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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) program was started in 1978 after
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 that, in aggregate,
underlie much of the country and that 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 subdivi-
sions to which investigations have often been arbitrarily limited in the past. The broad
objective for each study is to assemble geologie, hydrologic, and geochemical informa-
tion, 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
interpretive products of subsequent studies become available.

Dallas L. Peck
Director
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GEOHYDROLOGY OF BEDROCK AQUIFERS IN THE NORTHERN
GREAT PLAINS IN PARTS OF MONTANA, NORTH DAKOTA, SOUTH
DAKOTA, AND WYOMING

By JOE S. DOWNEY

ABSTRACT

Development of energy-related resources in the northern Great Plains
of the United States, an area that includes northeastern Wyoming and
eastern Montana, North Dakota, and South Dakota, will require large quan-
tities of ground water. Because Montana, North Dakota, South Dakota, and
Wyoming are semiarid, the primary local sources of nonappropriated water
are the deep bedrock aquifers of Paleozoic and Mesozoic age. Because of the
need to understand the hydrologic system of these bedrock aquifers, the
U.S. Geological Survey undertook a 4-year interdisciplinary study that has
culminated in a digital-simulation model of the regional flow system and
incorporates the results of geochemical, hydrologic, and geologic studies.

Rocks of Paleozoic and Mesozoic age underlie the entire northern Great
Plains. These rocks form at least five artesian aquifers that are recharged in
the mountainous areas of Montana, South Dakota, and Wyoming. The aqui-
fers extend for more than 600 mi to discharge areas in the northeastern part
of North Dakota and in the Canadian province of Manitoba. In general, the
direction of flow in each aquifer is east to northeast, but flow is deflected to
the north and south around the Williston basin. Flow through the Williston
basin is restricted because of brine (200,000-350,000 mg/L), halite beds,
geologic structures, and decreased permeability of rocks in the deeper parts
of the basin.

Fracture systems and lineaments transverse the entire area and act
either as conduits or as barriers to ground-water flow, depending on their
hydrogeologic and geochemical history. Vertical leakage from the aquifers is
restricted by shale with low permeability, by halite beds, and by stratigraph-
ic traps or low-permeability zones associated with petroleum accumulations.
However, interaquifer leakage appears to occur through and along some of
the major lineaments and fractures. Interaquifer leakage may be a major
consideration in determining the quality of water produced from wells.

INTRODUCTION

The northern Great Plains (NGP) physiographic prov-
ince includes an area of more than 300,000 mi2 in the north-
central part of the United States. The area is bounded on the
west by the Middle and Northern Rocky Mountains and on
the east by the Central Lowland province. The NGP physio-
graphic province extends into Canada on the north; in gener-
al, however, this study was limited to the areas south of the
United States-Canadian border (fig. 1). This study also in-

cluded a part of the Central Lowland province in eastern
North Dakota and South Dakota.

In general, the study area is characterized by broad,
flat, gently rolling plains, underlain by sandstone and shale,
that have been dissected by streams crossing the plains. At
sites where streams deeply cut into the soft rocks, the relief
may reach several hundreds of feet.

The broad, flat expanse of plains is interrupted by the
Black Hills of South Dakota and by the Rocky Mountains
(fig. 2). These highland areas are the site of major recharge
to the NGP aquifers.

Development of energy-related resources, power gener-
ation, industrial development, increasing irrigation, and in-
creased water supply for domestic and municipal use in the
NGP area are dependent on the availability of water re-
sources. Streamflow historically has satisfied many of the
water needs; however, surface water not only has been ap-
propriated fully in much of the area but also is an undepend-
able supply because flows are extremely variable. Long-term,
large-scale water needs will require development of produc-
tive bedrock aquifers, some of which have been little used in
the past. Without knowledge of the hydrologic characteristics
of the ground-water system and of its response to withdraw-
als, large, sustained yields of ground water cannot be pro-
duced efficiently, and sound management plans cannot be
formulated.

Proper development, use, and conservation of ground-
water resources can be achieved only through an understand-
ing of the regional geologic framework (pls. 1 and 2; fig. 3)
and its effect on the response of the hydrologic system to
climate and water-supply development. Within the limits of
time, personnel, and available data, the objectives of the
Northern Great Plains Aquifer Project were as follows:

1. to define the regional geologic framework that controls
ground-water flow,

2. to define the chemical characteristics of the water in the
aquifers,
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3. to define the ground-water flow patterns, and (Brown and others, 1982; MacCary, Cushing, and Brown,
4. to determine areas suitable for development with opti- 1983; Downey, 1982).
mum well yields.

To accomplish these objectives, studies of stratigraphy,
mineralogy, hydrology, geophysics, sedimentary and struc-
tural controls that govern permeability distribution, and hy-
drologic properties of the aquifers were conducted on a re-
gional basis. This report is one of several resulting from the
study; the report covers the geohydrologic aspects of the rock
units from the Precambrian basement to the land surface.
Some interpretations in the report depend heavily on infor-
mation obtained during a study of the Madison aquifer

GEOGRAPHIC SETTING

This study encompasses parts of the NGP and Central
Lowland physiographic provinces of the United States and
includes northeastern Wyoming and eastern Montana, North
Dakota, and South Dakota (fig. 1). Major physiographic fea-
tures in the western part of the study area include the Big-
horn Mountains, the Laramie Mountains, the Hartville uplift,
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the Big Snowy Mountains, and the Black Hills uplift. In the
east, the study area is characterized by a nearly flat area
that contains the broad, flat, lake plain formed by glacial
Lake Agassiz in the northeastern part of North Dakota (pl.
3).

Glacial Lake Agassiz covered an area of about 200,000
mi? during the late Pleistocene, in the Canadian provinces of
Ontario, Manitoba, and Saskatchewan and in Minnesota,
North Dakota, and the northeastern part of South Dakota
(Elson, 1967). However, during most phases of Lake Agas-
siz, the surface area probably did not exceed 80,000 miZ2.

The NGP regional aquifer study area is located in the
interior of the North American Continent; this location has a
major effect on the prevailing climate. The climate is classi-
fied as middle-latitude steppes and occupies a transitional
zone between arid lands to the west and more humid climate
to the east. In general, winters in the study area are cold and
snowy with occasional blizzards. Summers have warm days
and cool nights and isolated thunderstorms that occur in the
late afternoons and evenings. The major weather systems
that cross the area, however, bring a variety of weather in all
seasons. Precipitation in the form of rain and snow occurs
throughout the area, with the least precipitation in the interi-
or of the area and the greatest precipitation in the mountain-
ous highland areas in the west.

The major rivers draining the area include the Yellow-
stone, Missouri, North Platte, and Red River of the North
and their tributaries. The Red River of the North forms the
eastern boundary of the study area.

PREVIOUS WORK

Abundant mineral resources, including petroleum, natu-
ral gas, uranium, and coal, lie within the project area. Eco-
nomic interest has prompted many reports on geologic struc-
ture, stratigraphy, mineralization, and economic geology of
the area. Important publications on regional geologic struc-
ture and subsurface and surface stratigraphy of the project
area and surrounding regions include Thom (1923); Nord-
quist (1953); Agatston (1954); Andrichuck (1955); Sonnen-
berg (1956); Peterson (1957, 1966, 1972, 1978, 1981);
Sandberg and Hammond (1958); Sandberg (1961); Irwin
(1965); Keefer and Van Lieu (1966); Maughan (1966, 1967);
Jennings (1967); Roehl (1967); Sales (1968); Stone (1969,
1970, 1971); Keefer (1970); Thomas (1971, 1974); Sando,
MacKenzie, and Dutro (1975); Rose (1976); Sando and
others (1976); Sando (19764, b); Sandberg and Poole (1977);
Brown (1978); Warner (1978); Head, Kilty, and Knottek
(1979); and Brown and others (1982).

The number of regional and subregional studies of the
hydrology and geochemistry of the project area and sur-
rounding region is limited. Some of the more important are
Darton (1896); Swenson (1968); Downey (1973, 1982); Wyo-
ming State Engineer’s Office (1974); Konikow (1976); Miller
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(1976); Swenson and others (1976); Hopkins (1978); Miller
and Strausz (1980a, b); and Busby, Lee, and Hanshaw
(1983).

Historically, the geologic environment of the project
area was that of a stable shelf margin throughout most of
Paleozoic time. Most authors agree that periods of transgres-
sion and regression occurred, when seas advanced from west
to east in response to mountain-building activity of the Ant-
ler orogeny to the west (Sandberg, 1962; Sandberg and
Poole, 1977).

The style of structural deformation has been explained
in terms of horizontal compression (Sales, 1968; Stone,
1969), vertical tectonics (Sterns, Sacrison, and Hanson,
1975), and wrench-fault tectonics (Brown, 1978). Although
the mechanics of deformation have little effect on the ex-
isting hydrologic system, geologists generally agree that the
present-day structure is controlled by the preexisting struc-
tural grain in the Precambrian basement and modified by the
Laramide orogeny. Several authors, including Sandberg
(1962), Maughan (1966), Miller (1966), Sando and others
(1976), Rose (1976), and Slack (1981), have suggested that
paleostructure in various parts of the study area has had a
pronounced effect on the thickness and environment of depo-
sition of sediments. Knowledge of sediment thickness is im-
portant in estimating various hydrologic parameters for the
aquifer units at locations where test holes are absent.
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GEOLOGIC SETTING

During most of Paleozoic time, the study area was part
of the Cordilleran platform. This broad flat area was bor-
dered on the west by the Cordilleran miogeosyncline, which
was oriented approximately north and south in Idaho and
western Montana. Most of the detrital sediments in the syn-
clinal trough came from the Antler Orogenic Belt, which
probably was an island arc system to the west that had
intermittent tectonism during parts of Paleozoic time. The
Transcontinental arch, southeast of the study area, was low
lying and sporadically contributed minor amounts of sedi-
ment that ocean currents spread thinly across the platform.
In general, the Cordilleran platform was a shallow-water
depositional shelf on which predominantly carbonate and
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FIGURE 2.—Present-day structural and physiographic features of the northern Great Plains (includes lines of section A-A’, B-B’,C-C"). Modified from

evaporite sediments were deposited during most of Paleozoic
time.

The Black Hills uplift (fig. 2) was not a regionally sig-
nificant tectonic element until Late Cretaceous time (Agnew
and Tychsen, 1965) and had little effect on sedimentation
during most of Paleozoic time. During the Mississippian, the
study area generally was covered by a shallow warm sea
probably less than 10 ft deep; however, small areas seem to

be characterized by deep-water sediments. The warm sea
was conducive to prolific biologic productivity, accumulation,
and preservation. Shoals and reefs were common under the
generally shallow water conditions that prevailed in the
study area. These shallow-water areas continually changed
and shifted because of the effects of geologic forces. Many of
these shallow-sea areas had small reefs associated with
them, in addition to many oolite- and erinoid-bank shoals and
lagoons. Lagoons were evaporating basins in which gypsum
and halite precipitated and became incorporated into the

lagoonal environment that received influxes of sea water,
whereas evaporation seldom would proceed to the point of
halite precipitation. Accumulations of bedded halite that oe-
cur in the Williston basin and the central Montana trough
evidence areas of more restricted circulation or greater evap-
oration rates.

During Cretaceous time, the study area was covered by
a north-south trending sea, which extended from the Gulf of
Mexico to the Arctic Ocean. Source areas to the west provid-

ed clastic sediments that were deposited in the Cretaceous
sea. The Precambrian shield area, northeast of the study
area, was a positive feature during the Cretaceous and pro-
vided 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.

The present-day structure (fig. 2) of the northern Great

lime-rich bottom sediments. Gypsum could precipitate in a

Plains is directly related to the geologic history of the Cordil-
leran platform, which is a part of the stable interior of the
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North American Continent. During geologic time, many
structural features developed that affected the deposition of
the various sedimentary units. Most of these structural fea-
tures exist today and are important in determining the hy-
drologic regime of the aquifers underlying the northern
Great Plains (Weimer and others, 1982).

PRECAMBRIAN ROCKS

Crystalline rocks of Precambrian age form the basement
in the NGP region. Depth to the Precambrian basement from
land surface ranges from outcrops in the eastern part of the
study area to greater than 17,000 ft at the center of the
Williston basin. Precambrian rocks also are found in the
central core of the many mountain ranges located in the
western part of the study area.

On a regional basis, little is known about the hydrologic
properties of the Precambrian rocks. Available data indicate

that the rocks contain only small amounts of water in joints
and fractures. Except along major fractures, these rocks are
not considered to be water bearing. Along major fractures,
Precambrian rocks may yield water that is available from
leakage from the overlying sedimentary sequence. Precam-
brian rocks in the study area represent the lower boundary of
the regional aquifer system. In the eastern part of the study
area where Precambrian rocks crop out, the rocks are as-
sumed to be no-flow boundaries of the aquifer system.

CAMBRIAN AND LOWER ORDOVICIAN ROCKS

Rocks of Cambrian and Early Ordovician age (fig. 4) in
the northern Great Plains consist of marine sandstone, shale,
and limestone that represent the shoreward facies of a trans-
gressive sea that occupied the area during Cambrian and
Early Ordovician time (Peterson, 1981). Several formations
of Middle Cambrian to Early Ordovician age, such as the
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Flathead Sandstone, Deadwood Formation, and Emerson
Formation (fig. 5), are aquifers; however, their great depth
has prevented their use as a source of water, and very little
hydrologic data concerning these aquifers are available on a
regional scale. Most of the data that exist are from well tests
associated with development of oil and gas.

In the subsurface, both the Deadwood and Emerson
Formations consist of about 640 ft of fine- to coarse-grained
quartz sandstone and dolomitic cement interbedded with do-
lomitic limestone and shale (Steece, 1978). Where it is ex-
posed in the Black Hills of South Dakota, the Deadwood
Formation is of the same lithology; however, only about 450

ft of section is present. In the Black Hills, the Deadwood lies
unconformably on Precambrian schist and quartzite.

As shown in figure 5, the Deadwood Formation is ab-
sent in extreme eastern North Dakota except for a small
area in the eastern discharge area, where a thickness of
about 100 ft of quartzose sandstone is present (Ballard,
1963). Both the Deadwood and Emerson Formations are
overlain by the Middle Ordovician age Winnipeg Formation.
In areas where the Deadwood or Emerson Formations are in
hydrologic connection with the overlying Ordovician units,

the formations have been included as part of the Cambrian-
Ordovician aquifer.
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ORDOVICIAN ROCKS

Rocks of Ordovician age (fig. 6) in the northern Great
Plains have been divided into several formational units, such
as the upper part of the Deadwood and the Emerson Forma-
tions, the Winnipeg, Red River, and Stony Mountain Forma-
tions, and the Bighorn Dolomite. Subsurface studies of the
Ordovician rocks in the Williston basin and adjoining areas

include those by Fuller (1956), Carlson and Anderson (1960),

Patterson (1961), Porter and Fuller (1964), Carlson and An-

derson (1965), Ballard (1969), Foster (1972), Armstrong

(1980), and Peterson (1981).
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Ordovician rocks are major petroleum reservoirs in the
Williston basin, and many exploratory wells have been drilled
in these rocks. Ordovician rocks are not present in western
Montana, southeastern Wyoming, extreme southwestern and
eastern South Dakota, and southeastern North Dakota be-
cause of nondeposition or removal by erosion during Devoni-
an and Early Mississippian time. Thickness increases east-
ward and northward from outerop in central Montana and

northeastern Wyoming to more than 1,400 ft in the central
part of the Williston basin (fig. 6).

The Winnipeg Formation is stratigraphically equivalent
to the St. Peter Sandstone that occurs in the midwestern
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United States. In the western part of the study area, the |Island aquifer) have a hydraulic conductivity ranging be-
Winnipeg consists of a clean, well-sorted, medium-grained | tween 9.2x10 and 1.1x103 ft/s.
sandstone where it is not deeply buried (Peterson, 1978). The Red River Formation (fig. 7), a carbonate sequence
Where it is deeply buried, the unit is less porous and permea- | that overlies the Winnipeg Formation, extends outward past
ble because of silica cementation and compaction. In the | the borders of the Williston basin (fig. 2). The Red River
eastern discharge area (lines of section A-A’ in fig. 2; fig. 3), | Formation is more than 700 ft thick in the central part of the
the Winnipeg Formation consists of a sequence of shale, | Williston basin. Devonian erosion truncated the Red River in
sandstone, and shaly limestone that ranges in thickness from | the eastern part of the study area along a line extending
20 to about 140 ft (Armstrong, 1980). The sandstone con- | between the central Black Hills and southern Bighorn Moun-
sists of very fine to fine, rounded quartz grains with inter- | tains (Peterson, 1981). According to Porter and Fuller
bedded siltstone and shale. Armstrong (1980) reported that | (1964), the Red River Formation in the center of the Willis-
in Dickey and Lamoure Counties, N. Dak., near the eastern | ton basin consists of a lower unit of fragmental limestone
discharge area of the Cambrian-Ordovician aquifer, sands of | and dolomite and an upper unit with three evaporites of
the Winnipeg Formation (which he included in his Black | fragmental limestone and anhydrite.
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The Stony Mountain Formation, which is the Upper
Ordovician unit in the study area and which conformably
overlies the Red River, is composed of carbonate, shaly car-
bonate, and anhydrite beds and is gradational upward into
the Upper Ordovician and Silurian Interlake Formation (fig.
8). The Stony Mountain includes a lower shaly limestone and
a shale interval called the Stoughton Member (Carlson and
Eastwood, 1962). The Stoughton, in general, is confined to
the interior of the Williston basin, is truncated on the east
and south, and is gradational into the upper part of the
Bighorn Dolomite to the west (Peterson, 1981).
Both the Red River and Stony Mountain Formations
were truncated by Devonian erosion around the periphery of

closer to the basin center than is the edge of the underlying
Red River Formation.

SILURIAN AND DEVONIAN ROCKS

Rocks of Silurian and Devonian age (figs. 8 and 9)
overlie the formations of Late Ordovician age in most of the
study area. Silurian and Devonian units consist mainly of

shaly carbonates, shale, and evaporites and include halite of
Devonian age near the center of the Williston basin where
the Silurian and Devonian section has a total thickness

the Williston basin. The Stony Mountain erosional edge is

greater than 2,000 ft. The Devonian age halite extends
northward into Canada for about 1,200 mi and underlies the
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provinces of Alberta, Saskatchewan, and Manitoba and parts
of the Northwest Territories. The Prairie salt, one of the
principal halites of the Devonian age Prairie Formation in the
study area, contains many structural lows along the margin
of the halite and locally within the halite area. These strue-
tural lows have been attributed to postdepositional solution
of halite and the resulting collapse of the overlying forma-
tions into the void created by salt removal (DeMille and
others, 1964; Grossman, 1968). Because of the fine-grained
lithology and the presence of evaporites in the Silurian and
Devonian units, these formations are considered to be confin-

MISSISSIPPIAN ROCKS

Rocks of Mississippian age (pl. 1) overlie the Devonian
rocks. The Mississippian rocks have been divided into several
formations and one stratigraphic group.

The lowermost Mississippian rock unit is the Bakken
Formation (fig. 10), which overlies the Upper Devonian
Three Forks Formation in parts of the study area. The Bak-
ken consists of more than 100 ft of black, organic shale and
siltstone and appears to be an excellent confining bed where

ing beds for the underlying Cambrian-Ordovician aquifer.

present. The Bakken is considered to be a source bed for
much of the petroleum found in overlying formations. Over-
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lying the Bakken is a sequence of Mississippian rocks, pri-
marily limestone and dolomite, that is termed the Madison
Limestone or Madison Group where divided.

The Madison Limestone in the study area (fig. 11) con-
sists of a sequence of marine carbonates and evaporites de-
posited mainly in a warm, shallow-water environment similar
to that which exists today near the coast of southern Florida
and the Yucatan Peninsula. Depositional environments grade
both laterally and vertically from shallow-marine carbonate
and evaporite facies to deep-water facies. The Madison
Group, from oldest to youngest where divided, consists of the
Lodgepole Limestone, Mission Canyon Limestone, and

Charles Formation or their stratigraphic equivalents in other
parts of the study area.

E1l

The Lodgepole Limestone is predominantly a cyclic car-
bonate sequence that consists largely of fossiliferous to
micritic dolomite and limestone in most of the study area
(Smith, 1972). The unit ranges from <1 to >900 ft in
thickness and averages about 300 ft. The Lodgepole overlies
the Bakken Formation in the Williston basin, central Mon-
tana trough, and north-central Montana.

The Mission Canyon Limestone consists of a coarsely
crystalline limestone at the base that grades upward to finer
crystalline limestone and evaporite minerals near the top
(Peterson, 1981). The formation contains one evaporite cycle
and shares a second evaporite cycle with the lower part of
the Charles Formation. Bedded evaporites are absent in most

of Wyoming and South Dakota, but evaporite deposits occur
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in southeastern Montana and northwestern North Dakota
and gradually thicken from central Montana toward their
maximum thicknesses in the Williston basin. The Mission
Canyon Limestone ranges from <1 to >650 ft in thickness
and averages about 300 ft.

The Charles Formation, the uppermost unit of the Madi-
son Group, is a marine evaporite sequence that consists of
anhydrite and halite with interbedded dolomite, limestone,
and argillaceous units. The Charles ranges from <1 to
>300 ft in thickness, with an average thickness of about
250 ft. Pre-Jurassic erosion has removed most of the Charles
in the western and southern parts of the study area. Where

present, the Charles is a confining bed for the underlying
aquifers.

Because the carbonate rocks of the Madison Limestone
are relatively soluble in water, the development of karst
(solution) features is common. The complex and intercon-
nected solution features that develop in exposed limestones
during the weathering process under subtropical conditions
are shown in figure 12. Sando (1974) describes ancient karst
features, including enlarged joints, sink holes, caves, and
solution breccias, that developed in the Madison Limestone in
north-central Wyoming. He further indicates that most of the
open spaces were filled by sand and residual products re-
worked by a transgressive sea during Late Mississippian
time. Large and extensive cave systems in outcrop areas of
the Madison Limestone in the Bighorn Mountains and in the
Black Hills are further evidence of the importance of the
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TRIASSIC ROCKS

Rocks of Permian age in the study area are overlain by
a sequence of redshale, siltstone, and evaporites that belongs
to the upper parts of the Goose Egg and Spearfish Forma-
tions of Triassic age (fig. 15). These formations are about
200-400 ft thick in the central Williston basin and thicken
southwesterly to more than 900 ft in the Powder River basin.

Although shale and siltstone are the principal lithologies

limited extent in the eastern part of the Williston basin as
elongate, northeast-trending, sandy belts probably deposited
by streams flowing off the adjacent Sioux uplift and Canadi-
an Shield source areas to the east. Triassic beds have been
truncated by pre-Middle Jurassic erosion along the southern
and eastern margins of the Alberta shelf and on the east side
of the Williston basin. Rocks of Triassic age, along with

of the Triassic units in the study area, sandstone occurs to a

those of Permian age, are considered to be a confining bed

for restricting flow from the underlying aquifers to the over-
lying aquifers of Cretaceous age.
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JURASSIC ROCKS

Rocks of Jurassic age (fig. 16) overlie formations of
Triassic age with a pronounced disconformity. These rocks,
consisting of the Nesson, Piper, Rierdon, Swift, and Morrison
Formations and their equivalents, are predominately carbon-
ate, shale, and calcareous shale. The Nesson Formation is
divided into three members: (1) a lower anhydrite, which
includes the Dunham salt (of informal usage) and occurs in

parts of the Williston basin; (2) a middle shale; and (3) an
upper carbonate sequence. The Piper Formation of Jurassic
age is divided into three members: (1) a lower shale and
sandstone unit; (2) a middle limestone; and (3) an upper
shale. In north-central Montana, the Piper Formation thins
appreciably and consists chiefly of sandstone. The Rierdon
Formation consists mainly of shale, siltstone, and calcareous
shale, with small amounts of sandstone along the eastern
fringes of the Williston basin.
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The Swift Formation was deposited under marine condi-
tions and, in the western part of the study area, consists of
sandstones deposited as offshore bars in a shallow sea. In the
eastern part, the Swift consists mostly of silty shale with
coarser sediments in the upper part of the formation. The
Swift is about 600 ft thick along the northern axis of the
Williston basin and thins to extinction in western Montana
and in eastern North Dakota and South Dakota. Generally,
cementation of the Swift is less than that of adjacent forma-
tions, possibly due to a lesser primary porosity and less active
diagenetic processes. The Swift is less porous than the sand-
stones that occur in units of Early Cretaceous age, although
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in several localities more than 50 ft of sand occurs with
greater than 20 percent porosity.

The Morrison Formation was deposited as a continental
deposit of sand, silt, and clay, on a plain that emerged after
the regression of the sea that existed during the time of
deposition of the Swift Formation. The Morrison is about 250
ft thick in south-central Montana and thins eastward to ex-
tinetion in western North Dakota and South Dakota. A re-
gional unconformity at the base of the Lower Cretaceous
units locally truncates both the Morrison Formation and the
upper part of the Swift Formation. Total thicknesses of the

Jurassic units in the study area range from less than 50 ft
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along the periphery of the Williston and Powder River basins
to more than 1,000 ft, north of the deepest part of the
Williston basin.

LOWER CRETACEOUS ROCKS

Rocks of Early Cretaceous age (pl. 2) consist of marine
and nonmarine clastic sediments that range in thickness (fig.
17) from nonexistent in eastern North Dakota and South
Dakota to more than 1,400 ft in west-central Montana (An-
na, 1984). The Lakota and Fuson Formations of Early Creta-
ceous age are composed of fluvial sandstone, siltstone, and
shale. The Lakota Formation consists mainly of sandstone

and occasional conglomerate and overlies an erosional sur-
face cut into the Morrison Formation of Jurassic age. Gener-
ally, the Lakota Formation is a channel- and valley-fill depos-
it, although, in the subsurface, distinguishing between the
valley fill of the Lakota and the valley fill of the overlying
Fuson Formation is difficult.

The Fuson Formation consists mainly of valley-fill and
channel-margin deposits of silty shale with occasional sand-
stone units. Thickness of the Fuson Formation ranges from
approximately 400 ft in central Montana to less than a few
feet in eastern North Dakota and South Dakota; the Fuson
thins out to extinction in eastern South Dakota.

The Fall River Sandstone of Early Cretaceous age rep-
resents the initial advance of the Early Cretaceous sea, which
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deposited fine sand, silt, and clay under shallow-marine, tidal
flat, coastal swamp, and deltaic conditions. Silt and shale
deposits in central Montana and Wyoming indicate a deeper
water environment in the study area.

In the Williston basin, analysis of data on cementation
indicates that these Lower Cretaceous formations have more
silica cement than calcite cement. A trend surface analysis of
cementation indicates northwest linear trends near the Cedar
Creek anticline. The analysis also indicates that (1) areas of
less cement tend to overlie lineaments or fracture zones and
(2) areas of more cement overlie interlineament zones (Anna,
1984).

Porosity trends in these formations show that areas of
greater porosity are in the central and eastern parts of the
study area, although porosity decreases eastward as overall

thickness of the formations decreases. In the Powder River
basin, all the formations have less than 20 percent porosity
because of the increase in depth.

The Lakota, Fuson, and Fall River Formations thin east-
ward and are truncated by pre-Newecastle erosion. Thickness
of the three formations ranges from about 700 ft in central
Montana to extinction in eastern North Dakota and South
Dakota.

The Skull Creek Shale of Early Cretaceous age consists
of two marine facies—a lower, glauconitic siltstone, often
termed basal silt, and an upper shale. The silt facies extends
regionally but has increasing sand content in central and
south-central Montana. The upper shale facies was deposited
under strong reducing conditions and consists mainly of
black organic shale with associated pyrite. The formation
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ranges in thickness from nonexistent in eastern South Dako-
ta to more than 250 ft in parts of Montana, Wyoming, and
western South Dakota and North Dakota.

Withdrawal of the sea at the end of Skull Creek time
resulted in an unconformity at the base of the Newecastle
Sandstone in eastern Wyoming and southeastern Montana.
Later, the sea transgressed from west to east across the
area, with development of extensive delta systems in eastern
Montana and northeastern Wyoming and, still later, in south-
eastern South Dakota. Sediment supply to the deltas
originated in eastern and south-central South Dakota, and
the deltas supplied sediment to shelf areas in east-central
Montana and Wyoming.

Thickness of the Newcastle Sandstone is quite variable,
ranging from zero in large areas of North Dakota, to tens of
feet in central Montana and Wyoming, to an abrupt increase
of several hundred feet in southeastern North Dakota and
eastern and south-central South Dakota. Porosity of the
Newecastle Sandstone appears to be greater in areas where
the sandstone is thicker. Calcite is a more prevalent cement-
ing agent than silica in the Newecastle Sandstone (Anna,
1984).

As the sea encroached further eastward during upper
Newecastle time, the Mowry Shale (pl. 2) was deposited over
the central and western part of the study area. The Mowry
consists of dark siliceous shale that contains fish scales and
bone fragments. In the study area, a bentonitic clay, which is
used as a regional time marker, marks the top of the Mowry
Shale and also divides the Lower and Upper Cretaceous
rocks. Thickness of the Mowry ranges from more than 700 ft
in south-central Montana to extinction in eastern and south-
eastern South Dakota and eastern North Dakota. All of the
Lower Cretaceous units except the Mowry Shale have been
grouped into the Lower Cretaceous aquifer. The Mowry
Shale was incorporated into the overlying confining unit (fig.
18).

UPPER CRETACEOUS ROCKS

The sedimentary pattern of Upper Cretaceous rocks in
the northern Great Plains is associated with four main trans-
gressions and regressions of shallow seas. The Belle Fourche
Shale and Greenhorn Formation (pl. 2) were deposited as a
continuation of the transgression of the sea during the Early
Cretaceous time. The Belle Fourche Shale consists of gray-
to-black marine shale with numerous bentonite beds. The
Greenhorn Formation consists of a thick sandstone sequence
with interbedded shale and chalky shale. The Carlile Shale
consists of gray marine shale and interbeds of thin
sandstone,

The Frontier Formation is the westward equivalent of
the Belle Fourche Shale and Greenhorn Formation. Although
the Frontier is restricted areally, the formation is 500 to
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2,000 ft thick and consists of alternating beds of deltaic
sandstone and shale.

The Niobrara Formation ranges in thickness from non-
existent to about 160 ft; it consists of gray marine shale with
lenticular chalky beds and is characterized by small white
calcareous lenses. Lithologic variations range from a domi-
nant chalk facies in the east to mostly shale facies in the
west.

The Pierre Shale directly overlies the Niobrara Forma-
tion in the study area. The Pierre consists of more than 3,000
ft of dark, montmorillonitic shale and interbedded sandstone
that was deposited under marine conditions. Many of the
sandstone units have been given formational status in west-
ern and central Montana and in the Powder River basin of
Wyoming (fig. 2). The Pierre Shale contains a number of
sandstone units that are aquifers locally. The Pierre Shale is
a confining unit to the underlying Lower Cretaceous aquifer
over most of the study area.

The final regression of the Late Cretaceous sea deposit-
ed the Fox Hills Sandstone and the Hell Creek and Lance
Formations or their equivalents. These formations are areally
extensive, and the Fox Hills and Hell Creek crop out over
sizable areas in southern and central North Dakota.

The Fox Hills Sandstone and equivalent units consist of
about 300 ft of deltaic and interdeltaic sandstone, siltstone,
and shale. The Hell Creek or Lance Formation ranges from
about 350 to 1,500 ft thick and consists of fluvial sandstone,
siltstone, and carbonaceous claystone, with thin lenticular
coal beds in places. The Hell Creek or Lance is the meander
belt and delta plain facies of the Fox Hills delta system. The
Fox Hills and Hell Creek or Lance, where they exist, are
considered a part of the Upper Cretaceous aquifer.

TERTIARY ROCKS

Tertiary units (pl. 2) in the northern Great Plains con-
tain important aquifers for development of domestic and ag-
ricultural water supplies because of their relatively shallow
drilling depth and better water quality. These units generally
were deposited in a continental environment, except for the
Cannonball Member of the Fort Union Formation in western
North Dakota, which was deposited in a marine environment,
and the upper part of the Ludlow Member of the Fort Union,
which was deposited in parts of western North Dakota in a
marginal marine environment. Most of the sediments com-
prising the Tertiary deposits were derived from highlands to
the west and northwest during and after the Laramide
orogeny. R

The Fort Union Formation of Paleocene age consists of
a total of five members—the Ludlow and Tullock, Lebo,
Cannonball, Tongue River, and Sentinel Butte. All members
consist of alternating gray to buff sandstone, siltstone, and
claystone with thin-to-thick lignite and subbituminous ecoal
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beds. Individual channel systems can be traced in the subsur-
face for considerable distances, especially in the Powder Riv-
er basin, even though the texture distribution may have
considerable variability.

Contact with the underlying Cretaceous Hell Creek or
Lance Formation is at the base of the lowest persistent coal
bed. Local unconformities at the base of the Ludlow or Tul-
lock Member occur from basal channel scour of the Ludlow
or Tullock into the Hell Creek or Lance.

Thickness of the Fort Union Formation ranges from
more than 3,000 ft in the Powder River basin to less than
300 ft in the Williston basin and in central North Dakota and

northeast Montana. Sandstone in the Powder River basin
generally is coarser grained and better sorted than in eastern
Montana, North Dakota, and South Dakota and generally
has greater permeability.

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 sandstone, silt-
stone, and claystone, similar to the Tongue River Member,
although mineralogical differences have been noted. The con-
tact between the Wasatch and underlying Tongue River
Member is unconformable and is placed at the top of the
Roland-Anderson coal bed (Anna, 1984). This bed is about
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50-100 ft thick and is areally extensive over most of the
southern Powder River basin. At the southernmost end of the
basin, the Roland coal bed splits into numerous thinner beds.

The Golden Valley Formation of Paleocene and Eocene
age consists of about 150 ft of kaolinitic claystone, mud-
stone, lignite, and micaceous sandstone. The formation is
present only in western North Dakota and is divided into
upper (Eocene) and lower (Paleocene) units.

The White River Formation, or Group where divided, of
Oligocene age unconformably overlies the Eocene formations
and is about 150 ft thick. The formation is exposed only as
erosional remnants, which cap 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 divided into the lower Chadron Formation, which
consists of a basal conglomerate with overlying tuffaceous
sandstone, siltstone, and shale, and the upper Brule Forma-
tion, which consists of claystone, siltstone, and sandstone.

The Arikaree Formation of Miocene age in the study
area is exposed as remnants that resulted from Pliocene and
Pleistocene erosion of higher buttes in North Dakota and
South Dakota. The Arikaree rests unconformably on the
White River Formation and consists of about 250 ft of mas-
sive tuffaceous sandstone and siltstone and a few thin beds
of quartzite, dolomite, and volcanic ash. The Ogallala Forma-
tion of Miocene age is present in eastern Wyoming and
southwestern South Dakota and is an extensive veneer of
interbedded sandstone and claystone throughout most of the
central Great Plains region.

Deposits of Quaternary age in the study area consist of
alluvium and glacial materials. Alluvial deposits, varying in
thickness, fill major drainages of the area. Glacial till and
outwash deposits are located only in eastern North Dakota,
northeast South Dakota, and northernmost Montana. The
outwash deposits may range in thickness from a few feet to
several hundred feet and consist of silt, sand, and gravel.
Widths generally range from less than a mile to several
miles, and the deposits are commonly tens of miles in length.
Glacial outwash deposits are a major source of ground water
in a large part of the study area.

GEOLOGIC STRUCTURE

The structural history of the northern Great Plains is
reflected in the sediments, and geologic structure is one of
the important factors that control porosity and permeability
in carbonate and sedimentary rocks. Movement along struc-
tural zones creates porosity and increases permeability by
fracturing; the porosity and permeability may be modified at
a later time by chemical processes that occur in the aquifer
as water moves through the fractures.

Much of the present-day structure in the study area is
the result of the Laramide deformation that occurred in Late
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Cretaceous and early Tertiary time. Zones of weakness that
existed prior to Laramide deformation were the most com-
mon avenues for the release of stress during the Laramide;
thus, these zones have existed from very ancient times into
the present. Northwest-, east-southeast-, and northeast-
trending structural features of Precambrian, Paleozoic, and
Mesozoic age (figs. 19-22) occur throughout the study area.
Many of these structural features were initiated as Precam-
brian age shear zones that developed in the basement rocks
and since have acted as zones of weakness. For example, the
Nashfork-Hartville fault trend in Wyoming and South Dako-
ta is a component of a broad Precambrian 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 prov-
inces of two different ages, one 2.4 billion years old on the
north and one 1.75 billion years old on the south.

The large fault and lineament systems that have devel-
oped in the many bedrock units of the northern Great Plains
during geologic time are important features in the analysis of
the hydrologic system. Both faults and lineaments appear to
provide paths for increased water movement, both horizon-
tally through aquifers and vertically through confining beds
(Weimer and others, 1982; Chilingar, Mannon, and Rieke,
1972). These features also may act as barriers to flow nor-
mal to the direction of the fault or lineament. An example of
this barrier effect is presented by Konikow (1976) in his
analysis of the flow system in the Powder River basin. In
Konikow’s study, geologic structure along the eastern edge
of the Bighorn Mountain range (B, fig. 21) appears to limit
water movement from the recharge area in the Bighorn
Mountains to the Powder River basin.

Movement along major faults and lineaments may affect
the porosity and permeability of rocks over a large area and
through a long span of geologic time. Structural adjustments
between large blocks of geologic materials may modify the
primary porosity and permeability of the rock by fractures or
modification of the flow system through development of
secondary porosity. Structural adjustments also may result in
a decrease in porosity and permeability by modifying the
flow system so that minerals in the water precipitate in the
rock pores.

Structural movement along or between these large
blocks has a major effect on deposition of clastic sediments
such as those in the Lower and Upper Cretaceous bedrock
units (Slack, 1981). Block movement may result in shallow-
water, near-shore environments where coarse-grained sedi-
ments are deposited. Later, movement between the blocks
may result in a lowered, deep-water environment where fine-
grained or calcareous sediments are deposited. Maps devel-
oped during this study (Brown and others, 1982) show pat-
terns of linear structural trends that may be related to
changes in sedimentation rates that resulted because of ad-
justments between structural blocks.
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Many of the structural features in the northern Great The northeast-trending lineament (C, fig. 21) that
Plains are associated with present-day physiographic fea- | crosses the central part of the Black Hills appears to be
tures that affect the deep and shallow ground-water and | associated with a structural feature that channels ground-
surface-water flow systems in the study area. A structural | water flow in the Cambrian-Ordovician and Madison aquifers
feature (A, fig. 21) in eastern North Dakota may be a control | along a linear path across eastern South Dakota.
on stream channel and lake location in part of the Devils
Lake basin of North Dakota. Also, a deep bedrock trench

filled with glacial materials (Downey and Armstrong, 1977) HYDROLOGIC SETTING
appears to lie along the trend of this feature. This bedrock
trench may have been a zone of weakness that was eroded by The confined ground-water system of the northern

glacial action during the Pleistocene. Great Plains includes numerous permeable horizons, many of
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which are discontinuous and all of which vary considerably in
hydraulic properties from one location to another. During the
study, five major subdivisions (pls. 1 and 2; fig. 3) of the
regional aquifer were made—Cambrian-Ordovician (AQL),
Madison (AQ2), Pennsylvanian (AQ3), Lower Cretaceous
(AQ4), and Upper Cretaceous (AQ5) aquifers. Each of these
is an aggregate of permeable, low permeable, and semicon-
fining materials; each has been identified as an aquifer pri-
marily because vertical head differences within each unit
tend to be much smaller than those between it and the

adjacent unit. To some extent, the division is arbitrary and
has been made to assist in analysis and discussion of the
aquifer system as a whole.

These five major aquifers constitute one of the largest
confined aquifer systems in the United States (pl. 3). The
flow system extends more than 600 mi from mountainous
recharge areas in Montana, Wyoming, and South Dakota to
discharge areas in the eastern Dakotas and the Canadian
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tuting each of the five major aquifers and the intervening dovician age. This aquifer underlies about 217,000
semiconfining zones are summarized on plates 1 and 2 and mi2 in western Montana, North Dakota, South Dako-
briefly discussed below. ta, and northwestern Wyoming and extends into Ca-
1. Lower boundary.—Consists of crystalline rocks of Pre- nada where it crops out along the Precambrian
cambrian age that underlie the study area. On a : shield.
regional basis, these rocks normally are not water | 8. Confining layer 1 (TK1).—Consists of shale, shaly car-
bearing. bonates, evaporite, and halite beds of Silurian and
2. Cambrian-Ordovician aquifer (AQ1).—Consists of Devonian age. Although some evidence exists for
sandstones of Late Cambrian age and limestones of solution of the halite beds along their margins and
Middle and Late Ordovician age. This aquifer is com- indicates limited vertical flow of water over most of
posed principally of the Red River Formation but the area, the halite beds are considered to be imper-
includes the Deadwood Formation of Cambrian and meable. The black, organic-rich shales of the Missis-
earliest Ordovician age, the Winnipeg Formation, sippian part of the Bakken and Englewood Forma-
and the overlying Stony Mountain Formation of Or- tions are components of this confining layer.
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4. Madison aquifer (AQ2).—Consists of siltstone, sand-
stone, limestone, and dolomite that belong to the
Lodgepole and Mission Canyon Limestones of the
Madison Group or the Madison Limestone and
equivalent units. The limestone and dolomite of the
Madison are, in general, fine textured and massive,
and most of the formation’s permeability is secend-
ary or fracture permeability. The Madison aquifer

underlies about 210,000 mi2 of the study area.
5. Confining layer 2 (TK2).—Consists of halite,

evaporites, and limestone of the Upper Mississippian
Charles Formation or equivalent units of the Madison
Limestone and the shale, limestone, and sandstone of

the Kibbey, Otter, and Heath Formations of the Big
Snowy Group.

6. Pennsylvanian aquifer (AQ3).—Consists of sandstones
and limestones of the Minnelusa Formation, Tensleep

Sandstone, and Amsden Formation and equivalents
of Pennsylvanian age.

Confining layer 3 (TK3).—Consists of siltstone, shale,
limestone, evaporite, and halite units of the Opeche
Formation and Minnekahta Limestone of Permian
age; Spearfish Formation of Permian and Triassic
age; and the upper part of the Goose Egg and
Chugwater Formations of Triassic age. The Piper
and Gypsum Spring Formations of Jurassic age also

are included in this confining unit. On the basis of
information from model simulations (H. L. Case III,
written commun., 1982) and geochemical data (J. F.
Busby, written commun., 1981), this confining layer
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appears to be the principal hydrologic barrier to the
vertical leakage of water over most of the area be-
tween the underlying Paleozoic aquifers and the
overlying Lower Cretaceous aquifer.

8. Lower Cretaceous aquifer (AQ4).—This unit consists of
the sandstone and siitstone of the Lakota Formation
and the Fall River and Newcastle Sandstones of Ear-
ly Cretaceous age. These formations or their
equivalents underlie much of the northern Great
Plains of the United States and extend into Canada.
This aquifer unit is known as the Dakota aquifer in
North Dakota and as the Inyan Kara aquifer in South
Dakota.

9. Confining layer 4 (TK}).—Consists of shale, siltstone,
and limestone units above the Lower Cretaceous a-
quifer (AQ4) and includes the Mowry and Belle
Fourche Shales, Greenhorn Formation, Carlile Shale,
Niobrara Formation, and Pierre Shale and their
equivalents of Late Cretaceous age.

10. Upper  Cretaceous and  Tertiary  aquifer
(AQ5).—Consists of Upper Cretaceous formations,
such as the Fox Hills Sandstone and Hell Creek For-
mation and their equivalents, that lie above the Low-
er Cretaceous shale and siltstone of confining unit
TKA4.

During the Pleistocene Epoch, the NGP aquifer system
may have been subjected to changes of recharge-discharge
relations associated with the four glaciations and three inter-
glacial periods shown in figure 23. At the time of maximum
glacial advance during the Wisconsin glacial period, the dis-
charge area of the aquifer system was covered by a thick
mass of ice that may have blocked discharge and caused flow
in the aquifers to be toward the southeast (see fig. 24).
During interglacial periods, glacial ice was absent from the
aquifer discharge areas, and the inferred flow direction was
toward the northeast, similar to the present-day pattern (pl.
3). Except for local mountain glaciation, the highland areas
in the western part of the northern Great Plains were not
affected by continental glaciation and continued to serve as
recharge areas for the bedrock aquifers.

DIGITAL-SIMULATION MODEL

Simulation is the most versatile technique for solving
large and complex ground-water flow problems, and numeri-
cal simulation, by a digital computer, was used in the study
to evaluate conceptual models of the hydrologic system. The
following section briefly describes the theory, limitations of,
and data used in the simulations.
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THEORY

The flow of ground water with constant density in po-
rous media in three dimensions may be expressed as:

8 oh) & sh) & oh
—_— _— — —_ —_ bK o
8x<T” 8%) +8y(T” 8y> +8y( = 82) 1)

Sh
=S —82+W(9c, Y, 2, 1)

where
2z andy refer to coordinates parallel to bedding,

and z refers to coordinate normal to bed-
ding, assuming that the bedding plane is
parallel to the maximum principal trans-
missivity tensor axis;

T are the principal components of the trans-
missivity tensor (L2T-1);

is hydraulic head (L);

is formation thickness (L);

is vertical hydraulic conductivity (LT-1);

is the storage coefficient (dimensionless);

is time; and

is a source term that includes well dis-
charge and recharge per unit surface
area of the aquifer (LT-!).

W(x,y,2,t)

Equation 1 may be approximated by a finite-difference
equation by applying Taylor’s theorem (Pinder and Brede-
hoeft, 1968) to describe head at each node of a rectangular
grid. The finite-difference equations that describe heads at
nodes then are solved simultaneously by a computer program
that uses numerical techniques such as the strongly implicit
method (Trescott, 1975). For this study, the finite-difference
flow equations were solved by using the program code devel-
oped by Trescott (1975) and modified by additional subrou-
tines for calculating effects of water with variable densities
(Weiss, 1982).

Analysis of a complex nonhomogeneous aquifer system
is accomplished by subdividing the aquifers into a large num-
ber of rectangular cells, which constitute a finite-difference
grid. The horizontal grid (fig. 25) consists of 21 rows and 26
columns with variable cell dimensions. Vertically, the four
confining units between the five aquifer layers were simulat-
ed by using the quasi-three-dimensional approach described
by Trescott (1975), in which the effects of vertical flow
through the confining bed are incorporated in the vertical
components of hydraulic conductivity of the adjacent aqui-
fers, and then assuming that the effects act simultaneously
as head changed in the aquifers and that no water stored in
the confining beds was released. For each cell, values of
transmissivity, hydraulic head, recharge, and discharge were
supplied. These values are assumed to be constant every-
where in the cell and are the average values.
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Accuracy of the solution of the finite-difference equa-
tions depends on a number of conditions. One of several
possible errors is introduced when the continuous aquifers in
space and head changes in time are made discrete and ap-
proximated by finite-difference equations. This error can be

minimized by choosing the appropriate grid sizes (Pinder and
Bredehoeft, 1968; Bedinger, Reed, and Griffin, 1973).

Water in the aquifers of the northern Great Plains varies
significantly in dissolved-solids concentration and in temper-
ature. This variation leads to significant variations in fluid
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density and viscosity from one point to another. Under undis- | could be made in studying the transient aquifer response to
turbed natural conditions, changes in dissolved-solids concen- | ground-water development, provided that the movement of
tration or in temperature tend to occur very slowly with time. | the water having high dissolved minerals or high tempera-
For purposes of studying the regional flow system, density | ture is not great enough to cause significant change in the
and viscosity may be assumed to vary with position only and | overall density and viscosity distributions. Under the as-
to remain constant with time. This assumption probably also | sumptions that density and viscosity of water do not vary
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with time and that their distribution in space is known, then
the flow equations described by equation 1 can be modified
and is expressed as:

) Sh ) Sh 3 Sh
[ T —_— 4 — - — —
8x< "896) 8y<Tyy8y> * Bz(sz”Sz) @)

=S %’E"'W(x’ 2/, z, t)+WpS)

where Wps is a “pseudosource” function, so termed because
of its analogy to the source function W. Wps is calculated
from the fluid density and from the viscosity, which is esti-
mated from observed temperature, pressure, and dissolved-
solids concentration. Weiss (1982) gives a complete discus-
sion of the pseudosource term and its use in simulating
ground-water movement with variable density where fresh-
water head is used as a variable. Weiss shows that the error
contributed by the pseudosource function is small; that is,
less than 0.03 percent when formations dip less than 5 de-
grees, as do the aquifers of the northern Great Plains. Vis-
cosity, again under the assumption that changes with time
are negligible, can be accounted for by adjustment of trans-
missivity and hydraulic conductivity values on the basis of
measured temperature.

ASSUMPTIONS AND LIMITATIONS
OF THE MODEL ANALYSIS

In using the model to analyze the predevelopment flow
pattern, steady-state conditions were assumed, so that total
inflow to the aquifer equaled total outflow. The term S?ﬁ of

ot

equations 1 and 2 was always set to zero. The method of
data reduction for input to the digital model was based on
the assumption that within the five layers, which represent
the five major aquifers in the northern Great Plains, velocity
components normal to beddings are very small compared
with those parallel to beddings. At the same time, in the
confining beds, velocity components parallel to beddings are
assumed to be very small compared to those normal to bed-
dings. The model also incorporates the assumption that an
impervious layer (corresponding to Precambrian basement
material) underlies the lowermost aquifer layer (AQ1). The
model also assumes that leakage through the confining beds
occurs simultaneously as heads in the aquifer changed and
that no water is released from the storage of the confining
beds.

MODEL CALIBRATION

After a model is developed, the model-simulated results
should be compared with the observed data. The input of the
variables used in the model may be adjusted within a reason-
able, acceptable range to make the simulated results closely

E31

representative of the observed data. This process is called
model calibration. The only data sets available for the study
area for comparison with the model-simulated results are the
potentiometric surfaces constructed on the basis of water-
level measurements and on some general limits as indicated
by the water balance. Although transient hydrologic effects
due to Pleistocene glaciation still may be present, the con-
structed potentiometric surfaces are assumed to be in steady-
state flow conditions.

The model calibration minimizes the differences be-
tween observed and simulated potentiometric surfaces by
adjusting aquifer properties and, where subject to uncertain-
ty, specified boundary conditions. Although the number of
interrelated factors affecting ground-water flow makes this
a subjective procedure, the allowable adjustment of any aqui-
fer property generally is proportional to the uncertainty of
the observed values. In this study, hydraulic head is relative-
ly well known; therefore, the potentiometric surfaces con-
structed on the basis of the observed heads were adjusted
very little. The transmissivity and vertical hydraulic condue-
tivity are relatively unknown; as a result, many adjustments
were made, and for some nodes the range of adjustment
covered several orders of magnitude.

The objective of simulations in this study was to im-
prove the conceptual model of the undisturbed flow system
that existed before large-scale development of ground water
or petroleum in the area (about 1950). The conceptual model
is based on an understanding of the physical properties and
nature of the aquifers and confining beds, the sources of
recharge and discharge, the rates and directions of flow, the
spatial variations of aquifer properties, the distribution of
heads, and the interaction among aquifers. Digital simulation
integrates all these factors. If the conceptual model is sound
and is accurately represented in the simulation, computed
results will be consistent with field data. A difference be-
tween simulated results and field measurements indicates
that some element of the econceptual model needs to be re-
vised. In fact, maps depicting the observed potentiometric
surfaces have been reinterpreted for parts of the study area
on the basis of insight gained from model analysis. Any
adjustment of the model input constitutes a modification of
the conceptual model.

Assigning different values for aquifer properties, heads,
and flux also helps to achieve another objective of calibra-
tion; that is, to determine sensitivity of the variables that
affect the flow. This sensitivity analysis indicates which vari-
ables are critical to the flow system. Evaluating the impor-
tance of each variable will help determine which data need to
be refined and which data are already adequate or require
only minimal definition. Because head data were the basis of
the calibration procedure, accuracy of the calibrated model
was limited by the accuracy of the head data.
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Boundary conditions are used to deseribe the parametric
status of a simulation model and nodes where the hydraulic
conditions are known; several different types of boundary
conditions can be assigned. They are as follows:

1. No-flow boundary.—By specifying a transmissivity
equal to zero at a given node, no flow can occur
across the boundary of that cell.

2. Constant-head boundary.—Where the head in the aqui-
fer is known and does not change with time, the head
in the corresponding node is maintained at a speci-
fied value throughout the simulation.

3. Specified-flux.—A specified rate of withdrawal or
recharge is assigned at any node.

4. Vertical leakage.—Vertical leakage into or out of the
aquifer is represented at any node by specifying the
vertical hydraulic conductivity, thickness of the con-
fining layer, and head in the source layer. The rate of
leakage is computed implicitly by the model.

In the steady-state simulations, specified head nodes
represent both recharge areas to the west and discharge
areas to the east. Vertical leakage into or from the upper
layer (AQ5), which, in many cases, represented the land
surface, was simulated by specifying heads at nodes that
simulated many lakes and rivers in the area. Constant-head
boundary nodes used in the five aquifer layers are shown in
figures 26-30. Vertical leakage into and from each aquifer
layer was simulated by specifying heads in the aquifer layer
above and by assigning vertical hydraulic-conductivity values
and thickness values for the confining layer. The hydraulic
conductivities of the confining layers were subsequently ad-
justed during calibration.

HYDRAULIC HEAD

Head data were used both as model input and as a base
for comparison during calibration. As model input, they were
used to establish heads at constant-head boundary nodes and
in the aquifer layers for vertical leakage. For calibration,
they provided the information for comparing with the com-
puted heads. Because most head data were calculated from
drill-stem tests (DST), the accuracy of the DST recording
devices was important.

Accuracy of bottom-hole pressure recorders used in
DST’s is generally one-quarter to one-half of 1 percent of the
total range of the gages, depending on the type, age, and
service history of the gages (Earlougher, 1977). However,
when comparing drill-stem pressure readings with measured
head in a test well, the data indicate that the accuracy of
drill-stem recording devices is about +2 percent of the full-
scale reading (D. H. Lobmeyer, written commun., 1981). For
a 5,000-b/in? gage, the error in head could range from
about +58 to +200 ft.

The U.S. Geological Survey used gages installed at the
surface, along with subsurface gages for several DST’s on
test wells drilled as part of the study. Calculated heads,
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corrected for density differences, were within 50 ft for the
surface and subsurface pressure readings. Overall accuracy
of the head data shown on the potentiometric surface maps
for the Cambrian-Ordovician and Madison aquifers is esti-
mated to be £ 150 ft. Accuracy of head data for the Penn-
sylvanian aquifer may be less.

CAMBRIAN-ORDOVICIAN, MADISON, AND
PENNSYLVANIAN AQUIFERS

Head data used for the Cambrian-Ordovician and Madi-
son aquifers (figs. 31 and 32) are those developed by Miller
and Strausz (1980a, b) but modified with later data for the
Madison aquifer (K. D. Peter, written commun., 1983) near
the Black Hills of South Dakota. Head data for the Penn-
sylvanian aquifer (fig. 33) is from unpublished data devel-
oped by Miller from DST’s (W. R. Miller, written commun.,
1979).

Potentiometric surface maps developed by Miller and
Strausz show the altitudes of freshwater heads that were
determined from shut-in pressures of DST’s (Miller, 1976, p.
17). Miller used the following equation, modified from Mur-
phy (1965), to convert the observed bottom-hole pressure to
freshwater heads:

h = (FSIP x C)—PRD + LSD, (3)
where
h is altitude of water surface, in feet above sea
level,
FSIP  is final bottom-hole pressure, in pounds per

square inch,
C is a factor to convert FSIP to feet of water,

PRD  is depth to pressure recorder, in feet below
land-surface datum (LSD), and
LSD  island-surface datum, in feet above or below

sea level.

The factor C is 2.307 ft of water per 1 Ib/in2. The factor C
also assumes that pure water at a temperature of 4 °C has a
density of 1.00 g/cm3. The resulting potentiometric maps
indicate the altitude at which water levels would stand in
tightly cased wells open to an aquifer, if the water in the well
had an equivalent density of 1.00 g/cm3. Gradients of
equivalent freshwater head in a variable-density flow system
may not be proportional to the magnitude of flow, nor indi-
cate the direction of flow. However, flow velocity can be
calculated from the equivalent freshwater head, provided flu-
id density is known. In this study, these calculations were
made through use of the pseudosource term, which used
density data derived from maps of dissolved-solids concentra-
tion for each aquifer, as shown in figures 34-39.

LOWER AND UPPER CRETACEOUS AQUIFERS

Head data for Lower and Upper Cretaceous aquifers
(figs. 40 and 41) are from D. H. Lobmeyer (written com-
mun., 1982). Lobmeyer used data primarily from DST’s and
converted the pressure to feet of water similar to that used
by Miller and Strausz (1980a, b) for Paleozoic aquifers; how-
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ever, he pointed out that the equivalent freshwater head | around the edge of the Powder River basin, and in central
maps contain inaccuracies similar to those in the maps of | Montana are accurate to only about 500 ft, or one-half the
Paleozoic aquifers by Miller and Strausz (1980a, b). He fur- | major contour interval for the Lower Cretaceous head map
ther stated that the accuracy of the equivalent freshwater | (fig. 40). The Upper Cretaceous head map (fig. 41) is be-
head as shown in figures 40 and 41 is within one-half the | lieved to be accurate to within one contour interval, except
contour interval in eastern North Dakota and eastern South | where contours are inferred from surface elevations that are
Dakota and within one contour interval for the other areas | taken from 1:1,000,000-scale contour maps. Heads for four
where the contours are widely spaced. Those areas around | of the major aquifers simulated during model calibration are
the Black Hills on the South Dakota-Wyoming border, | shown in figures 42-45.
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FIGURE 27.—Constant-head nodes used in model simulation of the Madison aquifer.
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TRANSMISSIVITY

Transmissivity of an aquifer reflects the rate at which
ground water at the prevailing kinematic viscosity will flow
through a unit width of the aquifer under a unit hydraulic
gradient (Lohman and others, 1972). Very few data are
available to describe the spatial transmissivity in any of the
NGP aquifers. Transmissivity values for an aquifer may be
obtained from aquifer tests, from analyses of data from
DST’s, from analyses of cores taken from test drilling, or

from permeability determined in laboratories; however, all of
these data are point information and represent only a small

part of an aquifer. The transmissivity derived from DST’s
also is questionable (Konikow, 1976).

CAMBRIAN-ORDOVICIAN, MADISON, AND
PENNSYLVANIAN AQUIFERS

Transmissivity values for the Cambrian-Ordovician,
Madison, and Pennsylvanian aquifers (fig. 46-48) were from
many sources. Konikow (1976) obtained the transmissivity
values from a flow-net analysis of the cone of depression
developed in a well field near Midwest, Wyo., that presuma-
bly tapped the Madison aquifer. Flow-net analysis assumes
that a steady-state flow condition exists and that no leakage

is oceurring from or to adjacent aquifers. Konikow’s analysis

indicated that transmissivity was about 0.013 ft2/s; however,

Konikow stated that this value may be accurate only within a

factor of 2 or 3 because of the lack of data about the average
rate of long-term withdrawal and the exact configuration of
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FIGURE 32.—Potentiometric surface of the Madison aquifer. Modified from Miller and Strausz (1980b).

the cone of depression. In addition, Busby, Lee, and Han-
shaw (1983), in their analysis of geochemical data from the
Midwest area, indicated that some leakage occurred from the
overlying Pennsylvanian and Permian formations that was
not considered by Konikow in his calculations, and so trans-
missivity of the Madison aquifer in the Midwest, Wyo., area
may be less than 0.013 ft2/s.

W. R. Miller (1976) states that data from DST’s in
Montana indicate that transmissivity of the Madison aquifer
ranges from about 5x107 to 6x10-2 ft2/s. However, Miller
did not consider water viscosity changes with temperature in
his calculations. The reliability of transmissivity values de-

rived from DST’s also is questionable because of inherent
errors in the recording devices and the short shut-in times of
most DST’s.

On the basis of an analysis of data from step-drawdown
tests performed at selected intervals in the Madison Lime-
stone at Madison test well 3 (fig. 1), Blankennagel, Howells,
and Miller (1981) reported a transmissivity range of from
0.037 to 0.052 ft2/s, with an assumed storage coefficient of
2x10°6. The lower value of transmissivity appears to be asso-
ciated with the upper part of the Madison aquifer at this

location. The range in reported transmissivity values may be
related to the significant variability of secondary porosity
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and to permeability developed by fractures and solution fea-
tures in the limestone and may indicate that point or local
tests of the aquifers do not represent the average transmis-
sivity values on a regional scale.

Konikow (1976) assumed an average value of horizontal
transmissivity, on the basis of his flow-net analyses, for his
simulation of the Madison aquifer. Konikow’s value of trans-
missivity was converted to hydraulic conductivity by dividing
the transmissivity value by the thickness of the Madison
aquifer. This converted value was used in this study to gener-
ate the initial values of transmissivity for the Cambrian-
Ordovician, Madison, and Pennsylvanian aquifers.

The transmissivity values used in the simulation then
were calculated by multiplying the horizontal hydraulic con-
ductivity obtained from Konikow’s analysis by aquifer thick-
ness at each node and by adjusting for the changes in viscosi-
ty of water that occur with temperature (table 1).

Available data show that the temperature of the ground
water in the Cambrian-Ordovician and Madison aquifers var-
ies from about 46 °F in or near outcrop areas to more than
300 °F in some deeper parts of the Williston basin. The
kinematic viscosity of water decreases as its temperature
increases (fig. 49). Thus, higher temperature water can be
transmitted through a given aquifer at a smaller hydraulic
gradient than equal quantities of cooler temperature water.

KINEMATIC VISCOSITY, IN CENTISTOKES

0.0 1 1 L | ] |
0 20 40 60 80 100 120 140

TEMPERATURE, IN DEGREES CELSIUS

FIGURE 49.—Relation between viscosity of water and temperature. Modified
from Konikow (1976).
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TABLE 1.—Adjustments to transmissivity, based on water

temperature in aquifers
[Table modified from Konikow (1976); °F, degrees Fahrenheit; cm2/s, square centimeters per second;
s, second; ft2/s, square feet per second)

Median
kinematic
Temperature viscosity, Adjusted
range in centistokes Viscosity transmissivity
(°F) (102 em?/s) ratio! ft2/s
0-68 --------- 1.31 0.271 0.006
69-104- - ------- .804 441 010
105-140- - - - - - - - - .5656 639 .015
141-176- - - - - - - - - 416 .853 020
Standard reference? - - - - - .355 1.00 .023
177-212- - - - - - - - - .328 1.08 025
213-248--------- .269 1.32 030
249-284--------- .227 1.56 .036

!This multiplication factor equals the ratio of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>