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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative appraisals of
the major ground-water systems of the United States. The RASA Program
represents a systematic effort to study a number of the Nation’s most
important aquifer systems, which in aggregate underlie much of the country
and which represent an important component of the Nation’s total water
supply. In general, the boundaries of these studies are identified by the
hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in the
past. The broad objective for each study is to assemble geologic, hydrologic,
and geochemical information, to analyze and develop an understanding of the
system, and to develop predictive capabilities that will contribute to the
effective management of the system. The use of computer simulation is an
important element of the RASA studies, both to develop an understanding of
the natural, undisturbed hydrologic system and the changes brought about in
it by human activities, and to provide a means of predicting the regional
effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a series
of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the interpre-
tive products of subsequent studies become available.

Ay,

Robert M. Hirsch
Acting Director
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HYDROLOGY OF THE GREAT PLAINS AQUIFER SYSTEM
IN NEBRASKA, COLORADO, KANSAS, AND ADJACENT AREAS

By JonN O. HELGESEN, ROBERT B. LEONARD, and RONALD J. WOLF

ABSTRACT

The Great Plains aquifer system extends throughout much of
the midcontinent region and varies considerably in lithology,
depth of occurrence, hydraulic properties, and resources develop-
ment. The regional hydrology of the aquifer system is described
in this report for a 170,000-square-mile area of the central Mid-
west United States. The aquifer system consists of the Apishapa
aquifer (Cheyenne Sandstone and equivalents), Apishapa confin-
ing unit (Kiowa Shale and equivalents), and Maha aquifer (Da-
kota Sandstone and equivalents). Development of the system
includes freshwater withdrawal from depths of less than 1,000
feet and oil and gas withdrawal from depths exceeding 3,000
feet.

Strata composing the aquifer system are mainly sandstone,
siltstone, and shale. Total thickness generally ranges from 200
to 800 feet and is greatest in north-central Nebraska. Local
stratigraphy is typically complex, reflecting a Cretaceous deposi-
tional environment that fluctuated between nearshore marine
and nonmarine. Late Cretaceous and early Tertiary tectonic ac-
tivity caused structural deformation in the western half of the
study area, forming the asymmetric Denver and Raton basins.
Faults form part of an abrupt western boundary to the system.

Hydraulic properties are spatially variable and dependent re-
gionally on depth of burial. Porosity, hydraulic conductivity, and
volumetric flow rates generally decrease from eastern and south-
ern outcrop areas toward the western basins. Hydraulic-head
distribution indicates a general west-to-east gradient of regional
flow. The aquifer system is mostly confined but generally is under-
pressured (small confined heads). Recharge from the west is re-
stricted, and transmissivity increases eastward toward discharge
areas, allowing water to move laterally at a more rapid rate in
the east than in the west. Flow is virtually stagnant in the Den-
ver basin, where small hydraulic conductivity is reflected by very
irregular hydraulic-head and water-quality conditions.

The distribution of dissolved solids in the aquifer system ap-
pears to be related mainly to environment of deposition, with
limited modification by later introduction of meteoric water. Wa-
ter in much of the aquifer system is brackish (1,000 to 10,000
milligrams per liter dissolved solids). The formation of the Den-
ver and Raton basins, associated faulting, and resulting struc-
tural attitude of the region apparently has restricted recharge
and prevented complete flushing of original formation water
from the aquifer system.

A four-layer computer model was used to evaluate the flow
system for both predevelopment and development conditions.

Predevelopment recharge to the system primarily occurred as
leakage through overlying units and direct infiltration at outcrop
areas. Major recharge areas are in the southwestern and north-
western parts of the study area. Most discharge was leakage to
overlying units; lesser amounts of discharge occurred as seepage
to streams at outcrop areas or as leakage to underlying units.
Simulations indicate that the predevelopment steady-state flow
through the regional system was about 340 cubic feet per sec-
ond, approximately 60 percent of which was interchange with
the High Plains aquifer where that aquifer directly overlies the
Great Plains aquifer system. The model was calibrated to as-
sumed predevelopment heads, discharge to streams, and head
declines in response to oil, gas, and water withdrawals. Declines
in hydraulic head are inferred to have been several hundreds of
feet where oil and gas development has been intensive and sev-
eral tens of feet in response to the most intensive freshwater
withdrawals. Model-calculated hydraulic heads are most sensi-
tive to lateral hydraulic conductivity and recharge at outcrop
areas, particularly in the areas of small hydraulic conductivity
in the western basins.

Recent (1970-79) pumpage rates are more than twice the re-
charge rate of 340 cubic feet per second. Although a significant
part of pumpage is derived from intercepted or induced vertical
leakage, equilibration in response to pumping is generally slow
and storage-depletion effects can be significant. However, the ag-
uifer system is capable of providing substantial amounts of wa-
ter for years or decades if some storage depletion is tolerated.
Sustained water-yielding potential is greatest where flow can be
induced directly from the overlying High Plains aquifer.

Effective hydraulic confinement and very small flow rates
within much of the aquifer system may lend feasibility for lig-
uid-waste disposal. However, careful studies must be made be-
fore any disposal practice. Also, the depth of the aquifer system
and insulating effect of the overlying confining system afford po-
tential for development of low-temperature geothermal energy in
the northwestern half of the study area.

INTRODUCTION

The investigation of the Great Plains aquifer sys-
tem is part of the Central Midwest Regional Aquifer-
System Analysis (CMRASA). The CMRASA project
area (fig. 1) encompasses more than 370,000 square
miles in the central United States and includes
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strata from the Dakota Sandstone and equivalents
down to the Precambrian basement. Younger strata,
including the High Plains aquifer, which overlies
most of the western half of the CMRASA project area
are not included in this study.

Objectives of the CMRASA (Jorgensen and Signor,

1981) are as follows:

1. Describe the hydrologic system, including delin-
eation of aquifers and confining units and eval-
uation of hydraulic characteristics and quality
of water.

2. Create a region-wide data base consisting of se-
lective data on water use, water levels, litho-
logic logs, geophysical logs, chemical analyses
of water samples, and related data.

3. Describe historical, present, and future prob-
lems associated with the use of water.

REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL MIDWEST

4. Evaluate the aquifer or aquifer-system response
to future conditions.

The extent of the Great Plains aquifer system (fig.
1) encompasses about 170,000 square miles. This ag-
uifer system is the uppermost geohydrologic unit
within the CMRASA study interval (table 1) and con-
sists mostly of Lower Cretaceous clastic sedimentary
rocks, stratigraphically equivalent to the Dakota
Sandstone, Kiowa Shale, and Cheyenne Sandstone.
These rock units extend beyond the study area across
much of the central United States and Canada (fig.
2). The term “Great Plains aquifer system” logically
applies to the entire extent of these water-bearing
strata, which generally coincides with the physio-
graphic Great Plains of North America. The system
exhibits a wide range in hydraulic properties and in
properties of fluids contained within it. This aquifer
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Figure 1.—Location and extent of Great Plains aquifer system within Central Midwest Regional Aquifer-System Analysis (CMRASA)
project area.
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TasLe 1.—Regional geohydrologic units and generalized geologic time scale
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system has long been recognized (Darton, 1905;
Meinzer, 1923; Russell, 1928) as one of the largest
artesian reservoirs in the world. Within the Midwest-
ern United States, the system has been an important
source of water in parts of southern Colorado, south-
western and central Kansas, northwestern Iowa, and
eastern Nebraska and South Dakota. The system is
becoming more important as a potential source of
water supplies as shallower sources of ground water
are depleted in response to drought or sustained
withdrawals. Deep parts of the system also have
been an important source of oil and gas in northeast-
ern Colorado and southwestern Nebraska. Under-
standing the regional hydrology is important for
evaluating activities of development of the aquifer
system.

The terminology used to designate subsurface hy-
drologic units, such as “aquifer systems” and “confin-

ing system,” is discussed by Jorgensen and others
(1992). An aquifer system consists of two or more ag-
uifers in the same hydraulic system, which are sepa-
rated at most locations by one or more confining
units. A confining system contains two or more confin-
ing units separated at most locations by one or more
aquifers that are not in the same hydraulic system.

PURPOSE AND SCOPE

The findings of the CMRASA pragject are reported
in five chapters of Professional Paper 1414: chapter A
is the summary chapter, which collates the important
findings reported in other chapters; chapter B de-
scribes the geohydrologic framework; chapter C de-
scribes modeling analysis of the regional aquifer
systems; chapter D describes the geohydrologic and
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ground-water-flow analysis of the Ozark Plateaus
aquifer system; and chapter E (this report) describes
the geohydrologic and flow analysis of the Great
Plains aquifer system.

The purpose of this report (chapter E) is to provide
hydrologic information and interpretations of the
Great Plains aquifer system. The study is regional in
scope; therefore, results may not be appropriate for
local evaluations.

PHYSICAL SETTING OF STUDY AREA
The study area lies within the Interior Plains

physiographic division of the United States (fig. 3). It
is mainly within the Great Plains province; a small

part of the study area (eastern Nebraska and south-

140°

/

120°

60°

50°

40°

500
|

100°

REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL MIDWEST

eastern South Dakota) is in the Central Lowland
province.

Land-surface altitude (fig. 4) ranges from about
1,000 feet above sea level at the east-central edge of
Nebraska to as much as 10,000 feet along the west-
ern margin of the study area. Regional surface-water
drainage is eastward (fig. 4). Most of the study area
is drained by tributaries of the Missouri River,
whereas the southern quarter of the area forms part
of the Arkansas River basin. The low surface is gen-
erally flat to moderately rolling. However, local relief
of a few hundred feet has developed along some
streams and in the foothills of the Rocky Mountains
along the western margin of the area.

Mean annual precipitation ranges from about 28
inches in the east to less than 12 inches in the west
(fig. 5). Natural vegetation is mainly grass; forested

60°
80°

UNITED STATES
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] I
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FiGURE 2.—Areal extent of Great Plains aquifer system (shaded area) in North America.
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whereby the aquifer undergoes compression to re-
place the volume of stored water that is discharged
through wells. Russell (1928) submitted that lenticu-
larity and other stratigraphic complexities prevent
regional hydraulic continuity within the system. He
described artesian pressure as developing from com-
paction of overlying sediments and attributed hy-
draulic-head variations to tilting of the strata. The
“Dakota” thus became a focus for examination of
some basic hydrologic concepts. Subsequent ideas of
several investigators were concisely summarized by
Bredehoeft and others (1983). The stratigraphic com-
plexities of the Great Plains aquifer system have dis-
couraged a conclusive, comprehensive interpretation
of its regional hydrology (Helgesen and others, 1982;
Leonard and others, 1983). At the same time, valid
concepts within the interpretations of all investiga-
tors have contributed toward analysis of the system
and appreciation for its obscurities.

Descriptive overviews of the aquifer system in var-
ious States in the study area were provided by Ellis
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(1984), McGovern (1984), Pearl (1984), and Stone
(1984). Additional descriptions on a statewide or mul-
ticounty scale were presented by Keene and Bayne
(1977), Gutentag and others (1981), Dealy and others
(1984), Lawton and others (1984), Robson and Banta
(1987), Watts (1989), and Geldon (1989). Water move-
ment in the Denver basin has been of notable inter-
est (Hubbert, 1953; Russell, 1961; Hoeger, 1968;
Gibbons and Self, 1978; Ottman, 1984; Belitz, 1985;
Robson and Banta, 1987).

Numerous studies have emphasized the hydrologic
or hydrochemical significance of the interchange of
water between the aquifer system and vertically adja-
cent rock units (Russell, 1961; Dyer and Goehring,
1965; Swenson, 1968; Schoon, 1971; Miller and Rahn,
1974; Keene and Bayne, 1977; Milly, 1978; Bredehoeft
and others, 1983; Kolm and Peter, 1984, Neuzil and
others, 1984; Belitz, 1985; Watts, 1989). Estimates of
the flow and water budget of parts of the aquifer sys-
tem using computer models have improved in recent
years. Results of pertinent large-scale flow modeling

2 Blair, Nebraska
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Fieure 7.—Generalized section showing major time-stratigraphic units in study area. Location of sec-
tion shown in figure 6.
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of the aquifer system in South Dakota were reported
by Milly (1978), Neuzil (1980), Bredehoeft and others
(1983), and Case (1984). Belitz (1985) applied a flow
model to an area corresponding with much of this
study area.

Two other recent U.S. Geological Survey regional
aquifer-system studies are relevant. The Northern
Great Plains Regional Aquifer-System Analysis stud-
ied equivalent rock units laterally adjacent to and
north of the study area (Anna, 1986). The High
Plains Regional Aquifer-System Analysis evaluated
the High Plains aquifer (Gutentag and others, 1984),

REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL MIDWEST

which directly overlies the Great Plains aquifer sys-
tem in some areas.

METHODS OF INVESTIGATION

This study mainly relied on existing data; very
few new data were collected. Basic to the investiga-
tion was a delineation of the geologic framework,
which required information on the extent and strati-
graphic relations of pertinent rock units throughout

the region.
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tribute an unknown variability to the data. Detailed
study of small areas could contribute to a better un-
derstanding of the complex relations that appear to
exist among lithologic and hydraulic properties, hy-
draulic head, water quality, and oil-and-gas develop-
ment in the Denver basin.

HYDROCHEMISTRY

The natural chemical composition of ground water
is the result of time-, temperature-, and pressure-de-
pendent reactions among dissolved constituents in
the water and minerals in the rock and soil. There-
fore, the chemistry of a sample of ground water is a
product of any or all of the following factors: chem-
istry of the water entrapped in the interstices of
sedimentary rocks during deposition; changes accom-
panying diagenesis; the lithology and structure of the
soil or rock through which it has passed; the rate of
flow and position along a flow path; and interchange
with water from the surface or from adjacent rock
units.

The principal objective of the hydrochemical stud-
ies described herein is to relate the regional distribu-
tion of the major ions in ground water in the Great
Plains aquifer system to its geohydrology. The results
also serve as a basis for evaluating the chemical
quality of the ground water for use.

Because trends in water chemistry in a continuous
porous medium generally are systematic and some-
what predictable, they can be used to aid in the defi-
nition of conceptual models of the flow system.
Similarities in water chemistry over wide areas are
considered evidence of similar geohydrologic origin.
Conversely, major changes or discontinuities in water
quality may reflect significant. geologic and hydrologic
features, such as faults, changes in mineralogy or hy-
draulic conductivity of the aquifer, or interchange
with water from adjacent rock units. The density of
water increases as its dissolved-solids content in-
creases; therefore, large concentrations of dissolved
solids can have a significant effect on the hydrody-
namics of a variable-density system.

PROCESSING AND MAPPING OF DATA

Concentrations of dissolved solids and chloride, hy-
drochemical facies (chemical water types), and ratios
of the concentrations of sodium to chloride in the
Great Plains aquifer system are shown on plates 6-10.
The illustrations are based principally on data select-
ed from more than 4,000 water analyses and associ-
ated data on location and depth.
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The principal sources of data for plates 6-10 were
WATSTORE (National Water Data Storage and Re-
trieval System, U.S. Geological Survey), PDS (Petro-
leum Data System of North America, University of
Oklahoma), and NURE (National Uranium Resource
Evaluation Program, U.S. Department of Energy).
Published and unpublished information from various
sources also was used. Most of the chemical data
available were for samples reportedly from the Maha
aquifer. However, because the boundaries of individu-
al sandstone bodies in the aquifer system are irregu-
lar and poorly defined over large areas, some
samples appear, based on reported sampling depth,
to have been collected from geohydrologic units verti-
cally adjacent to the Maha aquifer. Furthermore,
some wells were open to more than one rock unit.
Data were used only if reported locations and depth,
as well as continuity with adjacent samples, indicat-
ed that the sample probably was obtained from with-
in the Great Plains aquifer system.

The WATSTORE and NURE data describe water
collected chiefly from relatively shallow domestic,
municipal, and irrigation wells yielding freshwater
from depths less than 1,000 feet. Most of these wells
are located in a relatively narrow band along the
eastern and southern edges of the area where the
water is most subject to local recharge and surface
contamination. The PDS data, principally from oil
fields or exploratory wells, generally describe saline
water or brine associated with oil and gas at depths
between about 3,000 and 9,000 feet in the western
part of the study area. Data from intermediate
depths (1,000 to 3,000 feet) are sparse.

Most of the chemical data available for the Great
Plains aquifer system represent water samples that
were collected and analyzed for purposes other than
hydrochemical studies. Minimal new data were col-
lected as part of this study, and few of the data prob-
ably represent in-situ equilibrium with minerals in
the aquifer. Although the chemical data are not ade-
quate to simulate the chemical evolution of water
along flow paths, most of the data are useful for gen-
eral description and interpretation of regional trends.

The central part of the area, where adequate sup-
plies of freshwater commonly can be obtained from
the surficial High Plains aquifer, has nearly no hy-
drochemical data for the Great Plains aquifer sys-
tem. Concentrations of dissolved solids in this area
were estimated from geophysical logs of exploratory
wells drilled through the aquifer system to test deep-
er formations. Those estimates, along with dissolved-
solids concentrations determined from laboratory
analyses and regressions with chloride, resistivity, or
specific conductance, were used to describe regional
trends in dissolved solids (pl. 6).
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Large lateral and vertical variations in the con-
centrations of major ions necessitated selection of
chemical analyses of water samples that presumably
represent conditions over broad areas. Differences of
more than an order of magnitude in chemical values
in samples from closely adjacent wells are common.
Significant differences also are reported for samples
collected at different depths and times from the
same well. Concentrations of dissolved solids esti-
mated from geophysical logs commonly increased
with depth and differed widely from those deter-
mined by laboratory analysis of samples from nearby
wells.

Part of the variability can be ascribed to faulty
sampling and analytical techniques or to oil-field ac-
tivities, including brine disposal, repressurization,
and induced migration accompanying withdrawals
of fluid. Because chemical changes (particularly in
the concentrations of conservative ions) normally
represent mass transfer, they are less likely to rep-
resent localized transient conditions than are chang-
es in pressure. Therefore, when combined with the
accompanying large variations in pressure and hy-
draulic conductivity, the chemical variations support
the evidence of natural heterogeneity of the aquifer
system.

In the oil-field areas, most of the samples appear
to consist of water from reservoirs having poor hy-
draulic interconnection. Hydrocarbons can alter the
hydraulic properties of the rock as well as react with
it or with ionic constituents in the water. However, it
is assumed, as stated by Téth (1980), that hydraulic
continuity is maintained across even the least perme-
able elements.

Preliminary mapping of dissolved solids showed
that selection of regionally representative analyses
was very subjective, but that the configuration of the
contours indicate apparent regional trends. Computer
programs were developed (J. Baird and F. Sherman,
U.S. Geological Survey, written commun., 1984) to se-
lect, for mapping, the analyses having median con-
centrations of chloride and dissolved solids at median
depth within quadrangles (normally 5 minutes of lat-
itude and longitude). Median, rather than mean, val-
ues were used because the median values are less
affected by skewed values.

In a balanced chemical analysis, the sums of the
concentrations (expressed in milliequivalents per li-
ter) of cations and of anions (positively and negative-
ly charged ions, respectively) are approximately
equal. For most of the analyses selected for use, the
difference between those sums was less than 10 per-
cent. Plates 6-9 are based on data representing 5-
minute quadrangles; for clarity, only the data values
representing 15-minute quadrangles are shown.
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DISSOLVED SOLIDS AND MAJOR CONSTITUENTS

The dissolved-solids concentration is useful for
classification of water and as a general measure of its
chemical quality. The concentration of dissolved solids
in ground water from the Great Plains aquifer system
ranges from 500 milligrams per liter (mg/L) or less in
the eastern and southern outcrop areas to about
140,000 mg/L in oil-field areas in the Denver basin
(pl. 6). According to various classifications used by the
U.S. Geological Survey (for example, Winslow and Ki-
ster, 1956), freshwater is defined as containing less
than 1,000 mg/L, and brine as containing more than
35,000 mg/L of dissolved solids, the approximate con-
centration in seawater. Water containing intermedi-
ate concentrations of dissolved solids are classified as
saline, although saline water containing less than
10,000 mg/L (characteristic of much of the Great
Plains aquifer system) may be classified as brackish.

In general, the concentration of dissolved solids
commonly increases downgradient from recharge
areas as minerals are dissolved or as meteoric water
mixes with more concentrated connate water; there-
fore, dissolved-solids maps may be used for interpre-
tation of the ground-water flow system. However,
within the study area, the largest concentrations of
dissolved solids in the aquifer system generally occur
in the Denver basin, and the smallest concentrations
occur downgradient along the eastern edge of the
study area. The significance of this deviation from
normal conditions is addressed later in the section
entitled “Regional Ground-Water Flow System.”

The value of dissolved-solids maps as a measure of
water quality or as an interpretive tool is enhanced
when the distribution of the ionic components is
known. The concept of water type, or hydrochemical
facies (Back, 1960), in which the relative composition
of the water is described in terms of the principal
ions (pl. 7), is used herein to provide additional infor-
mation on the probable source and flow path of the
water in the aquifer system.

The concentrations (expressed in milliequivalents
per liter) of each of the ions can be expressed as per-
centages of total cations and anions. As used herein,
the principal ion refers to the cation or anion that
composes more than 50 percent of the total cations
and anions. If no cation or anion exceeds 50 percent,
the water is classified as mixed cation and anion.
Plate 7 shows broad areas of sodium chloride, sodium
bicarbonate, calcium sulfate, and calcium bicarbonate
type water. Areas of sodium bicarbonate, sodium sul-
fate, and mixed water probably result from mixing or
natural softening by ion exchange. In general, the hy-
drochemical facies show less spatial variability than
do the associated concentrations of individual ions.
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minor. Withdrawals for domestic and stock supplies
are made through many individual wells but are a
relatively small part of the total amount withdrawn.

Publications and files containing water-use data
rarely specify the source (aquifer) of pumped ground
water. This problem is significant particularly for
southwestern Kansas and southeastern Colorado,
where a common practice of well construction is to
screen both the High Plains aquifer and the Great
Plains aquifer system. A recent estimate of 1985
withdrawal rates from the Great Plains aquifer sys-
tem in Kansas (Baker and Kenny, 1990) is only about
one-half of the rate used for Kansas in this study.
This discrepancy probably exemplifies the crudeness
of the earlier water-use estimates.

OIL AND GAS

Nearly all oil and gas from the aquifer system is
produced from the Denver basin in northeastern Col-
orado and the southern part of the Nebraska pan-
handle. Essentially all oil-and-gas production is
reportedly from the top part of the system (Maha aqg-
uifer).
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Ficure 28.—Estimated freshwater withdrawal rate from Great
Plains aquifer system, 1940-79.
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Only small quantities of oil and gas were produced
before 1950, and production peaked in the 1960’s (fig.
29). The average withdrawal rate from the aquifer
system during the 1970s is estimated to be about 3
ft¥/s. As is the case with freshwater-withdrawal data,
no single source of information provides complete
records of petroleum production. Sources of data that
were consulted include State-agency publications and
files, International QOil Scouts Association (1977), and
a computerized data base (Petroleum Data System of
North America).

Estimates of oil-and-gas withdrawals (fig. 29) are
presented in terms of equivalent water volumes, by
accounting for the densities of oil and gas as follows:

Veq=M . r!/dw=(do/dw)Vo+(d ,/dw)Vg (5)
where

V,, is equivalent volume of water [,

M, is mass of oil and gas [m],

d, d, and d_ are densities of water, oil, and gas,
respectively [ml-3], and

V and Vg are volumes of oil and gas, respectively
[1%]. Average densities, relative to water, of 0.87 for oil
and 0.001 for gas were assumed.

SALINE WATER

Saline water, “oil-field brine,” is pumped in associa-
tion with oil, typically at rates that exceed the rates of
oil production. Unfortunately, records of saline-water
pumpage in most of the area are inaccurate. Other
factors also make the estimates of withdrawals diffi-
cult: (1) water-to-oil production ratios vary spatially
and temporally, depending on reservoir conditions,
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Ficure 29.—Estimated oil and gas withdrawal rate
from Great Plains aquifer system (in terms of
equivalent water volume), 1950-79.
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development and production procedures, and prevail-
ing economic constraints; (2) the practice of injecting
saline water back into the aquifer for disposal has
increased in recent years; (3) water injection for main-
taining reservoir pressure also has increased recently;
and (4) the aquifer system has been used, in a few
places, as a source of water for pressure-maintenance
operations in deeper oil-producing zones.

Estimates of saline-water withdrawals are impor-
tant; however, the accuracy of estimates is debatable
due to these complexities. A water-to-oil ratio of 2:1
is assumed for the 1950’s estimates, and a ratio of
4:1 is assumed for the 1960’s and 1970’s estimates.
The lack of increase in water-to-oil ratio for the
1970’s is appropriate if the increase that normally oc-
curs through time is offset by injection of saline
water into the aquifer. Based on these assumptions,
the average withdrawal rate of saline water from the
aquifer system during the 1970’s was about 12 ft¥/s.

REGIONAL GROUND-WATER FLOW SYSTEM

An understanding of ground-water flow in the
Great Plains aquifer system is needed to evaluate
the potential of the resource for use. Recharge, dis-
charge, and flow are important factors relating to
water-yielding capability, spatial and temporal varia-
tion of water quality, and response of the system to
fluid withdrawal or injection. The flow system is de-
scribed in the terms of conceptual and computer
models.

CONCEPT OF PREDEVELOPMENT FLOW

A conceptual model of flow through the aquifer
system must consider numerous factors, including to-
pography, geometry and lithology of the system, hy-
draulic properties, hydraulic-head distribution,
hydrochemistry, nature of aquifer-outcrop areas, sur-
face- and ground-water relations, and characteristics
of overlying and underlying rock units.

The concepts of recharge and discharge will be
considered first, followed by a description of regional
flow through the aquifer system. An aquifer system,
even under natural conditions, is never in an abso-
lute state of equilibrium (steady state). The flow sys-
tem is continually adjusting (quasi-steady state) to
temporal variations of recharge and discharge. Ex-
treme climatic conditions certainly have influenced
ground-water conditions through time. However, es-
timates of long-term average recharge and discharge
can represent the approximate state of equilibrium
of the aquifer system. This section discusses the
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steady-state conditions of the aquifer system before
development.

RECHARGE

All natural recharge originates as precipitation,
but the routes by which water enters the aquifer sys-
tem vary considerably within the study area. Re-
charge occurs by direct infiltration of rainfall in
outcrop areas, by leakage downward through overly-
ing strata, by leakage upward through underlying
strata, by lateral boundary flow from outside the
study area, or by seepage through streambeds.

DIRECT INFILTRATION IN OUTCROP AREAS

Recharge directly to the aquifer system from pre-
cipitation takes place where strata compesing the
system are exposed (fig. 30). Outcrops are a small
part of the system areally (less than 5 percent), but
hydrologically they are significant because of rela-
tively rapid rates of recharge. For purposes of esti-
mating natural recharge rates, outcrop areas are
classified as flat outcrop areas or hogback outcrop
areas (fig. 30). Recharge approximations for flat out-
crop areas are taken from meodel results of Dugan
and Peckenpaugh (1985) that include estimations of
regional ground-water recharge for much of the CM-
RASA project area, based on climate, soils, and land-
use data. Application of these results to hogback
areas (steeply dipping erosion-resistant ridges) is
questionable. Because of complicating effects, such
as steep local topographic relief, estimates of re-
charge in the hogback areas are difficult if not im-
possible. An approximation is taken that recharge
rates in the hogback areas are assumed to be equal
to the lateral flow in the aquifer system away from
those areas. The recharge rate, @, is estimated by
Darcy’s equation

Q=KA(dh/dl) [Pt] (6)

where K is hydraulic conductivity [lz'], A is cross-
sectional area of flow [I%], and dh/d! is hydraulic gra-
dient [dimensionless] near the hogback areas.

Three large areas of flat outcrop are referred to
herein as the central Kansas, Purgatoire-Cimarron,
and Pueblo areas (fig. 30). The central Kansas out-
crop area extends from Washington County to Rice
County, Kansas, along the eastern edge of the aquifer
system. Alluvium and loess deposits cover the aquifer
system along several southeasterly flowing streams,
but broad outcrops of the Maha aquifer and the Ap-
ishapa confining unit occur in the interfluves (divide
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the study area. Rates and distribution of this leakage
are functions of hydraulic heads in the two adjacent
rock units and vertical hydraulic conductivity of the
overlying materials.

Head differences between the regional water ta-
ble and the potentiometric surface of the Great
Plains aquifer system (fig. 26) indicate a downward
hydraulic gradient (and thus a downward potential
for flow) almost everywhere except near the eastern
and southern edges of the study area. Head differ-
ences are greatest in the Denver basin (as much as
3,000 ft) and Raton basin (as much as 2,000 ft) and
gradually decrease eastward. Assuming a plausible
value (for example, 0.0001 ft/d) for vertical hydrau-
lic conductivity of shale (the principal rock type of
the Great Plains confining system), calculations
using Darcy’s equation indicate that the downward
leakage rate per unit area to the aquifer system is
very small, perhaps about 0.01 ft3/s per square mile.
The leakage rate per unit area would be smallest
where vertical hydraulic conductivity is smallest, in
the western basins where the thickness of the con-
fining system (depth of burial) is greatest. Where
the aquifer system is overlain by the Great Plains
confining system, dissolved-solids concentrations
normally exceed 2,000 mg/L, and water is dominant-
ly a sodium bicarbonate or chloride type. Although
leakage rates per unit area are very small, a com-
mon increase of dissolved-solids concentration with
depth within the aquifer system is evidence that
ground water near the top of the aquifer system has
mixed with water, having smaller dissolved-solids
concentrations, that has leaked through overlying
rock units.

Near the southern and eastern edges of the study
area, the aquifer system is shallower, and regional
flow becomes supplanted by local flow with more in-
tricate recharge and discharge patterns. In several
places in the southern and eastern parts of the study
area, the Great Plains confining system is absent,
and the Great Plains aquifer system is overlain di-
rectly by the High Plains aquifer (fig. 18). The effec-
tive hydraulic connection between these two aquifers
results in relatively small natural vertical-head dif-
ferences. However, their permeable character lends
potential for large leakage rates, even with small
vertical gradients. Dissolved-solids concentrations
less than 1,000 mg/L in these areas of the Great
Plains aquifer system substantiate its hydraulic con-
nection with the High Plains aquifer. It is possible
that leakage between these units could exceed the to-
tal leakage through the Great Plains confining sys-
tem across the remainder of the study area; however,
the data are inadequate to quantify leakage between
the two aquifers.
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LEAKAGE FROM UNDERLYING Rock UNITS

Hydrologic relations between the aquifer system
and underlying rock units are obscure. Hydraulic-head
data are meager, and numerous rock units subcrop
beneath the aquifer system. Definitive data describing
hydraulic-head variations with depth are needed to
better understand vertical-flow relations.

Most underlying strata (fig. 17) are of very slight
permeability and tend to restrict vertical flow region-
ally, particularly where extensive evaporite deposits
occur within a few hundred feet below the aquifer
system. Upward flow to the aquifer system from un-
derlying rock units is likely along the Missouri River,
which is an area of regional ground-water discharge.
Subcrops of the Cedar Hills Sandstone in central
Kansas and the Entrada Sandstone and Dockum
Group in southeastern Colorado and adjacent states
provide areas of relatively effective hydraulic connec-
tion with the aquifer system (fig. 17). These sand-
stone units occur stratigraphically above most of the
evaporite deposits and could permit significant rates
of vertical flow. Upward flow from the Cedar Hills
Sandstone, known to contain brine, is apparent from
hydrochemical information. Sedium chloride type
water containing more than 20,000 mg/L dissolved
solids and more than 10,000 mg/L chloride (pls. 6, 8,
and 10) characterizes the aquifer system in that
area. A similar condition in a smaller area near Lin-
coln, Nebraska (Engberg, 1984), also probably repre-
sents upwelling of saline water from underlying rock
of Paleozoic age.

Russell (1961) suggested that water containing
more than 100,000 mg/L dissolved solids on the east
flank of the Denver basin might be ascribed to up-
welling of saline water from underlying salt-bearing
strata of Permian age along faults or fractures. This
area, in the Nebraska panhandle (pl. 6), is character-
ized by a steep concentration gradient of dissolved
solids on the west (upgradient) side and an inferred
attenuated gradient to the east, suggesting a local-
ized source consistent with Russell’s (1961) interpre-
tation.

Calcium sulfate water dominates an area in north-
eastern Nebraska (pl. 7); it normally contains less
than 2,000 mg/L of dissolved solids, of which about
500 to 1,000 mg/L is sulfate. Swenson (1968) and
Dyer and Goehring (1965) suggested that the calcium
sulfate water in eastern South Dakota migrated up-
ward from underlying anhydrite- and gypsum-bear-
ing rocks. Because sulfate-bearing minerals are
uncommon in rocks of the Great Plains aquifer sys-
tem and more common in underlying and overlying
strata, the presence of extensive sulfate waters in the
Great Plains aquifer system probably reflects upward
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leakage if hydraulic-head relations in that area are
also considered. Minor quantities of sulfate also may
be produced by oxidation of sulfides associated with
organic matter.

BOUNDARY RECHARGE

Lateral flow within the aquifer system across the
study-area boundaries is termed “boundary flow.” The
aquifer system extends beyond the study area along
several segments of the study boundary, the longest
being along the Nebraska-South Dakota State line.
The potentiometric surface shows that most of this
boundary is approximately parallel to the direction of
regional lateral flow (pl. 5). Deviations from this con-
dition probably allow small amounts of boundary
flow (estimated to be a few cubic feet per second),
which is consistent with Downey’s (1986) description
of conditions along the same boundary. Elsewhere,
boundary flow is assumed to be negligible. The study
boundary in northeastern New Mexico also approxi-
mately parallels the direction of ground-water flow.
The northeastern study boundary coincides with the
Big Sioux River and part of the Missouri River,
which appear to act as discharge areas for the aqui-
fer system.

SEEPAGE THROUGH STREAMBEDS

Recharge by stream leakage directly into the aqui-
fer system (in outcrop areas) probably occurs locally
and discontinuously. Perennial streams on the out-
crop areas generally do not recharge the aquifer sys-
tem except perhaps during short periods of high flow.
Because seepage from streams is short-term and lo-
calized, it probably is an insignificant part of the to-
tal recharge of the regional system.

DISCHARGE

Water is discharged from the aquifer system by
upward leakage to overlying rock units, by downward
leakage to underlying rock units, by lateral flow
through boundaries out of the study area, and by dis-
charge in outcrop areas as base flow to streams,
evapotranspiration, or springflow.

LEAKAGE To OVERLYING Rock UNITS

Hydraulic-head differences between the water ta-
ble (in overlying rock units) and the potentiometric
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surface for the Great Plains aquifer system indicate
potential for upward discharge along the Missouri
River valley (southeastern South Dakota and north-
eastern Nebraska), along parts of the eastern and
southern edges of the system, and along part of the
Arkansas River valley in Colorado (fig. 32). Concen-
trations of dissolved solids and chloride in water
from the aquifer system in these areas are commonly
larger than in water from surficial alluvial sedi-
ments. Upward flow from the aquifer system along
the Missouri River and other parts of eastern South
Dakota has long been recognized (Darton, 1909).
Where the aquifer system is directly overlain by the
High Plains aquifer along the eastern and southern
edges of the area, discharge rates may be substan-
tial. As discussed previously, data are inadequate to
accurately define local flow patterns.

LeAKAGE To UNDERLYING Rock UNITs

As previously noted, data are insufficient to map
vertical interchange across the base of the aquifer
system. The greatest potential for downward dis-
charge exists where the aquifer system directly over-
lies the Entrada Sandstone and Dockum Group or
the Cedar Hills Sandstone (fig. 17). Some downward
leakage also may be possible where the evaporite-
rich strata are absent in eastern Nebraska, southern
Colorado, and northeastern New Mexico.

BOUNDARY DISCHARGE

Lateral discharge through boundaries is consid-
ered to be negligible except, possibly, across the
northern boundary as discussed previously.

DiSCHARGE IN QUTCROP AREAS

Discharge from the aquifer system is significant in
the Purgatoire-Cimarron and central Kansas outcrop
areas (fig. 30). Other outcrop areas in the western
part of the study area serve as discharge points only
for local flow systems, where small streams traverse
the areas. Other outcrop areas on the eastern and
southern edges of the study area are of small extent
and of little regional significance.

Discharge in the outcrop areas is in the form of base
flow to streams, evapotranspiration, and springflow.
Base flow is estimated from streamflow data collected
at appropriate gaging stations that approximately
bracket the outcrop area. Flow-duration information
compiled by Hedman and Engel (1989) provides a basis
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The slow velocities that prevail in the aquifer sys-
tem indicate that ground water would require a few
million years to move across the study area. There-
fore, much of the regional flow system is virtually
stagnant except in terms of geologic time. The pres-
ence of saline water, oil, and gas in much of the
study area indicates incomplete flushing of connate
water from the aquifer system. Even the present dis-
tributions of dissolved solids and chloride appear to
be related largely to environment of deposition, with
limited modification by postdepositional flow pat-
terns. Except in relatively small areas, concentra-
tions of these constituents are less than in modern
seawater, a condition consistent with a freshwater to
brackish-water depositional environment.

Although deposition of Lower Cretaceous sedi-
ments occurred more than 90 million years ago, in-
complete flushing of formation fluids seems probable
under conditions imposed by the depositional and
postdepositional history. The nearshore depositional
environment probably included original formation
water of fresh to moderately saline composition. The
fluctuating continental-to-marine conditions would
have permitted some introduction of fresh meteoric
water into the sediments during and soon after their
deposition. Lateral northwesterly flow of freshwater,
seaward from the coastline, has been hypothesized
(D.B. Tait, geologic consultant, Lakewood, Colo., writ-
ten commun., 1986), which may have caused dilution
of some of the original formation water.

Widespread marine deposition over these sedi-
ments prevailed through the remainder of Cretaceous
time. The small-permeability clays that predominate
within the Upper Cretaceous strata have effectively
prevented flushing of the aquifer system by infiltra-
tion of precipitation into the underlying Lower Creta-
ceous sediments. Subsurface flow that developed as a
result of subsidence and compaction was probably
outward from the developing basin (Ottman, 1984),
thus tending to oppose the flow direction of any later-
al recharge into the aquifer system.

Following deformation into a deep basinal configu-
ration, truncation of aquifer-system strata by erosion
of the steep west flank may have allowed some west-
to-east recharge of meteoric water (Ottman, 1984).
Such a process may have been short-lived because of
fault development that has since impeded significant
recharge to the basin along its west flank. The aqui-
fer system retained continuity in other directions,
but hydraulic conductivity is small, and the overall
structural attitude of the region may not have deviat-
ed significantly from horizontal through much of Ter-
tiary time. Until late Tertiary uplift of the Denver
basin (Ottman, 1984) led to the development of the
modern west-to-east hydraulic gradient (pl. 5), there
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was little impetus for flushing of formation fluids by
recharge water from any source. The modern hydrau-
lic gradient was superimposed on a relict system,
within which hydrochemical conditions in most of the
central part of the area reflect the original environ-
ment of deposition. Water-quality conditions por-
trayed on plate 10 reflect a diverse hydrochemistry
resulting from greater hydraulic continuity and
greater influence of relatively recent flow patterns
than in the main areas of incomplete flushing of the
connate water to the north.

Interpretations of potentiometric conditions in the
Denver basin have indicated a general northeasterly
gradient (Hoeger, 1968), or a general northeasterly
trending potentiometric trough with closed low areas
(Gibbons and Self, 1978; Ottman, 1984). Ottman
(1984) attributed an apparent inward flow in the ba-
sin to unloading (erosion of overlying sediments) and
cooling that began during Tertiary time. The effect of
that phenomenon may be complicated by pressure
changes associated with oil and gas withdrawal. The
area of particularly small and areally variable hy-
draulic heads is centered within the main develop-
ment area of oil and gas, suggesting that oil and gas
withdrawal is a factor contributing to the complex
head distribution. The trend of regional underpres-
suring (fig. 25) is best explained by restriction of re-
charge in the west and the increase in transmissivity
to the east (Hoeger, 1968; Belitz, 1985; Robson and
Banta, 1987). This condition allows water to move
laterally eastward at a more rapid rate than the ag-
uifer system is recharged.

Thus, flow in the Great Plains aquifer system var-
ies widely. In the deepest part of the Denver basin,
connate fluids are essentially “trapped” by strata of
very slight permeability. The variable water chemis-
try in the basin is consistent with this interpretation.
Larger transmissivities and more effective lateral re-
charge occur north and south of the Denver basin.
These conditions allow northeasterly flow from out-
crop. areas in southern Colorado and northeastern
New Mexico, and southeasterly flow from outcrop
areas bordering the Black Hills in western South Da-
kota. According to geophysical-log analysis, large
areas of the aquifer system in southern Nebraska
and northern Kansas contain water with dissolved-
solids concentrations exceeding 10,000 mg/L (pl. 6).
Analyses of water samples from these areas are un-
available; however, water containing more than 5,000
mg/L dissolved solids in adjoining areas is of the so-
dium chloride type, probably representing residual
estuarine water or seawater, as well as vertical mi-
gration of saline water from adjacent salt-bearing
strata. Water in this part of the aquifer system may
be a mixture of inflow having small dissolved-solids
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concentrations with original formation water having
large dissolved-solids concentrations, and this mix-
ture flows slowly to the east.

As discussed previously, one plume of highly min-
eralized water originates in the Nebraska panhandle
and extends eastward (pl. 6). The western boundary
of this plume occurs within the petroleum-production
area. However, considering the elongated west-east
pattern and extremely slow rates of flow, recent with-
drawals of formation fluids are not likely to have
caused this plume. Rather, these conditions support
the concept of downgradient lateral migration of
brine, which leaked upward from underlying strata
in response to the natural underpressuring in the
Great Plains aquifer system.

Ground-water flow may be as rapid as 10 to 100 ft/
yr locally along eastern and southern outcrops. Di-
rect recharge of meteoric water to the system in
these areas has formed a wide band of relatively
fresh, dominantly calcium bicarbonate water (pls. 6,
7), yet with variable dissolved-solids concentrations
and water type, along the eastern study margin. The
persistence of these conditions in eastern Nebraska,
where regional flow is directly toward the edge of the
aquifer, suggests that water moving toward the east-
ern edge is diluted substantially by meteoric-water
recharge in exposed or thinly covered parts of the ag-
uifer system.

COMPUTER MODEL

A computer model was used to help develop an im-
proved understanding of the aquifer system, estimate
flow rates, and evaluate responses to stress.

The model (McDonald and Harbaugh, 1983) simu-
lates ground-water flow in three dimensions using fi-
nite-difference methods. Flow through porous media
can be expressed as

—"—(K %)+1(K %) +—6—(K %)-W=s L
ox \ *ox/ gy\ YWay/ az\ #oz S ot
where x, y, and z are Cartesian coordinates aligned
along the major axes of hydraulic-conductivity ten-
sorsK ,K ,K_I[I],

K is hydraulic conductivity [i£-1],

h is the potentiometric head [{],

W is a volumetric flow per unit volume and repre-
sents sources or sinks of water [¢1],

S, is the specific storage of the porous material
[-1], and

t is time [z].

This relation allows for spatial variations of aqui-
fer properties, hydraulic heads, and flow rates, and
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temporal variations of hydraulic heads and flow
rates. The model subdivides the aquifer system
three-dimensionally into blocks, or cells, within
which any property, hydraulic head, or flow rate as-
sociated with that cell is applied uniformly over the
extent of the cell. The model requires values for hy-
draulic properties, boundary conditions, sources and
sinks, and initial hydraulic-head distributions. Pri-
mary results from the model consist of head distribu-
tions and a volumetric water budget. The model uses
a modular programming structure comprising a main
program and various subroutines to simulate aspects
of the aquifer system.

Certain limitations of and modifications to the
model used in this study need to be discussed. The
steep dip of the aquifer system into the Denver and
Raton basins along their western flanks violates an
assumption of layer horizontality in the model (Mc-
Donald and Harbaugh, 1983), introducing error to
hydraulic-head calculations. The steepness also
makes it impossible to properly represent rapidly
changing features of the aquifer system (such as alti-
tude of the top or hydraulic head) without more de-
tailed data and finer discretization. Consequently,
model results are very inaccurate along the western
margin.

Density of fluid in the aquifer system varies spa-
tially due to effects of salinity, temperature, and
pressure. This violates an assumption of constant flu-
id density implicit to flow calculations made in the
model (McDonald and Harbaugh, 1983). However,
differences in hydraulic head due to nonuniform den-
sity are small (generally much less than 100 feet)
compared to regional head differences. Therefore,
this density variation probably will not induce much
error in use of the model on a regional scale, if all
hydraulic heads are converted into equivalent fresh-
water heads on the basis of density.

Nonuniform density and viscosity also affect hy-
draulic conductivity used in the model. Hydraulic
conductivity is adjusted and was discussed under
“Hydraulics” in the section entitled “Geohydrology.”

Some model modifications, not affecting the basic
program function, were made. Changes include track-
ing of recharge, discharge, or boundary flows on a
layer-by-layer basis. Auxiliary programs were devel-
oped to prepare the data and to process model results
to aid in evaluation. Initial processing included gen-
eration of arrays of transmissivity and vertical con-
ductance (leakance). Processing of model results
included calculation of layer-by-layer water budgets,
compilation of flow rates for selected inflow and out-
flow areas, plots of hydraulic-head distributions, and
statistics describing degree of agreement between
simulated and field estimated heads.
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MODEL FORMULATION

A grid (fig. 33) was superimposed on a map of the
aquifer system to facilitate discretization of data and
enable finite-difference computations. The x-axis of
the grid is aligned N. 35° W, and the y-axis is
aligned N. 55° E. The axes approximately parallel
major bedrock joint patterns in the midcontinent re-
gion, and the orientation coincides with that of the
grid system used for the regional CMRASA model
(D.C. Signor, U.S. Geological Survey, written com-
mun., 1987), which covers the entire CMRASA study
area. Thus, the axes of the model grid are generally
parallel to principal regional directions of hydraulic
conductivity.

DISCRETIZATION

Horizontally, the uniform grid system consists of
46 rows and 35 columns (fig. 33). Each cell repre-
sents an area 14 miles square. The modeled aquifer
system is divided vertically into four layers. Layer 1,
the top layer, represents the Great Plains confining
system (where it is present) and part of the High
Plains aquifer and undifferentiated Quaternary de-
posits (in places where they directly overlie the Great
Plains aquifer system). In most of the study area,
where the High Plains aquifer is underlain by the
Great Plains confining system, the High Plains aqui-
fer is not simulated and is not included in layer 1.
This omission of the High Plains aquifer in the simu-
lation creates no significant hydrologic errors because
the Great Plains confining system generally is about
2 to 10 times as thick as the High Plains aquifer.
Therefore, the vertical leakage into the Great Plains
aquifer system, where both the High Plains aquifer
and Great Plains confining system are present, is
dominantly affected by the hydraulic characteristics
of the Great Plains confining system, not the High
Plains aquifer.

Layers 2 and 3 represent the Maha and Apishapa
aquifers, respectively. (The Apishapa confining unit,
which separates the two aquifers, is not simulated as
a model layer, but its vertical restrictive effect between
the two aquifers is simulated by the model.) Layer 4
represents 150 feet of strata (arbitrarily) below the
base of the Great Plains aquifer system, which is
equivalent to the top part of the Western Interior
Plains confining system in most of the area. In the
northeastern part of the study area, the Western Inte-
rior Plains confining system is absent, and layer 4
represents the Western Interior Plains aquifer system.
Fa.ther northeast, the basement confining unit forms
the lower boundary to the Great Plains aquifer system.

E47

Layers 2 and 3, representing the aquifers of inter-
est, are of primary concern. Layers 1 and 4 are over-
lying and underlying “boundary” layers to account for
hydraulic interchange between the aquifer system
and vertically adjacent rock units. Simulated flow
within each layer is strictly horizontal and is perpen-
dicular to grid-cell faces. Simulated flow between lay-
ers is strictly vertical between vertically adjacent
cells.

The distribution of active cells within each layer
(figs. 34-37) is defined by the extent of the geohydro-
logic unit(s) within the model area. The limits of the
modeled area are related to the extent of the Great
Plains aquifer system. The limits coincide with trun-
cated edges where appropriate (such as the western
and eastern margins) and extend a few cells beyond
the study area where the aquifer system continues
farther (such as the northern and southwestern
boundaries). Layer 1 (fig. 34), therefore, is active ev-
erywhere except where the aquifer system is exposed.
Layer 4 (fig. 37) is active everywhere except where
the basement confining unit or the evaporite-rich
strata, considered impermeable, directly underlie the
aquifer system.

Internal limits for layers 2 and 3 (figs. 35, 36) are
established in small areas where the Maha or Ap-
ishapa aquifers are absent, such as on the Sierra
Grande and Apishapa uplifts in the southwestern part
of the area and on a small part of the Chadron arch in
northwestern Nebraska. Other internal limits for lay-
er 2 (fig. 35) are imposed where the Maha aquifer does
not extend as far as the Apishapa aquifer because of
erosion; this condition is found mainly in the Purga-
toire-Cimarron outcrop area and along the outer edge
of the study area in south-central Kansas. In central
Kansas, the eastward limit of layer 3 (fig. 36) corre-
sponds to a pinchout of the Apishapa aquifer beneath
the Apishapa confining unit, which extends farther
east. In northern Kansas and across Nebraska, the
limit of layer 3 is placed arbitrarily about two cells
east of the eastward margin of the Apishapa confining
unit. This placement serves to simulate a zone in
which the two aquifers merge; east of this zone, the
modeled aquifer system consists only of layer 2.

HYDRAULIC-PROPERTY SPECIFICATION

The model requires values of transmissivity and
vertical conductance. These properties are spatially
distributed, one value per cell in each model layer.
For transient simulations, in which conditions are
time-dependent, changes in ground-water storage can
occur, and the model also requires storage-coefficient
data.
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which are

directly overlying the aquifer system, for the given

Transmissivity distribution depends on thickness | assigned. Thickness values for layer 1 correspond

and hydraulic conductivity. Model-cell values for | to the thickness of the Great Plains confining sys-
these parameters were derived from contour maps | tem or thickness of the High Plains aquifer or un-

or other information explained in the following | differentiated Quaternary deposits,

paragraphs. Thickness maps were used for each lay-

er except layer 4, for which a uniform 150 feet was | grid cell.
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Ficure 33.—Horizontal finite-difference grid for ground-water flow model.
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hydraulic connection with the aquifer system. Where
the High Plains aquifer or Missouri River alluvium
directly overlies the aquifer system, a lateral hydrau-
lic-conductivity value of 40 ft/d was assigned to the
appropriate cells in layer 1 (fig. 34). Where the Cedar
Hills Sandstone or Entrada Sandstone and Dockum
Group directly underlie the aquifer system, a lateral
hydraulic-conductivity value of 5 ft/d was assigned
within layer 4 (fig. 37). All such conditions occur at
relatively shallow depths, allowing omission of the
depth-of-burial consideration. The lateral hydraulic-
conductivity value of 5 ft/d was also assigned to layer
4 (fig. 37) in exposed areas on the Sierra Grande uplift,
at the crest of the Chadron arch, and just beyond the
eastern and southern boundaries of the study area.

Vertical conductance (leakance), VC, is a property
that controls the rate of vertical flow between layers.
It is calculated by one of two methods. The first is
based on the relation

VC=K'/b [t7] (€)]

where K’ is vertical hydraulic conductivity of the con-
fining unit [lt7'] and b is confining-unit thickness [{].
This relation defines vertical flow through a well-de-
fined confining unit. It was applied to control flow (1)
between layer 1 and the layer directly beneath it,
where layer 1 represents the Great Plains confining
system, and (2) between layers 2 and 3, where the
aquifers they represent are separated by the Ap-
ishapa confining unit.

The second method is based on the relation

VC=2(K' JK/(K Jb)+E)B] [ (9)

where the subscript u refers to an upper geohydrolog-
ic unit and the subscript 1 refers to a lower geohydro-
logic unit. This relation controls vertical flow
between two adjacent geohydrologic units where an
intervening confining unit does not exist.

Vertical hydraulic-conductivity values for each lay-
er were assumed to be a certain fraction of that lay-
er’s lateral hydraulic conductivity. Ratios of vertical
to lateral hydraulic conductivity were assumed to be
about 0.01 for units consisting mostly of shale (such
as layer 1 where it represents the Great Plains con-
fining system) and about 0.1 for aquifers (layers 2
and 3).

Storage coefficient, used in transient simulations,
was based on estimates previously discussed under
“Hydraulics” in the section entitled “Geohydrology.”
Where confined conditions prevail, storage coefficient
was set equal to the estimated specific storage
(9.5x10"7 per foot) times thickness. To represent un-
confined conditions, storage coefficient was set equal
to 0.15 (specific yield).
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BoUNDARY CONDITIONS

The character of regional flow is dependent on
boundary conditions as well as hydraulic properties
of the aquifer system. Several types of boundary con-
ditions are important in the Great Plains aquifer sys-
tem. To represent these conditions, model cells were
designated as (1) constant-head cells, where hydrau-
lic head in the cell does not change; (2) no-flow cells,
where the cell is inactive; (3) recharge cells, where a
specified rate of recharge is input; or (4) stream cells,
where discharge or recharge through a streambed is
simulated.

Constant heads were assigned to every cell in lay-
er 1 (fig. 34), each value being set equal to the alti-
tude of the near-surface water table (in most of the
study area, they are the water levels in the High
Plains aquifer) representative of that area. Thus,
these cells act as sources or sinks with respect to the
underlying layer, depending on vertical hydraulic-
head gradients. The rate of simulated interlayer flow
is controlled by the vertical conductance.

The assumption of a constant-head water table for
simulation purposes can be justified by a calculation
of the amount of water-table change represented by
the downward-leakage rate. A downward-leakage
rate of 0.01 ft%/s per square mile, as estimated previ-
ously, would represent a water-table decline of about
0.1 in./yr, less than the usual ground-water recharge
rate (from precipitation) over most of the region.

Constant heads also were assigned to a line of
cells in layer 4 just beyond the eastern and southern
limit of the study area (fig. 37). This permits simula-
tion of discharge (or recharge, depending on hydrau-
lic-head gradients) through the layer underlying the
aquifer system. A break in this line of constant-head
cells coincides with the area of nearly impermeable
evaporite rocks subcropping directly beneath the ag-
uifer system in central Kansas.

No-flow boundaries (inactive cells, figs. 34-37)
were assigned around the entire perimeter of the
model, except along the eastern and southern edges
of layer 4 as previously discussed. These no-flow
boundaries correspond mostly to truncated edges, ex-
cept along the northern and southwestern edges
where the no-flow boundaries approximately parallel
the regional flow directions. No-flow boundaries also
were assigned to interior surficial areas where units
have been eroded. However, where a geohydrologic
unit is absent in the subsurface (between two other
geohydrologic units), the no-flow property in the mod-
el layer representing that missing unit applies only
to the lateral direction; transmissivity was set equal
to zero in these cells, but vertical connection was
kept in order to maintain the model continuity (figs.
35, 36). The bottom no-flow boundary of the model is
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at the base of layer 4, except in areas where layer 4
is composed of the basement confining unit (extreme
northeastern part of the area) or the evaporite-rich
section (central Kansas). In those areas, the bottom
no-flow boundary is at the base of layer 3.

Cells representing outcrop areas of the aquifer sys-
tem (or underlying rock unit) within the modeled area
were designated as either recharge cells or stream
cells (figs. 35-37). Recharge cells represent all hog-
back outcrop areas and parts of the flat outcrop areas
between streams (fig. 30). Simulated recharge rates
correspond to the estimations described earlier in the
section entitled “Concept of Predevelopment Flow.”

Stream cells were assigned where major streams
traverse either of the two largest flat outcrop areas
(Purgatoire-Cimarron or central Kansas) (fig. 30).
Other streams, such as the Arkansas, Platte, and
Missouri Rivers, are not simulated because interac-
tion between the streams and the Great Plains aqui-
fer system is restricted by intervening geohydrologic
units, mainly the Great Plains confining system. Des-
ignation of a stream cell requires values for stream
head (river-stage altitude), altitude of the bottom of
the streambed, and conductance of the streambed.
The conductance term incorporates area of the
stream within the cell, hydraulic conductivity of the
streambed, and thickness of the streambed. Hydrau-
lic conductivity and thickness of streambed, which
are not mapped and are undoubtedly quite variable,
are combined into a single term, streambed leakance
(hydraulic conductivity divided by thickness), which
is assumed to be about 0.1 d-%.

Simulated interchange of water between streams
and the aquifer system can be in either direction de-
pending on relative hydraulic-head values of the
stream and aquifer. If the head in the aquifer is be-
low the bottom of the streambed, leakage from the
stream remains at a constant maximum value. Evap-
otranspiration along streams is not directly simulat-
ed by the model but is considered to form part of the
simulated discharge to streams.

MODEL CALIBRATION

Reasonable magnitudes and distributions of hy-
draulic head and flow rates were simulated using
properties and boundary conditions presented earlier.
Calibration of the model was done using both steady-
state and transient simulations, discussed in the fol-
lowing sections.

PREDEVELOPMENT CONDITIONS

The model was calibrated primarily by simulating
flow in the aquifer system under natural, predevelop-
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ment conditions. However, data are not adequate to
accurately define predevelopment conditions. There-
fore, predevelopment conditions were surmised from
climatic and hydrologic data, most of which was ob-
tained during 1950-80. Climatic conditions that pre-
vailed during that period are assumed to be typical
of long-term, natural, steady-state conditions. The
hydraulic head and flow rates described previously
are the field or estimated conditions against which
the model results are compared.

Steady-state simulation results were evaluated by

the following calibration methods:

1. Simulated head distribution was compared with
field or estimated hydraulic-head distribution,
visually and statistically.

2. Individual simulated hydraulic-head values (lay-
er 2) were compared with estimated heads, at
cells receiving direct recharge.

3. Simulated rates of discharge to streams were
compared with estimated rates for the Purga-
toire-Cimarron and central Kansas outcrop
areas.

The statistical evaluation of differences between

simulated and field or estimated hydraulic heads is
based on the following equations (Spiegel, 1961):

X =X +X +X 4. 4X 44X, (10)

where X is the sum of absolute deviations [I]; X is
the absolute deviation [I] at grid cell n; and N is the
number of cells;

X=X /(N-1), (11)
where X is mean deviation [I]; and
SD = [S(X, -%% (N-1) (12)

where SD is standard deviation [I]. Minimization of
these statistical parameters was one aim of the cali-
bration procedure.

Simulated hydraulic-head values for layers 2 and
3 were very close throughout the model analysis.
Therefore, hydraulic-head values for layer 2 (Maha
aquifer), being representative of both layers 2 and 3,
are used for purposes of evaluating model results.

Application of all calibration methods, along with
rational variations of some parameters to be dis-
cussed below, resulted in a steady-state solution se-
lected as the most satisfactory simulation of the
regional flow system. Rates of simulated direct re-
charge to the regional aquifer system in outcrop
areas were not changed from original estimates. For
flat outcrop areas, these rates were based on esti-
mates of Dugan and Peckenpaugh (1985), derived
from climatic and soils data. For hogback outcrop
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wide range of uses. Resources of the system that have
already been developed are (1) oil and gas supply; (2)
freshwater supply for irrigation, municipal, industrial,
domestic, stock, or other purposes; and (3) saline
water, produced mainly in association with oil, and
much of which is reinjected to maintain reservoir pres-
sure (secondary-recovery procedures). Potential uses
of the system, in addition to the existing uses, include
(1) other saline-water withdrawals for uses that may
require desalinization or other treatment, and (2) geo-
thermal-resource development for heat energy.
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Assessment of the oil and gas resources is not
within the scope of this study. Other uses are ad-
dressed herein based on the current understanding of
the regional hydrology. This assessment cannot incor-
porate the local variations in geohydrologic condi-
tions that need to be considered.

WATER-SUPPLY POTENTIAL

The significance of the aquifer system as a source
of water has been demonstrated in relatively shallow
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areas. However, deeper parts of the system are unex-
plored for water, and effects of sustained develop-
ment have not been evaluated. This discussion is
based solely on ground-water hydraulics and does not
consider other important but variable factors, such as
water-quality suitability, economics, or operational
feasibility of the development project.

AQUIFER SYSTEM RESPONSE TO DEVELOPMENT

Long-term water-yielding capability depends on
the capacity of the hydrologic system to adjust in or-
der to sustain the rates of withdrawal. Withdrawals
imposed upon the system affect the system’s storage,
recharge, and discharge, or some combination of
these, depending upon rates and location of the with-
drawals.

Considering only the Great Plains aquifer system
itself, withdrawals may do one or more of the following:

1. Intercept water that would have discharged up-

ward to overlying units.
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Ficure 45.—Effect of variations in lateral hydraulic conductivity on
simulated hydraulic head for Great Plains aquifer system.

REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL MIDWEST

2. Intercept water that would have discharged
downward to underlying units.

3. Intercept water that would have discharged to
streams or evapotranspiration in aquifer-sys-
tem outcrop areas.

4. Remove water from aquifer-system storage.

Development also may induce flow from sources of
water in hydraulic connection with the aquifer sys-
tem. These sources are (1) the High Plains aquifer,
(2) other adjacent geohydrologic units, and (3)
streams in outcrop areas of the aquifer system.

The computer model of the flow system makes pos-
sible an accounting of simulated changes in recharge,
discharge, and storage resulting from simulated
withdrawals. Certain limitations of the model must
be recognized, particularly in relation to simulation
of induced flow from sources other than the Great
Plains aquifer system. The specification of constant
heads in layer 1 assumes no change of storage (de-
cline of water table) in units represented by layer 1.
Potential error from this assumption is greatest
where layer 1 represents the High Plains aquifer,
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marine clay by natural infiltration or application of | sas River (and in the river itself) may have been derived
calcium- or magnesium-rich water. Although the sodi- | by leaching from the overlying shale, it is possible that
um sulfate type water in shallow wells along the Arkan- | its composition partly represents irrigation return flow.
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As shown on plates 6-10, sodium is the principal
cation in most water containing more than 3,000 mg/
L dissolved solids; analyses of samples of that water
would plot outside of the boundaries of the classifica-
tion diagram (fig. 54). If that relation persists, most
of the water in the aquifer system in the undevel-
oped central part of the area is neither potable nor
suitable for irrigation. However, it is important to
recognize that the concentrations shown on plates 6-
10 are based on median values that commonly mask
stratification, including known occurrences of fresher
water in the top part of the aquifer system.

GEOTHERMAL POTENTIAL

Potential for development of low-temperature (40
to 90 °C) geothermal energy is favorable in most of
the northwestern half of the study area (Reed, 1983).
This large area of warmer water (fig. 55) is a result
of steep geothermal gradients, the insulating effect of
overlying shale, and convective heat transfer by
ground-water flow. On the eastern flank of the Den-
ver basin, observed heat-flow conditions are consis-
tent with ground-water flow updip out of the basin
(Reed, 1983; Gosnold, 1984). In north-central Nebras-
ka, upward flow of warmer water from below is prob-
ably an important heat-transfer mechanism (Schoon
and McGregor, 1974; Gosnold and Eversoll, 1981).
The aquifer system also contains warm water in
south-central Colorado in the Canon City embayment
and Raton basin (Zacharakis and Pearl, 1982; Robson
and Banta, 1987).

The area of warmer water shown in figure 55 was
included in a nationwide assessment of low-tempera-
ture geothermal resources (Reed, 1983; Sorey and
Reed, 1984). Quantitative estimates of both in-stor-
age and recoverable heat energy indicate a signifi-
cant long-term thermal resource that is virtually
untapped. Some use of warm water from the aquifer
system in north-central Nebraska for stock watering,
irrigation, and farm-building heating was reported by
Gosnold and Eversoll (1982). A preliminary evalua-
tion of the use of water for a large-scale heating
project was described by Shroder and Becker (1984).

SUMMARY AND CONCLUSIONS

The Great Plains aquifer system is a major geohy-
drologic unit that extends throughout much of the
midcontinent region. Study of the aquifer system’s re-
gional hydrology for a 170,000-square-mile area was
a part of the Central Midwest Regional Aquifer-Sys-
tem Analysis (CMRASA). The study area is limited
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on the east and south by the natural extent of the
aquifer system; the other study boundaries coincide
with CMRASA project boundaries.

The Great Plains aquifer system consists of, in as-
cending order, the Apishapa aquifer (Cheyenne Sand-
stone and equivalents), Apishapa confining unit
(Kiowa Shale and equivalents), and Maha aquifer
(Dakota Sandstone and equivalents). The aquifer sys-
tem has been developed for both water and petrole-
um resources; findings of this study are based on
data collected in association with water and petrole-
um exploration and development. Data are sparse in
a large part of the study area; however, abundant
data in some areas necessitated selecting a few of the
representative data in order to serve the regional
scope of the study.

Strata of the aquifer system were deposited mostly
during Early Cretaceous time. The major rock units re-
flect a general marine transgression-regression-trans-
gression sequence; however, local complex stratigraphy
resulted from a fluctuating marine-shoreline-nonma-
rine depositional environment. The Laramide oroge-
ny of Late Cretaceous and early Tertiary time caused
structural downwarping of the western part of the
study area to form the Denver and Raton basins and
Canon City embayment. Deep burial (by several
thousand feet of younger sediments) and faulting
along the western margin of the Denver and Raton
basins have effectively isolated much of the aquifer
system hydraulically from surface and shallow-sub-
surface water. Erosion has exposed the rocks of the
aquifer system along the eastern and southern parts
of the study area.

The aquifer system consists mainly of sandstone,
siltstone, and shale but includes lesser amounts of
other sedimentary rocks. Strata of the aquifer system
exhibit wide variations in texture, degree of cementa-
tion, degree of fracturing, and thickness. Regional
trends in sandstone percentage, particularly within
the Maha aquifer, reflect increasing prevalence of
marine shale to the northwest. Total thickness of the
aquifer system ranges generally from 200 to 800 feet,
being greatest in north-central Nebraska. The Ap-
ishapa confining unit generally thins eastward and is
absent in the eastern half of Nebraska and adjacent
areas. Where the confining unit pinches out, the two
aquifer units merge into a single hydrologic unit con-
sidered as the Maha aquifer.

Strata are generally flat-lying except in the basins.
The top of the aquifer system is regionally smooth
except near the truncated eastern and southern edg-
es and in faulted areas. Faults with large vertical off-
sets form an abrupt western boundary of the study
area. Faulting in southwestern Kansas is a result of
dissolution of underlying evaporite rocks. Faults
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fer system was simulated as about 340 {t%s. About 87
percent of simulated recharge was leakage from over-
lying units, 11 percent was direct infiltration in out-
crop areas, and 2 percent was leakage from
underlying rock units. About 70 percent of simulated
discharge was leakage to overlying units, 15 percent
was leakage to underlying units, and 15 percent was
discharge to streams in outcrop areas. About 60 per-
cent of the total water budget was interchange with
the High Plains aquifer where it directly overlies the
Great Plains aquifer system. The greatest flux within
the modeled aquifer system was in local flow zones
along the eastern and southern edges of the area.
Flow also occurs northeasterly from outcrop areas in
the southwestern part of the study area and south-
easterly from outcrops bordering the Black Hills. In
the deepest part of the Denver basin, virtually stag-
nant conditions prevail. Very irregular hydraulic-
head and water-quality conditions typify the basin.
In most of the basin and in much of southern Ne-
braska and nerthern Kansas, very small hydraulic
conductivity prevents complete flushing of original
fluids from the aquifer system.

Oil and gas development is inferred to have
caused several hundred feet of hydraulic-head decline
in parts of the Denver basin. Freshwater withdraw-
als have resulted in hydraulic-head declines of sever-
al tens of feet in parts of southern Colorado, Kansas,
eastern Nebraska, and southeastern South Dakota.
In southwestern Kansas and eastern Nebraska,
much of the head decline is in response to pumpage
from the overlying High Plains aquifer. Recent
(1970-79) rates of withdrawal from the Great Plains
aquifer system (about 850 ft3/s) are more than twice
its natural recharge rate (about 340 ft3/s). Although a
significant part of pumpage is derived from intercept-
ed or induced vertical leakage, the rate of adjustment
to pumping is extremely slow in most areas, and
storage depletion (reflected in hydraulic-head de-
clines) may be substantial. At the end of a 1940-79
transient simulation, about 70 percent of pumpage
was being derived from intercepted or induced verti-
cal leakage, and the remainder was being derived
from storage. Continued or increased development
will result in continued storage depletion except
where direct connection with the overlying High
Plains aquifer permits sufficient rates of induced re-
charge to balance pumpage.

Deeper parts of the Great Plains aquifer system
appear faverable for disposal of nontoxic liquid
waste. Simulations indicate that hydraulic-head ad-
justments from liquid injections would not signifi-
cantly change regional flow rates or patterns.

The chemical suitability of the water for use varies
greatly within the aquifer system. In the central and
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western parts of the study area, the suitability of the
water for consumption or irrigation is limited by the
predominance of sodium chloride type water with dis-
solved-solids concentrations exceeding 3,000 mg/L.

The great depth of occurrence of the aquifer sys-
tem affords potential for development of low-temper-
ature geothermal energy. Water temperatures in the
aquifer system exceed 40 °C in most of the north-
western half of the study area, as a result of steep
geothermal gradients and the insulating effects of
the overlying Great Plains confining system.
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Preliminary Determination of Epicenters (issued monthly).

Technical Books and Reports

Professional Papers are mainly comprehensive scientific re-
ports of wide and lasting interest and importance to professional
scientists and engineers. Included are reports on the results of
resource studies and of topographic, hydrologic, and geologic
investigations. They also include collections of related papers
addressing different aspects of a single scientific topic.

Bulletins contain significant data and interpretations that are of
lasting scientific interest but are generally more limited in scope or
geographic coverage than Professional Papers. They include the
results of resource studies and of geologic and topographic investi-
gations, as well as collections of short papers related to a specific
topic.

Water-Supply Papers are comprehensive reports that present
significant interpretive results of hydrologic investigations of wide
interest to professional geologists, hydrologists, and engineers. The
series covers investigations in all phases of hydrology, including
hydrogeology, availability of water, quality of water, and use of
water.

Circulars present administrative information or important sci-
entific information of wide popular interest in a format designed for
distribution at no cost to the public. Information is usually of short-
term interest.

Water-Resource Investigations Reports are papers of an inter-
pretive nature made available to the public outside the formal USGS
publications series. Copies are reproduced onrequest unlike formal
USGS publications, and they are also available for public inspection
at depositories indicated in USGS catalogs.

Open-File Reports include unpublished manuscript reports,
maps, and other material that are made available for public consul-
tation at depositories. They are anonpermanent form of publication
that may be cited in other publications as sources of information.

Maps

Geologic Quadrangle Maps are multicolor geologic maps on
topographic basesin 7 1/2- or 1 5-minute quadrangle formats (scales
mainly 1:24,000 or 1:62,500) showing bedrock, surficial, or engi-
neering geology. Maps generally include brief texts; some maps
include structure and columnar sections only.

Geophysical Investigations Maps are on topographic or plani-
metric bases at various scales; they show results of surveys using
geophysical techniques, such as gravity, magnetic, seismic, or
radioactivity, which reflect subsurface structures that are of eco-
nomic or geologic significance. Many maps include correlations
with the geology.

Miscellaneous Investigations Series Maps are on planimetric
or topographic bases of regular and irregular areas at various scales;
they present a wide variety of format and subject matter. The series
also includes 7 1/2-minute quadrangle photogeologic maps on
planimetric bases that show geology as interpreted from aerial
photographs. Series also includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic or
planimetric bases at various scales showing bedrock or surficial
geology, stratigraphy, and structural relations in certain coal-resource
areas.

Oil and Gas Investigations Charts show stratigraphic informa-
tion for certain oil and gas fields and other areas having petroleum
potential.

Miscellaneous Field Studies Maps are multicolor or black-and-
white maps on topographic or planimetric bases on quadrangle or
irregular areas at various scales. Pre-1971 maps show bedrock
geology in relation to specific mining or mineral-deposit problems;
post-1971 maps are primarily black-and-white maps on various
subjects, such as environmental studies or wilderness mineralinves-
tigations.

Hydrologic Investigations Atlases are multicolor or black-and-
white maps on topographic or planimetric bases presenting a wide
range of geohydrologic data of both regular and irregular areas;
principal scale is 1:24,000, and regional studies are at 1:250,000
scale or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehen-
sive listings of U.S. Geological Survey publications are available
under the conditions indicated below from the U.S. Geological
Survey, Books and Open-File Reports Sales, Federal Center, Box
25286, Denver, CO 80225. (See latest Price and Availability List.)

"Publications of the Geological Survey, 1879-1961" may be
purchased by mail and over the counter in paperback book form and
as a set of microfiche.

"Publications of the Geological Survey, 1962-1970" may be
purchased by mail and over the counter in paperback book form and
as a set of microfiche.

"Publications of the Geological Survey, 1971-1981'" may be
purchased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse-
quent years since the last permanent catalog may be purchased by
mail and over the counter in paperback book form.

State catalogs, "List of U.S. Geological Survey Geologic and
Water-Supply Reports and Maps For (State),” may be purchased by
mail and over the counter in paperback booklet form only.

"Price and Availability List of U.S. Geological Survey Pub-
lications," issued annually, is available free of charge in paperback
booklet form only.

Selected copies of a monthly catalog "New Publications of the
U.S. Geological Survey" are available free of charge by mail or may
be obtained over the counter in paperback booklet form only. Those
wishing a free subscription to the monthly catalog "New Publica-
tions of the U.S. Geological Survey" should write to the U.S.
Geological Survey, 582 National Center, Reston, VA 22092,

Note.—Prices of Government publications listed in older cata-
logs, announcements, and publications may be incorrect. Therefore,
the prices charged may differ from the prices in catalogs, announce-
ments, and publications.






