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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.

Dallas L. Peck
Director
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CONVERSION FACTORS

VII

Inch-pound units in this report may be converted to units in the International System of Units (SI) using the

following conversion factors:

Multiply inch-pound units By To obtain SI units
acre 4,047. square meter
acre-foot (acre-ft) 1,233.0 cubic meter
cubic foot (ft?) 0.02832 cubic meter
cubic foot per second (ft%s) 0.02832 cubic meter per second
cubic mile (mi®) 4.827 cubic kilometer
foot (ft) 0.3048 meter
30.48 centimeter
foot per second (ft/s) 0.3048 meter per second
foot squared per day (ft%/d) 0.0929 meter squared per day
inch (in.) 2.540 centimeter
25.40 millimeter
mile (mi) 1.609 kilometer
million gallons per day (Mgal/d) 0.003785 cubic meter per day
pound per square inch (Ib/in?) 0.07037 kilogram per square centimeter
square foot (ft?) 929.0 square centimeter
square mile (mi?) 2.59001 square kilometer
Multiply SI units By To obtain inch-pound units

degree Celsius (°C)

°F=9/5(°C)+ 32

degree Fahrenheit













REGIONAL AQUIFER SYSTEM UNDERLYING NORTHERN GREAT PLAINS—SUMMARY

system above the rocks of Precambrian age and was

conducted with a four-component approach to the

problem:

1. Geology—The geologic framework within which
ground water flows and the mechanisms that con-
trolled sediment deposition were defined.

2. Hydrology—The spatial distribution of hydraulic
pressure, which is the ultimate driving force of
ground-water movement, was defined.

3. Geochemistry—Chemical quality of the ground
water and the mechanisms controlling changes in
chemical quality were interpreted.

4. Geohydrology—The entire system of ground-water
flow with all of its controlling factors was defined
as a conceptual model; then a mathematical simu-
lation model was developed with which unknown
areas and unknown values could be defined in the
terms and within the limits of the model.

This report presents summary results from both the
Madison Limestone project and the northern Great
Plains regional aquifer-system study. Because of the
nature of topics, some discussions may be in greater
detail than others. However, for comprehensive infor-
mation on a specific subject, the reader should refer to
the subsequent reports in this professional paper series
listed in the front of this report. For further informa-
tion, the reader also can consult the selected references
for this report.

GEOLOGIC UNITS COMPOSING THE
REGIONAL AQUIFERS

The present-day geologic structure of the northern
Great Plains (fig. 2) is related directly to the geologic
history of the Cordilleran platform, which is a part of
the stable interior of the North American continent.
During geologic time, many structural features
developed that affected the deposition of the various
sedimentary units. Most of these structural features are
present today and are important in determining the
present hydrologic regime existing in all the aquifer
systems underlying the northern Great Plains (Weimer
and others, 1982).

During Paleozoic time, the study area (fig. 1) was part
of the Cordilleran platform, a broad flat area that was
bordered on the west by Cordilleran miogeosyncline.
Most of the detrital sediments in the synclinal trough
came from the Antler orogenic belt, which probably was
an island-arc system to the west that underwent inter-
mittent tectonism during Paleozoic time. The Transcon-
tinental arch, southwest of the study area, was low lying
and contributed minor quantities of sediment that were
spread thinly across the platform. In general, the
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Cordilleran platform was a shallow-water depositional
shelf that received predominantly carbonate and
evaporite sediments during most of Paleozoic time.

The Black Hills uplift (fig. 2) was not a regionally
significant tectonic element until Late Cretaceous time
(Agnew and Tychsen, 1965) and had little influence on
Paleozoic sedimentation. During Mississippian time,
the study area generally was covered by a shallow warm
sea probably less than a few feet deep (Sando, 1976b).
Shoals and reefs were common but continually changed
and shifted because of the effects of geologic forces in
time and space. Many of these shallow areas had small
reefs and associated oolite-and crinoid-bank shoals and
lagoons. The lagoons were evaporating basins in which
evaporites precipitated and became incorporated into
the lime-rich bottom sediments. Gypsum often could
precipitate in a lagoonal environment that frequently
received influxes of sea water, whereas evaporation
seldom would proceed to the point of halite precipita-
tion. Areas in the Williston basin and the Central Mon-
tana trough with restricted sea-water circulation or
higher evaporation rates are evidenced by accumula-
tions of bedded evaporites.

During Cretaceous time, the study area was covered
by a north-trending sea that extended from the Gulf of
Mexico to the Arctic Ocean. Source areas to the west
provided clastic sediments that were deposited in the
Cretaceous sea. The Precambrian shield area, northeast
of the study area, was a positive Cretaceous feature and
provided sediments that were deposited in the eastern
part of the Cretaceous sea. The Sioux uplift in eastern
South Dakota provided sediment for two major delta
systems that prograde into southeastern Montana.

PRECAMBRIAN ROCKS

Crystalline rocks of Precambrian age form the base-
ment in the northern Great Plains region. Depth to the
Precambrian basement varies greatly; basement crops
out in the eastern and western parts of the study area
(fig. 3) but lies greater than 15,000 ft below land sur-
face at the center of the Williston basin. Precambrian
rocks also are found in the central cores of the many
mountain ranges located in the western part of the
study area.

On a regional basis, little is known about the water-
yielding properties of the Precambrian rocks. Available
data indicate that they contain only small quantities
of water in joints and fractures. These rocks therefore
are generally not considered to be water yielding;
however, along major fractures, Precambrian rocks can
produce water that is available from leakage from the
overlying sedimentary sequence. Precambrian rocks in
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the study area represent the lower boundary of the
hydrologic system. In the eastern part of the study area
where Precambrian rocks crop out, the rocks act as no-
flow boundaries to the hydrologic system.

CAMBRIAN AND ORDOVICIAN ROCKS

Rocks of Cambrian and Ordovician age (pl. 1; fig. 3)
in the northern Great Plains consist of marine sand-
stone, shale, limestone, and dolomite that represent the
shoreward facies of a transgressive sea which occupied
the area during Cambrian and Ordovician time (Peter-
son, 1981). Several formations of Cambrian and Ordovi-
cian age, such as the Deadwood, the Winnipeg, and the
Red River Formations, are aquifers (fig. 4); however,
their great depth has prevented their use as a major

source of water, and few hydrologic data concerning
these aquifers are available on a regional scale. Most
of the data are from tests performed in connection with
the development of oil and gas wells.

Ordovician rocks are major petroleum reservoirs in
the Williston basin, and many exploratory wells
penetrate these rocks. Ordovician rocks are not present
in southeastern Wyoming, western Montana, and a
small portion of southwestern South Dakota because
of nondeposition, or erosion, during Devonian and Early
Mississippian time. Thickness increases eastward and
northward from central Montana and northeastern
Wyoming to more than 1,000 ft in the central part of
the Williston basin.

The Winnipeg Formation is stratigraphically equiva-
lent to the St. Peter Sandstone of the midwestern
United States. In the western part of the study area



























REGIONAL AQUIFER SYSTEM UNDERLYING NORTHERN GREAT PLAINS—SUMMARY

On the basis of permeability contrast among forma-
tions and the areal extent of the formations, most of
the Lower Cretaceous rocks, except Neocomian, were
delineated as an aquifer system (fig. 4; pl. 2), and most
of the Upper Cretaceous rocks were delineated as a con-
fining unit (fig. 4). However, several formations of the
Upper Cretaceous rocks, such as Fox Hills Sandstone
and Hell Creek and Lance Formations, were delineated
together with Tertiary rocks as an aquifer system (fig.
4; pl. 2).

TERTIARY ROCKS

Tertiary formations (pl. 2) in the northern Great
Plains contain important ground-water aquifers for
development of domestic and agricultural water sup-
plies; they have a relatively shallow drilling depth, and
their water is less mineralized than that in the deeper
aquifers. These formations generally were deposited in
a continental environment. Exceptions are the Cannon-
ball Member of the Fort Union Formation in western
North Dakota, deposited in a marine environment, and
the upper part of the Ludlow Member, deposited in a
shallow-marine environment. Most of the sediments
that make up the Tertiary deposits were derived from
highlands to the west and northwest during and after
the Laramide orogeny.

The Fort Union Formation of Paleocene age consists
of alternating gray to buff sandstone, siltstone, and
claystone with thin-to-thick lignite and subbituminous
coal beds. Contact with the underlying Cretaceous Hell
Creek or Lance is at the base of the lowest persistent
coal bed.

Thickness of the Fort Union Formation decreases
from more than 3,000 ft in the Powder River basin to
less than 300 ft in the Williston basin in central North
Dakota and northeast Montana. The sandstone units
in the Powder River basin generally are coarser grained
and better sorted than in eastern Montana, North
Dakota, and South Dakota, and generally are more
permeable.

The Wasatch Formation of Eocene age is present only
in the Powder River basin and consists of about 1,000
ft of alternating beds of valley- and channel-fill sand-
stone, siltstone, and claystone; this formation is similar
to the Tongue River Member of the Fort Union Forma-
tion, although mineralogical differences have been
noted. The contact between the Wasatch Formation and
the underlying Fort Union Formation is unconformable
and is placed at the top of the Roland-Anderson coal
bed (Anna, 1986). This bed is about 50-100 ft thick and
is areally extensive throughout most of the southern
Powder River basin.

A1l3

The Golden Valley Formation of Eocene age consists
of about 150 ft of kaolinitic claystone, mudstone, lignite,
and micaceous sandstone. The formation is present only
in western North Dakota and usually as remnants
underlying younger rocks. The formation has been sub-
divided into upper and lower units, the lowermost of
Paleocene age and the uppermost of Eocene age.

The White River Formation, or Group where divided,
of Oligocene age unconformably overlies the Eocene for-
mations and is about 150 ft thick. The formation is ex-
posed only as erosional remnants, capping buttes in
several localities in the Williston basin, and as areally
extensive deposits in the Badlands of south-central
South Dakota. The White River Group is subdivided
into the lower Chadron Formation, consisting of a basal
conglomerate with overlying tuffaceous sandstone,
siltstone, and shale, and the upper Brule Formation,
consisting of claystone, siltstone, and sandstone.

The Arikaree Formation of Miocene age is exposed
as remnants resulting from Pliocene and Pleistocene
erosion of higher buttes in North Dakota and South
Dakota. The formation rests unconformably on the
White River Formation and consists of about 250 ft of
massive tuffaceous sandstone and siltstone and a few
thin beds of quartzite, dolomite, and volcanic ash.

The Ogallala Formation of Miocene age is present
only in southwestern South Dakota but is an extensive
veneer of interbedded sandstone and claystone through-
out most of the central Great Plains region. The Flax-
ville Formation of Miocene and Pliocene age is a thin
widespread pediment capping numerous plateaus and
consists of poorly cemented sandstone and conglom-
erate. The formation is recognized only in northeast
Montana but may be correlative to local pediments
along flanks of major buttes.

QUATERNARY DEPOSITS

Deposits of Quaternary age (fig. 10) in the study area
consist of alluvium and glacial materials. Alluvial
deposits, varying in thickness, fill major drainage of the
area. Glacial-till and glacial-outwash deposits occur only
in eastern North Dakota, northeastern South Dakota,
and northernmost Montana. The outwash deposits can
range in thickness from a few feet to several hundred
feet and consist of silt, sand, and gravel. Widths of
Quaternary deposits generally range from less than 1
to several miles, and they commonly are tens of miles
in length. Glacial-outwash deposits are a major source
of water in a large part of the study area.

During this study, the Upper Cretaceous and Tertiary
rocks and the Quaternary deposits were delineated as
a single aquifer system (fig. 4; pl. 2) overlying the
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FIGURE 10.—Pleistocene glaciation and interglaciation units.

low-permeability Cretaceous rocks. No effort was made
to delineate aquifers and confining layers among the
Upper Cretaceous rocks, the Tertiary rocks, and the
Quaternary deposits.

During the Pleistocene Epoch, the hydrologic system
in the aquifers of the northern Great Plains was sub-
ject to major changes in the recharge-discharge relation-
ships associated with the four glaciations and three
interglaciations shown in figure 10.

At the time of maximum glacial advance, the
discharge areas of all the aquifers were covered by thick
masses of ice, blocking discharge and causing flow in
the aquifers to be southeastward, as shown diagram-
matically in figure 11. During interglaciation, glacial ice
was absent from the aquifer discharge areas, and the
inferred flow direction was northeastward, similar to the
flow pattern of the present day, as shown on plate 3.

Except for local mountain glaciation, the highland
areas in the western part of the northern Great Plains

REGIONAL AQUIFER-SYSTEM ANALYSIS

were not affected by continental glaciation and con-
tinued to be recharge areas for the bedrock aquifers.

GEOLOGIC STRUCTURE

The structural history of the northern Great Plains
is reflected in the sediments. The forces involved in
developing geologic structures are among the important
factors controlling the distribution of porosity and
permeability in carbonate and sedimentary rocks.
Movement along structural zones creates porosity and
increases permeability by fracturing; this can be
modified at a later time by chemical processes occur-
ring in the aquifer as water moves through the fracture
system.

Much of the present-day structure in the study area
{figs. 12-14) is the result of the Laramide deformation
that occurred in Late Cretaceous and early Tertiary
time. Many zones of weakness that existed prior to
Laramide deformation were the most common avenues
for the release of stress during the deformation;
northwest-, east-southeast-, and northeast-trending
structural features of Precambrian, Paleozoic, and
Mesozoic age occur throughout the study area. Many
of these structural features were initiated as shear zones
of Precambrian age that developed in the basement
rocks and since have been zones of weakness. For ex-
ample, the Nashfork-Hartville fault trend in Wyoming
and South Dakota is a component of a broad Precam-
brian shear zone called the Colorado lineament (Warner,
1978). Warner postulated that this shear zone, which
extends from Arizona to the Great Lakes, divides the
Precambrian basement into provinces of two different
ages, one of 2,400 million years on the north and one
of 1,750 million years on the south.

The large fault and lineament systems that have
developed in many bedrock units of the northern Great
Plains during geologic time are important features in
the analysis of the existing hydrologic system. Both
faults and lineaments appear to provide paths for in-
creased movement of ground water (Chilingar and
others, 1972; Weimer and others, 1982). These features
also can be barriers to the flow of water normal to the
direction of the fault or lineament. An example of this
barrier effect was presented by Konikow (1976) in his
analysis of the flow system in the Powder River basin;
geologic structure along the eastern edge of the Bighorn
Mountains appears to limit water movement from the
recharge area in the Bighorn Mountains to the Powder
River basin.

Structural movement along major faults and linea-
ments affects the porosity and permeability distribu-
tion throughout a large area and through a long geologic
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