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GEOLOGY OF THE WILLISTON BASIN, NORTH DAKOTA, MONTANA,
AND SOUTH DAKOTA, WITH REFERENCE TO SUBSURFACE DISPOSAL

OF RADIOACTIVE WASTES
By Charles A, Sandberg
ABSTRACT

The southern Williston basin, which underlies about 110,000
square miles in North Dakota, South Dakota, and eastern Montana, is
part of a large structural and sedimentary basin, Its surface is a
flat to gently rolling plain, standing about 1,500 to 3,500 feet
above sea level and locally studded by a few high buttes. The sedi-
mentary sequence that fills the basin has a maximum thickness of about
16,700 feet and rests on Precambrian metamorphic rocks at depths of
500 to 13,900 feet below sea level, It contains rocks of every
geologic system .from Cambrian to Quaternary. Rocks of Middle Cambrian
through Middle Ordovician age are largely shale and sandstone, as
much as 1,200 feet thick; rocks of Late Ordovician throv_h Pennsyl-
vanian age are largely limestone .and .dolomite, as much as 7,500 feet
thick; and rocks of Permian through Tertiary age are predominantly
shale and siltsone, as much as 8,000 feet thick. Pleistocene glacial
drift mantles the northern and .eastern parts of the area,

Rocks of the Williston basin are gently folded and regional
dips are 1° or less from the margins to the basin center, Dips on

-

the flanks of the major anticlinal folds, the Nesson and Cedar Creek



anticlines and the Poplar and Bowdoin domes, generally aré about 1°
to 3° except on the steep west limb of the Cedar Creek anticline.
The basin was .shaped by Laramide orogeny during latest Cretaceous
and .early Tertiary time. Most of the present structural features,
however, were initiated during the Precambrian and reactivated by
several subsequent orogenies, of which the latest was the Laramide,

The most important mineral resource of the area is oil, which
is produced predominantly from the Paleozoic carbonate sequence and
largely on three of the major anticlinal folds, and lignite, which
is present near the surface in Paleocehﬁ%&ocks.

The subsurface disposal of radioacti§e wastes at some places
in the Williston basin appears to be geographically and geologically
feasible. . Many sites, at which large quantities of wastes might
be injected with minimal danger of contamination of fresh-water
aquifers and oil-producing strata, are available,. The strata and
types of reservoirs that deserve primary consideration for waste
disposal are the Winnipeg Formation of Middle Ordovician age as a
deep .salaquifer, the .Permian.to Jurassic salt beds .as moderately
deep units in which solution cavities might be created for storage,
the thick .Upper Cretaceous .shale .beds .as .shallow hydraulically
.fractured shale .reservoirs, and.the Newcastle .Sandstone of Early

Cretaceous age .as a shallow shale-enclosed sandstone reservoir,



INTRODUCTION

This geologic summary of the Williston basin is one of a series
of.repo;ts.on the sedimentary and .structural basins of the United
States, prepared by the Geological Survey for the Division of Reactor
Development, U.S. ktomic Energy Commission., These reports summarize
. the geology of several major basins and make preliminary generalized
evaluations of the possibilities for the subsurface disposal of
radiocactive wastes,

This report evalutes four possible types of .subsurface reservoirs
for radioactive wastes in the Williston basin: (a) permeable sandstone
and .carbonate beds at moderate to great depths in the central part
of the basin but at or near the surface on the margins, (b) salt beds
which are present only at moderate to great depths, (c) thick beds of
shale at shallow depths, and (d) permeable sandstone beds at shallow
depths. . (Shallow.is here used for depths less than 5,000 feet;
moderate, for depths between S}OOO.and 10,000 feet; and great, for

depths .more than 10,000 feet.)

Area of report

The Williston basin, one of .the largest structural .basins in
North America, underlies approximately 200,000 square miles in North
Dakota, northern .and .central South.Dakota, eastern.and north-central
Montana, southern and .central Saskatchewan, .and .southwestern Manitoba.

This report considers . only the southern or United .States part of the



Williston basin, which constitutes more than half of this large area
or about .110,000 square miles, The southern part of the Williston
basin (fig. 1) is hereafter referred to simply as the Williston basin.
The .deepest part of the basin, designated on figure 1.the Central
Williston basin, occupies about one-fifth of the report area and
underlies about .22,000 -square miles of northwestern North Dakota and
northeastern Montana.

The eastern and southern limits of the Williston basin are
outlined by a belt in which the edges of Paleozoic and Mesozoic rocks
onlap the Precambrian basement rocks. For this report, the eastern
limit is arbitrarily placed between the -500-foot and -1,000-foot
structure .contours drawn at the base of Mississippian rocks (fig. 1).
The .southwestern and western limits of the basin are placed at the
northeast flanks of the Black Hills uplift and .an unnamed arch that
connects the Black Hills and Central Montana uplifts; the north flank
of the Central Montana uplift, and.the east flanks of the Little

Rocky and Bearpaw Mountains .(fig., 1).
Geologic setting

Rocks at the .surface in the Williston basin generally are flat
lying .or dip only a few degrees. They comprise predominantly
nonmarine Tertiary rocks and predominantly marine Cretaceous rocks
(fig. 2). North and east of the Missouri River, sﬁown as‘é sinuous

line of county boundaries that passes through Pierre, S. Dak.,
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Bismarck, N. Dak., and thence northwestward (fig. 2), the bedrock is
mantled .at most places by thick glacial drift, The thickness of this
drift averages ZOQ feet but locally may be as much as 500 feet,

Beyond the southwestern and westérn limits of the Williston
basin Jurassic, Triassic, and Paleozoic rocks crop out on the flanks
of the Black Hills, the Big Snowy Mountains of the Central Montana
uplift, and the Little Rocky Mountains (figs. 1 and 2), Tertiary
intrusive rocks are exposed in the Black Hills and the Little Rocky
and .Bearpaw Mountains (figs. 1 and 2). Precambrian metamorphic and
granitic rocks .form the core of the Black Hills,

During the Paleozoic and early Mesozoic, the Williston basin
area was .at times an intracratonic basin or a shelf area that bordered
a miogeosyncline much .farther west., At other times the area was
flooded by seas that followed .a .trough extending eastward from the
miogeosyncline across the area of the Central Montana uplift and the
Central Williston basin.,. For short .intervals the entire Williston
basin .area was .above .sea .level and subjected to subaerial erosion;
infrequently thin continental .deposits were.laid down.

In Cretaceous .time, .the .Williston basin area was part of a huge
epicontinental seaway that extended.southward through Canada and
the western .conterminous United .States. As the sea periodically
transgressed westward and regressed .eastward within this trough, some
continental deposits were laid down largely in the western part of
the area. Most Cretaceous .deposition .in.the eastern part of the area

was marine,
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During and following Laramide orogeny in latest Cretaceous and
Tertiary time, the area of the Williston basin was for the most part
above sea level and received continental deposits of sandstone, shale,
and lignite,

Sedimentation in the Williston basin area has been either conti-
nental or in shallow epicontinental seas, whose depths prob;bly were
never much greater than 300 feet., .Nevertheless, because of intermittent
but continuing downwarping, a considerable thickness of sedimentary
rocks has accumulated., The accumulation is greatest in the Central
Williston basin. There the maximum thickness of sedimentary rocks is
about 16,700 feet beneath the Killdeer Mountains, 20 miles directly

south of the Nesson anticline (fig. 1), in northwestern North Dakota,
Geographic .setting

The Williston basin area occupies the northern part of the Great
Plains. The land surface .is flat to gently rolling, but in places it
is hilly or studded .by solitary buttes. The glaciated .area north and
-east of the Missouri River contains many small saline lakes. Rugged
breaks or badlands occupy narrow belts along many major streams and in
a few.placés, such as along the Little Missouri River in North Dakota, .
wider belts of.badland; are .present. The general land surface is 1,500
to 3,500 feet above sea level. Several isolated buttes in western
South Dakota.and,southeastefn Montana rise to a little more than 4,000
feet, but the elevation of the highest butte in North Dakota is 3,468

feet. Local relief exceeds 500 feet at only a few localities.,
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The report area is drained principally by the eastward- aﬁd
southward-flowing Missouri River, its major tributaries, the Yellow-
stone and Little Missouri Rivers, and its many smaller tributaries.

The Missouri River enters the west edge of the area at an .elevation

of about .2,300 feet, drops 900 feet in approximately 700 miles, and
leaves .the south .edge at an elevation of about 1,400 feet. The streams
in porth-central North Dakota flow northward into Canada.

Almost all parts of the Williston basin, except for the badlands
and some swampy glaciated areas, are traversed by a large network of
improved and unimproved roads. The area is served largely by east-west
routes of the Great Northern, Northern Pacific, and Chicago, Mil-
waukee, St. Paul, and Pacific railroads. Parts of North Dakota and
South Dakota are served also by the Minnesota, St. Paul, and Sault
Ste. Marie and by the Chicago and Northwestern railroads.

The population .of the Williston basin (fig. 1), as compiled from
the 1960 Census .of Population, is about 525,000 persons, of whom about
two-thirds live in North Dakota., This population is predominantly
rural and the average population density is about 4,7 persons per
square mile. The principal cities and their populations are: Bismarck,
capital of North Dakota, 28,000; Minot, N, Dak.,, 31,000; and Pierre,
capital of South Dakota, 10,000, Several major business and railroad
centers with populations of 35,000 to 53,000 lie within a hundred
miles of the outside limits of the Williston basin. These cities are

Billings, Mont,, Fargo and Grand Forks, N. Dak., and Rapid City, S. Dak.
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The climate is semiarid .and subject to severe diurnal and seasonal

temperature changes, Hot dry summers generally have mény days with
temperatures higher than 95°, Long cold winters may have several
periods, .as long as two weeks, of subzero temperatures, and .readings
of =20° to -40° are common, Cool wet springs commonly prevent heavy
trucks from leaving the hard-surfaced roads.

The economy has .long been agricultural and is based largely on
dryland .wheat farming and stock .grazing. However, since 1951, the
Williston basin . has been .subjected to intensive petroleum exploration

and petroleum exploration, .production, and refining have become
1

-

_important .economic factors. In 1960, oiiwproduction in the Williston

basin was almost 40 million barrels from about 30 oilfields in
Montana, about.70 oilfields in North Dakota, and 1 oilfield in South
Dakota .(fig, 3). Significantly, three-quarters of the oil production
came .from oilfields .located .on only three major structural features,

the Cedar Creek and .Nesson .anticlines and .the Poplar dome (fig. 1).
Acknowledgments .and .sources .of data

This report draws .heavily on.the .author's background in the
stratigraphy of the .Williston .basin. His experience .was .acquired
during work since .1954 on.the Geological Survey's Williston basin 0il
and Gas .Investigations project, a .part of the .Interior Department's
program for development of the Missouri River basin. The cross

section, correlation .chart, stratigraphic section, and most maps
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pertaining to lower and middle Paleozoic rocks were compiled largely
from heretofore unpublished data,. However, time did not permit origi-
nal compilation of the entire report; many of the other maps are from
several published and unpublished sources. Some maps were modified
to incorporate more recent data or to conform to the author's personal
interpretations; others were not changed except by adapting their
formats. ‘

The generalized geologic map (fig. 2) is based on state‘geologic
maps of Montana (Ross and .others, 1955), North Dakota (Hansen, 1956),
South Dakota .(Petsch, 1953a), and .Wyoming (Love and others, 1955).
The oil and gas fields .map.(fig. 3) was compiled from maps by Dorothy
Sandberg (1959) and Petroleum Information éorp. (1960), and subse-
quently has.been.updated .from .various reports .published by Petroleum
Information Corp. and .articles and .reports in .the periodicals,
Williston Basin .Oil Review.and Montana.0Oil and .Gas Journal. All other
maps, unless original to.this report, are credited directly below
their titles, Where .only the name and .date of the source are stated,
the map is essentially unmodified.,

Severa® -¢’leagues on the Geological Survey kindly permitted use

- of their unpublished maps. N. M, Denson and J. R. Gill furnished a

structure contour map of the Precambrian.surface between the 102° and

'106° meridians and between the 45° and 49° parallels. E. K. Maughan

furnished a map of Permian formations in the Williston basin.
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Special thanks are expressed to Barlow, Hammond, and Haun,
Geologists, Inc,, who gave permission (written communication, May 21,
1961) to use parts of four unpublished Cretaceous isopach maps.
Without this assistance, an adequate discussion of the Cretaceous

rocks could not have been prepared in the short time available,
STRATIGRAPHY

The sedimentary rocks that fill the Williston basin attain a
maximum thickness of about 16,700 feet and include parts of every
geologic system from Cambrian to Quaternary. This thick sequence
rests on an erosion surface of Precambrian metamorphosed igneous
rocks at elevations ranging from 500 feet to about 13,900 feet below
sea level (fig. 4). The sequence comprises three distinct lithologic
assemblages. Rocks of Middle Cambrian through Middle Ordovician
age are about 1,200 feet thick in the Central Williston basin and
consist of clastic rocks,.largelf shale and sandstone, containing
interbeds of limestone and limestone-pebble conglomerate. Rocks of
Late Ordovician through Pennsylvanian age comprise a carbonate sequence
about 7,500 feet thick there. They consist largely of limestone and
dolomite but include one thick salt bed, seven thinner salt beds,
and .several thin beds of shale. Rocks of Permian through Tertiary
age are about 8,000 feet thick in the .Central Williston basin and
consist predominantly of shale, containing interbeds and lenses of

sandstone and siltstone in the lower and upper parts, and near the base,

s g - 4 s




Fim e N B ] e AT

r T T T T e
SMIN OS [ « |

201§ NMOMHINMOG @ ﬂ

TIATT v3IS NVYIN St NNLva
‘STIVANILNI 1004-00S LV NMVHJ SUNOINOD IVUNLINYLS

‘dow paysyqndun ‘19 YT PUD UOSUIQ W'N WOl P31 J1POl)
39V4HAS NVINEBWYIINd
40 YW HNOINOD 3¥NIONYLIS —p 3I¥NOIY

3018 NMOYHIAN ‘N 11NYS = = —

(6661 "33|1n4 pud 13p10d ‘€G6I1 ‘yd8i3d ‘LG6( ‘uIsuoH ‘N

T

"

- — e -

- o - e’

lm023.=m !

!
L




20

three salt beds. North of the Missouri River, this shale sequence
is thinner but it is mantled by Pleistocene glacial drift which has
an average thickness of 200 feet. A stratigraphic section (fig. 5),
showing only major lithologies, gives the nomenclature, age, and
thickness of sedimentary rocks in the .Central Williston basin,

The sedimentary formations are not considered individually
in this report but have been grouped into 17 éonvenient subdivisions
for discussion. The names of these .stratigraphic subdivisions,
their thickness in the Central Williston basin, and .the figure
numbers of corresponding isopach maps are shown on figure 5,

Many of the formations present in the Central Williston basin
extend throughout .the entire basin. Some, however, are absent
locally or are very thin .and .others are not,differentiafedvin other
parts of the basin, Conversely, some sandstones of Cretaceous age
underlie adjacent parts of the basin but grade into shale outside the
Central Williston basin., Consequently, formation names and their
usage Hiffer slightly in various parfs of the basin, The correlation
of pre-Tertiary formations between north-central Montana, eastern
Montana, North Dakota, and .South Dakota is shown by a chart (fig. 6),
whereon unconformities are indicated by wavy lines and absent parts
of the stratigraphic columns are shown by vertical shading,

The .correlations .and age assignments of formations in this report
reflect recent work by the author and petroleum geologists and paleon-

tologists familiar with the Williston basin., Several subsurface units
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that -have no outcropping equivalents in the United States are
designated in this report by informal names (fig, 6). Although
these subsurface units are in widespread usage by the .petroleum
industry, their names, .as well as .some new age assignments, do not
conform with nomenclature currently accepted by the Geological

Survey.for areas .of outcrop adjacent to the Williston basin,
Precambrian rocks

Preliminary consideration of the Precambrian rocks of the
Williston basin is important to a discussion of the stratigraphy of

the overlying sedimentary rocks. The thickness and distribution of

Bl

many formations of Paleozoic and Mesozoic age were .controlled in

part by the intermittent movement of structural features ancestral
to those formed during Laramide orogeny, which produced the present
structure of the Williston basin, Some of these ancestral features
were already in existence at the close of the Precambrian,

The Precambrian of the Williston basin is composed largely of

. metamorphosed .igneous rocks. Many Precambrian cores .and rotary

drilling samples appear .to be .gneissic granite .or related .types of
medium- to coarse-grained intrusive rocks; the.remainder are
amphibolite .and other types .of metamorphosed mafic to intermediate
igneous rocks .(Tullis, 1952), Unfortunately, the distribution of
rock .types is not .well known .because .of a‘lack.of.well data, Except

along the eastern and southeastern margins, where the elevation of

T
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the Precambrian surface is higher than 4,000 feet below sea level
(fig. 4), fewer than 15 wells have penetrated Precambrian rocks in
the Williston basin, . Of these wells, 4 are located on the Nesson
anticline, .1 on the Sanish anticline, and 3 on the Cedar Creek
anticline (fig. i); the remainder .are widely scattered.

The Precambrian erosional surface .in some parts of the basin is
underlain by a .granite wash, as much as .50 feet thick, whose .presence
is revealed by cores. Consequently, many wells that rep?;tedly
bottomed in .granite on the basis of cuttings may not.hav? penetrated
unweathered .Precambrian rocks.

The only metasedimentary rocks known .in the Williston basin are
assigned to the Sioux .Quartzite. They are present west of Pierre,

S. Dak,,.in the small area shown.as a dome on.figure 4, This area
appears .to be a monadnock or butte of quartzite that overlies and
rises sharply above the surrounding granitic terrain. The monadnock
of quartzite is overlain by the upper beds .of the Minnelusa Formation
of Pennsylvanian .and Permian .age, whereas Precambrian granitic rocks
nearby are overlain by Ordovician, Devonian, and Mississippian rocks
as well as the lower beds of the Minnelusa Formation, . This suggests
that the monadnock .was .an.island .during much of Paleozoic time. This
monadnock .lies near the northwest end of an.extension of the Sioux
uplift, which probably was a plateau.of flat-lying quartzite on the
Precambrian surface,. Future .drilling along the southeastern margin
of the Williston.basin may disclose .similar monadnocks projecting

into the Paleozoic .rocks.
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Flanking the southwestern margin of the Williston basin, other
Precambrian metasedimentary rockst assignable to .the Belt Series
underlie most .of the Central Montana uplift (fig. 1). Part of this

area may have formed a low.plateau on the Precambrian surface.
Deadwood .Formation and .related rocks

The Deadwood .Formation .of the .northern Black Hills is about 450
feet thick and is .largely of Late Cambrian .age, but the upper few feet
is of earliest Ordovician age., Correlation .of the .Deadwood Formation
northward .into .the Williston basin .reveals several hundred feet of
additional‘beds,iniboth,theAupper and .lower parts there. The age of

the Deadwood .in .the subsurface .of North Dakota, South Dakota, and

-eastern Montana ranges from Middle .Cambrian.well into Early Ordovician,

Rocks .related to .and .continuous .with .the Deadwood Formation at
the west side of the Williston basin .in north-central Montana have a
slightly different .1ithologic character, Knechtel (1956) proposed
that rocks .previously.assigned .to .the Deadwood .Formation in the Little
Rocky Mountains .(fig. 1) be divided .into .two.formations, but these
rocks .are not named .nor .readily differentiated in the subsurface
(fig, 6) . For convenience .in .this .discussion, .the related rocks in
north-central Montana will .be .considered simply as Deadwood .Formation,

The Deadwood .Formation rests unconformably on an.irregular
erosion .surface of Precambrian .metamorphic rocks.gnd is unconformably

overlain by the Winnipeg Formation.of Middle Ordovician age except in
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north-central Montana where the Winnipeg is absent. There the
Deadwood.is unconformably overlain by the Red River Formation of Late
Ordovician age.

The Deadwood .Formation .is as much as 1,300 feet thick (fig. 7)
on the west side of the Williston basin in north-central Montana, but
it thins progressively eastward to the eastern margin, where it forms
only a veneer, The Deadwood .is not present in eastern North Dakota
or southeast of Pierre in South Dakota.

Despite its general eastward thinning, the Deadwood Formation
appears to be slightly thicker, on the basis of sparse well control,
in a trough (fig. 7) extending from the Central Montana uplift fhrough
the .deepest part of the .Williston basin, This greater thickness
resulted.in part .from accelerated .accumulation along an axis of
subsidence and .in part from pre-Winnipeg erosion .of areas on the
north and .south.. The trough is . interrupted .by a large area of
anpnalous thinning, possibly caused .by retarded .subsidence of what
may wellﬂzéve been the ancestral Porcupine dome (figs. 1 and 7).

The Deadwood thins .abruptly .from about 1,000 feet to .less than 70

feet in thickness in a small area (fig. 7) near the end of the trough,
Thinning in this area is interpreted as the result of deposition over
a higﬂ monadnock .of Precambrian rocks. .This monadnock .probably was
structurally controlled by a‘positiv; element that.is here interpreted
as the ancestral Nesson.anticline, . Carlson (1960) discussed this area

in detail and .made.a similar interpretation, Other anomalously thin
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areas that reflect buried topography of the Precambrian surface may
be revealed by future drilling.

The lithology of the Deadwood Formation cannot be described in
detail, because .the .formation has .been penetrated by only a few wells
outside .of eastern North Dakota, However, the basal bed appears to be
a widespread grayish-red conglomeratic quartzitic sandstone, 30 to
200 feet thick, that grades downward locally to granite wash. This
bed .probably is continuous with the.lithologically similar Flathead
Quartzite .of Middle Cambrian age, the basal Cambrian formation of the
mountains .west of the Williston basin. The lithology of the rest of
the .Deadwood .Formation consists of .interbedded .greenish-gray and gray
shale, .gray limestone and limestone-pebble conglomerate, and light-gray,
grayish-red, and brownish-red sandstone and siltstone,

East-west .facies changes .characterize the .Deadwood .Formation,

In general, beds .of limestone are thicker and constitute a greater
proportion of the formation at .the west .side of the basin., Many beds
of limestone probably thin .eastward, however, and .lens .out between
beds of shale.. The beds of .limestone in eastern Montana are con-
centrated .in the upper part of .the .formation. Much of the shale
grades .into .or interfingers with siltstone and .sandstone eastward in
North .Dakota and .South Dakota, but beds of limestone .commonly are

present .near .the top of the formation. Sandstone .appears to consti-

‘tute .most .of the formation.along the eastern .and southern margins of

the basin, The facies of the .Deadwood .Formation probably parallel
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those of correlative Middle Cambrian to Lower Ordovician rocks, which
are illustrated in a diagrammatic east-west cross section of southern
Montana and northern Wyoming by Hansen (1957).

During Cambrian and Early Ordovician time, the Williston basin
area was not a sedimentary basin but part of a broad shelf that border-
ed the Cordilleran miogeosyncline in western Montana and Idaho, The
continuity of the Flathead Quartzite of Middle Cambrian age and the
lower conglomeratic beds of Late Cambrian age in the Deadwood Formation
suggests that they are the initial deposits of a sea that transgressed V
eastward from the miogeosyncline across this shelf éuring Middle to
Late Cambrian time. The lithology of these beds suggests reworking of
a granitic regolith on the irregular Precambrian surface. Facies in
the remainder of the Deadwood Formation suggest a changing depositional
pattern and passage of time as the shoreline moved eastward. Sandstone
was deposited near the shorline, siltstone and shale farther from
shore, and limestone at .some distance .from shore. The abundance of
sandstone in eastern North Dakota .and South Dakota is attributed to
erosion of a landmass composed of the Sioux Quartzite., The age of
the top beds of the Deadwood and correlative formations ranges from
Late Cambrian in western Montana .to Early Ordovician in the central

part of the report area.
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Winnipeg Formation

The Winnipég Formation of Middle Ordovician age is correlated
throughout .the Williston basin from outcrops in southwestern Manitoba,
In the subsurface, it .generally comprises three units that have dis-
similar distribution and are not everywhere present: a basal sandstone,
a medial shale, and an.upper dolomitic sandstone, These units were
named as members of .the Winnipeg in North Dakota by Carlson (1958) and
were described in detail by Carlson (1960). The formal names are not
used -here, however, because the members cannot be everywhere differ-
entiated, Moreover, the basal sandstone of the subsurface can be only
tenuously correlated (Fuller, 1961, p. 1339) with the outcropping
sandstone, from which its name is derived.

In the Williston basin, the Winnipeg Formation generally overlies
the Deadwood Formation unconformabiy. However, in areas along the
eastern margin, where the Deadwood .is absent, the Winnipeg rests
unconformably on Precambrian metamorphic rocks. Along the southwestern
margin of the Williston basin, a .bed of sandstone that underlies the
Winnipeg Formation .is here tentati&ely identified as the thin northern
wedge .of the Harding Sandstone of Middle Ordovician .age (fig. 6). The
Winnipeg is conformably overlain by the Red River Formation of Late
Ordovician age or by correlative beds in .the Whitewood .Dolomite (fig. 6).
In places the contact between .the Winnipeg and .Red River is gradational.
Transitional .beds .that are considered .part of the Winnipeg by Carlson
(1958 and 1960) and .the author are .included at the base of the Red

River Formation .by Fuller (1961),
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The Winnipeg Formation underlies all but the extreme western
part of the Williston basin in north-central Montana (fig. 8).
However, it is absent and probably was not deposited over the
monadnock of Sioux Quartzite west of Pierre, S, Dak. The Winnipeg
attains a maximum thickness of about 350 feet in northwestern North
Dakota between the deepest part of the Williston basin and the
south end of the Nesson anticline. From this area, it thins uni-
formly toward its western limit which trends northward through the
central part of Montana. Sparse well control, however, prevents the
location of isopachs (fig. 8) close to this limit. Thinning in a
southeastward direction is interrupted by an arcuate trough that
extends westward across southern North Dakota and southwestward
across South Dakota (fig. 8).

A small area of slight thinning that may have resulted both
frém retarded subsidence and differential compaction marks the
ancestral Nesson anticline (fig. 8) in northwestern North Dakota,
The Precambrian monadhock there had been covered only by the uppermost
beds of the Deadwood Formation prior to deposition of the Winnipeg.
A broader area of thinning in western South Dakota and southeastern
Montana (fig. 8) accentuates the west side of the trough that lies
on the east near the Black Hills, The east side of this area of
thinning markslthe southwestern limit of the lower sandstone, which
trends northward just inside South Dakota and nofthwestward in

southeastern Montana. Retarded subsidence, which probably controlled
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that limif, is the first indication of vertical movement in tﬁe area
of the ancestral Cedar Creek anticline,

The lithology of the lower unit of the Winnipeg Formation is
light-gray to white, very fine to medium-grained, quartzose sandstone,
The sandstone .is well rounded, friable, well sorted, and clean in
eastern North Dakota, but rounded .to subangular, firmly cemented,

poorly sorted, and silty or argillaceous near its center of maximum

. accumulation (Carlson, 1960). The middle unit generally consists of

greenish-gray waxy noncalcareous shale., In southeastern Montana,
South .Dakota, and southern North Dakota, the upper unit commonly
consists of light-gray dolomitic sandstone and siltstone that locally
grade to sandy dolomite, However, according to Carlson (1960), the
sandstone and .siltstone grade northward in North Dakota to greenish-
gray, in part silty, calcareous shale and the area of coarser clastics
coincides with the area of maximum accumulation of the upper unit in
the south-central part of the state, Fuller (1961) considered the
shale facies of the upper member as part of the overlying Red River
Formation,

The lower sandstone of the Winnipeg Formation is a discrete unit
that rarely intertongues with the .overlying green shale in the area
east of a line connecting the Camp Crook and .Cedar Creek anticlines
and .extending northwestward past .the west side of the Poplar dome
(fig. 1). Its thickness is generally only 10 to 50 feet, except

within the 220-foot .isopach .of the Winnipeg Formation (fig., 8) in
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northwestern North Dakota and northeastern Montana. There its
thickness increases abruptly to 100 feet or more and reaches a
maximum of about 165 feet just east of the Nesson anticline,

The medial shale is a mappable unit in North Dakota, South
Dakota, .and eastern Montana. In North Dakota, it exceeds 100 feet
in thickness in all but the southwestern and northwestern corners
of the state. Its maximum thickness.is about 170 feet in the area
where .the formation is thickest south of the Nesson anticline,

The upper unit has a different distribution from that of the
lower .two units of the Winnipeg Formation, It is thicker in the
southern .part of the Williston basin and the arcuate trough in
southern North Dakota and western South Dakota is the axis of its
thickest .accumulation, The upper unit attains a maximum thickness
of about 80 feet west of Bismarck, N, Dak., where the thickness of
the formation exceeds 240 feet (fig. 8). From there it thins
northward .and it is absent in the northwest .corner of North Dakota
and .in northeastern Montana.

Between the .105°30' and 106° meridians in Montana, the Winnipeg
Formation undergoes .an .abrupt facies change and the medial shale
disappears .westward .apparently by interfingering with sandstone.
Because .the .upper unit .is absent in northern Montana, the medial sha
appears to interfinger westward with .the lower sandstone there.

However, because .the lower unit is absent west of the Cedar Creek

“anticline, the medial shale appears to .interfinger with the upper
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sandstone in southern Montana. Thus, the medial shale is a facies of

both the upper and lower sandstones. Consequently, the exclusion from

the Winnipeg by Fuller (1961) of beds above the green shale is untenable

in eastern Montana, West of the 106° meridian in Montana, the Winnipeg
Formation is a sandstonc containing thin lenses of shale and none of
the units present in North Dakota is recognizable.

Middle Ordovician strata furnish the first evidence for the
existence of a sedimentary Williston basin (Sandberg and Hammond, 1958,
p» 2329). The initial basin in northwestern North Dakota and
northeastern Montana first centered around an area just south of the
Nesson anticline (fig. 8). Later, during deposition of the upper
sandstone the .center of accumulation shifted southeastward to the area
west of Bismarck, N. Dak. The Winnipeg Formation, in contrast to the
underlying Deadwood Formation, was not connected with deposits in the
Cordilleran geosyncline on the west. The'Winnipeg was deposited in a
shallow epicontinental sea that,extehded much farther east and south
than the limits of the Williston basin, as demonstrated by Fuller

(1961).
Red River and Stony Mountain Formations

The Red River Formation and the conformably overlying Stony
Mountain Formation are of Late Ordovician age. They are correlated
throughout the Williston basin from outcrops along its east edge in

southwestern Manitoba., Many workers would prefer to assign a Middle

[ - PO B e — - © b rereem—



34

Ordovician age to all or part of the Red River, but, according_to Ross
(1957), .there is insufficient paleontologic evidence at .present for
such .an .assigmment. Stratigraphic.considerations favoring a Middle .
Ordovician age are summarized by Fuller (1961, p. 1354-1358).

The .Red River Formation .conformably overlies the Winnipeg Forma-
tion. . However, it unconformably overlies rocks related to.the Deadwood
Formation .in north-central Montana where the Winnipeg is absent,
Throughout .most .of .the Williston .basin, the .Stony Mountain is con-
formably .overlain by the Stonewall Formation .of Late .Ordovician age,
but .where the Stonewall .is .eroded, one of several younger formations
rests .on .the.Stony Mountain or Red River. The Souris River Formation

of Late .Devonian .age rests .unconformably on a narrow belt of the Stony

Mountain .in .north-central Montana and .on progressively older beds of

‘the .Red .River farther west. . The .Duperow Formation of Late .Devonian '

age rests.unconformably on the Stony Mountain or Red River in most of
South .Dakota, but the Sburis River, which .locally underlies the
Duperow, .rests on the Stony Mountain in part of north-central South
Dakota.. The Englewood Limestone .of Early Mississippian age truncates
the Duperow Formation and .unconformably overlies the Red River near
the Black Hills,

The Red .River Formation .underlies the entire Williston basin
except for .the area of the .small monadnock .west .of Pierre, S. Dak.,
but .the overlying Stony Mountain .Formation is less widespread (fig. 9).

The combined thickness of .the Red River and .Stony Mountain is
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remarkably uniform except .along the western and southern margins

of the basin. Thicknesses .range from about 550 feet west of the‘
Cedar .Creek .anticline .and .from 675 feet in north-central South Dakota
to about .850 feet in .east-central North Dakota.. A thickness greater
than .870 feet is .known .in only one well, The .formations are only
about .15 .feet thinner in .an elongate drea .in north-central Montana
than .in .adjacent areas.

The .Stony Mountain and .Red .River were protected from pre-Devonian
erosion by .the overlying Stonewall .Formation, whose limit is parallel
to and.just .inside.the.limit of the .Stony Mountain, Beyond the limit
of the Stonewall, the Stony.Mountain.w;;,truncated.in a belt about 25
miles wide, Beyond.the .limit of the Stony Mountain, the Red River was
thinned .greatly, as indicated by the close spacing of isopachs in
central Montana .and northern South Dakota (fig. 9). It was completely
removed .by .pre-Devonian erosion on the Central Montana uplift and
southeast .of Pierre, S, Dak. Slight .thinning of the Red River and
StonyﬁMOuntain,in.the area,of,the,anbestral Nesson .anticline suggests
that subsidence .was.slightly retarded.

The Red .River Formation ranges .from 410 to about .700 feet in
thickness .in .the .Central Williston basin, but it thins to about 300
feet where .it .is .uneroded .in .north-~central Montana. It consists
largely of gray and brownish-gray.slightly argillaceous .fossiliferous
limestone .in .the .Central Williston basin but grades to very light
gray, white, and mottled .yellowish-gray and .light-gray largely

unfossiliferous dolomite on.the margins. The basal beds are generally
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sandy or silty. The upper part of the Red River contains interbeds
of anhydrite, and, .according.to Fuller (1961), it .represents three
complete .evaporitic cycles.

The .Stony Mountain Formation ranges .only from 140 to about 200
feet .in .thickness .in .the Central Williston .basin, but .it thins to 90
feet .in eastern Montana .where it is .abruptly .truncated westward., It
generally comprises .three units in.the .Central Williston basin. The
lower unit is .gray .to brownish-gray highly argillaceous .limestone
grading .to .calcareous shale, . .The .contact .between .this unit and the
much purer carbonate of .the underlying Red River generally .provides
one .of .the most easily recognized horizons, on .mechanical and
lithologic well logs, in .the .Williston basin. The medial unit is
yellowish-gray and brownish-gray dolomitic .limestone .containing
bedded,anhydrite at .the .top.. The .upper unit, which is much thinner
than .either of the lower units, is gray shaly and sandy limestone
interbedded .with .calcareous sﬁaigﬁ“

The .middle .unit of the .Stony .Mountain Formation grades westward
to .dolomite .that .is .lithologically .similar to dolomite in the
uhderlying Red River in easterni;;ﬁtana. The .upper and lower units
thin .abruptly westward .in.the .same area.. In north-central Montana,
the .lower unit .of the Stony Mountain.is .absent .and .the .Red River and
Stony Mountain.Formations .are difficult to differentiate. Along the
southwestern margin oﬁ,the.Williston.basin,.the,iower unit is

represented by a thin bed .of dolomite that .is .lithologically similar

v s g g e o, S e e e S [ ———



38

to underlying and .overlying beds and is distinguishable .from them only
by its,higher‘radioactivity as shown by gamma-ray logs.

. The Red River and Stony Mountain Formations merge southwest of
the .report .area to form the .Bighorn Dolomite of Late .Ordovician age,
which.is .described .in detail by Richards .and .Nieschmidt (1961).
However, the Bighorn Dolomite . in .the .Little .Rocky Mountains .and the
Whitewood .Dolomite of .Late Ordovician age in the Black Hills repre-
sent only the .lower beds .of the Red River (fig, 6).

During Late Ordovician time the .Williston basin was an inﬁré-
cratonic basin .that apparently had .no direct .western connection with
a Cordilleran geosyncline, . The Williston basin was covered by the
shallow waters .of a huge epicontinental sea .that encompassed most
of the interior United States .and probably extended into northern
Canada. Deposition.in .the .slightly deeper waters of a basin is
suggested .for the dark-gray argillaceous limestone facies of the

Red .River and .Stony Mountain .in .North Dakota, whereas .deposition on a

- shelf is suggested for their .light-gray dolomite facies in Montana and

South .Dakota,. The thickest .accumulation .of these .formations is in
eastacentral North Dakota.(fig. 9). Thus, during Late Ordovician

time .the basin center migrated.about .60 .miles northwest of its position
during the deposition of .the .upper member of the Winnipeg, whereas the
sea .transgressed much farther westward across .the shelf area in

Montana,
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Stonewall and Interlake Formations

The Interlake Formation was defined from outcrops.in southwestern
Manitoba as a group consisting of the thin Stonewall Formation at the
base .and .four overlying informal "members," designated by letters,

It was .anticipated that the upper unnamed .part of the group might
later be divided .into formations corresponding to the informal
"members," but .subsurface studies have not produced any mappable
subdivisions, . .Therefore, in current informal subsurface usage, which
is .followed herein, the Stonewall Formation.is retained but,assigned
a.Late.Ordovician,age,.and‘the.Interlake>Formati%? of Silurian age is
restricted to the previously unnamed beds.. Ross . (1957) included the
Stonewall in the Stony Mountain Formation because it seemed to be
"assignable to .the Upper Ordovician'; he .proposed Bighorn Group to
include the Red .River and the .redefined Stony Mountain Formation in the
Williston basin., However, this classification is not used herein
because .the Stonewall .and Interlake cannot be everywhere differentiated,
whereas .the Stonewall and .Stony Mountain are separated by a sharp
contact. The distribution of the Stonewall .closely parallels that of
the lithologically similar and .conformably overlying Interlake and,'
unlike .the underlying .Stony Mountain .and .Red River Formations, the
Stonewall is not .equivalent to.any part of the .outcropping Bighorn

Dolomite,
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The Stonewall Formation conformably overlies .the Stony Mountain
Formation. . The .Interlake Formation .generally is unconformably overlain

by the Elk Point .Group of Middle Devonian age and beyond .the limit of

.the Elk .Point Group by the .Dawson .Bay Formation .of Middle Devonian

age. . Around .the .margins of the basin, .the Interlake, .or the Stonewall
in areasdwhere,the.Interlake.is.absenf, is unconformably overlain by
either the Souris River or Duperow Formation. Locally on domes of the
ancestral Cedar .Creek .anticline, .the .Interlake .is unconformably
overlain .by the Madison Group .of Mississippian age.

The Stonewall and Interlake are largely confined to the Williston
basin, but they extend .a .short .distance .into the northern Powder
River Basin .(fig, 10),. They attain.a maximum combined .thickness of
about 1,200 .feet at .the south .end of the Nesson anticline in né§§§§
western North Dakota, whence .they thin radially toward their limits.

Slight thinning of the Stonewall and Interlake Formations on the
ancestral Nesson anticline.(fig. 10) was caused by further retarded
subsidence.. The .irregular configuration of isopachs in east-central
Montana .(fig. 10) resulted .from .earliest MiSsissippian.folding,
faulting, and .erosion of .the .ancestral .Cedar Creek .anticline, A
greater thickness .of .the .formations was preserved from erosion.on the
downthrown west .side of .a .high-angle reverse fault that offset the
steep west .1limb of the .ancestral .anticline,. The five areas of thin-
ning east of the fault resulted .in .part.from earliest Mississippian

erosion .of domes, from which .the overlying Devonian rocks were
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stripped, .along the .crest of the ancestral anticline. Small areas
of thinning in east-central and north-central Montana are .channels
cut .into .the Interlake during Early Devonian time.

The Stonewall Formation ranges .in .thickness from .50 to 100 feet

.~ where it was protected from .erosion by the overlying Interlake Forma~

tion, The lithology of the Stonewall .is predominantly dolomite that
is brownish gray to light .brownish gray in the .Central Williston
basin and .yellowish.gray to white in surrounding areas.. .The basal 10
to .20 feet .is commonly sandy and .about 5 to 10 feet near the middle
is locally shaly.

The Interlake Formation .ranges from 300 to About 1,100 feet in
thickness .in .the Central Williston basin where it consists of
interbedded brownish-gray, yellowish-gray, and light-gray to white
dolomite .and .dolomite breccia.. Many of the dolomite beds are
anhydritic and thin.beds .of anhydrite may be found .locally in any
part of the .formation.. On the margins of the basin the Interlake is
predominantly very light gray to white dolomite., The formation is
characterized by many minor facies changes and few if any beds are
widespread. . Near the Nesson.anticline, however, a locally persistent
bed .of grayish-red .shaly dolomite grading to shale.is present about
500 feet .above the base,

During latest .Ordovician .and .Silurian time, the Williston basin
was .a deeply subsiding intracratonic basin surrouhded by a wide,

stable shelf.. The size.and shape of the basin.was suggested by the
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close spacing and .regularity of isopachs within the 400-foot.isopacb%§
(fig. 10). The shelf area, indicated by the widely spaced.isopachs,;
lay outside .the .400-foot isopach. In the basin the Stonewall and
Interlake Formations contain both light- and dark-colored dolomite
but oﬁ;the.shelf.the.dolomite.is predominantly very light colored,
The absence .of facies indicative .of shoreliﬁe deposition at or
near the .present limits.and stratigraphic evidence .for one to three
episodes of intense .erosion during the .Devonian suggest that the
Interlake .was .originally thicker and .extended much .farther east,
south, .and west. As sedimentation .was . continuous from Ordovician to
Silurian time in the Williston basin, it is suggested .that the
dimensions .of the Silurian.sea .may have approached those of the
Orodvician .sea. The .thickest .accumulation of the Stonewall and
- Interlake Formations (fig. 10) is about 60 miles northwest of the
thickest .accumulation of the Red River and Stony Mountain Formations
(fig. 9) . .Thus, .the depositional center of the Williston basin
migrated .a total distance of 120 miles northwestward during nearlf
continuous .deposition .from.late Middle Ordovician .through the close

of Silurian time,
Devonian rocks

Rocks .of Devonian .age underlie .the entire Williston basin except
for the.area of the.small monadnock .west .of Pierre, S. Dak., where

they were not deposited, .and .several .small areas along the crest of
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the ancestral Cedar Creek anticline (fig. 11). They attain a maximum
thickness .of .about 2,000 feet along the international boundary in
northwestern .North Dakota, whence .they thin southward toward their
erosional .1imit in South Dakota and southeastern Montana, An area

of thinning, caused by retarded subsidence marks the ancestral Nesson
anticline, which is indicated by the indentation .of .the 1,600-foot
isopach .(fig, 11). This ancestral .feature trended northwestward
during the .Devonian, whereas an earlier ancestral anticline in this
area had .trended northward during the early Paleozoic (figs. 7-10).
The ancestral Nesson .anticline and several other ancestral structural
features, whose intermittent uplift influenced the .pattern of
sedimentation, are prominent .on.isopach maps of Devonian formations
(Sandberg, 1961a).

Lower, Middle, .and Upper Devonian rocks are present in the
Williston basin,. Each series generally overlies an unconformity, but
in the Central Williston basin deposition was continuous between the
Middle .and .Upper Devonian., Discontinuous deposits at the .base of the
Devonian System were tentatively‘referred to the Beartooth Butte
Formation of Early Devonian age by Sandberg (1961). The Middle
Devonian series .is .divided .into the Winnipegosis and Prairie Formatioms
of the Elk Point Group .and the .overlying Dawson Bay Formation. The
Prairie is divided .into a.lower member and an upper, salt member.

The Upper Devonian Series .is .divided, in ascending order, into the

Souris River Formation, the Jefferson Group, consisting of the Duperow
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and Birdbear Formations, .and .the Three Forks Formation., The deriva-
tion of this.nomenclature and the .detailed stratigraphy of the
formations .are discussed .by .Sandberg and Hammond (1958).

The Beartooth .Butte(?) Formation, generally less than 50 feet
thick, consists of grayish-red dolomitic siltstone .or shale and
dolomite breccia or conglomerate. It fills channels or sinkholes in
;ny pre-Devonian rocks directly underlying Middle or Upper Devonian
rocks.

The Elk Point Group .attains .a maximum thickness of about 700 feet
east .of the Nesson.anticline, and extends only a short distance outside
the Central Williston basin,. Its basin facies .is separated from the
surrounding shelf facies approximately by a line parallel to and a few
miles outside the .limit of the .salt member of the Prairie Formation
(fig. 11).

The Winnipegosis Formation .of the Elk Point Group ranges from 0
to 300 feet in thickness. In the Central Williston basin, the lower
three-fifths.of.the,formatioh.is.grayish-red and .dark-gray dolomitic
siltstone and highly argillaceous .limestone and the .upper two-fifths
is brownish-gray and .dark-gray fossil-fragmental limestone. . The shelf
facies of the Winnipegosis.is predominantly light-gray dolomite
underlain .by a thin bed .of .grayish-red silty dolomite.

The Prairie Formation of the Elk Point Group underlies the
deepest part of the Williston basin.and ranges in thickness from 0 to

about 525 feet, .It.is divided .into.a lower member that is mostly
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anhydrite and dolomite locally interbedded with shale and halite and

a salt member that .is predominantly halite containing some sylvite

and .a .few thin beds and .stringers .of shale, A more complete discussion
of the stratigraphy of the Prairie Formation was presented by Sandberg
in TEI-725 (Pierce and Rich, 1958).

The salt member, which.is more restricted but much thicker than
the .l1ower member, ranges from 0 to .about 400 feet in thickness (fig.
12) , The depth of the top of the .salt member ranges from 6,000 to
12,100 .feet below the .surface,. The .salt member has been partly or
completely dissolved .in some areas, such as northeastern Montana
(fig. 12), and indirect .evidence.suggests that solution is presently
taking place.in other areas,

The Dawson .Bay Formation ranges in thickness from 0 to 185 feet
and .is more widespread than .the Elk Point Group. The limit of the
Dawson .Bay .is parallel to and .about .100 miles outside the limit of
the .salt member of the Prairie Formation (fig. 11). The Dawson Bay
is .divided .into an.argillaceous member overlain by a carbonate member,
which constitutes most of .the.formation in the Central Williston
basin.. The argillaceous member consists .of grayish-red silty dolomite.
The basin facies .of the.carbonate member is brownish-gray dolomitic
limestone, whereas .the shelf facies is light-gray dolomite,

The Souris River Formation ranges in thickness from 0 to 340 feet
and .is .more widespread .than.the Middle .Devonian fbrmations. It was

cyclically deposited .during minor fluctuations of a transgressive sea.
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The Souris River consists .of gray, greenish-gray, and brownish-gray
| ;%é thinly interbedded shaly dolomite, argillaceous limestone, shale,
siltstone, and .anhydrite.

The .Jefferson Group reaches a maximum thickness of 725 feet in
north-central Montana, but.it does not exceed .570 feet in thickness in

the Central Williston basin, From the international boundary it thins

o progressively southward in the report area.

.The .Duperow .Formation of the Jefferson Group ranges .in thickness -

from .0 to 600 feet and is.the most .widespread Devonian formation. Its

b b i e
)
o
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limit generally coincides .with the .limit of the Devonian System

? - (fig. 11). It was .cyclically deposited during major fluctuations of

' a trangressive sea.. The Duperow.consists of gray, brownish-gray, and

yellowish-gray limestone, dolomitic limestone, dolomite, and anhydrite

§ interbedded with .thinner beds .of greenish-gray shale and siltstone,
The Birdbear Formation of the Jefferson Group ranges from 0 to

125 feet in thickness, but it.is almost everywhere 75 to .115 feet

thick. It was deposited during the .later part of a single major

sedimentary cycle. The .Birdbear consists uniformly of light-gray to
medium brownish-gray dolomite and limestone. The upfer quarter is
-1, . . anhydritic dolomite or anhydrite,

The Three Forks Formatiég ranges .in thickness from 0 to 240 feet
and .is thickest .in the;Cent¥al Williston basin, east and south .of the
- . Nesson.anticline.  It was .deposited .in a slightf; regressive sea, The

Three Forks generally consists .of greenish-gray, grayish-orange, and

o e S o e ey o - e e~ [ P
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~ grayish-red dolomitic siltstone and shale, but its color is predomi-

nantly grayish .red along the eastern margin of .the basin,

Middle Devonian rocks .rest unconformably on the Interlake Forma-

.tion in :the .Central Williston basin. . The Souris River or the more

extensive .Duperow .Formation .unconformably overlies the Interlake,

.Stonewall, Stony Mountain, or .Red .River Formations on the margins.

Upper Devonian rocks .are disconformably overlain by the Bakken Forma-
tion of Late Devonian(?) and Early Mississippian age., Beyond the
limit of .the Bakken, .Upper Devonian rocks are overlain unconformably

by .the Englewood .or Lodgepole Limestone .of Early Mississippian age

.along the .southern .and .eastern margins of the basin, In northeastern

North .Dakota, Jurassic rocks .locally truncate .the Lodgepole Limestone
and .rest unconformably on Upper or Middle Devonian rocks.

During Early Devonian .time most of the Williston basin area was
a landmass, and .the .pre-Devonian formations, which were at the
surface, were deeply weathered .and .eroded.

During Middle .Devonian time a .sea.transgressed .southeastward from
northern Alberta .and .occupied .an.intracratonic basin in northwestern
Noxth Dakota .and northeastern Montana. This basin was centered
near the international .boundary east of the Nesson anticline, about
60 miles northeast of the .depositional center of the Stonewall and
Interlake .Formations (fig. 10). Slight regional uplift accompanied
by accelerated subsidence of the .basin contracted the depositional
area and resulted in precipitation of .the .evaporites of the Prairie

Formation, Near the end of Middle Devonian time rapid expansion of

4
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the seas caused a strong influx of red mud, which*éapped the Prairie
and prevented its dissolution when normal salinity was re-established.

At the beginning of Late Devonian time when the Souris River
Formation was deposited, the sea spread southward aﬁd westward from
the restricted Middle Devonian basin across shelf areas in South
Dakota and Montana. The Williston basin gradually lost its identity
as a depositional center and during deposition of the Jefferson Group,
the entire report area was part of a huge shelf across which the sea
transgressed southward.

A restriction of the seas that began during deposition of the
upper part of the Birdbear Formation continued intermittently into
latest Devonian time when the Three Forks was deposited. In the
Central Williston basin deposition was essentially continuous between
th§ Three Forks and the overlying Bakken Formation, but along the
western margin it was abruptly terminated by regional uplift.

Intense uplift followed by erosion of ancestral structural
features that previously had been subjected only to slight movement
or to retarded subsidence is evidenced by several areas of thinning,
shown on the isopach map (fig. 11). Devonian rocks in north-central
Montana thin southward as a result of earliest Mississippian erosion
toward the ancestral Central Montana uplift, wh;re>they were completely
removed. In an area 120 miles long and 10 miles wide in east-ceﬁtral .
Montana, Devonian rocks were thinned from an original thickness of as
much as 650 feet to less than 200 feet by earliest Mississippian ero-
sion of the ancestral Cedar Creek anticline. They were completely

removed from several domes along the crest. Am inferred high-angle
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reverse fault (figs. 4, 7-11), about 1 to 3 miles west of the crest
of the ancestral Cedar Creek anticline, resulted from compressive

forces and offset the steep west limb .(Sandberg, 196l1a).
Bakken Formation

A thin sequence of shale and .dolomite that.fies between the Three
Forks Formation and the Madison Group was named the Bakken Formation
in the area of the Nesson anticline., The Bakken Formation is of Late
Devonian(?) and Early Mississippian age and is disconformable with
underlying and overlying strata,

The Bakken Formation underlies the northern part of the Williston
basin and .reaches.a maximum thickness of about 140 feet on the central
part of the Nesson .anticline (fig. 13). It is thicker than 60 feet in
a basin that trends northwestward .in northwestern North Dakota and
westward for a short distance into northeastern Montana, Elsewhere,
its thickness is generally less than 40 feet, However, anomalous
isopachs adjacent to the re-entrant in its eastern limit (fig. 13)
suggest that a pre-Madison erosional valley cut across a secondary
center of accumulation there.

Although it may be partly latest Devonian, the Bakken was con-
sidered to be the basal formation of the Mississippian System in the
northern Williston basin for the purpose of structure contouring.

The base of the Bakken is as much as 9,000 feet below sea level in
the Central Williston basin and about 2,000 to 2,500 feet below sea

level on the margins (fig. 14).
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The Bakken Formation consists of two radioactive black noncal=-
careous shales separated by light-gray dolomitic siltstone and sand-
stone or silty dolomite. The lower black shale is thicker but less
extensive than the upper. In east-central and north-central Montana
and west-central North Dakota, first the lower black shale and then
the medial siltstone thins southward and disappears by onlap. The
upper black shale is truncated by pre-Madison erosion at the limit of
the formation,

Penecontemporaneously with the deposition of the Bakken Formation
in the northern part of the Williston basin, the lithogenetically
related Englewood Limestone was deposited in the southern part of the
Williston basin and in the area of the Black Hills (fig. 6). Although
the Englewood has been considered to be of Early Mississippian age,
recent paleontologic evidence (G. Klapper and W. M. Furnish, written
communication, Sept. 10, 1961) and regional correlation by the author
indicate that it is in part of Late Devonian age.

In latest Devonian(?) and earliest Mississippian time, the mar-
gins of the Williston .basin were partly above sea level. The Bakken
Formation was deposited .in a restricted basin while the ancestral
Central Montana uplift, Cedar Creek anticline, and other structural
features were being intermittently uplifted and eroded. During
episodes of lessened .or no uplift, the Bakken Formation was deposited
as far south as the northern part of the ancestral Cedar Creek anti-
cline. During the same episodes the Englewood Limestone was deposited

as far north as the southern part of the anticline. Although the two
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depositional basins may have been joined locally and briefly,
renewed uplift tilted the most extensive beds of each formation and
resulted in erosion which truncated them in the vicinity of the

ancestral Cedar Creek anticline. Evidence of this tectonic activity

is seen at a few localities in the northern Black Hills, where an

angular unconformity separates the Englewood Limestone from the

overlying Pahasapa Limestone of Early Mississippian age.

Madison Group

The Madison Group is correlated throughout the Williston basin
from outcrops in southwestern Montana, where it was originally named
the Madison Limestone, In the Williston basin, the Madison Group is
divided, in ascending order, into the Lodgepole and Mission Canyon
Limestones of Early Mississippian age and the Charles Formation of
Late Mississippian (Meramec) age, These formations are successively

conformable and difficult to differentiate in some areas where the

Mission Canyon is in part a facies of the Lodgepole or of the Charles,

The Madison Group disconformably overlies the Bakken Formation in

the northern part of the Williston basin. In South Dakota, the Madison

or its outcropping equivalent, the Pahasapa Limestone, disconformably

or unconformably overlies the Englewood Limestone, Elsewhere, the
Madison generally overlies one of four Upper Devonian formations
(Sandberg, 1961a)., On several domes of the ancestral Cedar Creek

anticline, where Devonian rocks are absent, the Madison Group
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unconformably overlies the Interlake Formation. The Madison Grqu<‘
generally is conformably overlain by the Big Snowy Group qf‘Lége
Mississippian (Chester) age. Beyond the limits of the'éig Snowy Group,
the Madison is unconformably overlain by the Minnelusa Formation of
Pennsylvanian and Permian age in central North Dakota and in South
Dakota and by Jurassic rocks in north-central and northeastern Montana
and in eastern North Dakota,

The Madison Group underlies the entire Williston basin and is
absent only from the summit of the small monadnock west of Pierre,
S. Dak., where it probably was not deposited (fig. 15). fIts thickness
is greater than 1,600 feet in a trough that extends about N, 70° E.
from the Central Montana uplift toward the deepest part of the
Williston basin and culminates in a broad, roughly circular basin in
northeastern Montana .and northwestern North Dakota. An area of deep
pre-Jurassic erosion in north-central Montana, where the Madison thins
from 1,600 to about 800 feet, accentuates the north side of the trough.
The limit of the salt beds (fig. 15), which are mostly in the Charles
Formation, approximately outlines the Madison depositional basin,
The center of maximum accumulation of the Madison Group is on the
southern part of the Nesson anticline, where it attains a thickness
of about 2,350 feet.

Thinning of the Madison Group along the ancestral Cedar Creek
anticline (fig. 15) resulted from retarded subsidence there during

deposition of the Lodgepole Limestone., An area of slight thinning on
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the ancestral Nesson anticline resulted from retarted subsidence

during deposition of the Lodgepole and Mission Canyon Limestones., Two

areas of thinning, indicated by indented isopachs, near the Poplar

dome suggest slightly positive areas. There the Madison is thinner

because salt beds in the Charles Formation are thin or absent owing to

solution or nondeposition. Elsewhere.the Madison thins uniformly from

its depositional center toward its eastern and southern limits largely

by pre-Pennyslvanian and pre-Jurassic erosion of the upper beds.
The Lodgepole Limestone generally exceeds 525 feet in thickness

in the Central Williston basin and its maximum thickness there is

about 850 feet. It consists of thin-bedded gray argillaceous limestone

that is in part .crinoidal, cherty, or shaly. The basin facies is
dark-colored organic limestone and shale, whereas the shelf facies

is light-colored fragmental limestone (Nordquist, 1953). Many minor
facies changes characterize the Lodgepole. It may locally contain
mounds of algal .and crinoidal debris in the subsurface, as evidenced
by outcropping bioherms, several hundred feet thick, at its base on
the Central Montana uplift. An argillaceous facies, here informally
termed the Englewood facies, is sporadically present at or near the
base of the formation in north-central South Dakota and south-central
and eastern North Dakota. The Englewood facies is as much as 90 feet
thick, but it grades abruptly into less argillaceous limestone of the
Lodgepole (fig. 6). The facies consists of interﬁedded dark-gray

highly argillaceous limestone and calcareous shale or siltstone where
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it overlies the Bakken Formation in North Dakota, but elsewhere it
consists of shale that is grayish red or greenish gray speckled with
grayish red. Previous correlation of this facies on the southern and
eastern margins of the basin with the Englewood Limestone of the Black
Hills (Sandberg and Hammond, 1958, p. 2328) is now uncertain because
the Englewood Limestone appears to be of the same age as the Bakken
Formation, which underlies the facies in some areas.

The Mission Canyon Limestone generally is thinner than the
Lodgepole and its thickness ranges from 350 to 775 feet in the Central
Williston basin. Although the shelf facies is differentiated by its
coarser and more fragmental texture and massive bedding from the shelf
facies of the Lodgepole, the basin facies of the Mission Canyon is
similar to that of the Lodgepole. The Mission Canyon, like the
overlying Charles, is characterized by many facies changes. Bioherms
in the Mission Canyon were recognized by Lewis (1959), who discussed
the detailed stratigraphy of their core and flank facies. Thin beds
of anhydrite locally are present in the Mission Canyon. In north-central
North Dakota, the lowest of seven salt beds in the Madison Group is
termed the "X" salt bed by Anderson and Hansen (1957) and appears to
lie within the Mission Canyon (fig. 5). This thin salt bed is about
3,600 feet below the surface and is present in the area shown by the
protuberance of the eastern limit of the salt beds (fig. 15).

The contact between the Mission Canyon and Lédgepole is grada-
fional, and there is little agreement as to where the contact should

/
be placed regionally. However, in a single well the contact is
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arbitrarily placed at the horizon where mechanical logs indicate a

slight change from more argillaceous and thinner bedded limestone

below to less argillaceous and thicker bedded limestone above.

The contact between the Mission Canyon and Charles is commonly

rg - placed at the base of the lowest thick bed of salt or anhydrite in

! the Charles Formation. Because the evaporite beds in the Charles are
not coextensive, however, the contact ranges vertically through
several hundred feet of beds so that the upper half of the Mission
Canyon is a facies of the Charles (fig. 6).

The Charles Formation ranges in thickness from 525 to 725 feet in
the Central Williston basin., It is less widely distributﬁg than the
other formations of the Madison Group and is absent from north-central
Montana, eastern North Dakota, and central South Dakota because of

pre-Pennyslvanian and pre-Jurassic erosion. The Charles consists of

- ....__‘..m..w..._w.._...ﬁ.‘., — e b
. .

cyclically interbedded limestone, dolomite, anhydrite or salt (halite),
and shale. The carbonate rocks generally are less fragmental than
those of the Mission Canyon. The detailed stratigraphy of the Charles

and the complex informal terminology of its oil-producing zones are

discussed by Fish and Kinard (1959). The base of the Charles in
east-central Montana is a bed of dark-gray shale, informally termed
the Richey Shale. Elsewhere, howéver, the correlative horizon of this
bed lies well above the base,

Although anhydrite is the more common evaporite of the Charles
Formation on the margins, salt (halite) is Predominant in the Central

Williston basin. There six beds of salt, designated by the letters
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"A" to "F" in descending order by Anderson and Hansen (1957), consti=-

tute about 30 to 45 percent of the Charles Formation. The thickness

of these salt beds aggregates 100 feet or more in an area of about

18,000 square miles and attains a maximum of 350 feet (fig. 16). The

i salt beds in .the Charles lie between 1,500 and 2,500 feet above the

base of Mississippian rocks (fig. 14) or about 6,000 to 9,000 feet

i below the surface., The thickest salt bed, "A", has a maximum thickness

' of 150 feet, whereas the most extensive salt beds, "D" and "F'", have

é maximum thicknesses of 60 and 90 feet, respectively (Anderson and
Hansen, 1957).

i . The framework of the Williston basin area changed greatly as a

‘ result of earliest Mississippian orogeny. During deposition of the

1’ ) Madison Group, the Central Williston basiﬁ was again the center of an

intracratonic basin, but for the first time since the Early Ordovician

the basin was directly connected with the Cordilleran geosyncline on

| the west. The trough that extends through the Central Montana uplift

(fig. 15) probably was the axis of subsidence that permitted the
eastward transgression of seas across a shelf area, but the connection
between the intracratonic basin and geosyncline was much wider. Some
of the more active areas of earliest Mississippian orogeny, such as
the ancestral Cedar Creek anticline, subsided more slowly than adja-
cent areas during the early part of Madison deposition, Later,

= . during deposition of the Charles Formation, renewed intermittent

activity along an extended Cedar Creek trend (fig. 15) may have
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temporarily barred or at least reduced the flow of water into the
basin. This periodically produced a highly restricted marine environ-

ment in which halite was .precipitated.
Big Snowy Group

The Big Snowy Group is .correlated throughout the western part of
the Williston basin from the adjacent Big Snowy Mountains of the
Central Montana uplift. In the subsurface, the group consists, in
ascending order, of the Kibbey Sandstone and the Otter and Heath
Formations, These formations are successively conformable and are of
Late Mississippian (Chester) age. The upper limit of the outcropping

" Big Snowy Group was revised by Gardner (1959) to include two new
formations of Mississippian or Pennsylvanian age and one of Pennsyl=-
vanian age. This revised terminology is untenable in the subsurface,
however, and is not employed here. The proposed formations as well as
the upper part of Gardner's Heath Formation are not related to the
Big Snowy Group but can be correlated with the lower (Pennsylvanian)
part of the Minnelusa Formation, which truncates the Big Snowy Group.
This correlation, illustrated by Foster (1960), is supported by faunal
evidence (Willis, 1959) for the Early Pennsylvanian age of the upper
part of Gardner's Heath Formation, which is approximately equivalent
to the Tyler Formation of informal subsurface usage (fig. 6).

The Kibbey Sandstone of the Big Snowy Group conformably overlies
the Charles Formation of the Madison Group. The Heath Formation is

unconformably overlain by the Tyler Formation., Where the lleath is
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absent, the Otter Formation or Kibbey Sandstone is unconfarmably

overlain by the Tyler or by the Minnelusa Formation, where the Tyler

is not present (fig. 6)., Beyond the limit of the Minnelusa Formation
in northeastern Montana and .northwestern North Dakota, the .Otter and

Kibbey are unconformably overlain by Jurassic .rocks.,

The distribution of the Big Snowy Group is.similar to that of
the Charles Formation, but the Big Snowy was more restricted by
pre-Pennsylvanian and pre-Jurassic erosion owing to its higher strati-
graphic position. The Big Snowy Group underlies a roughly circular
area that encompasses northeastern and east-central Montana, all of
western North Dakota except for the north-central part, and northwestern
South Dakota and a 100-mile wide belt that extends westward from this
circular area through central Montana. The thickness of the Big
Snowy exceeds .600 feet in a trough extending N. 70° E. from the Central
Montana uplift across the north end of the Cedar Creek anticline into
the southern part of the Central Williston basin (fig. 1). The group
has a maximum thickness of about 725 feet at the western limit of the
basin adjacent to the Central Montana uplift. Its thickness does not
exceed 610 feet in the Central Williston basin.

The Kibbey Sandstone, which is the most widespread formation, has
the same distribution as the Big Snowy Group. The Kibbey has a

maximum thickness of about 275 feet in the Central Williston basin.

It consists of grayish-red siltstone, sandstone, and shale interbedded

with limestone, dolomite, and anhydrite. The formation is divided
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into three units on the basis of a medial unit, which is informally
called the Kibbey Limestone. The Kibbey Limestone .generally .comsists

of limestone or dolomite, although it may consist of sandstone or

anhydrite in some areas, according to Nordquist (1953). Despite these
lithologic changes, the Kibbey Limestone is .readily recognized on
mechanical .well logs and consequently is one of the best marker beds
in the upper part of the Paleozoic sequence,

The Otter Formation underlies central and east-central Montana
and west-central North Dakota and has a maximum thickness of about
i 225 feet im the report area. It consists predominantly of greenish-gray

but also of gray, purple, and black shale with interbeds of gray and
i ’ yellowish-gray earthy argillaceous limestone and .dolomite. The upper
‘ ' ) : part of the formation is darker in color and the cantact between the
Otter and Heath Formations commonly is gradational.

The Heath Formation underlies central and east-central Montana
and extends a short distance into west-central North Dakota. It is
only about 100 feet thick in the Central Williston basin but is 300
feet thick adjacent to the Central Montana uplift. The Heath consists
":% of interbedded dark-gray to black marine petroliferous shale and

sy : limestone.

The framework of the Williston basin during Big .Snowy deposition
resembled that during Madison deposition. A shallow intracratonic
basin .in east-central Montana and west-central North Dakota was con-

nected by a trough to the Cordilleran geosyncline on the west. The
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connection .probably was narrower than at most times during Madison
deposition, as suggested by the predominance of clastic over carbonate
sediments,

The Kibbey Sandstone was deposited in a restricted marine
environment that was .transitional between the highly restricted
environment of the underlying Charles and the normal marine environ-
ment of the overlying Otter. This suggests that the .sea .gained access
to the basin from the trough during Kibbey deposition. The sea in
which the .Otter Formation was deposited became slightly restricted
probably because of narrowing of the trough, as evidenced by the
upward gradation from greenish-gray to dark-gray shale. Further
narrowing of the trough resulted in a greater influx .of muddy sedi-
ments during deposition of the Heath Formation. Although slightly
restricted, the sea nevertheless teemed with organisms, which upon
death were incorporated in the sediment and imparted the dark color
to the Heath. Regional uplift ended Big Snowy deposition and was
followed by slight folding of the group and by erosion of the upper

beds.
Minnelusa Formation and related rocks

The Minnelusa Formation of Pennsylvanian .and Permian age is
correlated into the Williston .basin from the adjacent Black Hills
(fig. 1). It is divided in the subsurface into a lower member and an

upper member (fig. 17), which appear to be unconformable and to
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correspond approximately to .the Pennsylvanian.and Permian parts,
respectively. In eastern and central Montana .and western North

Dakota, two .other Pennsylvanian units, the Tyler Formation .of informal
subsurface usage and the overlying Amsden Formation, are differentiated
and .correlated with .the lower part of the lower member of the Minnelusa
Formation (fig. 6).

The Minnelusa Forﬁation4and.related rocks successively truncate
and unconformably .overlie all formations of the Big . Snowy .and Madison
Groups. However, the Minnelusa unconformably overlies the Sioux
Quartzite of Precambrian age on the monadnock west .of Pierre, S. Dak.,
where the older Paleozoic rocks .are absent. The Minnelusa .generally
is overlain unconformably by the Opeche Formation of Permian age
(fig. 17), but beyond the limits of the 0peéhe, the Minnelusa Forma-
tion and related rocks are ugconformably.overiain by the Spearfish
Formation of Permian and Triassic age or by Jurassic rocks.

The Minnelusa Formation and related rocks underlie the Central
Williston basin, central and southeastern Montana, and almost .all of
the Williston basin in South Dakota. Their northern and eastern limits
follow a line parallel to .and about 20 .to 45 miles north or east of the
Missouri River. Their northwestern limit coincides approximately with
the -5,000-foot structure contour, drawn at the base of Mississippian
rocks, between the west side of the Poplar dome .and the Blood Creek
syncline (fig. 1). Their southern and western iimits.lie.far outside

the report area. The Minnelusa Formation and related rocks exceed 500
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feet in thickness in west-central and northwestern South Dakota and

southwestern North Dakota. They attain a maximum thickness of 760

' feet at the south edge of the report area (fig. 17, col. 4).

The lower member (Pennsylvanian) of the Minnelusa Formation has
a maximum .thickness of about .500 feet in the southern part of the
Williston basin, where it commonly can be divided into four unifs.
The basal unit, according to McCauley (1956), consists of grayish-red
to white sandstone interbedded with grayish-red silty shale; it is
generally 10 to 20 feet thick but locally attains a.thickness of
about 100 feet. The overlying unit has a maximum thickness of about
150 feet and consists of light-gray argillaceous limestone with thin
interbeds of red and green shale (McCauley, 1956). It is overlain by
an argillaceous unit, about 100 to 150 feet thick, consisting of
greenish-gray and grayish-red shale with thin interbeds .of dolomite.
The .uppermost unit .is largely dolomite and has a maximum thickness of
about 250 feet. It consists of light-gray or pink dolomite interbedded
with anhydrite, sandy and silty dolomite, sandstone, and black shale,

The Tyler Formation, as revised for informal subsurface usage by
Mundt (1956), has an average thickness of 100 feet but locally may be
as much as 300 feet thick. It is divided into two parts, which are
separated by a limestone tongue in central Montana. .The lower part
consists predominantly of black carbonaceous shale interbedded with
thin seams of coal and locally .thick lenses of saﬁdstone. Although

included in the outcropping Heath Formation by Gardner (1959), the




ORI VRS S

O U

70

Tyler contains in the subsurface brackish-water ostracodes .that are
considered to.be of Early Pennsylvanian age (Willis, 1959). The upper
part of the Tyler grades upward from black to grayish-red shale by
interfingering of beds (Mundt, 1956). The upper part of the Tyler is
equivalent to the lower member of the Amsden Formation of Nieschmidt
(1953), which was renamed the Cameron Creek Formation by Gardner
(1959). The Tyler Formation occupies the same .stratigraphic .position
as the .lower three units of the lower member of the Minnelusa Forma-
tion and tentative .correlations have been suggested by McCauley
(1956) and Foster (1960).

The Amsden Formation, as employed in the western part of the
Williston basin, has an average thickness of 100 to 200 feet. It
consists of light-gray to pink limestone overlain by light-gray to
pink partly cherty dolomite containing thin interbeds of sandy
dolomite, sandstone, and greenish-gray and grayish-red shale. It °
is equivalent to the middle and upper members of the Amsden Forma-
tion of Nieschmidt (1953), which were renamed the Alaska Bench
Limestone and the Devils Pocket Formation, respectively, by Gardner
(1959). The Amsden Formation is here correlated with the uppermost,
dolomite unit of the lower member of the Minnelusa Formation.,

The upper member (Permian) of the Minnelusa Formation has a
maximum thickness of about 280 feet. It is largely confined to
South Dakota and North Dakota by pre-Opeche erosion, but it extends

a short distance into southeastern Montana (fig. 17, col. 1). At

m*..;.._“‘.;*..‘.u*A. i b T
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the base of the upper member in many areas is a grayish-red shale,
about 30 feet thick. Where present, this bed serves as a marker for
dividing the Minnelusa. The remainder of the upper member was
correlated with the Broom Creek "Group" of the Hartville Formation
by McCauley (1956), who described it as consisting of light-gray
to pink anhydritic dolomite with interbeds of anhydrite and white
to red sandstone in South Dakota and light~gray to pink sandstone
with interbeds of sandy dolomite in North Dakota.

During the Pennsylvanian, the Williston basin area was part of
a large, shallow intracratonic basin., Sediments were deposited in
an environment that fluctuated between normal and restricted marine,
The center of accumulation probably was near the southwest corner of
South Dakota, where Gries and Tullis (1955) reported nearly 1,300
feet of Pennsylvanian rocks. The sea that covered the Williston
basin area probably was part of a large epicontinental sea that
occupied much of the interior United States. During the early phase
of deposition, marginal marine and near-shore marine conditions pre-
vailed in central and east-central Montana and west-central North
Dakota, where the lithology of the lower part of the Tyler Formation
suggests reworking of the uplifted Heath and Otter Formations. Later,
the Kibbey Sandstone was eroded and reworked in a near-normal marine
environment, as suggested by the lithologies of the upper part of
the Tyler and the lower part of the Minnelusa Formation. The many

beds of sandstone in the Minnelusa suggest that the area of Sioux
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Quartzite in southeastern South Dakota may have been a landmass.,
After a brief cessation of deposition followed by a minor episade of
erosion, the upper member of the Minnelusa Formation was depogited
during early Permian time in the slightly restricted environment

of a smaller basin.
Opeche Formation and Minnekahta Limestone

The Opeche Formation and the conformably overlying Minnekahta
Limestone, both of Permian age, are correlated throughout the central
part'of the Williston basin from outcrops in the adjacent Black Hills.
The Opeche Formation unconformably overlies the Minnelusa Formation.
The Minnekahta Limestone generally is conformably overlain by the
Spearfish Formation of Permian and Triassic age. Beyond the limits
of the Spearfish, the Minnekahta and Opeche are unconformably
overlain and successively truncated by the  Saude Formation (Jurassic)
of informal subsurface usage or in central South Dakota (fig. 17) by
the Sundance Formation of Jurassic age.

The Opeche Formation and Minnekahta Limestone underlie the
Central Williston basin, adjacent parts of southeastern Montana and
southwestern North Dakota, and all of western South Dakota (fig. 18).
They rgach a maximum combined thickness of about 475 feet south of
the Missouri River in west-central North Dakota, whence they thin

abruptly to the northwest, north, and northeast Qying to pre-Jurassic
*

erosion. They thin gradually toward the south and southwest. A fault
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or monocline along the west.flank of the ancestral Cedar Creek anti-
cline (fig. 18) has been inferred by E. K. Maughn (oral communication,
May 1961) on the basis of abrupt depositional thinning of the Qpeche
east of thié feature., The west side of this feature apparently was
uplifted or upthrown because the formations are further éhinned by
pre-Jurassic erosion on the west., |

The Opeche Formation ranges in thickness from 0 to about 425

feet and commonly is divided into two units. The lower unit, 0 to

375 feet thick, is reddish-orange and pink silty shale and siltstone

with interbeds of dolomite and anhydrite. A thick bed of salt (halite)

is present within this unit in the Central Williston basin and in a
smaller area in northwestern South Dakota (fig. 18). This salt bed,
termed the Permian "A" salt by Anderson and Hansen (1957), has é
maximum thickness of about 180 feet and lies about 5,700 to 7,700
feet below the surface (Pierce and Rich, 1958)., A second bed of salt,
about 30 feet thick, is locally present beneath the "A" salt in
west-central North Dakota. This salt occurs at or near the base of
the Opeche Formation and Qas termed the Permian "B'" salt by Anderson
and Hansen (1957). The upper unit, 0 to 50 feet thick, consists of
grayish-red and reddish-orange shale, McCauley (1956) ascribed a
continental origin to the lower unit, which he tentatively correlated
with the Cassa "Group" of the Hartville Formation; he ascribed a
marine origin to the upper unit, to which he restricted the name
Opeche Formation. In accordance with widespread subsurface usage,

however, both units are here included in the Opeche Formation.
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The Minnekahta Limestone ranges in thickness from 0 to 50 feet,
but it is uniformly 30 to 50 feet thick';ﬁére uneroded. It consists
of purple, pink, or white dolomitic limestone and anhydrite.

During deposition of the lower part of the Opeche Formatjon,
much of the Williston basin area was a landmaif. A shallow, highly
restricted marine basin in west-central North Dakota probably was
connected by a narrow trough that éxteﬁded southwestward, as suggested
by the 300-foot isopach (fig., 18), toward the main seaway in Wyoming.
Intermittent activity of the inferred fault or monocline (fig. 18)
probably reduced the flow of normal marine water into the basin and
resulted in the precipitation of salt there. Little or no salt is
found in the Opeche on the west side of this feature. During the
deposition of the upper par<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>