in Chapters 91 and 141 of the
Texas Natural Resources Code.
Federal and state programs, administered by
the TWC, that are applicable to the regulation of surface-storage tanks used for the storage of hazardous
products follow.
Tanks which are located on the Edwards (Balcones Fault Zone) aquifer are subject to specific rules
and special requirements are imposed on the storage
of hazardous substances and static hydrocarbons.
State regulations specifically applicable are found in
Chapter 26 of the Texas Water Code and in rules set
out in Title 31 TAC Chapter 313.
The Commission has received authorization
from EPA to administer its hazardous waste program
in lieu of the federal program. When hazardous materials or wastes are stored in these tanks, they are
regulated by the TWC. Commission rules related to
tanks were adapted from 40 CFR 264, Subpart J. The
TWC permits only above-ground tanks used for
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hazardous waste. Tanks are regulated by the Texas
Solid Waste Disposal Act (Article 4477-7, V.T.G.S.)
by specific Commission rules set out in Title 31 T AC
Chapter 335. Chapter 26 of the Texas Water Code
designates the Commission as the lead agency for
emergency spill response to direct cleanup if accidental spills of hazardous waste occur associated with
these tanks. Surface-storage tanks used to store
nonhazardous materials remain unregulated.

Transportation Related Activities
The two major topics considered under this
subsection are ·Oil and Chemical Spills" and "Midnight Dumping." Activities pertinent to ground water
are related to material transport operations by highway vehicles or railcars. These operations involve
the movement of various nonhazadous and hazardous substances, including oil and hazardous wastes.
Also included are pipelines which collect, transport,
and distribute hazardous substances.
Data which follow may be useful in the assessment of the potential risk to the state's aquifers
related to the subject topics. Texas presently has
250,000 miles of municipal and rural highways. In
1980, the total railroad mileage was 12,753. In 1985,
there was a total of 202,623 miles of hydrocarbon
pipelines in Texas. Of this, 72,615 miles were used
forthe movement of crude oil and 130,008 miles were
used to transport natural gas (McBride, Bureau of
Economic Geology, personal communication, 1988).
A total of 853,981 barrels of oil were transported by
pipelines and 14,243 barrels were transported by
railway tank cars and trucks during 1982. Other Gommodities transported by rail during 1981, which could
impact ground waters, were as follows (Kingston and
Harris, 1983):
Commodity

Total Tonnage

the state. Crude oil and gasoline spills, due to
accidental breaks of transmission lines or vehicle
tank ruptures, are also a serious problem.
Within the state, these sources have, in the
past, been considered a more serious threat to surface water than to ground water. This is not necessarily true. However, transportation related spills
receive more attention regarding potential impact to
surface waters principally because the effects are so
readily apparent when an incident occurs (Barker,
Texas Water Commission, written communication,
1987).
Substances spilled on the land surface can be
a serious threat if surface and subsurface materials
are sufficiently permeable to permit downward movement. Many spill pollutants may migrate through the
unsaturated zone to the water table. Ifthese fluids are
less dense than ground water, they will float on top of
ground water (Figure 41). Typical contaminants of
this type are petroleum and other hydrocarbon products. Other contaminants may be miscible with
water. These may pollute the entire thickness of the
aquifer in the immediate vicinity of the spill. If the
contaminant is denser than water, it may sink to the
base of the aquifer. In all cases, they form a plume
which will move down gradient to a point of discharge.
Only five documented accidental spills of gasoline were gathered during this assessment which are
suspected or known to have polluted ground water.
These spills occurred in Burnet, Gray, Hays, Llano,
and Travis Counties. The Burnet County spill is believed to have possibly impacted the Trinity Group,
Marble Falls andlor the Hickory aquifers; the Gray
County spill is thought to have impacted the High
Plains (Ogallala) aquifer; Hays and Travis Counties
spills are thought to have possibly impacted the
Edwards (Balcones Fault Zone) aquifer; and the
Llano County spill is not believed to have impacted a
major or minor aquifer.

Chemicals and allied products ............ 33,315,465
Nonmetallic minerals .......................... 32,887,325
Petroleum and coal products .............. 12,081,052
Metallic ores ........................................ 1,943,377

Oil and Chemical Spills
The principal concern from materials transported by highway vehicles or railcars is the spill of
fluids which may result in contamination of ground
water. Also of concem are potential ground-water
pollution spills which do not result in prompt cleanup
or in cases where cleanup is inadequate. These
events pose a risk to ground water in many areas of

Midnight Dumping
Midnight dumping addresses illegal dumping by
haulers of saltwater, septic tank wastes, nonhazardous municipal sludges and similar wastes, and
hazardous materials (either products or wastes).
Generally, pollution resulting from these hauling activities includes tank valve leaks, accidents, and
illegal dumping. Commonly, illegal dumping is reported to be the decision ofthe hired driver and not the
fleet owner. Operators have the responsibility to
inform their employees of the consequences of illegal
dumping. Penalties and remedies specified in Chap-
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Figure 41.-Movement of Light-Density Fluid in the Ground-Water System.
Contamination Caused by a Spill of Hydrocarbons (Miller, J.C.,
and Others, 19nj .After Water and Petroleum Study Group, 1970)

ter 26 of the Texas Water Code and other statutes
administered by the TWC, RCT, and TDH are the
major deterrents to illegal dumping.

local entities supervised cleanup of the remaining
spills. Figure 42 illustrates the magnitude and distribution of these statewide.

Prompt containment and removal of midnight
dumping materials are necessary to prevent a risk of
ground-water contamination in areas of permeable
soils, resulting from downward percolation of various
materials.

It is the stated policy of the state to "prevent the
spill or discharge of hazardous substances into the
waters in the state and to cause the removal of such
spills and discharges without undue delay."The TWC
has been designated as lead agency for the program
under Subchapter G, Chapter 26 of the Texas Water
Code. Further, Subsection 8(b) of the SOlid Waste
Disposal Act, Article 44 77 -78, Revised Civil Statutes,
provides authority to obtain criminal penalties against
any person who knowing Iy transports, or causes to be
transported for storage, processing, or disposal, any
hazardous waste to any location which does not have
a permit. Therefore, the state has ample authority to
address and abate accidental spills. Midnight dumping incidents are also expressly prohibited under
state law, and the TWC has authority to act to cause
the clean up of the dumped material.

Available data do not confirm any cases of
actual ground-water pollution attributable to the subcategory of Midnight Dumping; however, numerous
reports of the practice of "saltwater dumping" have
been found related to oil and gas activities. As more
data becomes available, this subcategory may be
confirmed as a problem. This is a known source of
contamination of surface waters.

Statewide Distribution of Chemical Spills
and Midnight Dumping
There are many instances where spills or midnight dumping are known to have polluted surface
water; however, the number of suspected, but yet
unconfirmed cases of ground-water contamination is
unknown (Barker, Texas Water Commission, written
communication, 1987.)
During the fiscal year 1987, the "TWC investigated 1176 (about 74 percent) of the more serious of
a total of 1592 known spill or midnight dumping
incidents. Other participating state agencies and/or

In addition to the TWC, primary agencies and
entities involved in spill response are: Railroad
Commission of Texas, Texas Parks and Wildlife
Department, Texas Department of Health, Texas Air
Control Board, Texas Department of Highways and
Public Transportation, Texas Department of Agriculture, Office of the Attorney General, General Land
Office, Department of Public Safety (Division of
Emergency Management), State Fire Marshall, Texas
A&M University - Engineering Extension Service,
local governments, federal agencies, and other local
entities.
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Statewide Rule 8 of the RCT mgulates the
transportation for hire of saltwater off a lease, unit, or
other oil or gas producing property by any method
other than by pipeline. Saltwater haulers must be
permitted. Crude oil spills and pipelinE~ breaks are
caused by accidents such as punctures of pipelines
by construction equipment, collisions involving tank
trucks, or train derailments. Crude oil spills must be
reported to the RCT under statewide Rule 20. Responses to crude oil spills that occur during transportation are handled in accordance with the "State of
Texas Oil and Hazardous Substances Spill Contingency Plan." Data are not readily available to pinpoint
specific oil spillS and pipeline breaks.
Rules pertaining to the transportation of nonhazardous municipal sludges and similar wastes were
promulgated by the TDH under the authority granted
it by the Solid Waste Disposal Act, Article 4477-7,
Vernon's Texas Civil Statutes. These rules require
transporters to register with the TDH and to operate
in accordance with minimum standards.

unit from which it produces, and, normally, the age of
the well. Many wells may yield a small amount of
brine at first, and this may increase with time. Other
wells yield large quantities of saline water initially.
Wells usually produce more brine with age.
In the early years of the state's hydrocarbon
production history, brine disposal was uncontrolled.
It was usually discharged directly into gullies and/orto
streams. Later, the accepted practice of disposal into
evaporation pits came into use.
Initially, shallow unlined surface disposal pits
were constructed and salt water was pumped directly
into them for evaporation (Figure 27). Later, some of
these pits were lined to reduce the possibility of brine
seepage to ground water. Originally, it was thought
that all of the salts would be lost to the atmosphere.
However, it was later found that only fresh-water
vapor was lost through evaporation and that the salts
and minerals remained. When the pits were located
in areas where the soil was permeable, brine seepage
from these pits, with time, may have reached the
water table and may have contaminated ground
water immediately below these pits.

Oil, Gas, and Mining Activities
This subchapter assesses potential and/or actual ground-water contamination associated with the
production of hydrocarbons as well as possible pollution problems related to the mining of ores and
minerals; primarily those surface-mining operations
connected with strip mining of lignite.

Oil and Gas Activities
In 1866, Lyne T. Barret drilled and completed
the first commercial oil well in Texas at Melrose in
Nacogdoches County (Kingston and Crawford, 1987).
Most of Texas' subsequent hydrocarbon development occurred during the first part of this century.
Initially, large volumes of hydrocarbons were produced, followed by a period of declining well yields.
Presently, many of the older fields produce small
amounts of oil and/or gas and enormous amounts of
brine.

Brine, as used in the following discussion,
refers to saline ground waters, usually high in total
dissolved solids (normally 50,000 ppm average chloride), which are associated with oil and/or gas below
ground. Large volumes of brine often flow or are
pumped to the surface when hydrocarbons are produced. It is this produced brine which is one of the
principal pollutants of the state's aquifers. The amount
of saline water produced by an individual well varies
greatly depending on its field location, the geologic

Often, overflow resulted when excessive amounts
of brine were pumped into the pits or their capacity
was exceeded during heavy rainfall. This resulted in
uncontrolled discharges which had the potential to
contaminate surface waters as well as possibly ground
waters (Figure 43).
The practice of brine disposal into evaporation
pits was halted by the RCT by a statewide no-pit order
which became effective on January 1, 1969. With the
advent of the no-pit order, brines were then disposed
of in special injection wells constructed specifically for
that purpose or reinjected into producing zones during water-flooding operations. (Under special circumstances, some pits are still authorized.) These wells
are very expensive and occasionally several operators will join together in constructing a disposal well.
If the well is located some distance from a producing
lease, then the brine must be trucked. During this
time, there are dangers of accidental spills and/or
midnight dumping incidents. At times, in an effort to
reduce costs, dry holes located on producing leases
may be converted to brine disposal wells.
When injecting brines into deep saline waterbearing zones, care must be takento insure that there
is no hydrauliC connection created between the injected zone and a fresh-water zone. If injection
pressures are high,large volumes of brines are to be
disposed of, and poor completion techniques have
been employed, the poor quality water can be forced
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Figure 43.-lnduced Infiltration of Contaminated Surface Water
(U.S. Environmental Protection Agency, 1977; After Deutsch, 1963)
upward into fresh-water zones (Miller, 1980). Care
must also be exercised to prevent extremely high
injection pressu res from unintentionally fracturing the
injection zone, thus creating vertical avenues for
brine movement to fresh-water zones.
Brines are highly corrosive and well casings
often have to be coated with plastic or inert material
to prevent rapid casing material deterioration. It is
estimated that approximately 1,583,600 total holes
have been drilled within the state during the past 80
years in the search lor hydrocarbons (Railroad Commission of Texas, 1986; and Kingston and Crawford,
1987). About 258,200 of these holes were straligraphic and core tests, service wells, and dry holes . The
majority of these holes have not had the casing
treated and many of these may leak in the future. If
this happens, saline-water zones with higher pressures than fresh-water horizons may degrade fresh
water-bearing zones due to interaquifer exchange
(Figure 44). Additionally, improperly plugged abandoned wells and test holes are excellent avenUl~S for
the upward migration of brine. The RCT assesses a
$100 fee for each drilling permit application. This
practice was authorized by the 68th session (If the
Texas Legislature and has been in effect since September 1,1983. The proceeds from the state-funded
well plugging reserve are to be used to plug improperly abandoned wells as well as to enforce the laws,
rules, and regulations relating to the abatement of

pollution. A total of 919 improperly abandoned
wells were plugged, at a cost of $3.8 million by the
RCT using this fund during 1986 (Railroad Commission of Texas, 1986).
Table 12 which fOllows lists the typical composition of an oil field brine (Miller and others, 1977):
Table 12.-Range of Constituents Found in a
Typical Oil Field Brine, in ppm
Element
Sodium
Potassium
Ulhium
Rubidium
Cesium
Calcium
Magnesium
Strontium
Barium
Chloride
Bromine
Iodine

Range, ppm
12,000

30

10
10
10
10
10
10
10
10
10

150,000
4,000
50

1
0.1
7
0.01
3
1,000
120,000
500
25,000
5
5,000
0
1,000
10 250,000
20,000
(50,000 average)
10
50
5,000
1
10
300

Source: MIler and others, 1977

In addition to elements listed above, there are
other potential ground-water contaminants which are
inherent in oil and gas exploration and development
activities. These include oil and gas, drilling fluids,
chemicals used in treating wells, other additives, and
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corrosion inhibitors. Various additive chemicals such
as barium sulfate are found in drilling fluids. Numerous acids are used in fracturing producing zonos to
improve permeability. These include hydrochloric,
nitric, sulfuric, hydrofluoric, formic, and acetic (Miller,
1980). Corrosive inhibitors contain arsenic compounds. Certain oils contain mercury in concentrations exceeding the recommended standards SElt for
drinking water. Gases often contain hydrogen su Ifide
which may give ground water the odor of rotten eggs.
As previously stated, brines also contain an average
chloride content of 50,000 ppm. Other brines contain
toxic chemicals such as lead and barium. All of the
above constituents haV!3 the potential to contaminate
ground water when spilled on the surface or if they
leak to ground water or move into fresh-water aquifers via interaquifer exchange.
There should be a general correlation between
past disposal practices, the volume of brine produced, and areas of potential ground-water pollution.
Miller (1980) stated that in 1963 that the total volume
of brines produced in Texas was 6,127,671 barrels
per day. A breakdown ()f this total volume, in barrels
per day, and the various methods used for disposal
are as follows: injected for waterflood - 2,736,755;
disposed of in unlined pits -1 ,262,719; dischargod to
rivers and streams - 615,566; and unaccounted for39,677. Current data are not readily available regarding the volume of produced brine; however, the practice of unlined pit disposal of brine was discontinued
on January 1, 1969. Since that time, except under
special circumstances, brine disposal has been permitted in disposal wells only.
The very nature of this category makes it difficult to estimate the true extent of ground-water
contamination. Dueto extensive exploration, production, and transportation activities associated with this
industry throughout the state and their relationship to
the outcrop areas of the state's major and minor
aquifers, oil and gas practices do contribute to groundwater pollution. Fortunately, many of the oil producing areas of the state where pollution problems occur
are situated in localities where there is an absence of
both major and minor aquifers and this reduces the
threat of pollution (PlatE) 3).
Ground-water quality has been impacted by
past, now prohibited practices; by accidental spills,
pipeline leaks; blowouts; and by situations thalt are
noncompliant with rules of the RCT (Ginn, RaillrOad
Commission of Texas, written communication, 1~187).
Numerous documented instances where potential or actual pollution occurred can be consid,ered

an indicator of the extent of undocumented pollution
(Ginn, Railroad Commission of Texas, written communication, 1987). Examples of potential or actual
pollution are cited in the following referenced material: Nativ, 1988, p. 39; Nativ and Gutierrez, 1987, p.
20; U.S. Environmental Protection Agency, 1973a,p.
87-88; Price, 1978, p. 97; Price, 1979, p. 91; Richter
and Kreitler, 1985, p. 21-23; and Richter, Dutton, and
Kreitler, 1987, p. 23.
Some areas of high chloride concentration are
coincident with areas of heavy oil and gas production
such as in Sterling, Glasscock, Reagan, Upton, Crockett, and north-central Pecos Counties, and these may
be the result of oil field brine disposal activities (Rees
and Buckner, 1980 and Walker, 1979). Contamination of the aquifer may be occurring from historical
salt-water disposal pits, brine disposal wells or playa
lakes, or historic dumping of salt water into surface
drainageways and on county roads (Walker, 1979)
(Figure 16). Many other incidences of probable oil
and gas related contamination are suggested when a
comparison of individual aquifer water quality maps
and the location of known hydrocarbon producing
fields (Plate 3) are made.
Potentially, ground water could be affected by
oil and gas activities in 231 olthe total of 254 counties
within the state. To further illustrate the possible
extent of potential ground-water contamination which
may have resulted from now prohibited past open-pit
disposal practices, one needs only to compare the
statewide distribution of oil and gas fields with the
location of the state's aquifers (Plate 3) and their
sensitivity to possible pollution (Plates 1 and 2).
Using these data and the fact that there may have
been several of these brine-disposal pits located on a
single oil lease, and that numerous leases were
located within a single oil field, it is clearly evident that
there were many opportunities for potential pollution
of the state's aquifers. If in fact pollution did result
from these practices, there possibly is a saline-water
plume located beneath many of the former pit locations which are now moving down gradient to discharge areas. Many incidents of pollution cou Id resu It
from these in the near future (Figure 45). It is not believed to be practical, nor economical, to attempt to locate and mitigate these areas.
All oil and gas activities are presently regulated
by the RCT through a number of programs. Under
their jurisdiction are about 56,000 active Class II
injection/disposal wells, associated with oil and gas
production; approximately 202,623 miles of oil and
gas transmission lines; and an estimated 1 ,583,600
total holes which have been drilled in the past 80
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Most of the RCT's pollution prevention programs are oriented toward individual wells or leases
or oil and gas waste handling, storage, and disposal.
Although Rule 8 expressly prohibits oil and gas
operators from causing or allowing the pollution of
surface or subsurface water in the state, incidents of
accidental flow line breaks, tank leaks or overflows,
and other similar problems are not completely unavoidable, because of mechanical or electrical failures.

Well

Fresh Woter

-- - - - - --

Cloy

Figure 45.-4'Ilgratlon of Salt Water Upward Into the
Fresh Water Zone When a Well Is Pumped
(Scalf and Others, 1973)

years in the search for hydrocarbons within the state
(Railroad Commission of Texas, 1986; and Kingston
and Crawford, 1987).
Regulatory programs pursuant to Chapter 91 of
the Texas Natu ral Resou rces Coded are now in effect
to address the handling, storage, and the aboveground disposal of all oil and gas wastes, including
produced water, drilling fluid, basic sE!diment, well
treatment fluids, and gas plant wastes. Most ofthese
wastes are generated at a well site, plant site, or other
specific location so that control is appropriate through
application and permit or authorization by rule. In
cases where pollution has occurred m is likely to
occur as a result of noncompliance, appropriate
remedies can be enforced. Non-compliant activities
such as salt water hauler dumping orotherindiscriminate discharges that are not oil and gas loase oriented
are more difficult to detect without complaints and
information from the general public.
Existing point source regulatory programs are
adequate to address pollution of surfacE~ and subsurface water from oil and gas activities. The RCT
statewide Rule 8 requires that the disposal of oil and
gas waste by any method other than inj,ection, orthe
use of a pit to store or dispose of oil and gas waste or
oil field fluids, must either be authorized by or permitted under the rule. Rule 8 also requires salt water
haulers to be permitted. Statewide Rul.~s 9, 46, and
74 require permits for injection wells that are related
to oil and gas activities (Class II injection wells).
Pipelines used to transport oil, gas, or geothermal
resources require operating permits under statewide
Rule 70. The casing, cementing, drilling, completion,
and plugging of oil and gas wells are regulated under
statewide Rules 13 and 14 (Ginn, Railmad Commission of Texas, written communication, ·1988).

The TWC assists the RCT by recommending
the depth of usable-quality ground water to be protected from pollution. In this capacity during 1985,
the TWC processed over 30,000 plugging and surface casing recommendations. However, due to the
downtum in industry activities during 1987, this number
had been reduced to 18,500 (Jeter, Texas Water
Commission, personal oommunication, 1988).

Mining Activities
Mining operations, which encompass the extraction and processing of rock materials, ores, and
minerals, are relatively unnotioed because they are
generally located in sparsely populated areas. Local
conditions of geology, hydrology, and topography;
environmental constraints; as well as the mineral
being mined, determine the mining method employed
(U.S. Environmental Protection Agency, 1987a).
Underground and surface mining methods are used
in Texas. Almost all ofthe early mining activities were
underground operations; today, most mining operations use surface and solution mining practices.
Quarrying, open pit mining, and solution mining are
the preferred methods for the removal of many minerals in Texas. Limited underground mining has been
and continues to be employed. All forms of mining
can result in conditions and waste products which
may degrade the quality of ground water. The most
common sources of ground water contamination
include mine drainage, surface storage of materials,
dewatering activities, wellhead oontamination, and
runoff from smelting and processing wastes. Land
subsidence can also result from mining and affect
water quality.
Economic minerals found in Texas include lignite, crushed and building stone, cement, salt, gypsum, sand and gravel, aluminum, iron ore, zinc, talc,
sul!u~,. mercury, and uranium. There are mining
activities scattered throughout the state. These include mining, quarrying, milling, and smelting operations. Mercury has been mined in Brewster and
Presidio Counties. Iron ores are being mined primar-
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ily from open pit mines in Cass, Cherokee, Morris,
and Nacogdoches Counties, and ore processing mills
for metal ores are located in Brazoria, Calhoun, EI
Paso, Galveston, Harris, Moore, and Potter Counties
(Scalf, Keeley, and LaFevers, 1973).
Coal mining operations and mapped coal or
lignite deposits are shown on Figure 46. Mining
operations are found in Atascosa, Bastrop, Brazos,
Coleman, Erath, Fayette, Freestone, Gregg, Grimes,
Harrison, Henderson, Hopkins, Lee, Limestone, Marion,
Milam, Panola, Robertson, Rusk, Titus, Walker, and
Webb Counties.
Class III sulfur and uranium solution mining
wells are located in Culberson and Wharton Counties
(Figure 47). Sulfur has also been mined in Andrews,
Brazoria, Ector, Fort Bend, Franklin, Hockley, Jefferson, Liberty, Matagorda, Pecos, Van landt, and
Wood Counties (Scalf, Keeley, and LaFevers, 1973).
Counties with known uranium deposits which can be
solution mined are Bee, Duval, Jim Hogg, Karnes,
Kleberg, Lee, Live Oak, and Webb. Sodium sulfate
solution mining is carried out in Lynn County.
Wastes from the mining of minerals include
mine wastes, processing wastes, slag, and fly ash.
Wastes which cannot be reclaimed are gem~rally
stockpiled on the land surface and create the potential for leaching of contaminants to ground water.
Contaminants associated with various minerals are:
Coal-acids, toxic inorganics (heavy metals and nutrients). Texas lignite is similar to other U.S. lignites
and is locally high in selenium and arsenic; usually low
in uranium.

Metallic Ote~uHuric acid, lead, copper, cadmium,
arsenic, sulfate, manganese, molybdenum, radium,
selenium, thorium, uranium, vanadium, and cyanide
from certain leaching operations.

areas are unlined, contaminants may move through
the soil profile or downward to the ground water
system. Liquid wastes too toxic for disposal by other
methods (from uranium operations) are disposed of
through deep injection wells (Knape, 1984). Discussion ofthese wells is presented in the section, "Industrial Waste Disposal Wells."
During 1973, mining and mineral processing
waste generation in the United States was four times
the rate of municipal waste generation. In 1972,
excluding discharges from coal and petroleum, in
excess of 861.5 billion gallons of waste water were
discharged from mining and ore processing operations. At that time, Texas reported 26.6 billion gallons
per year of waste-water discharges (Miller, 1980).
These figures are very conservative, however, since
most ofthe state's present mining activities are lignite
related and since these discharges were not included. Data are not readily available to include upto-date estimates of lignite mining related wastewater discharges within the state.
Land application of mining solid wastes usually
occurs around underground mines, open pit operations, quarries, and ore extraction plants. Examples
of these are spoil piles which are composed of overburden from open pit mining operations and waste
rock from underground mining activities. Solid wastes,
derived from on-site processing operations are known
as tailings. Wastes can become permanent features
of the landscape. Leachate is produced when water
dissolves the various constituents present in the
waste and moves it to the soil profile or to the water
table (Figure 28) (Miller, 1980).
Regulation of mining activities with respect to
ground-water protection is the joint responsibility of
the RCT, the TWC, and the TDH. While certain
activities and processes are under the jurisdiction of
state agencies, many aspects of mining are presently
unregulated in Texas.

Phosphate-radium, uranium, and fluoride (U.S.
Environmental Protection Agency, 1987a).
Surface Mining
Both surface and subsurface disposal techniques are used by the mining industry. Liquid and
slurry wastes are disposed of in ponds, sumps,
lagoons, or injection wells; or discharged into surface
waters. Ponds, sumps, or lagoons are usualll' surface depressions excavated from native soil. These
serve as collection points for mine drainage! and
process waste water. Liquids are transported via
pipelines or ditches. Suspended solids settle C)ut in
the ponds and liquids may be discharged to surface
water drainages. Solids fill these depressions and
may later be abandoned or dredged out. If these

Surface mining, by its very nature, is a destructive process. As of January 1, 1974, Texas had
214,303 acres of disturbed land related to mining
activities (Grim and Hill, 1974); most of this was from
sand and gravel operations. Texas has sizeable
reserves of coal. As of January 1, 1968, it was
estimated that about 1.3 billion short tons of lignite
were strippable by surface mining methods (Grim and
Hill, 1974). Surface mining is the preferred method
for coal and lignite production within the state. The
most significant threats to ground-water quality from
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surface mining in Texas are from acid mine drainage
and dewatering. Strip mining can be done responsibly without permanent damage to the land and water.
Additionally, technology now exists for effective reclamation of mined lands; a requirement for mining
operations in Texas.
It is expected that Texas lignite will be the
preferred fuel of many public utilities in the future.
This is due to low transportation costs and ease of
compliance with the federal and state environmental
regulations. Extraction of lignite by open pit mining
occurs primarily within the Carrizo-Wilcox, a major
aquifer in Texas. The potential for lignite mining to
affect ground-water quality and quantity is great.
Therefore, past and future impacts to ground water
must be considered.
Surface and ground waters which leach minerals from mine wastes are referred to as acid mine
drainage. Rainwater and ground water can pass
through sulfide minerals in tailings, spoils piles or the
mine itself and may release large quantities of sulfuric
acid (Miller, Hackenberry, and De Luca, 1977).
Dewatering 01 the aquifer results in oxidation of
sulfide minerals present within the rocks. When
oxidized in the presence of water, suHuric: acid (H 2SO.)
is formed from sulfides. Additionally, high iron and
sulfate concentrations are associated with this acidic
solution (Miller, Hackenberry, and De Luca, 1977).
Acid-bearing waters are the most common cause of
ground-water pollution near mines.
In any mining operation, the presence of ground
water makes mineral extraction difficult Removal of
ground water as a part of mine development or
dewatering can lead to degradation of ground water
due to mixing of waters from different aquifers.
Ground water may move into the mined area following dewatering operations if hydrologic conditions
are such that the hydrostatic head in the lower zone
is higher than that in the mine. This c:an cause an
upward movement of water from below.
In an effort to reduce the effects of acid mine
waters on ground water, land reclamation practices
are now in effect nationwide. The primary purpose is
reduction or prevention of acid mine drainage to
streams. The most practical method for control of
acid drainage is through removal of as much surface
water as poSSible, eitherthrough draina!~e systems or
grading techniques. Oxidation of waste materials is
minimized and the formation of acid water is limited
(Miller, Hackenberry, and De Luca, 19'17).
Although lignite mining within thesllate has been
carried out since about 1890, little evidence of ground-

water poIlition has been documented. Minimal changes
in water chemistry have been noted, however. In
Freestone County, water samples were analyzed
from the partially saturated zone in both mine spoil
and unmined sediments at the Big Brown Mine. Low
permeability spoil materials composed of relatively
fine-grained sediments ranged from four to seven
years old (Dutton, 1982). The water chemistry of the
areas is noted in Table 13.
Similar samples of ground water from 25 year
old mine spoils were also collected at the Sandow
MineinMilamCounty(Poliock, 1982). Thesediments
of the original overburden material consisted of a finegrained mud facies. Pollock found neutral pH water
which contained total dissolved solids (TDS) ranging
from 3300 to 3700 ppm. Table 14 summarizes the
results of the analysis.
At a very old abandoned mine site located in
Bastrop County, sample data suggested that mining
has caused only minimal degradation of local ground
water. In general, lignite mining to date has not
generated significant amounts of highly contaminated ground water. Data collected by Underground
Resources Management, Inc. (1982) from seven
monitoring wells in an abandoned underground mine
are tabulated in Table 15.
With one exception, the pH range was near
neutral and values for TDS ranged between 260 and
3714 ppm. In one monitoring well, pH was 5.1 and
TDS were 4255. In summary, abandoned and existing lignite mining operations have caused only minor
or local ground-water degradation. Nonetheless,
monitoring of these facilities needs to be continued.
Impacts beyond minimal ground-water contamination include disruption of recharge areas and depletion of ground-water resources due to depressurization and dewatering. Future impacts may be more
serious, depending on mining practices and minel
aquifer relationships. Problems could result from the
increasing number and depth of mines. Collective
effects of closely spaced mines could be far more
serious than a single shallow mine. To enable a better
understanding of reclaimed and abandoned mines,
future ground-water monitoring efforts need to be
expanded (Fogg and Charbeneau, 1985).
Protection of ground water from surface mining
activities is administered by the TWC through Chapter 26 of the Texas Water Code and the Texas Solid
Waste Disposal Act; and the RCT through Chapter
131 of the Natural Resources Code, which includes
the regulations concerning coal, uranium, and iron
ore mining. The Texas Surface Mining and Reclamation Act requires ground-water monitoring of mining
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Table 13.-Chemlstry of Mine Spoil Water in the Partially
Saturated Zone at Big Brown Mine, Freestone County (Dutton, 1982)

Reclaimed Mud Facies

Unmined Mud Facies

6.9 -7.65

6.65 -7.5

-2270 - 5840 ppm

-2070 - 5930 ppm

Ca, Mg, SO.' CI

Ca, Na, Mg, HC03

pH
TDS
Dominant ions

to Ca, Na, Mg, CI

to HC03 , CI
Source: Fogg and Charoeneau, 1985

Table 14.-Ground-Water Chemistry of Resaturated Mine Spoil
at the Sandow Mine In Milam County (Pollock, 1982)

6.7 - 6.9

pH

3300 - 3700

TDS (ppm)
Dominant
Cations (ppm)
Calcium
Magnesium
Sodium

380 - 600
150
265 - 550

Dominant
Anions (ppm)
Bicarbonate
Sulfate
Chloride

700 -900
750 -1100
500 - 900
Ca-Na-S04 -HC03-CI

Type Water

Source: Fogg and Charoeneau, 1985

Table 15.-Chemlstry of Water in Abandoned Mine Cavities at the
Powell Bend Mine In Bastrop County (Underground Resource Management, 1982).

pH
TDS
Fe
SO.

Typical Range
(ppm)

Worst Case
(ppm)

6.2 -7.5
260 - 3714
<.1 - 7.0
90 -1900

5.1
4255
400

Source: Fogg and Charoeneau, 1985
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sites to measure water quality, quantity, and the
recovery of water levels. Jurisdiction over uranium
surface mining is with the Railroad Commission. Jurisdiction for solution mining of uranium is with the
TWC.
Solution Mining
Brine, sodium sulfate, sulfur, and uranium are
mined using solution-mining techniques. The solution-mining method is advantageous in that it disturbs
less of the land surface and the subsurface environment. A minimum amount of land and aquifer restoration is required when mining operations cease. In
1985, there were approximately 70 brine, 3 sodium
sulfate, and 3 sulfur producing operations in Texas.
Salt brine is mined by injecting fresh water into a saltbearing unit and producing brine. Sodium sulfate is
produced by injecting brine into the mineral-bearing
zone and extracting the mineral. Durin~1 the production of sulfur, superheated water is injected into the
sulfur-bearing unit; sulfur is heated above its melting
point and transported to the surface as a liquid
(Peters and Charbeneau, 1985).
In Texas, uranium is sometimes found in aquifers which contain usable quality ground water. Solution
mining of other minerals does not require aquifer
restoration. Uranium-bearing formations of South
Texas lie within the Gu If Coast aquifer. Ground-water
quality in the aquifer varies with depth and proximity
to source of recharge. The ground water is mostly
sodium bicarbonate and sodium chloride type, with
TDS concentrations generally ranging from 1250 to
3000 mg/L (Figure 15). Local areas, however, have
TDS levels outside this range. Heavy metal concentrations generally are within accepted public health
limits in all uranium mining areas. Levels of radioactive parameters such as radium-226, gross alpha,
and gross beta, however, are commonly above recommended public health standards in samples taken
from water in contact with the ore bodies (Thompson
and others, 1978).
At sites in Karnes, Bee, Live Oak, Webb, and
Duval Counties, uranium has been produced through
in-situ solution mining of shallow ore deposits. In this
process, a leaching solution (Iixiviant) is injected into
an array of wells completed in the ore body. Lixiviant
dissolves uranium minerals from the voids in sand
and gravel deposits. Uranium compounds in solution
are pumped to the surface through production wells.
At the surface, compounds are removlec! from solu-

tion by ion exchange and chemical precipitation and
the product (Ups) is put in containers for shipment.
South Texas uranium solution mines operate numerous aquifer monitor wells to detect excursions of
contaminated fluids from the mining zone. Excursions normally can be controlled and recaptured by
adjusting fluid production from the mining zone to
exceed fluid injection rates (Kohler, 1984).
The TWC regulatory program for uranium solution mines requires aquifer restoration to pre-mining
conditions at the termination of mining. The groundwater sweep method of aquifer restoration has been
the most favored method, but may require disposal of
large amounts of waste water. Systems for wastewater disposal include waste disposal wells, solar
evaporation ponds, and land irrigation with treated
water (Kohler, 1984). When operations are conducted using sound mining methods, ground water
can be adequately protected. There are additional
threats to aquifers, however, if the mined materials
are not properly stockpiled on the land surface.
Solution mining of uranium has a potential for
local aquifer contamination around mine sites. The
local effects on ground water are elevated uranium
and TDS concentrations. Water quality in the Gulf
Coast aquifer near the mine sites investigated ranges
from fresh to moderately saline, and in many places
exceeds current U.S. Environmental Protection Agency
drinking water standards for TDS, chloride, and radium-226. At many sites, no other drinking water is
readily available and, consequently, this water must
suffice for a variety of agricultural, domestic, and
municipal uses (Kohler, 1984).
Chapter 91 of the Texas Natural Resources
Code, and the Injection Well Act, Chapter 27 of the
Texas Water Code, describe regulation of solution
mining activities in Texas. The Injection Well Act
established the Underground Injection Control program which gave the TWC authority to regulate
underground injections, including wells for solution
mining of uranium, potash, sodium sulfate, and sulfur
(Greene, 1983). This program includes all injection
wells not under the jurisdiction of the Texas Railroad
Commission. The TDH ground-water protection
program includes regulatory responsibilities related
to the Uranium Mill Tailings Radiation Control Act of
1978. Chapter 26 of the Texas Water Code, the
Texas Water Quality Act, provides for regulation of
some injection well activities which may be found in
mining applications, and is administered by the TWC
under the UIC program (Knape, 1984).
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Agricultural Practices
Included in this subchapter are several agricultural related topics. These are: 1) Feedlots and
Animal Wastes, 2) Agricultural Chemicals, 3) Infiltration of Irrigation Waters, 4) Agricultural Drainage
Wells, and 5) Tillage. Discussions of potential and/or
documented ground-water pollution, along with other
pertinent data follow.

Feedlots and Animal Wastes
Feeding operations for animals are located on
individual farms and on commercial feedlots. Commercial feedlots are areas in which cattle are held and
fed until they are ready to be marketed.
Prior to about 1960, almost all beef animals
were raised in individual pastures where animal wastes
were easily assimilated into the soil without significant
surface- or ground-water pollution. About 1960,
cattle producers began to establish many large and
concentrated feeding operations in order to meet an
increased demand for more and better quality of beef.
These were located primarily in the High Plains region
of Texas. As a direct result, the TWC had permitted,
as of June 1987, a total of 210 of these commercial
beef cattle feedlots within the state. These lots have
individual feeding capacities ranging from 200 to
60,000 head. A beef animal's average stay in these
lots is from 120 to 150 days. A total of 125 of these
feedlots were located on the High Plains (Ogallala)
aquifer in 28 different counties (Figures 48A). Using
data furnished by the High Plains Underground Water
Conservation District No. 1 and adjusting the data
with information provided by the TWC, it is conservatively estimated that about 4.6 million head of cattle
were fed in this area during 1986 (The Cross Section,
1987, p. 1 and 3).
Potential pollutants derived from animal wastes
include nitrogen, phosphates, salts, and infectious
agents. In addition to large feedlots, others of
primary concern are animal concentrations such as
dairies, hog operations, poultry operations, and sheep
feedlots. Normally, animals on pasture or range do
not produce enough waste concentrations to be of
concern.
Over a half-ton of manure, on a dry weight
basis, is produced by each animal during its stay in
one of the large feedlots. This, combined with the
large concentration of animals, overburdens the natural capacity of the receiving soil to assimilate these
enormous concentrations of waste. Runoff comes in
contact with this manure and carries high concentra-

tions of chlorides, nitrogen, bacteria, viruses, and
phosphates to receiving ponds which are usually
playa lakes or constructed holding ponds. Ground
water can be polluted by contaminated rainfall runoff
held in these areas or from the feedlot itself. Fortunately, these runoff-holding facilities are naturally
lined or engineered to be lined with clay bottoms
which are practically impermeable and restrict most
of the vertical flow. Vertical flow is possibly permitted,
however, when an above average rainfall fills the
holding facilities above their normal capacities resulting in more permeable sediments being exposed to
waste water in the impoundments. Most feedpen
surfaces are either covered with concrete or a surficial material which is poorly permeable due to compaction and cementation. This further restricts vertical flow.
Site-specific instances of documented pollution
resulting from feedlots and animal wastes are restricted mainly to high nitrates in the soil profile below
some feedlots. Analysis of ground-water samples
collected from beneath 80 feedlots in the area of the
northwest Texas Panhandle indicate that very little
contamination had reached the watertable during the
period in which the feedlots had been in existence
(Texas Tech University, 1971a). However, in about
one fourth of these, slightly elevated nitrate levels
were noted below the feedlots. Data on specific
locations and the individual counties inVOlved were
not available. Feedlots may have or may eventually
impact the High Plains (Ogallala) aquifer. One instance of documented pollution of ground water was
located in Coryell County which impacted the Trinity
Group aquifer.

It is fortunate that the main concentration of
cattle feedlots is located on the northern one-half of
the High Plains (Ogallala) aquifer and not the more
sensitive southern High Plains area (Plates 1 and 2).
In the northern High Plains, less permeable (but still
potentially sensitive) soils combine with relatively
deep watertables,low rainfalls, and high evaporation
rates to restrict movement of waste waters. Areas
considered as sensitive, within the area of the High
Plains (Ogallala) aquifer, are those areas where fine
sandy loams (permeable sOils) are on the surface and
the water table underlying the area is fairly shallow.
This condition exists on essentially the south twothirds of the southern High Plains.
Some large feedlots in other parts of the state
are located on geologic units conducive to groundwater pollution. These are situated on highly permeable sand aquifers and/or in areas of highly porous
limestones with limited soil cover. In these areas,
recharge feedlot contaminants could reach the water

- 146-

table before they can be assimilated by the soil.
Texas Water Commission permitting rules §§321 .31321.41, Subchapter B, regulate the placement of
livestock and poultry facilities including the containment of contaminated rainfall runoff and seepage
control of waste from these facilities for ground-water
protection.
Both depth to the water table and soil perml3ability, which control the time required for pollutants to
reach the water table, should be considered in designing feedlots. If sufficient time is allowed, most
contaminants will be removed from feedlot waste
waters by a combination of dilution, sorption, and biodegradation. Given time and the proper soil medium, biological denitrification can reduce the nitrates
before they reach the water table (Scalf and othms,
1973).
Most of the large animal confined feeding operations (beef, dairy, hogs, sheep, chicken, ancl/or
turkey) are permitted by the TWC. In addition to the
beef cattle feedlots, the TWC has also permitted the
following commercialfeedlots: 41 swine, 9 sheep, 35
dairies, 9 confined poultry industries, 6 poultry, and 7
turkey. These are widely scattered around the state
in 64 separate counties. They are located on all major
and at least three minor aquifers (Figures 2, 48B, and
48C). Many more dairies are known to exist, but most
of these have only recently become subject to permitting, and the process of permitting, in most cases, is
still in the early stages. Dairies are required by the
Texas Hea~h Department to regularly flush and wash
certain facilities. creating additional water which,
along with contaminated surface runoff, is usually impounded in constructed ponds. This collected runoff
is disposed of by irrigation (Morris, Texas Water
Commission, personal communication, 1987). It is
not known if any ground-water contamination has or
will result from these facilities.

Aqricultural Chemicals

Fertilizers
Fertilizers are those chemicals used in agricultural and other operations to improve the growth of
crops or other plants. These nutrients are potential
sources of ground-water pollution.
Phosphorus, nitrogen, and potassium are of
primary concern as possible pollutants resulting from
the application offertilizers_ The transport method for

the movement of these nutrients, to either streams or
ground water, is a complex process which is dependent on chemical, biological, and hydrological processes.
Phosphorus is found in soils in both organiC and
inorganic forms. Inorganic forms normally occur in
soils where organiC matter accumulates_ Erosion is
the primary mover of phosphorus due to its strong
adsorption by soil particles. When phosphorus is
applied to sandy soils or those containing peat, there
is little reaction with them and surface-water transport
or subsurface infiltration is possible.
Nitrogen is found in many different forms in soil.
It is derived from natural sources such as geologic
weathering, microbial reactions, precipitation, and
chemical fixation. Chemical fertilizers and organic
materials are other sources. Each form of nitrogen
has different characteristics which determine its mode
of transport. The nitrate form of nitrogen is water
soluble and it is readily leached to ground water or
transported in runoff water. Ammonium nitrogen is
adsorbed to soil particles and is, therefore, transported with sediment. Urea is highly water sotuble
and can be transported in water, however, it is converted to ammonium within four to seven days.
Sediment provides the major transport mechanism
for organic nitrogen (Texas State Soil and Water
Conservation Board, 1978).
Nitrate is a common ground-water pollutant
because it is derived from so many sources. However, it is those sources resulting from man's activities with which we are concerned when considering
their effect on ground water. As previously stated,
these sources include runoff from concentrated animal feedlots, pastures and barnyards; effluent from
septic systems, privies, and/or sewage lagoons;
sanitary landfills; excessive nitrogen fertilization; and
changes in the soil organic regime which result from
land-clearing or agricu~ural practices.
All of the above sources undoubtedly contribute
to the occurrence of abnormally high nitrate concentrations which are present in ground water over a
large area of north central Texas (Figure 49). Some
groups contend that almost all of this nitrate is derived
from the application of fertilizers; however, this may
not be the only source. It is difficu~ and expensive,
but not impossible to refine data to allow determination of the relative effects of these nitrate sources.
Existing data do not now permit such determinations.
Limited data which are available related to high
nitrates present in ground water of the state follow.
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(2) The amount of rainfall and irrigation must
exceed evapotranspiration to provide excess water
for downward percolation; and
(3) The soil and substrata must be sufficiently
porous to allow water and N0 3 to percolate to the
ground water.
Item (1) is dependent upon the management of
fertilizers during farming activities, and items (2) and
(3) are factors which must be considered in ealch
application area. These are influenced, to a large degree, by climate, weather, and geological conditions
(Hendry, 1988).
Other pertinent comments related to localized
high nitrate concentrations follow.
Many of the wells containing excessive nitrate
are possibly contaminated due to the effects of sewage
from nearby septiC tanks or animal wastes from
bamyards. This would account not only for high concentrations of nitrate, but also for part of the increase
in chloride since the two are associated (Hem, 1985).
Abnormally high nitrate concentrations o~len
occur in ground waters over wide geographic areas,
and these are difficult to explain. It has been suggested that the leaching of soil and humus in old
mesquite groves, which have been converted to farm
land, is the cause of high nitrate in certain areas of
California (Huberty, Pillsbury, and Skoloff, 1945, p.
14-15). Another explanation for high nitrate is that it
may be due to the leaching of nitrate from grasslands
after they were put into cultivation. Nitrogen, bound
in organic form, is believed to be highest in soils under
grass vegetation. Organic nitrogen in such S<Jils
decreases rapidly due to mineralization when thl3se
lands are placed in cultivation. One or both of these
explanations may be the cause of the high nitrate
content of waters in the affected area, since much of
the area was formerly in grassland or covered by
mesquite groves.
Some of the high nitrate in the ground waters
undoubtedly may be due to the extensive USE! of
nitrogen fertilizers in the areas of cultivation which are
underlain by alluvium. However, research to date has
not been conclusive enough to fully evaluate the
effects of fertilizers on ground water.
During this assessment, no actual conclusive
cases of contamination of ground water resulting
from fertilizer use were documented, except that
which was documented and discussed in the section
"Agricultural Drainage Wells."

'1'1

Figure~illustrates

the areas of the problem. A
total of 57 counties, predominantly in West Texas
within the Alluvial and Bolson Deposits and the High
Plains (Ogallala) aquifer, have greater than 41 percent of their chemical analyses exceeding the recommended standard of 10 mg/L nitrate-nitrogen.
The problem of documenting cases resulting
from the use of fertilizers is properly interpreting the
data. This data could possibly be used to construct
residual N03 maps from which specific areas with
concentrations that exceed background could be
delineated for more sophisticated studies that would
separate areas of man-induced nitrogen (N) from
those which contain naturally occurring N. Recent
work by various authors suggests that it is possible to
differentiate the various sources of N in ground
waters by running more complete water-quality and
soil analyses to determine the nitrogen cycle or
family and/or isotope ratios. Jones (1973) conducted
a study of N isotope ratios for determining the various
species related to a N problem in Runnels County.
Kreitler, in 1975, also documented techniques using
N isotope ratios of ammonium and nitrate ions from
soil and water samples. Wolterink and others (1979)
published a document containing techniques to be
used in identifying sources of subsurface nitrate
pollution using stable N isotopes. Also, recent work
by Novotny and Chesters (1981) suggests that it is
possible to differentiate possible sources of N in
ground water by running more complete water-quality
parameters. In summary, additional studies and/or
research will be required to separate naturally high
soil nitrates from high nitrates leached into ground
waters as the result of agricultural fertilizers and/or
resulting from contamination from feedlots, septic
tanks, or natural causes.
To further resolve this problem in the future,
additional consideration should be given to possibly
constructing regional aquifer residual nitrate maps
which remove normal regional nitrate values; thus,
leaving anomalous areas requiring additional study.
These areas could then be further evaluated as to
whether the high nitrates present were the result of
natural conditions or due to the application of fertilizers associated with agricultural activities. These
maps could be constructed using available water
sample data, presently on file with the TWDB; techniques developed by the oil industry; and geological
and chemical interpretation.
Commercial fertilizers in Texas are regulated by
the Texas Feed and Fertilizer Control Service, a
subunit olthe Office olthe State Chemist. The State
Chemist is appointed by the Director of the Texas
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Agricultural Experiment Station at Texas A & M
University. State law (Agriculture Code, Chapter 63)
requires the Feed and Fertilizer Control Service to set
standards for commercial fertilizers, require permits
for manufacturers and distributors, regist,erfertilizers,
prescribe label requirements, and inspeCIl registrants.
The law does not specify any ground-wat.~r protection
authority as part of the fertilizer regulatolry program.
The TSSWCB and/or the T AEX have voluntary
and educational programs dealing with Ilertilizers.
At present, data are not sufficienll to indicate
fertilizer use is a threat to ground water. This issue is
now being reviewed and a statewide ground water
protection strategy addressing fertilizers and pesticides will be prepared in the not too distant future.

Pesticides
Pesticides discussed here include: herbicides,
insecticides, fungicides, defoliants, rodenticides, and
nematicides. At present, there are over 50,000
pesticide products licensed for use (Deason, 1986).
These chemicals are used to control wel~ds, insects,
and other undesirable organisms. ThEl majority of
these pesticides are used in agriculturall operations.
However, large quantities are also used by governmental agencies, industriaVcommercial organizations,
and for garden and home use. Isolated cases of
ground-water pollution related to pesticides were
identified during this assessment.
The U.S. Environmental Protection Agency
(1987a, p. 106) estimates that there are presently
1200 - 1400 active ingredients used as pesticides. It
further estimates that 1.1 billion pounds of pesticides
are used in the United States annually, i'7 percent of
which are applied in agricultural produc~ion. Industrial, commercial, and governmental USE) account for
16 percent of the total; and home and garden use for
seven percent. With about 30 million acres of cropland, Texas ranks near the top among states in the
volume of pesticides applied in agriculture, accounting for an estimated 10 percent of the national total
(Texas Department of Agriculture, writWn communication, 1988).
Of the total volu me used, herbicides (chemicals
which kill weeds or regulate plant growth) account for
60 percent; insecticides (used to kill insects, mites, or
roundworms) account for 27 percent; and fungiCides
(for molds, mildews, blights, rusts, and mushrooms),
disinfectants (for bacteria and viruses), rodenticides
(for rodent control), and molluscicides (flor snails and
slugs) account for 13 percent (Texas DI3partment of
Agriculture, written communication, 1988).

Until a few years ago, it was erroneously believed that ground water was protected by the overlying soil and geologic units. However, with the discovery of agricultural chemicals in a number of water
wells across the country in the 1970's, this belief
began to change. In 1982, a pesticide contaminant of
serious concern, ethylene dibromide (EDB), was
found in two wells in California and in three wells in
Georgia. This prompted increased nationwide groundwater monitoring and by the end of 1983, EDP
pollution had been confirmed in 16counties in California, Florida, Georgia, and Hawaii. As a result ofthese
findings, EPA issued an immediate suspension of all
EDB soil uses (U.S. Environmental Protection Agency,
1987d).
Prior to these discoveries, no serious effort was
made to monitor pesticides in ground water, either at
a federal or state level. Many states, including Texas,
still do not have an aggressive pesticide monitoring
program. (Texas is now in the process of expanding
its program.) With the discovery of aldicarb (DBCP)
and EDB in isolated areas of the country, monitoring
was increased to investigate the seriousness of the
problem nationwide. By 1986, a total of 19 different
pesticides had been documented in ground water in
24 states. One instance of pesticide contamination in
Hidalgo County (aldicarb) was found, however, on
retesting of the affected ground waters, it was not
substantiated. Table 16 which follows, lists those
pesticides and related Chemicals which have been
determined by the EPA to have the greatest potential
for leaching to ground water.
The required general differences in the chemical properties of pesticides, their environmental fate
in soils, and the variations which control their tendency to leach to ground water have been previously
diSCUSSed in a subchapter entitled "Contamination."
EPA states (1987d) that ground water may
become contaminated at various points in the pesticide use cycle. These points of pollution may occur
during manufacture, distribution, storage, use on agricultural lands or in industrial settings, or during
disposal. Isolated cases of pollution by pesticides
related to several ofthese points in the use cycle have
been confirmed within the state. Discussions of these
follow.
Although monitoring to date has been very
limited, several documented cases of ground-water
contamination in Texas by pesticides were located
(Figure 50). In 1984, arsenic was found inconcentrations exceeding federal standards for safe drinking
water in 34 water wells out of 101 wells tested in
Howard and Martin Counties. The contamination is
related to improper disposal of gin trash containing
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Table 16.-Pesticides and Related Chemicals Included in U.S. Environmental Protection
Agency's National Survey of Pesticides in Well Water

Pesticide Metabolites

Pesticides
Acifluorfen (H)
Alachlor (H)
Aldicarb (I)
Ametryn (H)
Atrazine (H)
Bromacil (H)
Butylate (H)
Carbaryl (I)
Carbofuran (I)
Carbofuran-3-0H
Carboxin (F)
Chloramben (H)
alpha-Chlordane (I)
gamma-Chlordane (I)
Chlorothalonil (F)
Cyanazine (H)
Cycloate (H)
2,4-D (H)
Dalapon (H)
Dibromochloropropane (N)
DCPA (H)
Diazinon (I)
Dicamba (H)
3,5-Dichlorobenzoic acid (H.I)
1 ,2-Dichloropropane (N)
Dieldrin (I)

Source:

Dinoseb (H)I
Diphenamiol (H)
Disulfoton (II)
Diuron (H)
Endrin (I)
Ethylene dibromide (I,N)
Fluometurol1 (H)
Heptachlor (I)
Hexachlorobenzene (S)
Methomyl (I,N)
Methoxychl,or (I)
Metolachlor (H)
Metribuzin (H)
Ox amyl (I)
Pentachlorophenol (H)
Picloram (H)
Propachlor (H)
Propazine (H)
Propham (1-1)
Propoxur (1)1
Simazine (1-1)
2,4,5-T (H)
2,4,5-TP (H)
Tebuthiuron (H)
Terbacil (H)
Trifluralin (1-1)

Aldicarb sulfone
Aldicarb sulfoxide
Atrazine, dealkylated
Carboxin sulfoxide
DCPA acid metabolites
5-Hydroxy dicamba
Disulfoton sulfone
ETU
Fenamiphos sulfone
Fenamiphos sulfoxide
Heptachlor epoxide
Hexazinone
Methyl paraoxon
Metribuzin DA
Metribuzin DADK
Metribuzin OK
Pronamide metabolite, RH 24850

F
H
I
N
S

-

FungiCide
Herbicide
Insecticide
Nematicide
Seed Protectant

U.S. Environmental Protection Agency, 1988a

arsenic and poor well construction. Other cases
involve ground-water contamination at commEtrcial
pesticide-applicator s~es, as well as scattered findings of contamination from monitoring of wells in
several counties.
The TDA is conducting an ongoing study of
potential contamination of rural water wells by agricultural chemicals. Recent analyses of water samples
collected in Comanche, Haskell, and Knox Counties
to monitor for pesticides have confirmed the presence of herbicides in ground water. Of the 75 lIIIelis
sampled, 25 each in Haskell, Knox, and Comanche
Counties, TDA laboratories found that five contalined
pesticide residues (two in Haskell, two in Knox, and
one in Comanche). Pesticides confirmed in ground
waters included prometon; atrazine; dicamba; 2,4,5T; 2,4-DB, and metolachlor. Each was found in either
one or, in the case of prometon, in two of the lIIIelis
(Piltz, Texas Department of Agriculture, personal

communication, 1987). Contaminants in Haskell and
Knox Counties impact the Alluvum and Bolson Depos~s
aquifer (Seymour Formation) and in Comanche County,
they impact the Trinity Group aquifer. It is believed
that these instances of pollution are on-site problems
and cover very small areas and are presently being
addressed by the TDA.
Additionally, pesticides have been reported in
counties which follow with the aquifer which is impacted being shown in parenthesis: Brown (Trinity
Group), Deaf Smith (High Plains). Hidalgo (Gulf
Coast). and Llano (Hickory ?) (Field Offices, Texas
Water Commission, personal communication, 1987;
Knape, 1984). In almost all cases, the area affected
by pesticide contamination is very limited in area.
Ground-water contamination due to chemicals
commonly used in agricultural activities has also
been confirmed in several other counties. Various
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pesticides have been detected in ground water associated with cleanup of aerial spraying equipment in
the following counties: Cameron, Harris, Jim Wells,
and Refugio Cou nties. These have impacted the Gulf
Coast aquifer. The same activities have impactecl the
High Plainsaquiferin Parmer and Sherman Counties.
Additionally, pollution resulting from these practlices
has been documented in Loving County where it
affects the Alluvium and/or Bolson deposits (Ferguson,
Texas Water Commission, personal communication,
1987). These problems are presently being addressed by the TWC.
In an effort to correct obvious deficiencies in
statewide sampling for pesticides, several state
agencies and/or other entities are now in the process
of sampling or are planning on instigating programs to
gather data to more fully access the pesticide problem. Discussions of programs which are now in
progress or are being planned follow.
The TWDB, which maintains a statewide groundwater quality monitoring program, has reevaluated
and expanded its sampling program to include additional constituents, some of which may be applicable
to herbicides. A total of 592 samples are to be
collected in 74 counties in the near future. Since
pesticide sampling is extremely expensive, it is not
realistic to try to routinely sample all wells within their
monitoring system for pesticides.
Texas Department of Agriculture is now resampiing known pesticide contaminated wells in Howard
and Martin Counties. They have also just complE~ted
the resampling of confirmed contaminated wells in
Knox, Haskell, and Comanche Counties. Additionally, TDA is presently sampling shallow ground water
in alluvial deposits in EI Paso County.
EPA's National Pesticide Survey was commenced in April 1988 and is scheduled to be completed in 1989. This is a nationwide program designed to investigate the presence of pesticides in
drinking water wells as well as to target needed
ground-water monitoring requirements. This survey
will include approximately 600 community water systems as well as an undetermined numberof domelstic
wells nationwide which were randomly selected.
Within Texas, 50 community water systems and ,one
domestic well are scheduled to be sampled. These
samples will be tested for over 100 pesticides selected to determine their leaching potential.
In an effort to assess possible effects of agricu 1tural pesticide use on ground water, the High Plains
Underground Water Conservation District No. 1
conducted a program which monitored for the pres-

ence of pesticides within the High Plains (Ogallala)
aquifer (Figure 1). This water testing effort was
initiated in late spring of 1988 and completed by
November 1988 (McReynolds, 1988).
During the investigation, water samples were
collected from 90 irrigation wells in 15 separate
counties within the District's service area. To reduce
costs, composite samples were compiled from groups
of two or three wells which were closely located.
These composite samples were then analyzed for 19
pesticides which had been used in the largest quantities and overthe longest period of time. From these,
a total of 589 separate analyses were conducted on
31 composite samples (The Cross Section, 1988;
and McReynolds, 1988).
Preliminary test results from the composite
samples revealed trace amounts of six chemicals in
14 of the 589 total analyses which were conducted.
All of the trace amounts detected fell below EPA's
proposed health adviSOry limits for each identified
chemical (The Cross Section, 1988). Pesticides confirmed in trace amounts in ground water were: diuron; bromacil; atrazine; 2,4-0; dicamba; and
glyphosate. Specific counties with chemicals identified were: Castro - bromacil, atrazine, and 2,4-0;
Crosby - diacamba; Deaf Smith - bromacil and
atrazine; Floyd - bromacil and atrazine; Hale - 2,4-0;
Lamb - atrazine and glyphosate; Lubbock - diuron;
Potter - diuron and bromacil; and Randall - atrazine
(McReynolds, 1988).
Since samples were compiled from groups of
two or three wells, individual irrigation wells will be
resampled and analyzed for the chemical found in the
first test. A third sample effort will involve collection
of several water samples from each suspect well at
timed intervals to check for an increase or decrease
in the amount of chemicals found in an effort to determine if it is in fact coming from the aquifer or is a case
of local contamination (McReynolds, 1988).
Preliminary data indicate that it is highly unlikely
that solutions containing these chemicals could percolate through the thick soil profile to the water table
(Plates 1 and 2). Direct access byway of wells is now
considered to be the most likely route of potential
pollution at this time. The exact causes of degradation are now being thoroughly investigated (The
Cross Section, 1988).
Other known planned pesticide water sampling
programs are to be initiated at a later date by the
Lower Colorado River Authority and the TSSWCB.
The total number of samples involved are unknown.
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A great deal of data on ground-water contamination by pesticides has been coliectE~d by some
chemical manufacturers. These data have generally
not been made available to the state agencies responsible for pesticide registration and ground-water
protection. A requirement that pesticid43 registrants
report known instances of ground-water contamination could greatly facilitate the identification of problem areas (Piltz, Texas Department of Agriculture,
written communication, 1987).
Most ofthe application of pesticides in Texas is
performed by commercial firms and the remainder by
individuals. Existing regulatory programs related to
pesticides follow.
Pursuant to the Texas Water Code, the TWC is
charged with the major responsibility for groundwater protection programs. By letter dated April 15,
1988, Governor Clements formally designated the
TWC as Texas' lead agency with respect to the
administration of ground-water protection programs
under EPA's proposed pesticide strategl' with the exception of licensing of applicators, which is the responsibility of the TDA.
The TDA has primary responsibility for regulating pesticide use in Texas under federal and state law
and EPA oversight. Texas Department "f Health and
TWC have concurrent responsibility for regulating
storage and disposal of pesticide wastes. In addition
to TDA, the Structural Pest Control Board has responsibility to license applicators of pesticides in and
around homes and other structures. The TDH has
responsibility to license applicators of certain pesticides for health related pest control, such as mosquito control. The Texas Feed and Fertilizer Control
Service has responsibility to regulate th43 distribution
of fertilizers, including mixes of pesticid'9S with fertilizers. Additional responsibilities related to nonregulatory activities related to the management of agricultural chemicals rest with the TSSWCB. The Texas
Agricultural Extension Service has statewide research
and educational responsibilities. Other nonregulatory activities are performed by public service agencies.

Silvicultural Activities
The term silvicu Iture encompassl~s all forestry
practices. Within the state, forestry activities are
confined essentially to East Texas. Known pollution
problems related to silviculture activities are relatively
limited. There are five potential types of pollution,
sediment, nutrients, organics, temperature, and introduced chemicals. Almost all of theSEt are surface
water concems, however, introduced chHmicals have

been documented as a problem related to groundwater quality within the state. Specifically, groundwater contamination problems have resulted from
wood preservation facilities. Pollution resulting from
this activity falls under the regulatory responsibility of
the TWC. The TSSWCB has agricultural responsibilities applicable to silvicultural best management
practices within the state. Additionally, other existing
federal and state organiiations which could influence
the implementation of silvicultural control measures
related to pollution of ground water are the U.S.
Forest Service (USFS) and the Texas Forest Service
(TFS).
In addition to the TWC, other existing federal
and state organizations which could influence the
implementation of silvicultural control measures related to pollution of ground water, the U.S. Forest
Service (USFS) and the Texas Forest Service (TFS)
are the primary agencies.
The USFS is the federal agency which has been
mandated to provide for protection and utilization of
the nation's forest resources. Its responsibilities
include the management of timber, forage, recreation, wildlife, and water resources of national forests.
In Texas, there are four national forests representing
a combined acreage of about 660,000 acres (Texas
Water Institute, 1978, p. 143). By law, the various
resources of forest lands must be managed so as to
provide a "sustained yield" of each national forest.
Management practices are also to be selected to
minimize adverse environmental impacts.
National research conducted by the USFS has,
along with other areas, been directed toward the
relationship between forest practices and water quality
and quantity. The State Forestry branch also provides a variety of different types of assistance to
state and private forest owners.
The TFS was established to assure Texas an
adequate supply of timber, to provide fire protection,
to control insect and disease pests, to provide management assistance, and to educate and inform the
public on forestry programs and the ecological and
economic conditions of Texas forests. The agency
has jurisdiction covering 53 counties in East Texas.
This agency cooperates with other government agencies and private organizations in natural resource
planning and environmental impact statements related to forestry. Pest control services are provided
through aerial surveillance. The TFS reports infestations to landowners and will take the necessary
control measures on request (Texas Water Institute,
1978, p. 149 and 150). In so far as is known, they
have made no attempt to monitor ground-water quality
underlying state forests.
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In 1978, the Texas Water Resources Institute,
under an interagency contract with the Texas Department of Water Resources (TDWR), assessed pmblems and developed solutions to silvicultural activities. This document is titled "Silvicultural Activities in
Relation to Water Quality in Texas: An Assessment
of Potential Problems and Solutions."

Wood Preservation
According 10 TWC records, there are onl)' 33
wood preserving facilities in Texas. These arei located in the eastern part of the state. Several of
these facilities are not being operated at this time.
Wastes associated with wood preserving operations include contaminated waste water from the
treating process; sludges from waste-water treatment; soil contamination caused by spills, loading
and unloading of lumber into treating cylinders; and
"weeping" of chemicals from freshly treated wood
products. These wastes generally contain organic
constituents from use of creosote and pentachlorophenol (penta), and/or inorganic constituents from
use of chromated copper arsenate (CCA). Because
CCA processes tend to use more water than they
generate, they are becoming increasingly popular in
the industry, and some plants which have used
creosote or penta in the past are changing OVl3r to
CCA.
Another aspect in the wood treating industry is
the incidence of private individuals and small, unlicensed wood treating operations which commonly
treat fence posts and lumber in earthen pits (known in
the wood treating trade as "dippers"). It is not known
how many of these small operators exist, but it is
certain that such operations pose a significant threat
to ground-water quality in localized areas (Moore,
Texas Water Commission, written communication,
1988).
Reported ground·water contamination related
to wood preservation activities have been found in
seven counties of East Texas. These counties with
the impacted aquifer shown in parenthesis, were:
Angelina (none), Bowie (Carrizo-Wilcox and Nacatoch Sand), Grayson (Woodbine), Gregg (CarrizoWilcox and Queen City), Harris (Gulf Coast), Jasper
(Gulf Coast), and Polk (Gulf Coast) (Figure 50).
Control of ground-water contamination reisulting from wood preservation activities falls under the
regulatory responsibilities of the TWC. Existing TWC
regulations used to control contaminants resulting
from wood preservation are, as in case of wastes

derived by the application of pesticides, also derived
from authority documented in Chapter 26 of the
Texas Water Code and from authority defined in the
Texas Solid Waste Disposal Act (Moore, Texas Water
Commission, written communication, 1988).
Chapter 26 of the Texas Water Code is used to
control discharges of wood preservation wastes into
or adjacent to water in the state (including ground
water), and it specifies actions to be taken in response to spills of oil and hazardous materials.
The Texas SOlid Waste Disposal Act is also
used to control solid wastes resulting from wood
treating operations. Wastes from the operations are
classed as industrial solid waste, and are thus regulated in accordance with rules which have been
adopted by the Commission for industrial wastes;
new rules regarding management of hazardous waste
are being developed to comply with the continuously
evolving federal regulations (Resource Conservation
and Recovery Act).

Infiltration of Irrigation Water
Whenever surface and/or ground waters are
applied to agricultural lands to assist in the production
of crops, portions of this applied water returns to the
water table via deep percolation. Many irrigated
areas of the state have geological and soil characteristics which favor water losses. Often these waters
are of poor quality.
As plants use water, salts accumulate in the soil
and/or build up in surface and/or ground waters (van
Schilfgaade, 1986). The most common problem is
normally a salinity increase or bu ildup of the salts, sulfates, chloride, sodium, or calcium. More recently,
actual or potential surface - and ground-water contamination resulting from fertilizers and pesticides
has been of concern. In the arid portion of Texas,
natural precipitation is usually insufficient to leach accumulated salts from the soil; however, when excess
irrigation waters are applied, these salts may move to
the subsoil and/or to ground water (Scalf and others,
1973).
Irrigated agriculture provides the economic base
for much of Texas. During 1984, an estimated 6.7
million acres of Texas crop land was irrigated (Figure
51). Ground water was used for irrigating about 80
percent of this land. The total water used in 1984 on
irrigated crops was 9.3 million acre-feet. About 2.06
million acre-feet of surface water was used on irrigated crops, an estimated 6.79 million acre-feet of
ground water, and about 0.45 acre-feet of combined
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waters were utilized (Texas Water Development Board,
1986). Figure 51 illustrates the distribution of these
waters. The exact percentage of applied irrigation
water (pumpage) which infiltrates or rE!turns to the
water table is unknown, but it is esti mate<j to be on the
order of about 20 percent (Brune, 1969).
Within the High Plains area of WestTexas, only
a small amount of these flows returns to the river
systems and most of the infiltrating solubles rejoin
ground water. However, due to the hi'gh quality of
most of the ground waters, the surface geologic units
present, and the large storage capacit}' of the High
Plains aquifer, the possible effects of most of the
irrigation water seepage have been masked to date.
Inthe southern High Plains, where favorable geologic
soil conditions such as shallow depth to water table
and thin saturated thicknesses of the aquifer exist
(Plate 2), eventually, irrigation seepagl9 water may
become a problem.
Only one incident of possible ~Iround-water
contamination due to these activities was reported
during this assessment and that was located in Deaf
Smith County (Figure 50).
Excess precipitation in the gulf coastal region of
the state highly dilutes irrigation return seepage and
is not a large part of the hydrological system. In these
instances, problems should be minimal and very
localized (Scalf and others, 1973).
The highly mineralized ground and surface waters
in the upper reaches olthe Pecos Riverof westT ex as
may be the result of irrigation return seepage originating in New Mexico and Texas (Scalf and others,
1973). This could be the partial cause of groundwater degradation, however, most of it is believed to
be due to more highly saline surface waters (resulting
from natural salt dissolution) moving into the Cenozoic Alluvium. This occurs near the Pecos River
where excessive irrigation pumpage has created a
reversal in the gradient of the potentiometric surface
of the aquifer away from the river.
The TWC, at present, has no existing regulatory
program specifically addreSSing this sLlbject. However, it is recommended that to prevent direct infiltration of pesticide and fertilizer laden irrigation return
seepage waters into abandoned or improperly completed wells, the wells should be modified, properly
capped, and/or plugged.

Agricultural Drainage Wells
Agricultural drainage wells are presently in use
in Hidalgo County in the Lower Rio Grande Valley of

Texas. These wells are considered to be Class V
injection wells. They were initially introduced during
the 1950's to help alleviate the problem of perched
water tables in certain agricultural areas. Drainage
well systems act to collect surface and very shallow
subsurface water and drain them, by gravity flow, into
a well for disposal into a permeable subsurface
geological unit. The potential for contamination of
ground water resulting from the use of agricultural
drainage wells is high. Possible pollutants are pesticides, fertilizers, pathogens, metals transported by
sediments, and salts.
Based on a 1982 inventory and assessment of
this type of Class V well, it was estimated that about
300 agricultural drainage well systems were in operation within a 250 square mile study area in southwestern Hidalgo county. Within this area, the uppermost
or shallow subsurface zone consists of medium to
coarse grained gravel. It has been used extensively
as a disposal zone for drainage well fluids. Fluids,
which had been collected for later injection, contained
high concentrations of dissolved solids, nitrate, and
two herbicides, bromacil and simazine (Knape,
1984). Possible contaminates have been documented in fluids which were to be injected in a waterbearing zone located immediately above two usable
quality water intervals.
These practices potentially impact the Gulf Coast
aquifer (Figu re 1). The poss ible a flected area covers
an estimated 250 square miles or about 160,000
acres near Mission, Texas in southern Hidalgo County.
An average of 1.37 acre-fooVacre or about 16.4
inches of irrigation surface water is applied, annually,
to the c~rus groves (Texas Water Development Board,
1986). Additionally, the area has an average annual
rainfall of about 23 inches. Table 17 gives an estimate
of the amount of pesticides and fertilizers applied annually to an average citrus grove in Hidalgo County.
Gross estimates of loading on the impacted area are
as follows:
Kh

permeability in the horizontal direction
500 galstdalft 2 (Molofsky, 1985)

Kv

permeability in the vertical direction
assume 10 percent of Kh
50 galstdalft 2

=

Average depth to water level = 21.1 feet (Molofsky,
1985)
Average diameter of pipe in wells = 4 inches (Molofsky,
1985) = 0.333 feet
Porosity = ell = 30 percent (Freeze and Cherry, 1979)
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Then velocity (V) of the water as it exits from the end
of the pipe is:
V

= Kvdhldl

cj)

(where dhldl is the change in
hydraulic head, assumed
to be half of the average
depth to water)

and Volume = V + A (where A is the cross sectional
area)
Volume =
50 gaVda

X 10.55 ft

ft

ft2

x

It

(0.333 feeW

4

-

maintain district drainage facilities. Thirty-three irrigation districts have the authority to levy and collect
taxes; construct, operate, and maintain works of
improvement; acquire land, easements, and rightsof-way; and contract with the federal government.
Soil and Water Conservation Districts assist farmers
and others with erosion control, flood prevention, and
water management operations. The Lower Rio Grande
Development Council was formed in 1967 and is
primarily involved with industrial and economic development of the region and strengthening cooperation
among local governmental subdivisions. The Council
has also supported environmental assessments for
the region.

.30

= 33,606 gals/mi2/yr of contaminated water
could be injected to the ground-water
aquifer.

The Agricultural Stabilization Conservation
Service of the U.S. Department of Agriculture provides cost-share assistance for development of drainage well systems under the Agriculture Conservation
Program. Funds are channeled through the U.S. Soil
Conservation Service which provides technical assistance for design and construction of drainage well
systems. The Service has established design specifications for drainage wells in the National Handbook
of Conservation Practices (U.S. Department of Agriculture, Soil Conservation Service, 1978). These
design standards Specify that the practice of drainage
well use is applicable only in locations where a
determination has been made that it will not cause
pollution of underground waters.

There are a number of governmental in!>1itutions in the Lower Rio Grande Valley which have
influence on development and use of water and land
resources. There are eight drainage districts which
can levy and collect taxes to construct, operate, and

There are also an undetermined number of
agricultural drainage wells ranging from 35 to 40 feet
in depth, located in south-central Runnels County.
These are located on the outcrop of Permian age
sediments which are not classified as either a major
or minor aquifer (Figures 1 and 2). However, ground

153.45 gals/dalwell when used
OTotal

=

153.45 gals/dalwell X 300 wells
x 365 dalyr X 0.5 yr (estimated time
in use)

= 8,401,388 gals/yr over 160,000 acres
or 250 mi2

Therefore:
O/mi2

Table 17.-Typical Pesticide and Fertilizer Applications on a 2O-Acre
Citrus Grove Over a One-Year Period

Substance
Nitrogen Fertilizer
Karmex
Simazine
Acaraben
Methidathion
Karmex
Simazine
Kelthane

Date of
Application
Dec.
Mar.
Mar.
Apr.
Apr.
Aug.
Aug.
Sept.

1981
1982
1982
1982
1981
1982
1982
1982

Source: Boyd Davis, Drainage Tile Contractor, Edinburg, Texas
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Amount
Applied
100lblacre
41b1acre
21b1acre
1/2 gallon/acre
1/2 gallon/acre
21b1acre
21b1acre
1 112 gallons/acre

water may be present. Arsenic contamination was
documented in waters to be injected which were
collected and analyzed from these drainage well
systems. The source of this potential pollution is
thought to possibly have been associateld with defoliation of cotton which is grown in the immediate area.
Other agricultural drainage wells are also known to
exist in Oldham County, however, specific details of
these are not now available. Any problems related to
these wells would possibly impact the High Plains
(Oga"ala) aquifer.
Drainage wells are considered as Glass V Injection Wells and, therefore, are under the regulatory
responsibility of the TWC. These wells are covered
by regulations dealing with Class V Inj!3Ction wells.
The TSSWCB has no regulatory programs relative to
drainage wells. However, there are soil and water
conservation programs which provide assistance to
agricultural producers relative to draina~le of agricultural land. Existing programs will be utilized in the
abatement of ground-water contamination to the extent
feasible. New programs and approaches will be developed as needed (Texas State Soil and Water Conservation Board, written communication, 1988).

Tillage
Tillage is the operation of cultivating the land.
This operation is commonly performed to prepare a
sunable seedbed for grain germination, to bury excess residues, to control weeds, and to incorporate
agricultural chemicals (Logan and others, 1987).
Since tillage practices can increase the infiltration
rate, constituents derived from fertilizers, pesticides,
organic matter, and sediments are of concern as
potential contaminants.
In some areas of the state located near cotton
gins, many farmers secure gin trash and spread n
upon their fields. Later tillage of this material into the
soil increases its organic content. This gin trash is
usually arsenic bearing due to the use of the cotton
defoliant orthoarsenic acid during harvE!sting operations. Additiona"y, there have also been reported
cases of this trash being used as insulation around
water wells, as a prevention against winter freezing.
The practice of tilling arsenic-bearing trash into
the soil and/orthe piling of n around wells is believed
to have increased background natural arsenic content of ground water through the downward percolation of contaminated fluids through the soil profile or
through poor to nonexistent we" annuus seals (Nichols
and others, 1977; and Nativ, 1988).

Arsenic pollution was reported in Deaf Smith,
Howard, Martin, and Willacy Counties. Data indicate
that this pollution is not an aquifer wide problem and
that improper waste disposal practices, not normal
field use of a pesticide, resulted in ground-water
contamination in the immediate area.
Activities related to tillage practices are the
responsibility of the TSSWCB and the T AEX. The
TDA is responsible for ensuring compliance with
federal and state laws and regulations relating to
pesticide distribution and use through its pesticide enforcement program.

Class V Injection Wells
This subchapter includes miscellaneous injection wells used for the subsurface emplacement of
certain fluids. These we" types exclude Class I, II, III,
and IV wells, and residential cesspools or septic
system disposal wells. (Residential cesspools and
septic system disposal wells are regulated by guidelines of the TDH and may be regulated by specific
counties where septic tank orders exist.) Brief descriptions of these classes are: Class I, hazardous
and nonhazardous waste disposal wells for injection
below underground sources of drinking water; Class
II, fluid injection and disposal wells related to oil and
gas activities; Class III, solution mining wells; Class
IV, hazardous waste disposal wells injected into or
above underground sources of drinking water.
Class V includes a" other injection wells. More
specifically, Class V includes wells of the following
EPA groups: 1) drainage, 2) geothermal reinjection,
3) domestic waste-water disposal, 4) mineral and
fossil fuel recovery related, 5) industriaVcommerciaV
utility disposal, 6) recharge, and 7) miscellaneous.
Currently, nationwide there are at least 30 different
types of Class V wells which fa" in the seven major
groups. Within Texas, representative types of each
of the major groups are known to exist.

Class V Well Types
Agricultural drainage wells are used to receive irrigation tailwaters, other field drainage, and
dairy and concentrated animal feedlot runoff.
Storm water drainage wells receive surface
storm water runoff from paved areas such as parking
lots, streets, residential subdivisions, building roofs,
and highways.
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Industrial drainage wells are wells located in
industrial areas primarily to collect storm water runoff,
but are susceptible to spills, leaks, or other chemical
discharges.
Heat pump/air condHlonlng wells are !ihallow wells used for underground injection of water
which has been produced from a source well for
heating or cooling in a heat pump (Knape, 1984).
Sewage disposal wells included all bored or
dug holes in which the depth exceeds the diameter,
and which are used for disposal of water-b()rne
human wastes or effluent resulting from partial treatment of these wastes (Knape, 1984).

drains. These are suspected of being used for disposal of dangerous or toxic wastes.
Artificial recharge wells are used to recharge
depleted aquifers. Fluids injected may be derived
from various sources such as treated waste water,
irrigation tailwaters, water from lakes and streams or
from other aquifers.
Abandoned water wells include improperly
abandoned high-capacity municipal, industrial, and
irrigation wells, abandoned oil rig-supply wells, and
domestic or livestock wells.

Potential Contaminants of Class V Wells
Mine backfill wells are normally defined as
wells drilled into mined-out portions of below ground
mines for the pu !pOse of filling them by injection of a
slurry of sand, mill tailings, or other solids (Knape,

1984).
Automobile service station disposal wells
are those wells which receive waste from repair bay

Contamination potential for each of the above
specific types has been assessed (Engineering Enterprises, Inc., 1987). Based on various parameter
characteristics of each type of well, a rating scheme
of high, moderate, or low was developed. Table 18
which follows, lists the well type, contamination potential, and potential contaminants.

Table 18.-Class V Wells of Concern

Well Type

Contamination
Potential

Agricultural Drainage

High

Storm Water Drainage

Moderate

Industrial Drainage

Heat Pump/Air Conditioning
Rerurn Flow
Sewage Disposal
(septic systems)

Potential Contaminants
Pesticides, fertilizers, pathogens, metals via soil
sediments, salts.
Heavy metals (Cu, Pb, Zn), organics, coliform bacteria,
contaminants from streets, pesticides.

High-Moderate

Usually organic solvents, acids, pesticides, and various other
industrial waste constituents. Usually higher concentrations
than storm drainage wells.

Low

Potable waters (90' - 110' F) may contain scale or corrosion
inhibitors.

High-low

Suspended solids, nitrates, chlorides, sulfates, sodium,
calcium, and fecal coliform.
Acidic waters.

Mine Backfill
Automobile Service Station

Artificial Recharge

High

Heavy metals, solvents, cleaners, used oil and fluids, detergents, and organic compounds.

High-Low'

Variable, sediments, pesticides, fertilizers, water is generally
01 good quality.
Potentially any fluid, saline waters, hazardous chemicals,
fertilizers, sewage, sediments.

Abandoned Water

Others

Unknown

Variable.

Source: U.S. Environmental Protection Agency
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Inventory of Class V Wells
An exact count of the various types of Class V
wells is not known at present. The total number is
thought to exceed 150,000 wells since it has been
estimated there are at least that many abandoned
water wells within Texas. (For a more complete
discussion of these, please refer to thei subchapter
titled, "Water Wells.') Figures 52 and :34 show the
approximate distribution of known Class V wells other
than abandoned water wells. Unless othHrwise noted,
all well inventories cited in this section will be as of
August 5, 1988.
A total of 108 agricultural drainage wells have
been located within the state. Since these are
considered as problem wells, a more complete discussion of these can be found in the section titled,
"Agricultural Drainage Wells."
Data on confirmed storm water drainage wells is
very sketchy. Statewide, there are thought to be only
about 50 of these wells. These are primarily located
in Edwards and Travis Counties and in the Panhandle
area of Texas (Musick, personal communication,
1988). Personnel of the TWC have inventoried 42 of
these wells.
Figure 52 also reflects the area of known heat
pump/air conditioning return flow wells. The total
number of such wells statewide, is probably on the
order of several thousand. These are known to be
located in at least 52 separate counties. An ongoing
inventory olthese wells is now in progress by the staff
of the TWC. A total of 1752 wells have been located.
The approximate locations of confirmed sewage disposal wells are also shown on Figure 52. The
staff of the TWC inventoried those sewage disposal
wells serving 20 or more persons. As of December
1984, there were four well systems located on the
High Plains: one in Gray, two in Potter, and one in
Oldham Counties. Additionally, there were 10 well
systems in Edwards County, 12 well systems in
Nueces County, and one system in Hidalgo County
(Knape, 1984). A recent count of these wells indicates that 509 have been located in scattered counties of the state (Figure 52).
In the Ter1i1gua mercury mining district in Brewster
County, a mine backfill project was instigated during
1982 to eliminate the dangers of open mine shafts.
Railroad Commission of Texas personnel identified
at least 88 mine shafts in the immediate area which
were considered as public hazards. This group of
shallow shafts and workings, which are to be filled
with solids, are classed as mine backfilll wells. As of
August 5, 1988, a total of 108 ofthese backfill wells

5%
had been located by TWC personnel (Figure-+&).
Duetothe scarcity of ground water in the area, it is believed that this disposal had no impact on groundwater resources (Knape, 1984).

A total of 46 artificial recharge injection wells
have been inventoried. Located primarily in the western part olthe state, known wells are found in Carson,
Castro, Dawson, EI Paso, Edwards, Floyd, Hale,
Hockley, Hudspeth, Lamb, Lubbock, Martin, Midland,
Swisher, and Yoakum Counties (Figure 52). Some of
the total number of wells may be located in other
counties of the state. All wells are not presently in
operation (Knape, 1984).
Data are not available on the number of industrial drainage and automobile service station disposal
wells. Additional data definitely needs to be gathered
on these wells.
Texas Water Commission's regulatory program
for Class V injection wells is included under 31 T AC
Chapter 331 (UIC). Existing Class V wells are
authOrized by ru Ie. In order to maintain authorization
by rule, existing Class V operators were required to
register their wells by January 6, 1983. Proposed new
Class V injection wells must be registered with the
Commission prior to construction of the wells to
assure authorization by rule. The Commission has
the discretion to regulate Class V wells through the
existing registration program as provided by rule, or
to develop more appropriate regulatory approaches
for specific categories of Class V wells. Such approaches might involve regulation by site specific
permit, by special rules, or by a local agency.
Most Class V injection wells must be drilled by
a licensed water well driller. The owner, operator, and
driller of such an injection well is required to submit to
the Executive Director of the Commission information
with regard to each proposed injection well.

Stormwater Runoff
Stonnwater runoff is that part of the total precipitation which flows over the urban or rural land
surface. Under normal conditions during and following a rainfall, stormwater flows within a watershed
area to lower elevations where it is either recharged
to the ground-water system or it drains to creeks,
rivers, bays, or lakes. Urban runoff is usually channeled by drainage ditch networks into Slormwater
sewer systems, recharge and/or sediment basins,
into stormwater drainage (dry) wells, into other systems, or into the natural surface-water stream drainage system. Rural runoff is usually channeled by the
natural drainage networks.
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A broad range of pollutants are associated with
stormwaterrunoff activities. Stormwater, as runoff or
as infiltration, is the vehicle by which ccmtaminants
move across the land surface, through the soils to
ground water, or to surface waters. PCltential contaminants include suspended solids, pesticides,
bacteria, petroleum residues, nutrients, and toxic
substances which include hydrocarbons and heavy
metals (U.S. Environmental Protection Agency, 1987a).
Ground-water contamination from the above pollutants may enter the aquifers through leaks in storm
sewers, storm sewer overflows, flows directly from
city streets into the ground, or seep from recharge
and/or sediment basins or stormwater drainage wells.
Information gathered during this assessment
related to this category is not sufficient to support a
reliable evaluation. Limited documentled cases of
actual or potential ground-water pollution were found.
In Deaf Smith County, possible ground·water pollution has resulted from the use of stormwater runoff
ditches. This locally impacts the High Plains (Ogallala) aquifer. There also have been times when sewage contamination has been found at Barton Springs
in Travis County following large rains oVler the watershed (Baskin, Texas Water Commission, personal
communication, 1987).
The Edwards (Balcones Fault Zone) aquifer is
considered to be the most susceptible aquifer to this
type of ground-water pollution. This aquifer is very
cavernous and it also contains numerous faults.
Cities located on the recharge zone 01 this aquifer
have or should develop best management plans to
mitigate any problems related to activities of this
category. Counties which may experience groundwater pollution are: Bell, Bexar, Comal, Hays, Kinney, Medina, Travis, Uvalde, and Williamson
(Figure 1).
The TWC has jurisdictional responsibility for the
protection of ground water relating to urban stormwater runoff. The TSSWCB has voluntary responsibilities related to rural agricultural and silvicultural stormwater runoff. Additionally, new federal regulation will
further address problems related to this subject.

many of these are believed to still exist in rural areas
of the state. These facilities, for the most part, have
not been identified and investigated duetothe lack of
sufficient funds. They are believed to pose a risk to
health and the environment.
An open dump is an unauthorized and unsupervised solid waste disposal site where wastes are
deposited without regard to the consequences of
dumping. These are normally located in gulleys,
ravines, or land areas considered unsuitable for other
purposes and can pose a constant and uncontrolled
threat to ground water. Items discarded are old appi icances , automobiles, tin cans, rubber tires, trees
and yard trash, construction wastes, and many other
items. Often, unconfined quantities of hazardous or
nonhazardous wastes are "midnight dumped" at these
sites.
Minimum estimates of nationwide open dumps
range from about 1900 to 2400. This is probably a
conservative figure since many of these are believed
to still be unidentified. Open dumps have been
reported in every state and most territories of the
United States (U.S. Environmental Protection Agency,
1987a). Open dumps are subject to the criteria EPA
has developed for classification of solid waste disposal facilities and practices under RCRA.
Solid waste disposal facilities in the state are
regulated by the Texas Department of Health under
regulations more completely discussed in the previously presented section titled, "Sanitary Landfills."

Material Stockpiles
These are storage piles of substances produced or used in a production process. They are
normally materials stored or used in large bulk. Texas
examples are coal, uranium ore, sand and gravel, iron
ore, gypsum, sulfur, manure, and other materials
frequently stored in stockpiles.

Open Dumps

Soluble substances contained in these stockpiles can be carried to ground water and are dependent upon the material stockpiled (U.S. Environmental
Protection Agency, 1987a). Potential contaminants
from coal stockpiles are; aluminum, iron, calcium,
magnesium, sodium, potassium, sulfur, phosphate,
and trace levels of arsenic, cadmium, mercury, lead,
zinc, selenium, uranium, copper, and cobalt; and
from other stockpiles include metals and nonmetals.

Very little information is available cln this source
of potential ground-water contamination. Even though
these disposal areas have been iIIegall since 1976,

Very little is known about the actual amounts of
stockpiled materials within Texas. Nationwide, it is
estimated that there may be as much as 700 million

Other Possible Ground-Water
Pollution Sources
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tons per year of material which is stockpiled. This is
based on a percentage of total annual materials production of 3.4 billion tons (U.S. Environmental Protection Agency, 1987a). Geographically, these stockpiles may be widely scattered in related areas of
activities.
Leachate migration from stockpiles may be
prevented or reduced by locating them on impermeable surfaces, keeping them covered, or installing a
leachate collection system. Some of these stockpiles
are controlled by presently regulated mining activities. Some manure stockpiles are regulated under
feedlot rules. Material stored in connection with unregulated mining activites are possibly still uncontrolled.

Containers
Included under this category are storage barrels and drums of various waste and non-waste
products that can be moved around with relative
ease. Often they are illegally buried or "midnight
dumped" into rural open dumps. These containers,
when they ultimately leak, can be a threat to ground
water.
Potential contaminants from containers are
organic chemicals, metals, nonmetals, inorganic acids,
microorganisms, and radionuclides (U.S. Environmental Protection Agency, 1987a).
Available information on containers is very limited. Information which is known results from studies
on those containers regulated under RCRA. In 1981,
about 3577 facilities regulated under RCRA !Used
containers to store at least 0.16 billion gallons of
hazardous wastes (U.S. Environmental Protection
Agency, 1987a). Many rnore ofthese facilities should
be located and controlled when small quantity generators comply with state regulations.
The graphical distribution of these containl~rs is
unknown, however, they should be located around
population centers, where small quantity generators
and industrial facilities are known to be located (Figure 37).
Documented cases of ground-water contamination resulting from storage containers are limited;
however, some olthe cases related to the activities of
agricultural aerial sprayers may have resulted from
leakage from containers. These are more fully discussed in the section titled, "Agricultural Chemicals."
The TDA and the TWC have concurrent responsibility for regulating storage and disposal of pest i-

cides. The TWC controls containers used for storage
of all hazardous wastes, both industrial and non-industrial. Chapter 76 of the Texas Agricultural Code
authorizes TDA to regulate pesticide use, storage,
and disposal. Authority for TWC to regulate hazardous waste storage containers is set out in the Texas
Solid Waste Disposal Act.

Automobile Junk Yards
One area of possible ground-water pollution
which needs to receive more attention is auto junk
yards which are generally concentrated around population centers (Figure 37). The exact amount of their
liquid wastes is unknown; however, wastes which are
involved result from battery acids, radiator antifreeze
and coolants, transmission fluids, motor oils, gasoline, and diesel fuels. Most of these are believed to be
indiscriminately dumped on the surface of these
yards. Many of these fluids are hazardous and
extremely dangerous if they seep to ground water.

Residential Disposal

Many residential activities have the potential to
contaminate ground water. There are many hazardous and toxic substances commonly found in household wastes. In some cases, when these are improperly used or discarded, they may seep to ground
waters. Actual cases of contamination resulting from
these activities are not readily available, but they are
thought to exist.
Possible ground-water contamination can be
avoided if individuals are aware of the pollution
potential. Many individuals make a special effort to
dispose of their residential wastes in specific facilities
designed to receive these wastes (e.g., municipal
landfills or special locations set up to receive these
items); however, others also dispose of their wastes
indiscriminately, without supervision, into septic tanks,
gutters, sewers, storm drains, and in some areas,
backyard burning pits (Office of Technology Assessment, 1984). In some cases, substances may be
accidentally spilled, but at times they are intentionally
dumped on the ground.
Potential contaminants, found in a wide variety
of house wastes, may be derived from paint products,
pesticides, cleaners, automobile products, asphalt
and roofing tars, batteries, and possibly many others
(OffICe ofTechnology Assessment Assignment, 1984).
Nationwide, homeowners are thought to use up
to five million metric tons of cleaners, annually. It is
further estimated that homeowners may account

- 168-

for up to 10 percent of U.S. pesticide use (about 80
million pounds in 1980). Significant amCKJnts of toilet
bowl and other household cleaners are also used
(Office of Technology Assessment, 1984).
Individuals should follow a few simple precautions to avoid contaminating ground walters. These
are: think before you throw it out; follow instructions
for use and disposal of hazardous household products; consider buying nontoxic alternatives; when
programs are available, turn unused quantities over
to hazardous-waste collection facilities; be aware of
what are hazardous and toxic substanCE!S; and never
pour any of these out on the ground or dispose of
them in any septic tank, storm drain, stmam, river, or
lake.

Ground-Water Withdrawals
Over pumpage of ground water has occurred in
numerous localities within the state (Figure 53).
Overdevelopment of several fresh-water aquifers
has, or eventually will have, resulted in uneconomical
pumping costs, created ground-water shortages due
to local dewatering of aquifers, and has, or ultimately
will have, caused ground-water degradation problems such as the migration of saline water toward
centers of pumpage within fresh-water aquifers and,
in some areas, possibly land-surface subsidence.
This degradation results from exceSSiVE! withdrawals
from municipal, irrigation, and industrial wells.
Potential contaminants, in additkm to salinewater intrusion, are brackish water upswelling from
below due to interaquifer exchange (Fi!~ures 44 and
45); increases in organics, inorganics, and radionuclides; and potential natural pollutants derived from
intensified leaching (U. S. Environmental Protection
Agenc}l, 1987a).

However, when sufficient precipitation resumes, the
volume of water drained from storage during the
drought may be completely or partially replaced and
the water levels will rise accordingly. When a water
well is pumped, the water level in its vicinity is drawn
down to form a shape of an inverted cone with its apex
located at the well.
The development and growth of this cone depends on the aquifer's coefficients of transmissivity
and storage. As pumping continues, the cone expands until it intercepts a source of replenishment
capable of supplying sufficient water to satisfy the
pumping demand. This source of replenishment can
be either intercepted natural discharge or induced
recharge. If the quantity of water received from these
sources is adequate to compensate for the water
pumped, the growth of the cone will cease and new
balances between recharge and discharge are
achieved. In areas where recharge or intercepted
natural discharge is less than the amount of water
pumped by wells, water is removed from storage
within the aquifer and water levels will continue to
decline.
Where intensive ground-water development has
taken place, each well superimposes its cone of
depression on the cone of neighboring wells. This
results in the development of a regional cone of depression. When the cone of a well overlaps the cone
of another, interference occurs and the lowering of
water levels is compounded as the wells compete for
water by expanding their cones of depression. The
amount or extent of interference between cones of
depression depends on the rate of pumping from
each well, the spacing between wells, and the hydraulic characteristics of the aquifer in which the wells
are completed (Muller and Price, 1979).

Water-level fluctuations indicate achange in the
amount of ground-water stored within an aquifer.
These changes may be local or regional in nature.
Basically, water level changes are caused by adjustments resulting from recharge and discharge to and
from an aquifer (Muller and Price, 197H).

Long-term water-level measurements, obtained
from a water-level monitoring network maintained by
TWDB, indicate that water levels have declined significantly during the decade from 1975-1985, in several areas around the state (Figure 53). Cumulative
declines, within these areas, have been considerably
higher since the turn of the century. Records are not
readily available to allow a statewide appraisal of the
true extent of potential contamination resulting from
ground-water withdrawal activities. Major areas of
concern are discussed below.

When recharge is reduced, as in the case of a
drought, some of the water discharged from the
aquifer must be withdrawn from storage which results
in a decline of water levels. If water levels are lowered
excessively, springs and shallow wells may go dry.

Within the Dallas-Fort Worth metropolitan area,
the Trinity Group aquifer has been severely overdeveloped. In 1977, water levels in the area ranged from
400 to about 1200 feet below land surface. This
condition has probably worsened since that time. In

Water-Level Declines
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the Waco and adjacent area within this aquifer,
similar artesian water-level declines exist (gmater
than 100 feet from 1975-1985) (Figure 53). In the
absence of alternate su rface-water sources for these
areas, water-levels will continue to decline since
ground-water withdrawals exceed the annual effective recharge. Water-quality problems, such as encroachment at the fresh-saline water interface and
pumping costs, will increase as water levels continue
to be excessively lowered in the aquifer (Muller and
Price, 1979). Figure 11 illustrates the general groundwater quality 01 this aquifer. Higher TDS gr()und
waters in the Dallas-Fort Worth areas may reiflect
over pumping of the aquifer. Other possible area.s of
water quality change may also have occurred in Collin
and Grayson Counties.
In the High Plain region of Texas, there arE! two
separate areas which are presently experiencing
appreciable water-level declines. The principle aquifer of this region is the High Plains (Ogallala) aquifer
(Figure 1). Water-level declines of greater than 40
feet have occurred within this water-table aquifer in
an area extending from Dallam through Hartley,
Moore, Hutchinson, Hansford, and Ochiltree C,ounties. Another sizeable affected area extends primarilythrough Parmer, Castro, Lamb, Hale, Swisher, and
Floyd Counties. The principal cause of these declines is excessive irrigation pumpage (Figure ~i3).
Numerous areas are present in the southern
two-thirds of the southern High Plains (underlain by
the High Plains aquifer) which may have also been influenced by pumpage (Figure 8). This is indicated by
not only high total dissolved solids content, but also
by high chloride and sulfate values.
Since managed ground-water mining is oc.curring in the Mesilla and Hueco Bolson aquifers in EI
Paso County, it is possible that some of the water
withdrawn between now and the year 2030 will be
slightly saline because of saline-water encroachment
from the induced recharge source (Rio Grande) and
the movement 01 slight to moderately saline gmund
waters from adjoining bolson deposits (Muller and
Price, 1979) (Figure 53). Figure 12 indicates that
waters within the Hueco BoIsons along the Rio Grande
are of poorer quality.
Several other scattered smaller areas of decline
are present within the Edwards-Trinity (Plateau) and
Carrizo-Wilcox aquifers (Figure 53). In the watertable areas, declines are in excess of 40 feet. These
are located in Leon, Rains, Van Zandt, and Schleicher Counties. Artesian declines of greater than 100
feet occur, locally, in Anderson, Gregg, Rusk, Nacogdoches, Smith, and Henderson Counties (Fi!~ure
53). With the exception of the Schleicher COlunty

area, these declines are not underlain by hydrocarbon producing fields.
Quality data are not such that specific instances
of actual ground-water degradation can be attributed
to each area of water-level decline discussed above.
However, the general water quality may be determined by comparison of the water quality of the
various aquifers involved with the areas in which
water-level decline has occurred (Figures 8, 9A through
9D, 12, and 16).
Even though Figure 53 does not reflect waterlevel declines during the decade 1975-1985, it is
believed that past irrigation pumpage from the Cenozoic Alluvium aquifer, in the western part of the state,
created a reversal of the potentiometric surface near
the Pecos River in the counties of Crane, Pecos,
Loving, Reeves, and Ward. As a result, saline ground
waters, ranging from 4000 to 12,000 part per million
total dissolved solids, now fill the aquifer near the river
(Figure 12). Saline surface waters found within the
Pecos River are believed to be derived from Permian
salt dissolution activities occurring in New Mexico.
Significant artesian water level declines of
greater than 100 feet have oecu rred in Brazoria, Fort
Bend, Harris, Montgomery, and Wharton Counties
(Figures 15 and 53). Water level declines in excess
of 40 feet have occurred in these same counties in
areas under unconfined or water table conditions.
These are the result of, primarily, ground-water
pumpage which has also resulted in land-surface
subsidence in some instances. A brief explanation of
land-surface subsidence and those areas experiencing subsidence is included in the discussion which
follows on critical areas.

Critical Areas
When an area of the state is experiencing or is
expected to have ground-water problems resulting
from ground-water overdrafts from an aquifer it is
classed as a critical area. Out of the 17 original areas
located throughout the state which were initially
designated as potential "critical areas", 10 were
considered serious enough to warrant detailed studies. They are presently being investigated for possible creation of underground water conservation
districts. Most of these areas are affected by waterlevel declines or land-surface subsidence (Figure

54).
It now appears that one of the most economical
and effective method for control of water-level declines is through local underground water conservation districts.
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