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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 apprais-
als 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 under-
standing 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 interpretive products of subsequent studies become available.
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CONVERSION FACTORS

-Multiply By To obtain
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
square foot ( ft2) 0.09290 square meter
mile (mi) 1.609 kilometer
square mile (miZ) 2.590 square kilometer
acre-foot (acre-ft) 1,233 cubic meter
gallon (gal) 3.785 liter
million gallons (Mgal) 3,785 cubic meter
foot per second (ft/s) 0.3048 meter per second
square foot per second ( ftz/s ) 0.09290 square meter per second
cubic foot per second ( ft3/s ) 0.02832 cubic meter per second
gallon per minute (gal/min) 0.06309 liter per second
gallon per day (gal/d) 0.06309 liter per day

Temperature in degree Fahrenheit (°F) can be converted to degree Celsius (°C) as follows:

°C = (°F-32)/1.8.

SEA LEVEL

In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a
general adjustment of the first-order level nets of the United States and Canada, formerly called “Sea Level Datum of 1929.”
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REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL MIDWEST

ANALYSIS OF REGIONAL AQUIFERS IN THE CENTRAL MIDWEST OF THE
UNITED STATES IN KANSAS, NEBRASKA, AND PARTS OF ARKANSAS,
COLORADO, MISSOURI, NEW MEXICO, OKLAHOMA, SOUTH DAKOTA,
TEXAS, AND WYOMING—SUMMARY

By DONALD G. JORGENSEN, JOHN O. HELGESEN, DONALD C. SIGNOR, ROBERT B. LEONARD,
JEFFREY L. IMES, and SCOTT C. CHRISTENSON

ABSTRACT

Three regional aquifer systems were investigated in a
370,000-square-mile area extending from the foothills of the Rocky
Mountains in Colorado to the Mississippi River in eastern Missouri,
and from South Dakota to mountainous parts of Arkansas and Okla-
homa. These aquifer systems and internal confining systems are com-
posed of sedimentary rocks ranging in age from Cambrian through
Cretaceous. The study area is informally divided into the Plains
subregion and Ozark subregion.

Along the physiographic boundary between the Plains subregion
and the Ozark subregion, two regional ground-water flow systems are
laterally adjacent. In general, regional ground-water flow is outward
from the uplands in the Ozark Plateaus and eastward from the west-
ern part of the Interior Plains. The approximate location of the
boundary between these two flow systems is a broad physiographic
low that roughly parallels the Central Lowland province.

The Western Interior Plains aquifer system in the Plains subre-
gion consists of water-bearing dolostone, limestone, and shale. The
lower units of this aquifer system are composed mostly of dolostone
and sandstone of Cambrian and Ordovician age, and an upper unit is
composed mostly of limestone of Mississippian age. The upper unit
and lower units are separated at most locations by a confining unit of
very slightly permeable shale. Porosity and permeability in the aqui-
fer system, especially primary porosity, are a function of depth. Sec-
ondary porosity is a function of diagenesis, especially fracturing and
dissolution. Dissolved-solids concentrations in water in the aquifer
system range from less than 10,000 to more than 300,000 mg/L: (mil-
ligrams per liter). Most water is a sodium chloride type, with chlo-
ride concentrations as large as 190,000 mg/L.. A numerical-model
analysis of flow in the aquifer system indicates that fluid veloeities
are extremely slow, and little flow moves out of a geopressured zone
in the Anadarko Basin.

The Western Interior Plains confining system restricts flow
between the Western Interior Plains aquifer system and overlying
geohydrologic units, principally the Great Plains aquifer system and
the High Plains aquifer. The confining system is composed of rocks
ranging in age from Pennsylvanian through Jurassic. The confining
system consists mostly of very slightly permeable shale beds, which
are confining units, and sandstones and limestones, which are

aquifers in some areas. In part of the Anadarko Basin, the lower
sandstone beds in the confining system are geopressured. The
geopressure is transmitted but attenuated to the subjacent Western
Interior Plains aquifer system. Formations of Permian age include
halite and gypsum as well as shale, limestone, and sandstone. These
evaporite deposits are only slightly permeable and, where present,
virtually eliminate vertical flow through the system.

The Great Plains aquifer system consists of two regional aquifers
separated in much of the area by a confining unit. The lower aquifer,
the Apishapa, is not as areally extensive as the upper aquifer, the
Maha (which consists mostly of the Dakota Sandstone). Concentra-
tions of dissolved solids in the water in this aquifer system exceed
5,000 mg/L in most of the interior part of the system; concentrations
of less than 1,000 mg/L exist in recharge areas. A regional flow
model indicates that the predevelopment, steady-state flow rate was

about 342 ft 3/s (cubic feet per second), most of which represented
leakage to or from vertically adjacent units near the edges of the
aquifer system rather than lateral flow from or to outcrop areas. The
aquifer system is recharged mainly at outcrops in southeastern Colo-
rado and northeastern New Mexico. Transient simulations show that
oil and gas development in the Denver Basin and development of
freshwater in other areas have resulted in declines in the potentio-

metric surface. Withdrawals of about 800 ft3/s during 1970-79 were
derived mostly from induced recharge or intercepted discharge to
overlying units or to a lesser extent from storage depletion.

The Ozark subregion is an area of highly dissected karstic terrain
characterized by numerous streams and springs. Nearly all well
water or spring water in the subregion is from the Ozark Plateaus
aquifer system. The Ozark Plateaus aquifer system consists of five
units, which from bottom to top are the St. Francois aquifer, St.
Francois confining unit, Ozark aquifer, Ozark confining unit, and the
Springfield Plateau aquifer. Recharge to all the aquifer units is from
precipitation. Discharge is mostly to the streams of the Ozarks and
the Missouri, Mississippi, and other rivers along the perimeter of the
subregion. Water in the aquifer system is a calcium bicarbonate type
and generally has dissolved-solids concentrations less than 500 mg/L.

Regional predevelopment flow of 7,091 fta/s through the
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aquifer system was simulated. Pumping rates are small compared to
the large natural rates of recharge and discharge.

INTRODUCTION

The study area of the Central Midwest Regional
Aquifer-System Analysis (CMRASA) includes about
370,000 mi2 (fig. 1). It extends from the foothills of
the Rocky Mountains in Colorado to the Missouri and
Mississippi Rivers in eastern Nebraska and Missouri
and from South Dakota to the Ouachita, Arbuckle,
and Wichita Mountains in Arkansas and Oklahoma.

Several important regional-aquifer systems con-
taining both fresh and saline water were studied.
Prior to this study, little was known about the
regional flow and hydrochemistry of aquifer systems
in much of the area.

Within the central United States, four other
regional aquifer-system analyses (RASA) (fig. 2) share
geographic or hydrologic boundaries with this study.
These other RASA studies are the High Plains (Weeks
and others, 1988), the Northern Great Plains
(Downey and Dinwiddie, 1988), the Northern Mid-
west (Young, 1992), and the Gulf Coast (Grubb, in
press).

PURPOSE AND SCOPE

The investigation summarized in this report is one
of several studies of the U.S. Geological Survey’s
Regional Aquifer-System Analysis (RASA) program,
which is described in the "Foreword." The back-
ground, purpose, scope, objectives, and planned
approach of this study are desecribed in the project-
planning report (Jorgensen and Signor, 1981). The
major purpose of the CMRASA study is to describe
the water resources in the regional aquifers that occur
in rocks of Cambrian through Cretaceous age. In
most of the study area, except for the Ozarks of south-
ern Missouri, northwestern Arkansas, southeastern
Kansas, and northeastern Oklahoma, little is known
about these water resources. Other purposes of the
study are to evaluate potential uses of the water con-
sidering quantity, current use, water quality, and con-
tamination. The scope of the study does not
specifically include the High Plains aquifer, although,
at a few locations, the High Plains aquifer is in direct
hydraulic connection with aquifer units of the
CMRASA. The High Plains aquifer is a separate
regional aquifer that overlies some of the units
described herein.

The findings of the CMRASA are reported in five
chapters of U.S. Geological Survey Professional Paper

1414: Chapter A (this report) is the summary chapter,
which collates the important findings reported in other
chapters; chapter B describes the geohydrologic
framework; chapter C describes the modeling analysis
of the regional aquifer systems; chapter D describes
the geohydrologic and model analyses of the Ozark
Plateaus aquifer system; and chapter E describes the
geohydrologic and model analyses of the Great Plains
aquifer system.

PHYSICAL SETTING

Muech of the study area is bounded laterally by
major geologic structural features (Rocky Mountain
Uplift on the west, the Sioux Uplift on the northeast,
and a series of uplifts on the south), or by major rivers
(Mississippi, Missouri, and Arkansas Rivers) and
includes parts of two major physiographic divisions
(Interior Plains and Interior Highlands). The Interior
Plains includes the Great Plains and the Central Low-
land, and the Interior Highlands includes the Ozark
Plateaus and the Ouachita Province (fig. 3). The Oua-
chita Provinece includes the Arkansas Valley, which is
between the Boston Mountains of the Ozark Plateaus,
and the Quachita Mountains south of the study area.

Land-surface altitude ranges from less than 500 ft
along the Fall Line on the Mississippi Alluvial Plain
and the Arkansas Valley to about 6,000 ft in the
extreme western part of the area adjacent to the
Rocky Mountains. Topography of the Ozark Plateaus
is hilly to rugged and is mostly covered with hard-
wood forest, whereas most of the Interior Plains area
is characterized by a relatively flat land surface and
vegetation cover is mostly grass and rowcrops.

Characteristics related to climate, including runoff
and potential evapotranspiration, are shown in
figure 4. Precipitation for 1931-60, which included
two major droughts (1933-37 and 1952-57), ranged
from more than 40 in. in the Ozark Plateaus to 12 in.
in eastern Colorado (Eagleman, 1976, fig. 3). Poten-
tial evapotranspiration greatly exceeds precipitation
(fig. 4). Another regional study (Dugan and Pecken-
paugh, 1985) determined that the amount of water
passing the root zone and recharging the water table
during 1951-80 ranged from more than 15 in. annually
in part of the Ozarks to less than 1 in. annually in
Colorado (fig. 5). The southeastern part of the study
area has abundant water resources, especially surface
water. Annual surface-water runoff ranged from more
than 25 in. in the Ozark Plateaus to 1 in. or-less in
western Kansas and eastern Colorado during 1931-60.
Annual runoff exceeded 27 in. during 1951-80 in the
Ozarks (Hedman and others, 1987). Most of the
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basins. Elsewhere lithification, erosion, fracturing,
and dissolution occurred.

During Pennsylvanian time, large compressive
stresses developed primarily north to south. The
stresses probably were related to the collision of the
African, South American, and North American plates.
These stresses were relieved by downwarp and uplift.

features, which henceforth were to affect geology and
hydrology. In addition to the Colorado-Wyoming
Uplift and the Anadarko Basin, the Nemaha Uplift
(Ridge) and the Arkoma Basin (Ouachita Trough)
also were forming. Calcareous sediment was deposited
in the shallow equatorial seas over the clay.

Late Mississippian time was characterized by a
cyclic but generally receding sea and, by the end of
the Mississippian, only the deeper parts of the Ana-
darko and Arkoma Basins were submerged. Thermal
diagenesis of organic material continued in these

The uplift occurred in a wide arcuate belt along the
west and southern boundaries of the study area,
whereas the east-central part of the study area
remained stable at or above sea level. The uplifts
included the Front Range, Apishapa, Criner,
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Amarillo, Wichita, Arbuckle, Ouachita, Ozark, Nem-
aha, and the Cambridge-Central Kansas Uplifts; sub-
sidence was mostly in the Anadarko and Arkoma
Basins.

Most sediment of Pennsylvanian age was clay,
sand, calcareous mud and, in the eastern part of the
area, organic material. Rapid deposition of clay and
sand in the Anadarko Basin may have trapped water,
creating a geopressured zone in the sediments of Mor-
rowan age. Pre-Pennsylvanian rocks were buried to
depths of nearly 20,000 ft, and thermal diagenesis of
organic material was rapid and nearly complete. The
deep burial reduced primary porosity, but secondary
porosity and permeability were increased in selected
strata. Adjacent to the Front Range and the Ama-
rillo-Wichita Uplifts (fig. 9), permeable arkosic sedi-
ment was deposited in a band a few tens of miles in

width. Fresh ground water from the adjacent uplifts
moved through the arkosic deposits.

Permian time was a period of reduced tectonic
activity compared to the Pennsylvanian. However,
the effects of major activity during the Pennsylvanian
were still being felt. The Early Permian sea, similar
to the Late Pennsylvanian sea, was cyclic with alter-
nate recessions and transgressions. During Leonardian
time (Early Permian) and earlier, the seaway to the
east through the Ozark area was closed as regional
upward tilting occurred to the east. The closing of the
seaway restricted circulation, increased salinity, and
resulted in extensive evaporite deposition over nearly
the entire CMRASA area (fig. 13). In addition to the
regional tilting, uplift of the Ozarks continued. Major
fracturing of the pre-Pennsylvanian carbonate rocks in
the Ozark area occurred as a result of uplift stresses
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FIGURE 37.—Observed and simulated water-level changes at selected locations in Great Plains
aquifer system.

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

1. Intercept water that would have discharged upward
to overlying units;

2. Intercept water that would have discharged down-
ward to underlying units;

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

4. Remove water from aquifer-system storage.

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

Evaluation of the water budget and its changes
through the simulation of 1940-79 conditions allows
quantification of effects on the recharge, discharge,
and storage components of the budget (fig. 38). (Oil
and gas withdrawals are a very small part of total
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FIGURE 38.—Simulated changes in recharge, discharge, and
storage in response to 1940-79 pumpage from Great Plains
aquifer system.

withdrawals). Note that the 1970-79 rate of with-
drawal was about 800 ft 3/s, which greatly exceeded the
predevelopment recharge rate of 340 ft3/s. The simu-
lated source of pumped fluids was mostly induced
recharge from or intercepted discharge to overlying
units. Nearly one-third of the withdrawal is derived
from storage depletion. Large-scale withdrawals from
the Great Plains aquifer system would be accompa-
nied by severe depletion of storage because of the lim-
ited natural recharge (Helgesen and others, 1993).

Some parts of the Great Plains aquifer system pos-
sess hydrologic characteristics potentially favorable
for accepting liquid wastes. Successful and safe
subsurface disposal of liquid wastes requires an aqui-
fer with porosity and hydraulic conductivity sufficient
to accept the wastes, and hydrogeologic conditions
that would prevent movement of the wastes into areas
where water quality is suitable for development.

Capability for accepting wastes as affected by
hydraulic properties generally decreases with increases
in depth of burial. As shown by extensive injection of
oil-field brine, the strata commonly are capable of
accepting waste, despite relatively large depths of
burial. Garbarini and Veal (1968) identified the
southern flank of the Denver Basin as potentially suit-
able for waste disposal at depths exceeding 1,000 ft.
As discussed earlier, flow approaches stagnation in
most of the Denver Basin, a favorable characteristic
for waste disposal. Presuming that flow of solutes
would be principally advective (that is, with the flow
of water), flow velocities of the waste would be
equally slow. The overlying confining system would
restrict flow upward from the aquifer system,
although its integrity may be reduced by improperly
abandoned wells. A large downward hydraulic-head
gradient prevails in most of the area, which creates
favorable potential to keep the injected wastes in the
aquifer system in the Denver Basin.

GREAT PLAINS CONFINING SYSTEM AND RELATED
HYDROLOGIC UNITS

The Great Plains aquifer system is directly over-
lain by the Great Plains confining system in most
places (fig. 839). The Great Plains confining system is
as much as 8,000 ft thick (fig. 40). The confining
units within this system are composed of shale, which
include the Upper Cretaceous Graneros, Carlile, and
Pierre Shales, and slightly permeable Tertiary clay
and silt. The confining system also includes two
extensive but minor aquifers. These aquifers are in
the Greenhorn Limestone and the Niobrara Chalk.
The confining system, at most locations, effectively
restricts flow to and from the Great Plains aquifer sys-
tem and the surficial High Plains aquifer if present, or
to and from the water table in the soil zone.

The High Plains aquifer (fig. 2) mainly consists of
permeable sand and gravel deposits of Tertiary and
Quaternary age (Gutentag and others, 1984). Where
present, its character permits hydraulic connection
with adjacent units.

The glacial drift, which is mostly a till, consists of
heterogeneous clay, silt, sand, and gravel and has a









REGIONAL AQUIFERS—SUMMARY

95°

A49

I

Y
- mdre

KANSAS B

Boston Mountains ‘5\!‘
an LA L T P w <§\ f\(\ :
,,,,,, ~ s RS S
"—1"'~<\XArkansas Valley b\;) %
i z - & \
i - \» o, § ‘»5
35°k- L 2 —
i iy 3 >
7 Ouachita |17 " # s~
Mountams>g i ~‘J ‘;g
; g \
! ) / Y o/ 0 30 60 MILES
OKLAHOMA | ARKANSAS N g
| i AN c;s | 0 30 60 KILOMETERS
L

MISSOURI ",

Salem Plateau

St.
Francois

Mountains

EXPLANATION

—— —— LIMIT OF OZARK SUBREGION

e io:. BOUNDARY OF PHYSIOGRAPHIC PROVINCES

BOUNDARY OF PHYSIOGRAPHIC SUBDIVISIONS

FIGURE 41.—Physiographic features of the Ozark subregion.

fining units are termed the Ozark Plateaus aquifer sys-
tem because of their widespread occurrence in the
Ozark Plateaus physiographic province. The aquifer
system overlies the basement confining unit and has
an extensive outcrop area. The aquifer system is over-
lain by the Western Interior Plains confining system
in a band that extends along the western and southern
boundaries of the subregion and by similar rocks along
the eastern boundary.

GEOHYDROLOGIC UNITS

The Ozark Plateaus aquifer system consists of five
units, which, from lower to upper, are the St. Francois

aquifer, St. Francois confining unit, Ozark aquifer,
Ozark confining unit, and Springfield Plateau aquifer.

The geohydrologic units of the Ozark Plateaus
aquifer system are composed of sedimentary rocks
that range in age from Cambrian through
Mississippian (table 3). Boundaries between the geo-
hydrologic units do not always conform to geologic-
time divisions or to formation boundaries, but delin-
eate groups of rocks having similar hydrologic
properties. All of the geohydrologic units that com-
prise the Ozark Plateaus aquifer system crop out in
the Ozark Plateaus (fig. 42).

The lateral boundaries of each of the three regional

aquifers generally are the same as those of the Ozark
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TABLE 3. Generalized correlation of geohydrologic units to stratigraphic units in most of the Ozark subregion
{From Jorgensen and others, 1993]

Geohydrologic uuit Principal rock-stratigraphic uuit(s) Time- stratigraphic unit
Marmaton Group, Cherokee Group, Middle
Western Interior Plains Atokan rocks, Bloyd Shale, Hale Pennsylvanian
Formation, Morrowan rocks, Pitkin through Upper
confining system Limestone, Fayetteville Shale, and Mississippian
Batesville Sandstone (Chesterian)
Springfield Moorefield Formation, St. Louis Limestone,
Salem Limestone, Warsaw Limestone,
Plateau Boone Formation, St. Joe Limestone Mississippian
Member of Boone Formation, Keokuk
aquifer Limestone, Burlington Limestone, and
Fern Glen Limestone
Ozark confining Chouteau Group! and Lower Mississippian
Ozark Chattanooga Shale, Northview Shale,
unit and Hannibal Shale and Upper Devonian
Plateaus Clifty Limestone, Penters Chert, Lafferty
aquifer Limestone, St. Clair Limestone, Brassfield Middle
Limestone, Cason Shale, Fernvale
system Limestone, Kimmswick Limestone, Plattin Devonian
Ozark Limestone, Joachim Dolomite, St. Peter
Sandstone, Everton Formation, Smithville through
aquifer Formation, Powell Dolomite, Cotter
Dolomite, Jefferson City Dolomite, uppermost
Roubidoux Formation, Gasconade
Dolomite, Gunter Sandstone Member of Cambrian
Gasconade Dolomite, Eminence Dolomite,
and Potosi Formation
St. Francois Elvins Group, Derby and Doe Run
confining unit Dolomite, Davis Formation Upper
St. Francois Bonneterre Dolomite, Cambrian
aquifer Lamotte Sandstone,
and Reagan Sandstone
Basement confining unit Mostly igneous and metamorphic rocks Precambrian

IDesignated Chouteau Limestone by U.S. Geological Survey.

subregion. The extent of the ground-water flow along
the western boundary of the Ozark Plateaus aquifer
system also is controlled by the thickness and perme-
ability of the Western Interior Plains confining
system. In general ground water flowing westward
moves laterally down the hydraulic gradient and
downdip in the aquifer below the land surface and
confining system to below the broad topographic low
that extends from northeastern Oklahoma into central
Missouri, and then leaks upward (fig. 17). The down-
dip flow extends to a depth of about 500 ft. The
Western Interior Plains aquifer system is laterally
adjacent to the western boundary of the Ozark
Plateaus aquifer system. In general, both aquifer sys-
tems discharge water vertically upward through the
thin (and therefore leaky) confining system to the

streams or water table in the area of the broad topo-
graphic low. The flow system extends to about the
Fall Line of northeastern Arkansas and the bootheel
of southeastern Missouri. In general, flow across the
Fall Line is intercepted by streams, marshes, and
drainage canals in the Mississippi Alluvial Plain.

The St. Francois aquifer, the lowermost geohydro-
logic unit of the Ozark Plateaus aquifer system, con-
sists of water-bearing sandstone and dolomite that
rests on the basement confining unit. The aquifer
crops out around the St. Francois Mountains (fig. 42)
for which it is named and is overlain by the St. Fran-
cois confining unit.

The hydraulic head of the St. Francois aquifer is
mostly topographically controlled. The aquifer is
recharged by infiltration of precipitation through the
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Estimated hydraulic conductivity of the St. Fran-
cois aquifer, based on specific capacity of wells, ranges
from 1x107 to 1x10 8 ft/s in outerop areas near the St.
Francois Mountains and tends to decrease away from
the outcrop areas. Little data are available elsewhere
because the rocks become more deeply buried and
strata that are more water yielding overlie the St.
Francois aquifer. The St. Francois confining unit is, of
course, less permeable than the aquifer. The vertical
hydraulic conductivity of the confining unit decreases
with increasing shale content. Percentage of shale
ranges from 0 to more than 40 percent and generally is
less than 30 percent.

The hydraulic conductivity of the Ozark aquifer
has been estimated from specific-capacity data and
inferred from the density of fractures and the degree
of development of solution openings. The areas of
greatest hydraulic conductivity are concentrated along
an east-west line passing through the St. Francois
Mountains where the hydraulic conductivity may be
as much as 1x10 3 ft/s. In areas where dissolution has
occurred and springs are numerous, the hydraulic
conductivity exceeds 1x1071 ft/s. Hydraulic conductiv-
ity of the aquifer decreases to the south to as little as
1x10™8 ft/s near the southern boundary of the subre-
gion. The hydraulic conduectivity of the Ozark confin-
ing unit decreases with increasing shale content. Shale
content ranges from 0 to 100 percent, and shale con-
tents greater than 50 percent are typical.

Values of hydraulic conductivity of the Springfield
Plateau aquifer from aquifer or specific-capacity tests
are not available. Hydraulic conductivity is highly
variable, being large where karst terrain has developed
and much smaller in nonkarstic areas and at greater
depths.

MODEL ANALYSIS AND HYDROLOGIC BUDGET

A finite-difference digital model of the Ozark Pla-
teaus aquifer system was made to analyze flow quanti-
ties in the hydrologic system (Imes and Emmett,
1994). The model was constructed to simulate natural
flow conditions prior to development of water supplies
from the aquifer system. An ancillary purpose was to
evaluate the accuracy of estimates of hydraulic prop-
erties. The model of McDonald and Harbaugh (1984)
was used. The model grid consists of 22 rows and 28
columns, with uniform cell size of 14 mi x 14 mi. The
axes of the grid network are aligned North 35° West
and North 55 ° East, generally coinciding with the pre-

vailing directions of the significant lineaments and -

known fault and fracture traces; it is the same align-
ment that was used in the regional model.
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The three-dimensional model contains four layers
that are, from top to bottom: the Western Interior
Plains confining system (layer 1), the Springfield Pla-
teau aquifer (layer 2), the Ozark aquifer (layer 3), and
the St. Francois aquifer (layer 4). The Western Inte-
rior Plains confining system is not part of the Ozark
Plateaus aquifer system and is incorporated into the
model only as a passive layer that forms the necessary
restriction to the exchange of water between the water
table or streams near land surface and the Springfield
Plateau aquifer. Potentiometric heads are simulated
only for the three aquifers that are part of the Ozark
Plateaus aquifer system. The intervening Ozark con-
fining unit and St. Francois confining unit are not
treated as model layers.

A transient-state model was not developed for the
Ozark Plateaus aquifer system because of the insignif-
icant amount of regional drawdown in any of the three
aquifers that are part of the Ozark Plateaus aquifer
system. Drawdown cones associated with municipal
pumpage generally are localized and not intercon-
nected regionally because, historically, ground-water
use in most of the Ozarks has been small. Many of
the large-capacity wells withdraw water from uncon-
fined parts of the aquifers where large quantities of
stored water inhibit development of large drawdown
cones.

The exception to these general statements occurs in
the tristate lead-mining district located in the vicinity
of the Missouri, Kansas, and Oklahoma borders. Here,
large-capacity pumps were used to dewater large areas
of the Springfield Plateau aquifer during the early
part of the 20th century. The mining pumpage along
with municipal pumpage in the area lowered water
levels several hundred feet throughout the mining dis-
trict and surrounding area. Many of the mines have
been closed since World War 11, and water levels have
recovered to predevelopment altitudes except where
municipal pumpage, most notably in Ottawa County,
Oklahoma, is continuing.

Accurate modeling of the boundary condition of
recharge to the water table and stream-aquifer inter-
change is extremely important because recharge to the
aquifer from precipitation is the dominant source of
water to the aquifer system. Stream-aquifer interac-
tion is the dominant discharge of water from the aqui-
fer system. The quantity of recharge to the water
table per model cell was estimated from results of an
investigation by Dugan and Peckenpaugh (1985).
That investigation considered soil slope, permeability,
depth to water table, land use, and 30 years of climate
record. However, it is not possible to use these
recharge values directly. Due to the coarse grid of the
finite-difference flow model, all ground-water flow is
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not simulated. The model only simulates intercell
(regional) flow; it does not simulate intercell flow that
results from recharge to and discharge from the same
cell. The recharge rate specified in the model must be
adjusted downward to represent only that component
of recharge that becomes intercell (regional) flow. For
this purpose, a method proposed by Jorgensen and
others (1989a, 1989b) was used. The application of
that method and the design, assumptions, boundary
conditions, and simulation results of the flow model of
the Ozark Plateaus aquifer system are described by
Imes and Emmett (1994). The reduced rate of
recharge used in the model and the total recharge rate
(estimated by Dugan and Peckenpaugh, 1985) are
shown in figure 45.

The independently derived and model-cell adjusted
values of recharge to the water table and stream-aqui-
fer interchange were used in the model to calculate
hydraulic heads; during calibration, these heads were
compared to water levels measured in wells. The
model was tested for sensitivity to changes in recharge
to the water table, hydraulic conductivity of layers 2,
3, and 4 (aquifer layers), and vertical leakance
between layers 1 and 2, layers 2 and 3, and layers 3
and 4. The model was found to be sensitive to all
aquifer properties tested, but it was dominantly sensi-
tive to changes in recharge to the water table.

The hydraulic-conductivity and transmissivity val-
ues of layers 2, 3, and 4 (Springfield Plateau, Ozark,
and St. Francois aquifers) of the calibrated model
(simulated water levels matched well with predevelop-
ment water levels) are shown in figures 46, 47, and 48.
These maps show effective values for the entire thick-
ness of each unit and do not show the large variations
that occur locally within each aquifer. Rocks affected
by surficial karst or paleokarst possess very large
hydraulic conductivity.

A water budget for the Ozark Plateaus aquifer sys-
tem shows that prior to development only 6 percent of
the mean annual precipitation in the aquifer system
outcrop area contributed to the deeper regional
ground-water flow that is simulated. About 25 per-
cent of the 127,187 ft 3/s precipitation on the aquifer
system outerop area percolated to the water table. Of
the water that entered the water table, about 78 per-
cent was intracell flow that discharged into nearby
streams and springs. This water is not simulated in
the flow model. The remaining 7,091 ft3/s (6 percent
of precipitation) became regional ground-water flow
and is simulated. Of this regional flow, 4,035 ft3/s of
water discharged to regional sinks (large streams and
lakes) inside the study area, and 3,056 ft 3/s of water
discharged as boundary flow to the Mississippi, Mis-
souri, and other major rivers, aquifers of the Missis-
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sippi Embayment, and the water table in the Western
Interior Plains confining system (fig. 49). Because
pumping rates are small compared to the large natural
rates of recharge and discharge, the regional
ground-water budget prior to development probably is
similar to the present-day budget.

USE AND POTENTIAL

About 200 Mgal of ground water is withdrawn
daily from wells completed in the Ozark Plateaus
aquifer system for public supply, industrial use,
domestic and stock supplies, and supplemental irriga-
tion. In addition, large withdrawals for dewatering of
underground mines were common around the turn of
the century. The Ozark Plateaus aquifer system
unquestionably supports the largest yields to wells of
any of the aquifer systems in the CMRASA study
area.

Wells completed in the St. Francois aquifer yield
as much as 500 gal/min in areas where a significant
thickness of Lamotte Sandstone is penetrated. Yields
of wells penetrating only the Bonneterre Dolomite
typically are less. However, withdrawals for dewater-
ing mines in the Bonneterre Dolomite in the "Old
Lead Belt" in southeastern Missouri reportedly ranged
from 13 to 17 Mgal per day in the early 1900's (Buck-
ley, 1908). These mines mostly were closed by the
1960's. Mines in the "New Lead Belt," also in the Bon-
neterre Dolomite in southeastern Missouri, reportedly
were dewatered at an average rate of 26 Mgal per day
in 1971 (Warner and others, 1974). Withdrawals at
individual mines were as much as 4,900 gal/min. The
St. Francois aquifer, therefore, obviously has the
potential to support large withdrawals from wells.

The Ozark aquifer is the primary source of water
to large-yield public-supply, industrial, and irrigation
wells throughout the Ozarks and adjacent areas (Imes
and Emmett, 1994). Wells that penetrate all the
most-permeable units of the aquifer underlying the
Salem Plateau (fig. 41) yield as much as 1,000 gal/min
in places. Formations in the Ozark aquifer that yield
the largest amounts of water to wells are the St. Peter
Sandstone, the Roubidoux Formation, the Gunter
Sandstone Member of the Gasconade Dolomite, and
the Potosi Dolomite. Individual formations, such as
the Roubidoux and Gasconade, yield 500 gal/min to
wells locally. The potentiometric surface of the Ozark
aquifer was lowered as much as 400 ft by large-scale
municipal and industrial withdrawals near Miami,
Oklahoma, 200 ft by industrial withdrawals near
Springfield, Missouri, and 100 ft by municipal with-
drawals for Pittsburg, Kansas. Nevertheless, the
potential for additional development of water supplies
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from the Ozark aquifer is large, particularly in areas
removed from municipal and industrial well fields.

Wells completed in the Springfield Plateau aquifer
generally have smaller yields than wells in the Ozark
aquifer. Most wells completed entirely in the Spring-
field Plateau aquifer are for domestic and stock use
and yield less than 25 gal/min. Some industrial wells
in Jasper County, Missouri, however, yield as much as
400 gal/min from fractured zones in the aquifer. Large
amounts of water were pumped for dewatering mines
and processing ore in the tristate lead-zine mining dis-
trict of southwest Missouri, southeast Kansas, and
northeast Oklahoma. The pumpage indicates that
large yields can be obtained in places. Abernathy
(1941, p. 234) states that as much as 2 Mgal of water
were pumped daily to dewater some of the mines.

GEOCHEMISTRY OF REGIONAL
AQUIFERS

The chemistry of water in each of the aquifer sys-
tems in the CMRASA area is distinct and is deseribed
separately below, starting with the Western Interior
Plains aquifer system.

The Western Interior Plains aquifer system
includes water-bearing lower units, a confining unit,
and a water-bearing upper unit. Water from the lower
units of the Western Interior Plains aquifer system
contains less than 10,000 mg/L dissolved solids in only
a few areas; locally and in the eastern part of the Ana-
darko Basin in  Oklahoma, dissolved-solids
concentrations exceed 300,000 mg/L (fig. 18). Move-
ment of ground water, as indicated by lateral differ-
ences in density and pressure, is highly complex. In
the western part of the area, flow is toward the south-
east, changing to east-southeast along the Central
Kansas Uplift. In the southern part of the area under-
lain by lower units, water moves radially outward
from the Anadarko Basin. Virtually all water from the
lower units is of the sodium chloride type, with chlo-
ride concentrations as large as 190,000 mg/L in the
Anadarko Basin (fig. 50). Sodium-to-chloride ratios
generally are similar to those of seawater, and cal-
cium-to-magnesium ratios commonly are about 2.5.
Chloride-to-sulfate ratios, however, typically are
much larger than that of seawater, suggesting loss of
sulfate during concentration of the original connate
waters (Baker and Leonard, 1995).

The formations that constitute the confining unit
and the upper aquifer unit in the Western Interior
Plains aquifer system were removed from large parts
of the area by erosion in Mississippian time. Ground-
water flow patterns in the upper unit generally are

similar to those in the underlying rocks. Where the
upper unit is present, the water is somewhat fresher
than water in the lower aquifer units. However, the
distribution of dissolved-solids concentrations is
broadly similar to that of the lower units; maximum
concentrations typically are less than 250,000 mg/L
(fig. 27). Nearly all the water is a sodium chloride
type, with chloride concentrations locally as large as
180,000 mg/L (fig. 51). Sodium-to-chloride ratios in
the upper unit typically are smaller than ratios in the
lower units, generally ranging from about 0.65 to 0.8.
Ratios of calcium to magnesium are larger, reflecting
the presence of more limestone and less dolomite in
the upper unit. Chloride-to-sulfate ratios tend to be
smaller than ratios in water from the lower units, but
typically much larger than ratios in seawater (Baker
and Leonard, 1995).

Although the Western Interior Plains confining
system functions as a regional confining unit, the
areally extensive limestone and sandstone formations
in the older part of the section are permeable, espe-
cially at shallow depths, and locally are water bearing
or contain prolific reservoirs of oil. Water from the
confining system at depths below 500 ft generally con-
tains large concentrations of dissolved solids, locally
as great as 300,000 mg/L. Dissolved-solids concentra-
tions tend to be very large in rocks above and below
evaporite deposits in the upper part of the confining
system. At depths greater than 500 ft, most water
samples are a sodium chloride type, and chloride
concentrations of 50,000 mg/L or greater are common
(Baker and Leonard, 1995).

In the southeastern two-thirds of the study area,
rocks of the confining system have been exposed to a
long period of erosion and subaerial weathering.
Increased permeability of many of these rocks, due to
weathering and dissolution, together with the incur-
sion of meteoric water, has altered the chemical char-
acter of the shallow (less than 500 ft deep) ground
water, which now bears little resemblance to water in
the regional flow systems. Concentrations of dissolved
solids range from a few hundred to more than
100,000 mg/L. and vary widely over short distances
(Baker and Leonard, 1995), reflecting the variability
of the rock materials both laterally and vertically.
The more dilute water generally is a calcium bicarbon-
ate type; water with large concentrations of dissolved
solids is a sodium chloride or calcium sulfate type and
generally is associated with the presence of evaporite
deposits.

In the northwestern part of the study area, the
Western Interior Plains confining system is overlain
by rocks of Cretaceous age that contain the Great
Plains aquifer system. This system consists of two
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