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Oilseed crops also are abundant on the southern High
Plains.

About 20 to 25 percent of the Nation’s cotton is grown on the
southern High Plains. Both dry-land and irrigated cotton are
important crops to the region.
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FOREWORD

The U.S. Geological Survey (USGS) iscommitted
to serve the Nation with accurate and timely scientific
information that helps enhance and protect the overall
quality of life, and facilitates effective management of
water, biological, energy, and mineral resources. Infor-
mation on the quality of the Nation’s water resources
is of critical interest to the USGS because it is so inte-
grally linked to the long-term availability of water that
is clean and safe for drinking and recreation and that is
suitable for industry, irrigation, and habitat for fish and
wildlife. Escalating population growth and increasing
demands for the multiple water uses make water avail-
ability, now measured in terms of quantity and quality,
even more critical to the long-term sustainability of
our communities and ecosystems.

The USGS implemented the National Water-
Quality Assessment (NAWQA) Program to support
national, regional, and local information needs and
decisionsrelated to water-quality management and
policy. Shaped by and coordinated with ongoing
efforts of other Federal, State, and local agencies, the
NAWQA Program is designed to answer: What is the
condition of our Nation’s streams and ground water?
How are the conditions changing over time? How do
natural features and human activities affect the quality
of streams and ground water, and where are those
effects most pronounced? By combining information
on water chemistry, physical characteristics, stream
habitat, and aquatic life, the NAWQA Program aimsto
provide science-based insights for current and emerg-
ing water issues and priorities. NAWQA results can
contribute to informed decisionsthat result in practical
and effective water-resource management and strate-
giesthat protect and restore water quality.

Since 1991, the NAWQA Program hasimple-
mented interdisciplinary assessments in more than 50
of the Nation’s most important river basins and aqui-
fers, referred to as Study Units. In addition, the
NAWQA Program initiated aregional ground-water
assessment of the High Plains aquifer that extends
from Texas to South Dakota. Collectively, NAWQA
assessments account for more than 60 percent of the
overall water use and population served by public
water supply, and are representative of the Nation's
major hydrologic landscapes, priority ecologica

resources, and agricultural, urban, and natural sources
of contamination.

NAWQA assessments are guided by a nationally
consistent study design and methods of sampling and
analysis. The assessments thereby build local knowl-
edge about water-quality issues and trends in a particu-
lar stream or aquifer while providing an understanding
of how and why water quality varies regionaly and
nationally. The consistent, multi-scale approach helps
to determineif certain types of water-quality issues are
isolated or pervasive, and allows direct comparisons of
how human activities and natura processes affect
water quality and ecologica health in the Nation's
diverse geographic and environmental settings. Com-
prehensive assessments on pesticides, nutrients, vola-
tile organic compounds, trace metals, and aquatic
ecology are developed at the national scale through
comparative analysis of the Study-Unit findings.

The USGS places high value on the communica-
tion and dissemination of credible, timely, and relevant
science so that the most recent and available knowl-
edge about water resources can be applied in manage-
ment and policy decisions. We hope this NAWQA
publication will provide you the needed insights and
information to meet your needs, and thereby foster
increased awareness and involvement in the protection
and restoration of our Nation’s waters.

The NAWQA Program recognizes that a national
assessment by a single program cannot address al
water-resource issues of interest. External coordina-
tion at all levelsiscritical for afully integrated under-
standing of watersheds and for cost-effective
management, regulation, and conservation of our
Nation’s water resources. The Program, therefore,
depends extensively on the advice, cooperation, and
information from other Federal, State, interstate,
Tribal, and local agencies, non-government organiza-
tions, industry, academia, and other stakeholder
groups. The assistance and suggestions of all are
greatly appreciated.

[obiet m. Werach

Robert M. Hirsch
Associate Director for Water



CONTENTS

N o1 o SR 1
gL oo (17 1o o ST 1
BT 00T 0T S e o RS 3
o 101 =" Lo = SR 3
DESCIIPLION Of SEUAY ATEAL.......ecueiieieeieeesteeeet et se e s et e te e s e e se e e e e esee e e seeseesestesaeesesessessenseseeseenseseenesseeseeneeneeseennnnnesens 3
[ 1YL [T 1=0] Koo LTSy RS 4
(= oo [ U E = OSSR 6
WVBLET USE ...ttt ettt et sttt s h e ae e he e st e s b e e s be b e e e e eh e eae £ ehe £ e e ehe e R e AR e e SRt SReeREeeReeab e eheenReeRe e e e eReenreeanenneereas 6
VK= daToTo o)l T 0 VIS (o = (o o H OSSR 7
WWEIT SEIECLION ...ttt e et e R bRt s n e ren s 7
Sample CollECtiON @NA ANAIYSIS ...cuecveeieie ettt sttt e e e e e e sre e e saeeeenbesee e eneeneeseeneeresreneesrenes 8
D= = =" 0 0 | TP 9
GroOUNG-WELEr QUAIITY ..eveveieieieeieeeieet et erte st te s e st e s e e se e e e e es e e e saestesbese e teseeseeseeneesenseeeessesseseeneesee e e senseneenseseeneeneeneenenneernns 10
FIE O IMIBASUIEIMIENLS ...ttt ettt eae bt e s et st et e seeseeae e s e e ae e aeebeeh e bt ehe b e s b se e eeem b e ee e e aneeheebesaeebesbeneesbentas 11
Dissolved SOlIAS AN M@ OF TONS ....c..iieeiiieieieeiet ettt ettt ee et e bbb be s b b e se e bese e e anesbeebesaeebesbeseesbeneas 14
Nutrients and DissolVed OrganiC CarbiOn ...........coooeiiieieiiiiieee e s e e b e se e e b sbe s et ebesbeseesreneas 16
TIECE EIEIMENTS ....evieieee ettt ee e e R et r Rt st rer s 19
=0 [o] o TSSO 19
PESiCIAE COMPOUNGS .....oevieieieieieeeeeseee et s e s et e st e see e see st ee et es e sesseesesseesesseesessessenbesaeseeneanseseeneeneesensesseeseenennennensen 20
Volatile OrganiC COMPOUNGS ........coeeerererieserteseeeesesseeessessessessesseseessessesseseessesessesseasessessessessensessnsessessesssssessessessens 23
LI L o USSR 24
Water-Quality Datafor AQriCUITUIAl USES ......c.oiiiiiiieieee ettt ettt s b e st se e et eb e s e e e e s ebe e e ebesaenbesaesbesaees 24
SUMIMIBIY .ttt ettt ettt sttt bt e ae bt e st shee s b e ehe e b e e s e e ehe £ ae e et 2 eeSae e 1Ee4aeea b e £ ae e b £ eh e e ebeSRe £ HE e 2ab e e e SaeeeE e eheeeEeeRbeeEeeabenbeansesaeansesanenenaeas 26
RS L= = 0= OSSR 27
Appendixes
1. Sitelocation and well information for samples collected from primarily domestic wells screened in the
southern High Plains aquifer that were sampled for water quality, Texas and New Mexico, 2001 ...........cc..c..... 32
2. Field determinations and major ion concentrations in water sampled from primarily domestic wells
screened in the southern High Plains aquifer, Texas and New Mexico, 2001 .........cccooeierrieennenieneneniesieseesens 33
3. Nutrients and dissolved organic carbon concentrations in water sampled from primarily domestic wells
screened in the southern High Plains aquifer, Texas and New Mexico, 2001 ..........ccoererrieinerinenenieseneesee s 35
4. Trace element concentrationsin water sampled from primarily domestic wells screened in the southern
High Plains aquifer, Texas and New MexXiCO, 2001 .........ccovvireeeriereseeneseeseeneeseeseeseesessessessessessessessessesessssseesenses 36
5. Radon and tritium concentrations in water sampled from primarily domestic wells screened in the
southern High Plains aquifer, Texas and New MeXico, 2001 .......ccccoverereeeneeeeeneeeesieseseeseeseeeseeeeseseeseseeseeses 38
6. Pesticide concentrations in water sampled from primarily domestic wells screened in the southern
High Plains aquifer, Texas and New MexXiCo, 2001 .........cccoveiieeuerereseeneneseeseeseeseeseesessesessessessessessessesesssesessenses 39
7. Volatile organic compound concentrationsin water sampled from primarily domestic wells screened
in the southern High Plains aquifer, Texas and New MexXico, 2001 ..........ccccvereiiniennneenieneeseeneeeseeseseesseseeseeees 49
8. Quality-control and ancillary information associated with water-quality data presented in thisreport ............... 57
FIGURES

1. Map showing location of the southern High Plains study area relative to the National Water-Quality

Assessment High Plains Regional Ground-Water StUJY @r€a ..........ccuveeereeeineeseeseeie e e seeesessee e seenaeeaeseesnees 2
2. Map showing land use over the southern High Plains aquifer, Texas and New Mexico, 1992 ...........ccccceveenee. 4
3. Piediagram showing estimated water use, in percent, in the southern High Plains aquifer, about 1999 ............ 7

CONTENTS v



7-12.

13.

14.

Map showing location of primarily domestic wells that are screened in the southern High Plains aquifer

and were sampled for water-quality analysis, Texas and New Mexico, 2001 ........cccceivvevrenenieseneeseneesieseesesneens 8
Graph showing concentrations of selected constituents, relative to USEPA drinking-water standards or

guidelines, in water sampled from primarily domestic wells screened in the southern High Plains aquifer,

Texas and NEW MEXICO, 2001 .......oouoieieieieieriee ettt ettt see e e e ee e e e ese e e eaeesesae s st saesbebesbenbeseesee e eneenesneenesbesbesaens 11
Trilinear diagram showing the relations between concentrations of major ionsin water sampled from
primarily domestic wells screened in the southern High Plains aquifer, Texas and New Mexico, 2001 ............. 15
Maps showing:
7. Dissolved solids concentrations in water sampled from primarily domestic wells screened in the
southern High Plains aquifer, Texas and New Mexico, 2001 ........cccocveeeveriererenereseeneeeeeeseseesessesseseesees 16
8. Fluoride concentrations in water sampled from primarily domestic wells screened in the southern
High Plains aquifer, Texas and New MexiCo, 2001 .........cccoovvirerereeririeeseeeeeseseseesreseeseessesseseesesseesesseens 17
9. Nitrate concentrationsin water sampled from primarily domestic wells screened in the southern
High Plains aquifer, Texas and New MexiCo, 2001 .........cccvovvererereerirreereeeeeseseseeseseeseeseesseseesseseesesseens 18
10. Arsenic concentrations in water sampled from primarily domestic wells screened in the southern
High Plains aquifer, Texas and New MexiCo, 2001 .........cccoovvirerereerunreeneeseeeseseseesreseeseeseessesessessessesseens 20
11. Radon concentrations in water sampled from primarily domestic wells screened in the southern
High Plains aquifer, Texas and New MexiCo, 2001 .........cccvovvirerereerrieeseeeeeneseseesreseeseeseesseseesseseesesseens 21
12. Pesticide analysisresultsin water sampled from primarily domestic wells screened in the southern
High Plains aquifer, Texas and New MexiCo, 2001 ........ccccoovvvrerereenueieeeeeeeseseseesresieseessesesaesaessesesseens 22
Boxplots showing pesticide concentrations, relative to the national range, in water sampled from primarily
domestic wells screened in the southern High Plains aquifer, Texas and New Mexico, 2001 ........cccoceeeverenene 23

Map showing location of sites with one or more indicators of young (approximately less than 50 years)
ground water determined from water samples collected from primarily domestic wells screened in the

TABLES

1

2.

Vi

southern High Plains aquifer, Texas and New MeXico, 2001 ........ccccovvererererreeeneseseseseesieeseeseeseseesessessesneens 25
References for analytical methods used to measure constituents in water samples collected from

primarily domestic wells screened in the southern High Plains aquifer, Texas and New Mexico, 2001 ............. 9
Statistical summary of well properties and constituents in water sampled from primarily domestic

wells screened in the southern High Plains aquifer, Texas and New Mexico, 2001 .........ccoevereneieneeneenenienennens 12



CONVERSION FACTORS AND ABBREVIATIONS

Multiply By To obtain
Mass
pound (Ib) 453.6 gram
Length
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 4,047 square meter
sgquare mile (mi2) 2.590 sguare kilometer
Volume
acre-foot (acre-ft) 1,233 cubic meters
Flow rate
gdlon per minute (gal/min) 0.06309 liter per second
inch per year (infyr) 254 millimeter per year
Radioactivity
picocurie per liter (pCi/L) 0.312 tritium unit
Concentration

microgram per liter (ug/L) 1 part per billion

milligram per liter (mg/L) 1 part per million

milligram per liter (mg/L) 0.058 grain per gallon

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
9F=18°C+ 32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C = (°F - 32)/1.8

Abbreviations:

pS/cm, microsiemens per centimeter at 25 degrees Celsius
NTU, nephelometric turbidity unit
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Ground-Water Quality of the

Southern High Plains Aquifer,
Texas and New Mexico, 2001

By Lynne Fahlquist

Abstract

In 2001, the U.S. Geologica Survey
National Water-Quality Assessment Program col-
lected water samplesfrom 48 wellsin the southern
High Plains as part of alarger scientific effort to
broadly characterize and understand factors affect-
ing water quality of the High Plains aquifer across
the entire High Plains. Water samples were col-
lected primarily from domestic wellsin Texas and
eastern New Mexico. Depths of wells sampled
ranged from 100 to 500 feet, with a median depth
of 201 feet. Depths to water ranged from 34 to
445 feet below land surface, with a median depth
of 134 feet.

Of 240 properties or constituents measured
or analyzed, 10 exceeded U.S. Environmental Pro-
tection Agency public drinking-water standards or
guidelinesinone or more samples—arsenic, boron,
chloride, dissolved solids, fluoride, manganese,
nitrate, radon, strontium, and sulfate. Measured
dissolved solids concentrationsin 29 sampleswere
larger than the public drinking-water guideline of
500 milligrams per liter. Fluoride concentrationsin
16 sampl es, mostly in the southern part of the study
area, were larger than the public drinking-water
standard of 4 milligrams per liter. Nitrate was
detected in all samples, and concentrationsin six
sampleswere larger than the public drinking-water
standard of 10 milligrams per liter. Arsenic con-
centrationsin 14 samplesin the southern part of the
study areawere larger than the new (2002) public
drinking-water standard of 10 micrograms per liter.
Radon concentrations in 36 samples were larger
than a proposed public drinking-water standard of
300 picocuries per liter.

Pesticides were detected at very small con-
centrations, less than 1 microgram per liter, in
less than 20 percent of the samples. The most fre-
guently detected compounds were atrazine and
breakdown products of atrazine, afinding similar
to those of National Water-Quality Assessment
aquifer studies across the Nation. Four volatile
organic compounds were detected at small concen-
trations in six water samples. About 70 percent of
the 48 primarily domestic wells sampled contained
some fraction of recently (less than about 50 years
ago) recharged ground water, as indicated by the
presence of one or more pesticides, or tritium or
nitrate concentrations greater than threshold levels.

INTRODUCTION

Knowledge of the quality of water resourcesis
important to the Nation because of implications for
human and aquatic health and because of the substantial
costs associated with water management. In 1991, the
U.S. Geologica Survey (USGS) began implementation
of the National Water-Quality Assessment (NAWQA)
Program to characterize, in anationally consistent
manner, water quality of major surface- and ground-
water resources of the Nation and to determine the
natural and human factors that affect water quality
(Gilliom and others, 1995). More than fifty major river
basins or aquifer systems, which provide drinking-
water resources to more than 60 percent of the Nation’s
population and cover about one-half of the Nation's
land area, have been or are being studied by the
NAWQA Program.

One component of a NAWQA study is designed
to systematically assess the occurrence and distribution
of water-quality constituents for regionally important
aquifer systems. The High Plains Regional Ground-
Water NAWQA Study began in June 1998 and repre-
sents a modification of the traditional NAWQA design

Abstract 1
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Figure 1. Location of the southern High Plains study area relative to the National Water-Quality Assessment High

Plains Regional Ground-Water study area.

inthat the ground-water resourceisthe primary focus of
investigation. The High Plains aquifer, one of the larg-

est intheworld, isanationally important water resource
that underlies about 174,000 square miles (mi2) in parts
of eight states(fig. 1) inthe central United States. About

27 percent of al agricultural land in the United Statesis
inthe High Plainsregion, and about 30 percent of all the
ground water used for irrigation in the United Statesis
pumped from this aquifer (Dennehy, 2000). The High

Plainsaquifer region wasdivided into three subareasfor

2 Ground-Water Quality of the Southern High Plains Aquifer, Texas and New Mexico, 2001



implementation of the study: northern, central, and
southern. The High Plains aquifer was further divided
into hydrogeol ogic subunits; subunits were defined by
geologic or hydrologic characteristics, or both. The pri-
mary subunit in the High Plainsregion is the Ogallala
Formation, which comprises about 70 percent of the
High Plains aquifer (Gutentag and others, 1984). The
29,000-mi southern High Plainsareaspans much of the
Panhandle-South Plains region of Texas and eastern
New Mexico. Older hydrogeol ogic subunits might be
important local water resources but were not part of this
study.

The southern High Plains also is called the LIano
Estacado, or “ Staked Plain,” a name that comes from
early Spanish explorers who supposedly used stakesto
mark their trails (Texas State Historical Association,
2002). Much of the vast, treel esslandscape of the south-
ern High Plainsremained unchanged until the discovery
of underground water in the late 1800s. When it was
discovered that “windmill” water was present, cattle
ranchers came to settle the region. Cattle ranchers were
followed by farmerswho plowed the land and began dry
land farming. In the 1920s, the discovery of ail in the
southern High Plains greatly changed the region. Tech-
nology developed for the oilfield was quickly adapted
so that “deep” irrigation wells could be drilled and
pumped. A vast, seemingly endless, supply of ground
water was tapped, and irrigation farming on the south-
ern High Plains began. Since the 1930s and 1940s, tens
of thousands of wellsin the southern High Plains have
been drilled into one of the most productive aquifersin
the world.

Purpose and Scope

The purpose of thisreport is to provide a broad-
scale description of ground-water quality in the south-
ern High Plains aguifer of Texas and eastern New
Mexico (fig. 2). Water samples collected in August
and September 2001 from 48 randomly selected, prima-
rily domestic water-supply wells were analyzed for
six or seven field properties and 240 water-quality
constituents. The constituents comprise major ions
(17 constituents), nutrients (6), dissolved organic car-
bon (DOC), trace elements (23), radon gas, pesticide
compounds (106), volatile organic compoundsor VOCs
(85), and tritium (small number of samples). Data col-
lected for this study are compared to U.S. Environmen-
tal Protection Agency (USEPA) public drinking-water

standards or guidelines (U.S. Environmental Protection
Agency, 2002). One long-term goal of the NAWQA
Program is to use data collected from this study and
from other similar studies across the High Plainsto
develop abroad description of water quality of the
entire High Plains aquifer (fig. 1), and identify and
describe factors that affect water quality.
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DESCRIPTION OF STUDY AREA

Delineation of the study-area boundaries for the
southern High Plains was based on work completed as
part of the USGS Regional Aquifer-System Analysis
(RASA) Program (Weeks and others, 1988). The USGS
RASA study, which described regional-scale quantity
and movement of ground-water resources in the High
Plains, identified boundaries of the High Plains aquifer
in parts of eight states (fig. 1) and defined various
hydrogeol ogic subunits within the aquifer (Gutentag
and others, 1984). The southern High Plains study area
(fig. 1) isbounded on thewest by the PecosRiver Basin,
on the north by the Canadian River and Prairie Dog
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Total land use area = 29,000 square miles
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Town Fork of the Red River Basin, and on the east by
the Llano Estacado (Caprock) escarpment. The south-
ern boundary isless distinct and isidentified as where
the Ogallala Formation thins, becomes unsaturated, and
abuts the Edwards Plateau. The 29,000-mi? study area
includes all or parts of 37 countiesin Texas and eastern
New Mexico.

4 Ground-Water Quality of the Southern High Plains Aquifer, Tex

Texas and New Mexico, 1992.

Hydrogeologic Setting

The southern High Plains region is an isolated
plateau that slopes gently to the east-southeast. Land
surface altitude varies from about 5,600 feet (ft) in the
northwest (Quay County, N. Mex.) to about 2,700 ft in
the southeast (Glasscock County, Tex.). The surface of

as and New Mexico, 2001



this gently dipping plateau is dotted with thousands of
closed-basin depressions called playasthat vary in size
and depth from afew hundred feet wide and a few feet
deep to more than 1 mile (mi) wide and more than 50 ft
deep. Playas provide most surface relief to the area.
Playas cover about 2 percent of the land surface and
become ephemeral lakes when they capture rainfall or
irrigation runoff; afew playas hold water year-round.

The climate is semiarid to subhumid. Annual
mean precipitation varies from about 13 inches per year
(in/yr) inthe southwest to about 20 in/yr in the northeast
(Bomar, 1983). Mean annual low temperature ranges
from 44 to 50 degrees Fahrenheit (°F), and mean annual
high temperature ranges from 71 to 77 °F from north to
south. Most precipitation falls from May to October in
the form of brief, localized showers. These “thunder-
storms’ can be violent, producing hail, high winds,
lightening, and tornadoes. Evapotranspiration rates are
some of the largest in the country because of frequent
hot, dry weather and high winds.

Although five major river basins originate in the
study area (Brazos, Canadian, Colorado, Pecos, and
Red), almost no surface water leaves the plateau. A
small number of mostly ephemeral streams drain the
plateau and form the headwaters of most of the rivers.
Some of the streams are impounded below escarpments
to form reservoirs that provide a small contribution to
the regional, mostly municipal, water supply.

The Ogallala Formation of Tertiary age primarily
consistsof alluvialy deposited fluvial gravel, sand, silt,
and clay eroded from the Rocky Mountains to the west
(Seni, 1980). Coarse gravel and sand often fill deep
paleochannels formed in the underlying formations.
Finer sediments are in the interchannel regions. The
highly variable distribution of coarse sediments influ-
ences the spatial distribution of porosity and permeabil-
ity, hence the water-storage capacity, in the aquifer. In
the southern High Plains, the sediments lie unconform-
ably over the Cretaceous-age Washita, Fredericksburg,
and Trinity Groups and the Triassic-age Dockum
Group. The Cretaceous and Triassic strata might be
hydraulically connected to the Ogallala Formation in
some areas, such that these older formations contribute
water to the Ogallala Formation. Water from the older
formationsis known to be of poorer quality in some
areas (Nativ, 1988). The Ogallala Formationisoverlain
by aeolian, fluvial, and lacustrine sediments known as
the Blackwater Draw Formation in much of the study
area. At the surface, soils vary from mostly clay and
clay loams in the north to sandy loamsin the south

(Crenwelge, 1999). A resistant layer of carbonate or
siliceous caliche, locally called caprock, is variably
present in the subsurface. This layer, where present,
might range from afew feet thick to more than 20 ft
thick and occurs at various depths below land surface.

In this study, the Ogallala and Blackwater Draw
Formations are considered to be the southern High
Plains aquifer, recognizing that the Triassic and Creta-
ceous Formations also might be hydraulically con-
nected in some areas. The southern High Plains aquifer
primarily isan unconfined aquifer; however, it might be
confinedin areaswhereclay layersarelocally abundant.
The regional water table generally mirrors the slope of
the land surface, dipping to the east-southeast. In 2000,
water-level altitudes varied from about 5,200 ft in the
northwestern part of the study areato about 2,300 ft in
the southeastern part. Water-table altitudes can change
appreciably over short distances because of changesin
geologic characteristics or ground-water withdrawals,
or both. Total aguifer thickness varies from less than
20 ft to more than 500 ft in the study area. The thinnest
parts of the aquifer generally arein the southern part of
the study area, and the thickest parts arein Curry
County, N. Mex., and in Castro, Croshy, Deaf Smith,
Floyd, Lamb, and Parmer Counties, Tex. In 2000,
saturated thickness varied from none in the southern
part to greater than 200 ft in someisolated areasin
the northern part. Depths to water from land surface
ranged from less than 100 ft in much of the southern
part to more than 400 ft in isolated areas of the northern
part (N.A. Houston, U.S. Geological Survey, written
commun., 2002). Well yields range from aslittle as a
few gallons per minute, sufficient yield for ahousehold,
to about 1,000 gallons per minute (gal/min), good yield
for anirrigation well (Texas Water Devel opment Board,
2002a). Recharge to the aquifer might occur as direct
infiltration of rainfall, infiltration of runoff accumul ated
in playas (Mullican and others, 1997; Wood, 2000),
streambed leakage, or irrigation return flow. Recharge
to the aquifer is presumed to be minimal and estimated
to range from about 0.5 to 3 in/yr in the L1ano Estacado
and Panhandle Water Planning regions (Texas Water
Development Board, 20023, b). Currently (2001)
amost al discharge from the aquifer isto wells, with
only afew minor springs remaining along the escarp-
ment and along deeply incised stream channels.
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Land Use

Despite the harsh climate, the southern High
Plainsis one of the most productive agricultural regions
in the country. Cotton is the leading crop grown in the
study area and is about 60 to 64 percent of the annual
value of cotton that isgrown in Texas (U.S. Department
of Agriculture, 2002a), or 23 percent of the Nation's
cotton (U.S. Department of Agriculture, 2002b). At
least 25 percent of corn and 16 percent of sorghum in
Texas isgrown in thisregion (Texas Water Devel op-
ment Board, 2002a). I rrigated lands constitute about
one-third of the agricultural land in the Llano Estacado
Water Planning Region of Texas (Texas Water Devel op-
ment Board, 2002a), yet these lands produce about 75
percent of the cash value of crops in the region. Beef
cattle also are economically important; about 50 percent
of Texas beef cattle are raised in this water-planning
region. About one-third of the Nation’s beef cattle are
raised within 150 mi of Amarillo (Jaroy Moore, Texas
A&M Agricultural Research and Extension Center,
Lubbock, oral commun., 2000).

Prior to settlement, the study area was predomi-
nantly a shortgrass prairie primarily grazed by bison.
The bison are gone, and very little native vegetation
remains. Rangeland, in the form of grasslands and
shrubs, characterized from LandSat satellite imagery
collected in 1992 (S.L. Qi, U.S. Geological Survey,
written commun., 2002) constituted about 46 percent of
the land use. Approximately 52 percent of the land use
was agricultural, with much of that irrigated or dry-land
farmed (fig. 2). In 2000, about 3.9 million acres were
planted in cotton, 2 million acresin wheat, 1.7 million
acres in sorghum, 329,000 acres in corn, and 214,000
acresin peanuts (U.S. Department of Agriculture,
2002b). Other important cropsin the region include
soybeans, vegetables, and oilseed crops. Beef and dairy
cattle and swine also are present in increasing numbers.
About 2.75 million cattle were raised in the southern
High Plains during 2000 (U.S. Department of Agricul-
ture, 2002b). In 1992, urban and other land uses
accounted for the remaining 2 percent of theland. A
small percentage of the land where there is petroleum
exploration and production often isused aso for cattle
ranching or farming. Even though playas occupy a
small percentage of the land surface area, they provide
extensive habitat for migrating birds. The playas prima-
rily are found on private land and include habitat for
migratory waterfowl (geese, ducks, sandhill cranes),
other birds (quail, dove, turkey, pheasant), whitetail and

mule deer, prairie dogs, and exotic aoudad sheep (Texas
Water Development Board, 2002a).

Although far from being urban, the southern
High Plains is the most populated part of the High
Plains. In 1999, about 1 million people lived in the
region (U.S. Census Bureau, 2002). Mgjor citiesin the
study area (fig. 2) include Lubbock (population
190,002), Amarillo (171,959), Midland (98,293),
Odessa (89,293), and Plainview (23,079) in Texas
(Texas State Library and Archives Commission, 2002)
and Clovis (31,504) and Hobbs (26,890) in New
Mexico (University of New Mexico, Bureau of Busi-
ness and Economic Research, 2002).

Water Use

In 1990, the High Plains aquifer in the eight-
state area of the High Plains was estimated to contain
3.3 billion acre-feet (acre-ft) of water, of which about
65 percent was in Nebraska (Texas Water Devel opment
Board, 2002a). Texas had about 12 percent of the water
in storage, or approximately 417 million acre-ft; and
about 1.5 percent of the water wasin New Mexico. In
1999, ground-water withdrawal from the southern High
Plains aquifer was estimated to be 4.6 million acre-ft
(Craig Caldwell, Texas Water Development Board,
written commun., 2002; U.S. Geological Survey,
unpub. data, 2002). This amount of water would fill an
areathe size of Lubbock County (fig. 2) to adepth of
8 ft.

Water useintheregionisdominated by irrigation.
Irrigated crops include corn, wheat, cotton, sorghum,
soybeans, peanuts, and others. About 40 percent of irri-
gation water used in Texasiswithdrawn in the southern
High Plains (Texas Water Development Board, 2002a).
In the study area, about 94 percent of the ground water
was used for irrigation, about 2 percent for public sup-
ply, slightly more than 1 percent for livestock, about 1
percent for mining operations (including petroleum),
and less than 1 percent each for power generation,
industrial supply, and domestic supply (fig. 3). Surface
water accounts for about 5 percent of water use in the
study area (Texas Water Development Board, 2002a).
Urban areas in the southern High Plains obtain drinking
water mostly from ground water, and in some cases,
blend ground water with surface water.

Some of the most efficient irrigation technology
in the world has been developed and applied in the
southern High Plains. Subsurface drip irrigation, low
energy precision application (LEPA), low elevation
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spray application (LESA), and timed surge-valve
irrigation systems are increasingly used. Theseirriga-
tion technol ogies substantially increase irrigation
application efficiency by reducing evaporative and con-
veyance losses.

METHOD OF INVESTIGATION

Well Selection

Thestudy of ground-water quality in the southern
High Plains followed design protocols described by
Gilliom and others (1995) and Lapham and others
(1995) developed for the NAWQA Program. Using an
equal-area grid-based site-sel ection computer program
(Scott, 1990), more than 250 sampling sites were ran-
domly located over the northern, central, and southern
High Plains. The computer program is used to remove
human biasesin site selection. Domestic wells suitable
for sampling were identified near each randomly
selected location to achieve a statistically determined
random distribution of sites throughout the study area.
Domestic wellswere chosen for this study because they
provide arangein spatia (areally and with depth) dis-
tribution in the High Plains aquifer, and they have

Industrial
less than 1
Power
less than 1

Mining

/ .
-~ Livestock

more than 1

Public

2
Domestic
less than 1~

e

Irrigation
94

Estimated total water use = 4,600,000 acre-feet

Figure 3. Estimated ground-water use, in percent, in
the southern High Plains aquifer, about 1999 (1999
Texas data: Craig Caldwell, Texas Water Development
Board, written commun., 2002; 1995 New Mexico data:
U.S. Geological Survey, 2002).

low-capacity pumping rates that limit the potential for
withdrawal of water from large areas. Also, domestic
wellswere used because of the national objective of the
NAWQA Program to further evaluate factors such as
climate, hydrology, landscape, and geology on occur-
rence and distribution of constituents across the Nation.
Domestic wells can be found in nearly al parts of the
country, while other well types, such asirrigation

and public supply, might be found in more restricted
regions. A well was considered suitable for sampling
if it (1) waswithin about a4-mi radius of the randomly
selected site; (2) was adomestic or equivalent well that
was designed to be used as a drinking-water supply;
(3) could be determined from adriller’s log or other
meansthat the well was completed in the southern High
Plains aquifer; (4) had information that indicated the
construction details of the well, including well depth,
screened interval, and casing information; and (5) was
possible to collect a water sample prior to any type of
water treatment or storage, such asfiltration, reverse
0SMoSis, or storage in a pressure tank or cistern.

In the southern High Plains, 53 potential sam-
pling locations were identified from which 48 sites
(wells) were selected. The distribution of potential sam-
pling locations represented a density of one well for
each 500 mi. The average distance between wells was
about 22 mi. Four of the selected locations, in the south-
ernmost part of the study area, werein placeswherethe
OgallaaFormationisthin (lessthan 30 ft thick) and not
fully saturated. Wellsin thisregion are completed in the
formation bel ow the Ogalla a Formation such that wells
are screened in both the Ogallala and the underlying
Cretaceous sediments. Wells in these locations were
unsuitable for the study because water-quality samples
from them would not reflect water-quality conditions of
the southern High Plains aquifer. One more well was
eliminated from the study after reviewing water-quality
dataderived from that well. Although the well is com-
pleted in the southern High Plains aquifer, water chem-
istry indicated predominant influence by the adjacent
geologic formation. Therefore, 48 wells (fig. 4) were
ultimately identified as acceptable for meeting the
objectives of the study. Three of thewellswere used pri-
marily for livestock but were judged as suitable because
they were constructed and used similarly to domestic
wells. Well depths ranged from 100 to 500 ft, with a
median depth of 201 ft. Depths to water ranged from
about 34 to 445 ft below land surface, with a median
depth of about 134 ft. Information about sample loca-
tions and well construction is provided in appendix 1.

METHOD OF INVESTIGATION 7
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Figure 4. Location of primarily domestic wells that are screened in the southern High Plains aquifer and were
sampled for water-quality analysis, Texas and New Mexico, 2001.

Sample Collection and Analysis

Water samples from the 48 wells were collected
during August and September 2001 for a synoptic
assessment of ground-water quality. Sampling proto-
colsusedfor thisstudy aredescribed in detail in Koterba
and others (1995), Koterba (1998), L apham and others
(1995), and U.S. Geological Survey (1997—present).
Ground-water samples were collected and processed in
amobile water-quality laboratory. Existing primarily
submersible pumps, permanently installed in each well,
were used to deliver water to the land surface. In most
cases, a permanent spigot near the wellhead was used as
the sampling point. In afew instances, plumbing con-
nections near the wellhead were modified temporarily
for sampling purposes. Water was transferred from the
wellhead spigot to the mobile laboratory using Teflon

tubing with stainless stedl fittings. These materials
were used because they generaly do not affect the
chemical composition of water samples. To minimize
risk of contamination, sample collection and preserva-
tion took place in environmental chambers consisting
of clear polyethylene bags supported by plastic frames,
much like a laboratory glove box. Equipment that
came in contact with the water sample was cleaned
between each well sampling using a progression of
dilute phosphate-free detergent wash to remove both
organic and inorganic residues, deionized water rinseto
remove detergent, methanol wash to remove organic
residue, and deionized water rinse to remove any
remaining methanol residue.

Wells were purged of possible stagnant water
before sampling. During theinitial pumping period,
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Table 1. References for analytical methods used to measure constituents in water samples collected from
primarily domestic wells screened in the southern High Plains aquifer, Texas and New Mexico, 2001

Constituent or
constituent group

Analytical method

Reference

Field measurements (akalinity,
dissolved oxygen, pH, specific
conductance, temperature, turbidity)

Sulfide

Magjor ions

Nutrients

Dissolved organic carbon

Trace elements

Radon

Pesticide compounds

Volatile organic compounds

Tritium

Various methods

Methylene blue colorimetry

Inductively coupled plasma

Various methods

Ultraviolet-light promoted persulfate
oxidation and infrared spectrometry

Inductively coupled plasma-mass
spectrometry, atomic absorption
spectrometry

Liquid scintillation

Solid phase extraction using a C-18
sorbent cartridge and capillary-
column gas chromatography/mass
spectrometry

Purge and trap capillary column gas
chromatography/mass spectrometry

Eletrolytic enrichment and gas

Wilde and others, 1997

U.S. Environmental Protection
Agency, 1983

American Public Health Association,
1998; Fishman, 1993; Fishman and
Friedman, 1989

Fishman, 1993; Patton and Truitt,
2000; U.S. Environmental
Protection Agency, 1983

Brenton and Arnett, 1993

Faires, 1993; Fishman and Friedman,
1989; Garbarino, 1999; McClain,
1993

American Society for Testing and
Materials, 1996

Furlong and others, 2001; Zaugg and
others, 1995

Connor and others, 1998

Thatcher and others, 1977

counting

measurements of specific conductance, pH, water tem-
perature, dissolved oxygen, and turbidity wereroutinely
monitored in a sealed flow-through cell until stable
observations were obtained. Once stable measurements
of these properties were achieved (Koterba and others,
1995), it was assumed that stagnant water from the well
bore had been removed and water samples then were
collected. Stable measurements are identified when the
variation between observationsis less than a specified
amount for five consecutive readings (Koterba and
others, 1995; U.S. Geological Survey, 1997—present).
Water was redirected by way of a manifold to the sam-
ple chambe