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FORAMINIFERA AND STRATIGRAPHY OF THE UPPER PART OF THE PIERRE SHALE AND
LOWER PART OF THE FOX HILLS SANDSTONE (CRETACEOUS), NORTH-CENTRAL
SOUTH DAKOTA

By James F. MELLO

ABSTRACT

Twenty-two stratigraphic sections along and near the Grand
and Moreau Rivers in north-central South Dakota depict the
stratigraphy of the Virgin Creek, Mobridge, and Elk Butte
Members of the upper part of the Pierre Shale and the lower
74 feet of the Fox Hills Sandstone, The Virgin Creek Member,
about 60 feet thick, is noncalcareous fissile shale in all but the
upper 10 to 15 feet; in the lower 20 feet are numerous thin
bentonite beds. The Mobridge Member, between about 200 and
225 feet thick, is typically calcareous shale with numerous con-
cretion horizons and a few bentonite beds. The Elk Butte
Member, 103 feet thick along the Moreau River and 192 feet
thick along the Grand River, is noncalcareous shale with very
few bentonite beds; it becomes very silty in the upper 15 to
30 feet. The lower part of the Fox Hills Sandstone is com-
pacted but nonindurated sandy, clayey silt and silty, clayey
sand, which in most places lacks bedding. Correlation of in-
dividual sections was made by means of bentonite beds and
concretion horizons wherever possible. Two relatively thick
bentonite beds in the Mobridge Member were used as datum
planes. The contacts between the calcareous shale of the Mo-
bridge Member and the noncaleareous shales of the Virgin
Creek Member below and the Elk Butte Member above are gra-
dational and are not uniform in stratigraphic position in sec-
tions correlated on the basis of bentonites.

One hundred and one species, subspecies, or varieties of
Foraminifera from 57 genera and 20 families, including seven
new species and 12 taxa which could not be identified to species,
are described. Three stratigraphically separate foraminiferal
biofacies are recognized :

1. The lower arenaceous biofacies in the lower 55 feet of the
Virgin Creek Member. Arenaceous (agglutinated), porcel-
laneous, and siliceous Foraminifera are dominant in num-
ber of taxa.

2. The calcareous biofacies in the upper 5 feet of the Virgin
Creek Member, throughout the Mobridge Member, and in the
lower 55 feet or less of the Elk Butte Member. Calcareous
perforate Foraminifera are dominant in both number of
taxa and number of specimens.

3. The upper arenaceous biofacies in the upper part of the Elk
Butte Member and the lower 74 feet of the Fox Hills Sand-
stone, Arenaceous (agglutinated) Foraminifera are domi-
nant in both number of taxa and number of specimens.

The calcareous biofacies gradually changes upward into the

upper arenaceous biofacies, but its boundary with the under-

lying lower arenaceous biofacies is more abrupt, the change
taking place through a short stratigraphic interval.

Comparison of the 62 species and subspecies that occur in
both the upper part of the Pierre Shale and in the Cretaceous
deposits of the Gulf Coastal Plain indicates a probable ear'y
Navarro age. Other comparisons also indicate an earliest
Maestrichtian or latest Campanian age for the upper part of
the Pierre Shale.

Paleoecological interpretations based on familial compositions
of the faunas, foraminiferal number, planktonic-benthonic ratios,
and lithologic data indicate that the upper part of the Pierre
Shale and the lower part of the Fox Hills sandstone were de-
posited in waters less than about 200 feet deep. Deepest water
conditions prevailed during deposition of the lower part of the
calcareous biofacies. The water, however, became increasingly
shallow during deposition of the calcareous and upper arepra-
ceous biofacies. Shallowest conditions prevailed during depo~i-
tion of the upper part of the upper arenaceous biofacies. Faunal
comparison at the family level indicates similarities betwe°n
the upper and lower arenaceous biofacies which may reflect
similar environmental conditions,

INTRODUCTION

Cretaceous rocks exposed in the Great Plains provin-e
of the conterminous United States are admirably suited
to broad areal stratigraphic study. The gently dipping
strata crop out over wide areas, and light rainfall pre-
vents thick plant cover. Many good, relatively fresh,
measurable sections occur where streams have cut into
the strata.

In north-central South Dakota, the essentially flet-
lying beds of the Fox Hills Sandstone and the Pierre
Shale are exposed over hundreds of square miles and
in many places are dissected by streams. Few authcvs
have mentioned the commonly abundant Foraminifera
from the upper part of the Pierre Shale, and none has
placed these fossils in a detailed stratigraphic frame-
work or attempted to determine what paleoecologic
information could be inferred from them. There are
no papers that deal with the faunas of the lower pert
of the Fox Hills.

The first objective of the present study was to measure
and examine a number of exposures to work out the
stratigraphic succession in the upper part of the Pierre
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2 FORAMINIFERA, STRATIGRAPHY, PIERRE

Shale. Seventy-four sections were measured during this
study; locations of the 23 most significant sections are
shown in figure 1. The second objective was the sys-
tematic sampling of many of the measured sections for
Foraminifera. The purpose here was to obtain micro-
faunas from known stratigraphic positions for identifi-
cation and description and for study of ranges, abund-
ances, associations, and paleoecologic implications.

Four of the 23 sections extend upward into the lower
part of the Fox Hills Sandstone. Foraminifera from
these sections were noted, but no detailed stratigraphic
study of the Fox Hills wasmade.

The present investigation covers much of Corson and
Dewey Counties and a very small part of Ziebach
County. Within this area, suitable outcrops are confined
to the valleys of the Moreau and Grand Rivers, east-
flowing major tributaries of the Missouri River, to the
valleys of their main tributaries, and to some recently
opened railroad cuts in the vicinity of Wakpala in
Corson County.

SHALE, FOX HILLS SANDSTONE, S. DAK.
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FIELD METHODS

Good exposures were found by reference to topo-
graphic maps and aerial photographs and by field re-
connaissance. The main factors determining choice of
slopes to be measured were vertical thickness of the
exposure, degree of freshness of the surface, and posi-
tion with respect to other measured sections. It was
usually possible to find sections that had sufficient over-
lap with nearby sections to make correlation possible.
Because altitude increases gradually to the west, succes-
sions of stratigraphically higher sections were found
by following the rivers westward; however, both large-
scale and small-scale slumping made altitude a useless
criterion for correlation. The slopes were first trenched
to a fresh surface from top to bottom along at least
one vertical line. Measurement was made by hand level
and steel tape. Color, hardness, calcareous content, and
silt-sand content of the shale were noted, as were con-
cretions, bentonites, and other distinctive horizons.
Color-chart comparisons were not made because the
color of the shale varied widely with moisture content.

Lithologic samples, where desired, were taken at each
hand-level interval (5 ft 9 in.) except where special
circumstances required closer or more widely spaced
samples. Every effort was made to secure fresh, uncon-
taminated shale for these samples.

LITHOSTRATIGRAPHY

In the following discussion no attempt is made to give
a complete history or lithologic description of the Pierre
Shale. The history of exploration and interpretation of
the Cretaceous rocks of the western interior has been
summarized by Cobban and Reeside (1952, p. 1014
1015) and is described in detail in articles to which they
refer. Therefore, only the major contributions pertain-
ing to the stratigraphy and lithology of the upper part
of the Pierre Shale in north-central South Dakota are
discussed here. A brief historical summary is given first ;
alithologic description of the members of the upper part
of the Pierre Shale as originally defined and as modified
by other authors follows; and, finally, these members
and their modifications are discussed in the light of my
studies.

EARLIER INVESTIGATIONS

The extensive Cretaceous deposits of the western in-
terior of the United States were first studied by F. B.
Meek and F. V. Hayden during the middle of the 19th
century. The stratigraphic succession was subdivided
into five formations (Meek and Hayden, 1856, p. 63).
They later (1861, p.419) gave the names Dakota Group,
Fort Benton Group, Niobrara Division, Fort Pierre
Group, and Fox Hills beds to formations 1 through 5,
respectively. The type area of the Fort Pierre Group
lies about 60 miles south of the area investigated for this
report, near the city of Pierre.

A fter Meek and Hayden’s survey, no detailed strati-
graphic work was done on the Pierre Shale in this area
until Searight (1937) subdivided the Pierre into five
members in central and southeastern South Dakota.
These are, in descending order, the Elk Butte, Mobridge,
Virgin Creek, Sully, and Gregory Members. Searight
(1937), and others have since renamed and redefined
several of these members. The last of these revisers was
Crandell (1950); his subdivisions (1958, fig. 4), in
descending order, are: Elk Butte Member, Mobridge
Member, Virgin Creek Member, Verendrye Member,
DeGrey Member, Crow Creek Member, Gregory Mem-
ber, and Sharon Springs Member.

All revisers of Searight’s original subdivisions of the
Pierre have recognized the Elk Butte, Mobridge, and
Virgin Creek Members, which are grouped under the
general designation “upper part of the Pierre Shale”
in this paper. However, there have been differences of
opinion and interpretation regarding the boundaries of
the Mobridge Member. These differences are discussed
further on.

LITHOLOGY OF THE PIERRE SHALE

The term “shale” applied to this unit is somewhat
misleading because “The Pierre formation as a whole
consists of stratified gray, dark gray to black clays and
shale, concretions, marls and chalks, interbedded with
many layers of bentonite” (Petsch, 1946, p. 26). The
Pierre Shale in the area investigated for this report is
typicaly a dark-gray claystone or clay shale (terminol-
ogy after Dunbar and Rodgers, 1957, p. 166). The rock
contains only minor amounts of silt and sand except in
the upper part directly below the Fox Hills Sandstone.
Bedding is very obscure in fresh exposures but is em-
phasized by weathering. Bedding fissility is evident in
some beds, which typically break down into small chips
before decomposing into mud. Bentonite layers, concre-
tions, and other distinctive lithologic features are pres-
ent at many levels. The rock is not well indurated and
weathers rapidly to gentle slopes which are havily cov-
ered with soil, rock fragments of various sizes, or tough
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gumbo. Steeper slopes and fresher exposures are main-
tained near drainage, and on these exposures the rock is
commonly a light to medium gray or is lightly stained
to various shades of brown, maroon, and red.

The upper part of the Pierre Shale in the area in-
vestigated was subdivided into the Elk Butte, Mobridge,
and Virgin Creek Members by Searight, and the type
sections for these members are within this area. In the
following paragraphs the distinctive lithologic features
of these three members are summarized by using either
direct quotes or paraphrasings of Searight’s (1937, p.
35-38, 4446, 50-56) original descriptions of the mem-
bers.

VIRGIN CREEK MEMBER OF THE PIERRE SHALE

The Virgin Creek Member is defined to include
“x % % all beds between the Sully Member and the
highly calcareous, chalky beds of the Mobridge Mem-
ber. It thus includes the bentonite bearing shales which
lie above the Verendrye zone [Verendrye Member of
Crandell, 1952], with its characteristic iron carbonate
concretions, and all characteristically noncalcareous
beds to the base of the Mobridge” (p. 35).

The Virgin Creek Member was divided by Searight
into two zones on the basis of lithology. “The lower of
these [the lower Virgin Creek zone] is composed of
relatively resistant, light to medium gray shale which
contains a number of thin but conspicuous bentonite
beds” (p. 36). The shale of the lower Virgin Creek zone
is relatively resistant to erosion and usually is stained
various shades of rusty brown, maroon, and purple
on clean exposures. It typically breaks down into chips
and flakes, which are brittle and harsh to the touch.
“Thin bentonite beds [14 to 114 in. thick] are a char-
acteristics feature of the lower Virgin Creek. Indeed,
it is on the basis of numerous thin white bentonite
streaks across the outcrops that these beds are most
readily distinguished” (p. 36). Concretions, though
present in the Virgin Creek Member, are not abundant.
However, a layer of concretions at the type section
serves to mark the base of the member.

“The upper part of the Virgin Creek [the upper
Virgin Creek Zone], especially the lower beds, breaks
down to leaden gray gumbo, in many places tinged
with rusty brown. The upper Virgin Creek in many
places contains characteristic, small fossiliferous con-
cretions in the lower part and a bed containing large
limestone concretions, in some cases very fossiliferous,
in the upper part” (p. 36). “Included in the upper
Virgin Creek are those beds of shale which lie above
the bentonitic lower Virgin Creek and below the highly
calcareous shale and chalk of the Mobridge Member”
(p. 37). The upper Virgin Creek shale erodes readily

SHALE, FOX HILLS SANDSTONE, S. DAK

to gumbo, and good exposures are few. Where fresh
rock is observable, it “* * * consists of gray shale
which weathers rapidly to light gray, leaden gray, and
brownish gray gumbo which is arranged in horizontal
bands of varying widths” (p. 37).

The small fossiliferous concretions referrad to above
are sporadically distributed in the lower part of the
upper Virgin Creek zone and are buff gray and brown
when fresh but weather to light tan or off vhite. They
are typically formed about pelecypods, baculites, crabs,
and other fossils and are usually perforated with small
holes.

MOBRIDGE MEMBER OF THE PIERRE SHALE

Searight (1937, p. 44) described the Mobridge Mem-
ber as “* * * a succession of highly calcareous shale,
marl, and chalk beds which lies above the gumbo-
forming shales of the Virgin Creek Member and below
the noncalcareous shale beds of the Elk Butte Member.
The member forms a wide buff band on the outcrop
between the dark color of the underlying an< overlying
beds.” The member “* * * consists of medium gray
and medium bluish gray to dark gray shale and chalk”
and is “* * * gverywhere highly calcareous and more
or less chalky * * *” (p. 45). Limestone len<es and con-
cretions of several kinds are present at many horizons in
the Mobridge Member. Fossils do not commonly occur
in the concretions, but concretionary material is always
present within the living chambers of specimens of
Baculites. Also present are lenses of calcareous mate-
rial that have cone-in-cone structure and tlat range in
thickness from a fraction of an inch to several inches.
Bentonite beds are not as numerous in this member as
they are in the lower part of the Virgin Creek Member,
but several of the bentonites are fairly thick (6 to 16
in.) and were used as a means of correlation. Searight
did not note any thick bentonites in tho Mobridge
Member.

ELXK BUTTE MEMBER OF THE PIERRTT SHALE

The Elk Butte Member is defined as including
“rk & * g]] beds in South Dakota betweer the top of
the Mobridge Member and the base of the Fox Hills
Formation. Tt thus includes as its basal bec's those non-
calcareous shales which immediately overlie the cal-
careous * * * ghales of the Mobridge Member. The
upper limit, which is at the Pierre-Fox FEills contact,
cannot be placed with extreme exactness, even at the
type locality, where the basal Fox Hill is a mas-
sive sandstone, because the contact is one of grada-
tion” (Searight, 1937, p. 50). Lithologically, the mem-
ber “* * * consists of very fine-textured, medium

gray shale which is apparently very uniform through-



GENERAL DISCUSSION OF THE LITHOLOGIC SUBDIVISIONS 5

out” (p. 51). Commonly on steeper slopes the shale
initially breaks down into thin, flat chips which weather
to gumbo. The rock becomes brownish gray as the sand
and sit content increases toward the top of the mem-
ber. Layers of concretions are also sporadic in this
member, and near its top there are a few very large (as
much as 3 ft in diameter) limestone concretions. Ben-
tonite beds in the Elk Butte Member are sparse and
usually less than an inch thick.

TYPE SECTIONS OF THE MEMBERS

The lower part of the Virgin Creek Member was
still well exposed in 1962 at the type section, but the
upper part of this member was not. The perforated con-
cretions described by Searight from the lower part
of the upper zone of the Virgin Creek were weather-
ing out of the gumbo-covered slopes at and near the
type locality. The concretion layers described by Sea-
right at and near the base of the Virgin Creek Mem-
ber were still visible.

The type section of the Mobridge Member is a series
of roadcuts which apparently were fresh when Sea-
right measured the section but which are now heavily
soil covered and poorly exposed. The construction of the
Oahe Dam, near Pierre, has created a lake which had
covered part, if not all, of the Virgin Creek Member
exposed at the type locality of the Mobridge Member
in 1962. In addition, there seemed to be many slump
blocks, some quite large, in the vicinity of the type sec-
tion. Tt is now impossible to determine whether Sea-
right’s description of the type section included any of
these slump blocks.

The type section of the Elk Butte Member, which
consists of small exposures along 4 miles of old U.S.
Route 12, extends from the top of Rattlesnake Butte,
erroneously called Elk Butte by Searight, to a short
distance west of Wakpala. Here again, exposures, which
must have been fresh when Searight visited the area,
were heavily covered in 1960. Even the part of the
section that extends up Rattlesnake Butte was too
heavily weathered and talus covered to permit observa-
tion of the rock.

GENERAL DISCUSSION OF THE LITHOLOGIC
SUBDIVISIONS

Modifications of Searight’s (1937) stratigraphic in-
terpretations of the upper part of the Pierre Shale have
been of two general kinds. One, of lesser significance,
has been the clarification of the local lithology. Those
who have studied the sequence in more detail than Sea-
right, and with different purposes, have naturally un-
covered new facts or have made new interpretations of
old facts. For the most part these local details sup-
plement rather than modify Searight’s description of

the general lithology and stratigraphy. Specific infor-
mation of this sort gathered in the present investiga-
tion will be introduced in order to place it on record.

Second, and more important, are modifications of
boundary criteria and means of correlation of the Mo-
bridge Member. Although stratigraphers have consist-
ently recognized the Virgin Creek, Mobridge, and Ell-
Butte Members (see Crandell, 1958, fig. 4), there are ¢
number of difficulties in determining the boundaries of
the Mobridge Member. In the southern part of South
Dakota, “* * * the lower and upper contacts of the
chalky Morbridge zone are sharp and easily found
* % %2 aecording to Gries (1942, p. 27). But Crandell
(1958, p. 16-17), working in the vicinity of Pierre,
S. Dak., had some difficulty in choosing the contacts of
the Mobridge Member. He concluded that “The base of
the Mobridge Member thus is here [Pierre area] defined
as the contact between calcareous shale that weathers to
a grayish-orange (‘buff’) color and somewhat calcareou~
shale that weathers gray.” Crandell also used color
change to define the contact between the Mobridge and
Elk Butte Members. He stated (1958, p. 18) that “The
contact used to delimit the two members is the line of
division between the grayish-orange-weathering shale of
the Mobridge and the gray gumbo-forming beds of the
Elk Butte Member.” Rothrock (1947), who studied the
Pierre Shale in and around the type area of the Mo-
bridge Member, also was unable to determine consist-
ently the contacts of the Mobridge Member on the basis
of the reaction of the shale to acid. Furthermore, he
apparently recognized no color change that he could
use to define the contacts because his new criteria fcr
member definition did not include color.

Like Rothrock, I have found that first and last occur-
rences of calcareous shale vary in stratigraphic position
from section to section and that no color change or
other lithologically or faunally distinct horizons con-
sistently parallel these changes.

The contacts of the Mobridge Member with the Virgin
Creek and Elk Butte Members in north-central South
Dakota are entirely gradational. The markedly lighter
color that sets off the Mobridge Member from the Elk
Butte and Virgin Creek Members to the south is not
noticeable in the area investigated. In order to delimit
boundaries of the Mobridge Member more precisely,
some authors have chosen bentonite beds and concreticn
horizons as markers. Because of the local extent of such
markers, however, they are of no use in defining widely
recognizable boundaries. No attempt is made here to
establish precise limits of the Mobridge Member, ard
the boundaries of the member are considered to be inter-
vals of transition between calcareous and noncalcareous
rocks. For purposes of graphic representation, however,



6 FORAMINIFERA, STRATIGRAPHY, PIERRE

the boundaries of the Mobridge Member are shown as
lines that mark the first and last occurrences of signifi-
cant thicknesses of calcareous shale.

In summary, the upper part of the Pierre Shale, al-
though quite homogeneous in its general character, can
be subdivided primarily on the basis of detectable cal-
cium carbonate. The calcareous middle part of the rock
succession is\‘ the Mobridge Member, the Virgin Creek
Member being below and the Elk Butte Member above.
The contacts between these members are gradational
and probably not precisely synchronous over the area
investigated. Although recognition of the Mobridge
Member solely based on calcium carbonate content is less
precise than Searight (1937) originally intended, the
basic distinguishing calcareous character of the Mo-
bridge is retained. In all probability the increased cal-
cium carbonate content of the Mobridge Member reflects
an environmental change which resulted either in an
absolute increase in production of calcium carbonate or
an increase relative to the rate of sedimentation. If so,
any contact determined solely on calcium carbonate con-
tent will be gradational, in the sense that the strati-
graphic level at which the calcium carbonate increase
first becomes noticeable will vary between outcrops and
even within single outcrops. However, local fluctuations
of calcium carbonate content may reflect local and atypi-
cal diagenetic or postdiagenetic conditions.

Because only two measured sequences cross the Virgin
Creek-Verendrye boundary as defined by Searight, little
can be said concerning the nature of this contact. Where
it was observed, there seemed to be no lithologic change
at all. The boundary between these two members has
been termed gradational by Gries (1942, p. 23).

The boundary between the Elk Butte Member and the
Fox Hills Sandstone was clearly described by Searight
(1937, p. 50) as gradational, and my own observa-
tions confirm this. Several attempts have been made to
define this boundary more precisely by means of “jaro-
site” and other distinctive layers in detailed local strati-
graphic studies (Waagé, 1961, p. 232, 233; Rothrock,
1947, p. 5). In this investigation, the contact has been
selected at or near a subjectively determined change
from silty shale to clayey silt. Again, for purposes of
graphic representation, this boundary is shown as a
sharp line rather than as a gradational interval.

One of the original aims of this investigation was to
delimit the members of the upper part of the Pierre
Shale more precisely, and it is unfortunate that no sound
criteria for accomplishing this purpose could be found,
especially as the type sections of the Elk Butte, Mo-
bridge, and Virgin Creek Members lie within the area
investigated. Rothrock (1947) attempted a more precise
definition of lithologic units in this area by trying to
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use a framework of key beds, but he failed to present
either measured sections or adequate discusvion of his
new subdivision boundaries. The criteria or which he
based his subdivisions could not be recognized in the
course of this study, and, consequently, I could not apply
his subdivisions to the stratigraphic succession.

Hereafter, the terms Virgin Creek, Mobridge, and
Elk Butte are used only to denote the lower noncalcar-
eous, middle calcareous and upper noncalcareous lith-
ologies, respectively, with no precisely defined bound-
aries implied.

DISTINCTIVE FEATURES OF THE UPPER PART OF
THE PIERRE SHALE

Generally speaking, the upper part of the Pierre
Shale is lithologically monotonous, but it does contain
many distinctive features which have been referred to
by previous workers. Some of these features I have
found useful in correlation. Color of the shale, steepness
of outcrop slope, and size and nature of tl'e particles
produced by weathering have all been used by others to
characterize various parts of this shale sequence. How-
ever, these features are largely dependent upon the de-
gree of weathering to which the outcrop has been sub-
jected. Although such features may be charscteristic of
particular types of shale after a certain amont or kind
of weathering, they are of limited use in st+atigraphic
work.

Concretions in the shale exhibit a wide range in size,
color, reaction to acid, and composition. Smell, various-
ly shaped, white-weathering, very calcareous, not very
compact, and commonly perforated concretions with or
without a harder limy core occur in noncalcsreous shale
at several levels. Crabs and other fossils are sometimes
found in this type of concretion in the Virgin Creek
Member. Larger, ovoid to spherical blue-gray limestone
concretions which also weather white or buff have been
found at many levels. They are not confined to any par-
ticular type of shale and locally contain fossils. They
may be septariate, and in many the cracks are filled
with yellow calcite crystals. Most concretions observed
during this study weather rusty red and ave discoidal
in shape. The interiors of these concretions range from
brownish gray and moderately calcareous to brick red
and noncalcareous. Reduction in calcareous content gen-
erally parallels increase in redness in these concretions,
but the existence of calcareous red-cored concretions and
noncalcareous gray-cored concretions indicates that this
parallelism is not complete. In several places concre-
tions that are predominantly gray with only a thin red
rind have been traced from fresh exposures onto more
weathered slopes where the concretions in the same

layer are red all the way through. At one place this type
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of concretion weathered a deep purple and had a pol-
ished surface. In addition to these more common kinds
of concretions, limy internal molds of the living cham-
bers of baculites, heavy gypsum incrustations around
pelecypods and ammonites, and small barite concretions
have been found.

Bentonite beds are common in the lower two-thirds
of the upper part of the Pierre Shale and are very com-
mon in the lower one-third. They are typically waxy
yellow or green and have a sharp basal contact and a
gradational upper contact. Many bentonite beds are
graded, and in these the silty lower part contains abun-
dant dark flakes of biotite and clear angular quartz
grains. Several distinctive materials are frequently
associated with the bentonites and sometimes replace
them. These include thin stringers of vertically fibrous
calcite, bands with cone-in-cone structure, and limestone
concretions 3 to 12 inches thick. The most common asso-
ciate is a powdery yellow mineral, questionably identi-
fied as melanterite. The same or a similar mineral occurs
in the Fox Hills sandstone and has been called jarosite,
bentonite, and melanterite (Waagé, 1961, p. 233).
Melanterite( ?) occurs directly above and (or) below
many bentonites, and the stratigraphic intervals of in-
dividual bentonite beds are sometimes occupied solely
by beds of shale containing considerable amounts of
melanterite( ?). Whether this mineral is an alteration
product of bentonite or is related to it in some other way
is not known. It also occurs independently of discrete
bentonite beds as scattered pods and blebs in the shale.
The vertically fibrous calcite, cone-in-cone structure and
limestone concretions also occur independently of dis-
crete bentonite beds as well as being associated with
them and occupying the stratigraphic positions where
the bentonites themselves are absent.

During the course of fieldwork an effort was made to
determine the silt-sand content of the shale at regular
intervals for each measured section. A small piece of
fresh shale was crushed between the teeth and the degree
of grittiness subjectively assigned to one of five cate-
gories; very, quite, moderately, slightly, or nonsilty. The
variations in silt-sand content so determined do not
appear to bear any consistent relationship to other litho-
logic features and are apparently of only limited lateral
extent. Generally speaking, the silt-sand content is low
throughout most of the upper part of the Pierre Shale
but gradually increases as the Fox Hills sandstone is
approached. This increase eventually results in the
transition of the shale into the clayey sandy silt of the
basal part of the Fox Hills sandstone.

Calcareous content was determined on the outcrop by
putting a few drops of 10-percent hydrochloric acid on
a fresh chunk of shale. The degree of reaction was sub-

jectively rated, and the shale was designated very, quite,
moderately, slightly, or noncalcareous. These evalua-
tions have been illustrated for all sections discussed in
this report by the vertical lines at the right sides of th
stratigraphic columns (pl. 12). Calcareous shale gener-
ally contains the most abundant and diversified assem-
blages of calcareous Foraminifera, and the calcareous
reaction may be due to the dissolution of the contained
tests of these fossils or of their recrystallized remains.
The scarcity of calcareous-shelled macrofossils and
macrofossil molds suggests that they did not contribute
much calcium carbonate to the shale. Any contributions
by organisms smaller than Foraminifera, such as coc-
colithophores, are not known.

The lower part of the Virgin Creek Member has been
described as siliceous by Rothrock (1947, p. 12), who
stated “A short distance south of [the mouth of] the
Moreau [River] this zone [lower part of the Virgin
Creek] becomes siliceous and north of the Moreau as
far as it could be traced it was entirely siliceous.” Radio-
laria, which are often found in siliceous shales, were
found in samples from two sections of the lower part
of the Virgin Creek Member (fig. 1, loc. 1, 3). The few
calcareous Foraminifera in this interval are usuall~
preserved as internal molds in silica or are filled with
silica. In addition to these occurrences, Radiolaria have
been found through considerable stratigraphic thicl-
nesses of shale at localities 44, 49, and 52 and in the
lower part of the Fox Hills Sandstone at locality 50.
Through each of these intervals the few specimens cf
calcerous Foraminifera that are present are silicified.
These noncalcareous Radiolaria-bearing shale intervals
resemble the lower part of the Virgin Creek Member but
differ because they are less fissile and more clayey and
lack heavy staining. Rubey (1929) discussed in detail
the origin of the siliceous Mowry Shale and concluded
that the silica was derived from the alteration of vo'-
canic ash. He stated (1929, p. 153) that “As a probable
method of this derivation, it is suggested that the
original ash was unusually siliceous, that it was decom-
posed by long exposure to sea water, and that silica
dissolved from it was precipitated by decaying organic
matter.” The exhaustive information on which Rubey
based his conclusions for the Mowry Shale is not avail-
able for the upper part of the Pierre Shale. However,
for the bentonitic shale in the lower part of the Virgin
Creek Member at least, similar conditions may have
produced the abundance of silica reflected in the pres-
ervation and composition of the microfauna.

METHODS OF CORRELATION

The sections measured along the Grand and Moreau
River valleys have been fitted together (figs. 4, 5) to
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establish the stratigraphic sequences in these major
areas of outcrop. Correlation of local sections is com-
plicated by a considerable amount of slumping that
involves both large and small bodies of shale. Most
sections contain one or more key beds which make cor-
relation with other nearby sections possible. The most
useful key beds are bentonites, but concretion horizons,
zones of increased or decreased calcareous content, and
other distinctive lithologic features were used as a
check on the correlations based on bentonites and were
themselves used for correlations where bentonites were
absent. Dependence on bentonites for correlation gradu-
ally increased during the course of fieldwork as it be-
came apparent that they persisted farther laterally than
other lithologically distinctive beds. In addition, ben-
tonites are ideally suited for correlation because indi-
vidual beds precisely define time planes. Generally
speaking, the thickest beds were recognizable over the
widest areas. Beds less than an inch thick locally dis-
appeared between sections only a few miles apart, but
their levels were commonly marked by vertically fibrous
calcite, cone-in-cone structures, or beds of shale con-
taining melanterite( 2).

Macrofossils are too rare in the upper part of the
Pierre Shale to be useful for local correlation, but their
regional distribution is better known, and they are use-
ful for broader scale correlations. The opposite is true
for Foraminifera. In order to use the Foraminifera
most successfully, it was necessary to establish a refer-
ence stratigraphic sequence by physical means. The
stratigraphic positions of other sections were then in-
ferred by comparing their microfaunas with the micro-
faunas of the reference sequence. The assumptions were
that changes which took place in the microfauna at one
locality also took place over a wider area and that these
changes were synchronous, or nearly so, over this area.
Generally speaking, the more species of Foraminifera in
a sample, the more closely the sample could be related
to samples from other sections. Species that were abun-
dant within limited stratigraphic ranges are the most
useful for relating sections, and a list of such species
and their ranges in the area is given in figures 2 and 3.

COMPOSITE STRATIGRAPHIC SEQUENCES

Figures 4 and 5 illustrate the composite stratigraphic
sequences along the Moreau and Grand Rivers, respec-
tively. It is not considered feasible or necessary to de-
scribe all 74 sections measured during this i Investigation.
Figures 4 and 5 show the 23 sections from which samples
were examined for microfossils. This group of sections
contains the more stratigraphically significant ones
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measured. In the following paragraphs the nature of
these composite sequences is explained, and pertinent
details are noted.

STRATIGRAPHIC SEQUENCE ALONG THE MOREAU
RIVER

Of the sections measured along the Moreau River (see
figs. 1, 4) only sections 1 and 3 extend to the base of
the Virgin Creek Member. The base of section 1, which
is within half a mile of the type locality of the member,
is at the more persistent and lower of two closely spaced
concretion horizons, presumably the concretion layer
which Searight described as forming the kase of the
member. Section 1 was correlated with section 3 on the
basis of the numerous thin bentonites and fissile maroon-
to purple-stained shale in the lower parts of both sec-
tions. Seven thin bentonites occur in the lower 20 feet of
section 1, and five occur in the lower 20 feet. of section
3. In both sections the distinctive staining and fissility
gradually disappear above the bentonite interval, and
in section 3, which extends much higher, the shale
grades imperceptibly into the overlying nonfissila cal-
careous shale. The first calcareous shale occurs about
58 feet above the base of section 3. The upper limit of
the silicified and siliceous microfauna and the initial
increase in the number of species and specimens of cal-
careous Foraminifera occur 5 to 10 feet belov this level.
The calcareous shale that is more or less persistent
throughout the remaining 75 feet of section 3 contains
12 bentonite beds.

Correlation of section 3 with sections 4 and 7 was
made based on two of the uppermost and thickest ben-
tonites. In section 7 the upper of these bentonites is
overlain by 65 feet of calcareous shale contrining only
a few thin bentonites. This interval is cepped by a
prominent and persistent bentonite, referred to here-
after as the “lower key bentonite,” which attains a thick-
ness of 10 inches in section 7 but is less than 4 inches
thick in section 20 farther to the west. Ovoid, tan- to
buff-weathering calcareous concretions and more dis-
coidal rusty-weathering calcareous concretions are com-
mon locally above this bentonite, though none were
found in section 7.

The shale is mostly calcareous for 54 fect above the
lower key bentonite, but noncalcareous rust-stained beds
of shale, some of which contain pods and blehs of melan-
terite( ?), are present at various levels. In the sections
to the west, this interval is capped by a second thick
bentonite, referred to hereafter as the “upper key ben-
tonite,” which is 16 inches thick in section 27 but de-

creases in thickness to the east. This bentonite layer is
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absent in section 7, where its level is occupied by a layer
of shale 3 to 4 feet thick which contains considerable
amounts of melanterite(?).

Calcareous shale persists for as little as 12 feet to as
much as 49 feet above the upper key bentonite. The sec-
tions used in compiling figure 4 show a general thick-
ening of this interval to the west, but this situation is
fortuitous. Several other sections measured in the
vicinity of localities 11 and 20, but not shown in figure
1, have more calcareous shale above the upper key ben-
tonite than either section 11 or section 20, and one has
more than section 44. The change from calcareous to
noncalcareous shale is gradual and varies in strati-
graphic position from section to section and even from
place to place on the same exposure. In several sections,
rusty-weathering discoidal noncalcareous to slightly
calcareous concretions are present through 10 to 30
feet of shale beginning 14 to 42 feet above the upper key
bentonite. Despite its thickness, this concretionary in-
terval is not present in all sections.

The shale is noncalcareous from the top of the cal-
careous shale interval just described to the base of the
Fox Hills Sandstone. It is characterized by fairly nu-
merous but not very persistent concretion horizons and
by a very few thin bentonites. One fairly persistent
bentonite 114 to 13/ inches thick is present between 60
and 70 feet above the upper key bentonite in section
27A and in several sections not shown in figure 4. The
contact between the Pierre Shale and the Fox Hills
Sandstone is considered to be at 103 feet above the top
of the Mobridge Member in section 27A on the basis
of a lithologic change from silty shale to clayey silt and
on a color change from brownish-gray shale to grayish-
brown silt. Both grain size and color changes are grada-
tional, and the choice of an exact level for the contaci
was arbitrary. Correlation between sections 27A and
31 is based on the Pierre-Fox Hills contact and must
be considered approximate. In section 31 the change
from silty shale to clayey silt, which is again grada-
tional, was used to delimit the contact. As thus cor-
related, the concretion horizons in these two sections are
not well matched, presumably because of a lack of
lateral persistence.

The Fox Hills Sandstone in section 31, where 74 feet
of it is exposed, is a clayey silt containing a few inter-
beds of silty shale and shale. In section 27A, most of
the 39 feet of exposed Fox Hills is shale; only the lower
614 feet is clayey silt. This lithology is not typical of
the lower part of the Fox Hills in more easterly ex-
posures and must be due to facies changes within the
lower part of the Fox Hills, assuming that the Pierre-
Fox Hills contact recognized here is correct.
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STRATIGRAPHIC SEQUENCE ALONG THE GRAND
RIVER

The lowest sections measured along the Grand River
(see figs. 1, 5) are along a railroad cut in the vicinity
of Wakpala, S. Dak., and begin in calcareous shale. In
these sections, the lower 15 feet of shale generally con-
tains white to buff-weathering calcareous concretions;
in some sections these concretions continue to 80 feet
above the base. A single bentonite bed 1 to 3 inche~
thick, interpreted as correlative with the lower key ben-
tonite in the Moreau River sections, is present in tha
lower part of the sequence. This single bed occurs 48
feet above the base of section 41, and farther to tha
north, it occurs 39 feet above the base of section 42 and
just above the base of section 44. In section 37, a short
distance south of section 41, its level is occupied by a
4- to 6-inch-thick layer of indurated very calcareous
marl 48 feet above the base of the section. The interval
between the lower and upper key bentonites in section
44 is characterized by a lack of bentonites, few concre-
tions, generally slight and sporadic calcareousness, and
scattered pods and blebs of melanterite( ?). This inter-
val is capped by a 4- to 12-inch-thick bentonite in siv
sections, three of which are illustrated in figure 5. This
bed was correlated with the upper key bentonite of tho
Moreau River stratigraphic sequence. Calcareous shala
persists from 4 to 10 feet above this bentonite in all six
sections before giving way to noncalcareous shale.

About 192 feet of noncalcareous shale is present be-
tween the base of the Fox Hills Sandstone and the ton
of the calcareous shale. Correlation of the sections
which consists only of rocks from this interval was
difficult because of the lack of marker beds. A few thin
bentonite beds, some of which contain small subspher:-
cal bladed barite concretions, occur but do not persist
laterally. Section 49, which is correlated with section
44 by means of the upper key bentonite, contains a
1-inch bentonite 54 feet above the upper key bentonito.
This 1-inch bentonite has been correlated with a 14-inch
bentonite 9 feet above the base of section 54, but there
are no supplementary criteria, either from these or ir-
tervening sections, to substantiate this correlation.

Sections 54, 53, and 52, all within half a mile of each
other, were very difficult to correlate. Correlations wers
made by elevation as determined by sighting through
a hand level because none of these sections contains key
horizons which could be recognized confidently in other
sections. Silt and sand content rapidly increases, begin-
ing about 32 feet above the base of section 52, and
clayey, sandy silt predominates at 40 feet above the base
of the section. The contact between the Pierre Shale and
the Fox Hills Sandstone is arbitrarily placed 40 fect
above the base of this section.
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About 23 feet of silty noncalcareous shale is exposed
below the Pierre-Fox Hills contact in section 50 where
the contact has been placed just below a concretion hori-
zon containing the characteristic basal Fox Hills am-
monite Discoscaphites nicolleti. The rock is a ‘silty clay
for about 7 feet above this level before grading into
siltstone.

About 22 feet of the Fox Hills Sandstone is exposed
in section 52, and about 71 feet is exposed in section 50.
The Fox Hills in these two sections is predominantly
unstratified sandy, clayey silt. Because detailed study
of the stratigraphy of the Fox Hills Sandstone was
outside the scope of this study, no attempts =t correla-
tion or member subdivision were made.
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F1eure 2.—Ranges of Foraminifera useful in local

correlation of the upper part of the Pierre Shale

and lower part of the Fox Hills Sandstone relative to the composite stratigraphic sequences along
the Moreau River. Thickness of the interval between the lower and upper key bentonites is the
average of the interval's thickness at localities 7, 11, and 13. Thickness of the interval between
the upper key bentonite and the top of the Mobridge Member is the average of the interval’s thick-

ness at localities 7, 11, 13, 20, and 27.
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RELATIONSHIP OF THE SEQUENCES

The relationship between the generalized strati-
graphic sections along the valleys of the Grand and
Moreaun Rivers is shown in figure 6. In the Moreau
sequence the lower 58 feet is noncalcareous shale of the
Virgin Creek Member. This grades upward into gen-
erally calcareous and more readily decomposed shale of
the Mobridge Member that persists for about 218 feet.
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The calcareous Mobridge shale grades upward into non-
calcareous, slightly fissile shale of the Elk Butte Mem-
ber. Approximately 103 feet of noncalcareous Elk Butte
shale lies between the highest calcareous shale and th-
base of the Fox Hills Sandstone. Bentonite beds ar»
common in the Virgin Creek and Mobridge Members.
Two of these, designated the lower and upper key

bentonites, are more widespread and generally thicker
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than the others. These two bentonites were useful for
correlation of both near and distant sections and were
used as reference levels for the stratigraphic work. On
a more local scale, other bentonites and laterally per-
sistent features were also utilized for correlation.
Calcareous shale of the Mobridge Member occurs at
the base of the Grand River sequence and persists up-
ward for about 93 feet before grading into the non-
caleareous shale of the Elk Butte Member. The non-
calcareous Elk Butte shale is about 192 feet thick and
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grades upward into the silts and sands of the Fox Hills
sandstone. Bentonite beds are much less common in the
Grand River sections, but both the upper and lower key
bentonites were recognized.

In the Moreau River sequence, and to a greater extent
along the Grand River, sections above the upper key
bentonite were difficult to correlate because of the lack
of persistent bentonites and the general unreliability or
scarcity of concretion horizons. Foraminifera were of
little help because only a few long-ranging and non-
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Fieure 4.—Correlation chart of stratigraphic sections along the Moreau River and environs (see fig. 1 for location of sections).
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diagnostic species are present, particularly in the upper
part of the Elk Butte Member.

The upper key bentonite, because of its importance
in relating the two stratigraphic sequences, is discussed
in more detail. This bentonite varies in thickness from
0 to 16 inches in the Moreau River valley and occurs in
sections as much as 27 miles apart. It thins considerably
to the southeast and is absent in section 7 where its level
is occupied by a 3- to 4-foot bed of shale heavily inter-
laced with melanterite(?). In the Grand River valley
this bentonite varies in thickness from 4 to 12 inches and
occurs in section as much as 18 miles apart.

Section 50

Section 52

Base of
Fox Hills Sandstone

Section 53

Section 54

Upland lacking any adequate exposures of Pierve
Shale extends for 21 miles and separates the two closest
sections in the valleys of the Moreau and Grand Rivers
that include the upper key bentonite (sections 5, and
49, figs. 4, 5). The identity of this bentonite along both
rivers is accepted because it is the highest thick and
persistent bentonite beneath the Fox Hills Sandstone
and because it is the only thick bentonite in the upper
part of the Mobridge Member. In the Moreau River
sections it 1s usually 10 to 30 feet below the change from
calcareous to overlying noncalcareous shale, and in the
Grand River sections it is 4 to 10 feet below this change.
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ranges indicate section is between 0 and 150 feet below the lower key bentonite. Dashed line indicates partly

exposed section.
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FieURE 6.—Foraminiferal biofacies in composite stratigraphic sections of the upper part of the
Pierre Shale and lower part of the Fox Hills Sandstone along the valleys of the Moreau (left)
and Grand (right) Rivers.
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The lowest and highest occurrences of most species of
Foraminifera match well between the two stratigraphic
sequences when they were correlated on the basis of the
upper key bentonite. Thus the faunal evidence, although
not conclusive, supported the correlation.

Matching of the Grand and Moreau stratigraphic se-
quences based on the upper key bentonite placed the
3-inch bentonite of the Grand River stratigraphic se-
quence, which is the thickest and most persistent
bentonite between the upper key bentonite and the base
of the sequence, in approximately the same stratigraphic
position as the lower key bentonite of the Moreau se-
quence, and consequently they are considered to be the
same bed.

BIOSTRATIGRAPHY
REGIONAL CORRELATION

Macrofossils, which are very rare in the upper part
of the Pierre Shale, have traditionally served as the
means of regional correlation in the western interior.
The intensive studies of the cephalopods of the western
interior by W. A. Cobban have made them the most
useful group for correlation within the region and have
permitted interregional correlation. The cephalopod
species Baculites clinolobatus Elias, present in the lower
and middle parts of the Mobridge Member, can be re-
lated to Cobban and Reeside’s (1952) zonal scheme.
According to Cobban (1958, p. 114), B. clinolobatus is
the immediate descendant of B. grandis Hall and Meek.
B. grandis occurs in beds correlative with beds of prob-
able early Maestrichtian age in Europe and with beds
in the upper one-third of the Navarro Group of the
Gulf Coast. Clearly, B. clinolobatus represents a slightly
later timespan than does B. grandis.

The study of Foraminifera in the western interior
stands in contrast to the study or cephalopods and
some other macrofossil groups in that no systematic
attempt has been made to discover the occurrence and
distribution of foraminiferal species. Once this is done,
there is no reason Foraminifera should not be as useful
in regional correlation within the western interior as
macrofossils currently are. The planktonic Foraminif-
era are considered to be most useful for interregional
correlation. Unfortunately, the four planktonic species
found in the upper part of the Pierre Shale were of little
use in precise correlation because their ranges are long
or poorly known. Benthonic Foraminifera, predominant
in the upper part of the Pierre and lower part of the
Fox Hills, are presently less useful than the planktonics
in interregional correlation because of their much less
finely divided age ranges. However, most of the ben-
thonic species are present also in Cretaceous deposits of

the Gulf Coast where their local ranges are well known.
Therefore, it is possible to compare the upper part of
the Pierre and the lower part of the Fox Hills forminif-
eral faunas with those of the Gulf Coast.

Of the 86 species of Foraminifera positively or ten-
tatively identified from the upper part of the Pierrs
Shale and the lower part of the Fox Hills Sandstone,
seven are new. Sixty-two were reported from the Cre-
taceous deposits of the Gulf Coastal Plain as summa-
rized by Cushman (1946). The remaining 17 specier
either were not noted by Cushman or have not been
definitely identified from the Gulf Coastal Plain. OFf
the 62 species in common, 15 occur only in beds of Na-
varro age, 15 occur only in beds of Taylor and Navarro
ages, 19 range from Austin to Navarro age, six occur
only in.beds of Taylor age, five occur only in beds of
Austin and Taylor ages, and two occur only in beds of
Austin age. The stratigraphic occurrences of these spe-
cies in the Gulf Coast deposits are illustrated in table 1.
The correlation chart of Cobban and Reeside (1952) in-
dicates that the Navarro-Taylor boundary in the western
interior is well below the base of the Virgin Creel
Member of the Pierre Shale. Therefore, the presence of
13 species of Foraminifera in the Pierre faunas which
do not range into Navarro age beds in the Gulf Coast,
according to Cushman (1946), deserves attention. These
13 species are listed below :

Species Range
Astacolus cretaceus (Cush- Reported from beds of Maer-
man). trichtian age (according to

Cobban and Reeside (1952,
chart 10b), the Maestrichtian
includes the late Navarro) in
Puerto Rico (Pessagno, 1967,
p. 94).

Reported from the Maestrich-
tian of western Siberia (Gla-
zunova and others, 1960, p.
87).

Most commonly reported from
beds of late Taylor age. Ore
questionable reference to this
species from beds of Cam-
p anian-Maestrichtian age
made by Pessagno (196C)

Nodosaria cf. N. aspera Ruess..

Nodosaria proboscidea Reuss.-

from the OCretaceous of
Puerto Rico.
Palmule primitiva Cushman_. No record higher than latest
Taylor.
Nodosarie gracilitatis Cush- No record above late Taylor.
man.
Rectogumbeling minuta Cush- Apparently only one occut-
man. rence of this species has been

discovered, in beds of Taylor
age, though this occurrence
has been reported three
times.
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Species
Gaudryina bentonensis (Car-
man).

Range
Reported by Cushman and Renz
(1946, p. 10) from the upper
zone of the Lizard Springs
Formation of Trinidad, which
they considered to be of latest
Cretaceous age.

Heteroheliz pulchra (Brot- Reported from beds of Mae-
zen). strichtian age in Denmark
(Hofker, 1956a, p. 77) and
Hgypt (Ansary and Fakhr,
1958, p. 121).
Robulus taylorensis (Plum- Reported six times from beds of
mer). Taylor or Austin age.

Spiroplectammina laevis (Ro-
emer) cretose Cushman.

Reported from late Campanian
(equivalent to the early and
middle Navarro, according to
Cobban and Reeside (1952,
chart 10b)) of Bavaria
(Hagn, 1953, p. 9), and from
the Mt. Laurel and Navesink
Formations (of Navarro age,
according to Stephenson and
others (1942, chart 9)) in
New Jersey (Jennings, 1936,
p. 12).

The few references to this spe-
cies are all fromm beds of
Taylor or Austin age.

Most of the references to this
species are from the Niobrara
Formation of the western
interior, with a few reports
from beds of equivalent
Austin age in Gulf Coastal
Plain deposits.

This species has been reported
only from the Greenhorn
Formation of Kansas and the
Austin Chalk of Texas.

Nodosaria fusula Reuss__.____

Planulina Fkansasensis Mor-

row.

Pleurostomella nitida Mor-

row.

To summarize the occurrence data given above, of the
13 species which do not occur in beds of Navarro age
in the Gulf Coast Cretaceous deposits, five species have
been reported in other areas from beds correlative with
the Navarro, one species has been reported with ques-
tion from beds correlative with the Navarro, at least two
species (Rectogumbelina minuta and Pleurostomella
nitida) have been reported too few times to assign any
age importance to their occurrence, and five species have
no previous record of occurrence in beds of Navarro or
equivalent age. Of these five species, four are repre-
sented by a relatively few specimens in the upper part
of the Pierre Shale (Palmula primitiva is represented
by one specimen) but the fifth species, Plonulina kan-
sasensis, is one of the more abundant species in the
upper part of the stratigraphic sequence.

The 15 species present in the upper part of the Pierre
Shale which are reported only from beds of Navarro age
in the Gulf Coast deposits are deserving of the same
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kind of scrutiny in order to determine which may be
considered to be reliable indices of Navarro age. The
ranges of each of these species in areas other than the
Gulf Coastal Plain are considered below :

Range

Most references are from beds
of Navarro age or equiva-
lents, but this species has
been reported from beds as
old as Coniaciar and San-
tonian in California (Tru-
jillo, 1960, p. 317).

No reports of this species from

Species
Astacolus jarvisellus Mello,

new nanme.

Cibicides harperi (Sandidge) -

rocks older than Navarro
age.
Neobulimina navarroane Do.
(Cushman).
Bulimina reussi Morrow na- Do.
varroensis Cushman and
Parker.
Astacolus navarroanus (Cush- Do.
man).
Astacolus dissonus Plummer. Do.
Bolivina decurrens (Ehren- Do.
berg).
Gaudryine watersi (Cush- Do.
man).
Loxostoma gemma ( Cush- Do.
man).
Osangularia navarroonae Do.
(Cushman).
Robulus spissocostatus Cush- Do.
man.
Bulimina arkadelphiana Cush- Do.
man and Parker.
Tappanina costifera (Cush- Do.
man).
Marginulina curvatura Cush- Reported from the Rumoi coal
man. fields, Hokkaido, Japan (Fu-

kuta, 1957, p. 12) and from
beds containing Foraminif-
era of Austin, Taylor, and
Navarro ages. Fukuta did
not correlate the Rumoi beds
with either Austin, Taylor or
Navarro but irstead com-
promised by calling them
probably Campanian. Speci-
mens questionably referred
to this species by Rompf
(1960, p. 33) are from the
Cenomanian of Germany.
Lagena sulcata (Walker and There is no publist 2d report of

Jacob) semiinterrupta W. this species occurring in beds
Berry. older than Navarro, but
Cushman (1948a, p. 256)

stated that the species oc-
curs in beds of Navarro and
Taylor ages.

Of the 15 species present in the upper part of the
Pierre Shale and restricted to beds of Navarro or
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younger ages in the Gulf Coast deposits, 12 have never
been reported from pre-Navarro rocks. There is some
doubt whether two other species range lower than
Navarro, and one species has been positively identified
from older rocks. Of the 12 species apparently restricted
to beds of Navarro age, two (Zappanina costifera and
Osangularia navarroana) have been reported from only
a few samples, and thus their ranges cannot be con-
sidered well known.

17

In summary, in the upper part of the Pierre Shale
there are at least five well-established species whicl
have not been reported from beds of Navarro or equiva-
lent age, and at least 10 which have not been reported
from beds older than Navarro. This indicates a Navarro
age for the upper part of the Pierre Shale, in accord
with the macrofossil evidence, based on a balance of
evidence. Perhaps the presence of Taylor species indi-
cates a lower Navarro equivalence for the upper part

TaBLE 1.—Gulf Coast stratigraphic distribution (afier Cushman, 1946) of Foraminifera found in the upper part of the Pierre Shale and
lower part of the Fox Hills Sandstone

{Synonyms under which Cushman recorded these species are given in parentheses]
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of the Pierre Shale than has been suggested by correla-
tion on the basis of cephalopods.

The 17 tentatively or firmly identified species, which
are neither new or discussed above because of their lack
of occurrence or confused age data in the Gulf Coast
Cretaceous, may also be considered in discussing the age
of the upper part of the Pierre Shale.

Species
Bathysiphon  brosgei
pan (?).

Range

According to Tappan (1962, p.
128), this species is present
in beds of from Albian to late
Campanian ages in northern
Alaska.

Reported from beds of Bar-
remian to Tertiary age.

Tap-

Glomospire charoides (Jones
and Parker).

Haplophragmoides rota Tappan (1962, p. 133, 134) re-
Nauss and Haplophrag- ported both these species
moides bonanzaensis from beds of Turonian to late
Stelck and Wall. Campanian age.

Spiroplectammina mor- In northern Alaska this species

occurs in beds of Santonian
and Campanian ages (Tap-
pan, 1962, p. 140).

Reported twice from beds of
Cenomanian age.

The range of this species has
not been adequately estab-
lished in Japan, where it
was first discovered. Fukuta
(1957, p. 10) felt that it is
probably ‘Campanian. The
only previous reference of
specimens to this species out-
side Japan was made by
Trujillo (1960, p. 303), who
recorded it from beds of Con-
iacian and Santonian ages in
California.

Reported from beds that range
in age at least from the Early
Cretaceous to the latest Late
Cretaceous and probably into
the Tertiary.

The type reference (Bolin,
1956, p. 289) is the only pub-
lished reference to this
species; Bolin reported it
from beds of questioned
Cenomanian age.

Reported twice from the Nio-

denensis Wickenden.

Verneuilinoides cf. V. per-
plexzus (Loeblich).

Silicosigmoilina futabaensis
Asano.

Trochammina globigerinifor-
mis Cushman.

Trochammine globose Bolin__

Dentalina niobrarensis Loet-

terle. brara Formation of Coni-
acian-Santonian age.
Rectoglandulina appressa  The only reference (Loeblich

Loeblich and Tappan. and Tappan, 1955, p. 4) to
this species is from the Upper
Cretaceous of Arkansas and
Texas where the species was
reported from beds of Seno-
nian, early Campanian, and
Maestrichtian ages.

Range

The general morphnlogic simi-
larity between the Pierre
specimens and svecimens of
this Recent species is indi-
cated by this designation.

Name was erected to replace
the name Ramulina aculeata
Wright. R. muricatina has
only been reportad from the
Late Cretaceous, mostly from
beds of Taylor age, but with
some occurrences of Austin
age, according to Cushman
(1948a, p. 257).

Assigned a latest Campanian
age by Edgell (1954, p. 71)
and apparently an early
Maestrichtian ag~ by Hilter-
mann (1963, tatles 1, 2).

Noted once and designated of
Late Cretaceous age.

There is taxonomic confusion
surrounding this species. No
generally accepted age limits
have been detemined, but
most records are from the
Campanian and Maestrich-
tian. It has be>n reported
from beds as old as
Santonian.

Both the taxonomy and the
range of this species are un-
certain. It has most frequent-
ly been reported from beds
of Maestrichtian age, with
one reference to it from the
Maestrichtian - Campanian
boundary.

Species
Lagena sp. aff. L. quadralate
Brady.

Ramulina cf. R. muricalina
Loeblich and Tappan.

Bolivinoides decoratus
(Jones) australis Edgell.

Eouvigerina aspera (Mars-
son) inflate Marie (?).

Rugoglobigerina ¢f. H. rugosa
(Plummer) . ___________

Biglobigerinella biforaminata
(Hofker)

Of these 17 taxa, the subspecies Bolivinoides deco-
ratus australis is of special interest for correlation be-
cause it is a member of a group of species and subspecies
which have been related phylogenetically and which are
of rather limited geologic range. Its age is considered
latest Campanian or early Maestrichtian, and it is the
most precisely defined taxon, with respect to age, in the
entire upper Pierre fauna. It occurs in tvo samples
from the upper part of the Pierre, one at 5 feet below
and one immediately below the lower key bontonite in
section 41.

The foraminiferal evidence suggests that the upper
part of the Pierre Shale is more likely of early than
late Navarro age and that it is close to the Campanian-
Maestrichtian boundary. Cobban and Reeride (1952,
chart 10b) questionably placed the Campanian-
Maestrichtian boundary within the Mobridgs Member;
this placement agrees well with the age indicated by
B. decoratus australis.
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COMPOSITION OF THE FAUNA

A total of 101 species and subspecies of Foraminifera
were found in the upper part of the Pierre Shale and
lower part of the Fox Hills Sandstone. It was possible
to identify 86 of these, at least tentatively, to the spe-
cific or subspecific level. Of these 86, 17 taxa have arena-
ceous (agglutinated) or siliceous tests, and 69 have cal-
careous tests. Four species (Heterohelix globulosa, H.
prlchra, Rugoglobigerinag cf. R. rugosa, and Biglobig-
erinella biforaminata) are planktonic. In addition, sev-
eral kinds of radiolarians, fish bones and scales, scole-
codonts, rare sponge spicules, echinoid spines and ophi-
uroidea ossicles, several genera and species of ostracodes,
and what appear to be crushed spore cases were recov-
ered from the samples.

Relatively few genera and species of macrofossils
were found. Specimens of Baculites occur sporadically
from the base of the section to the level of the lower
key bentonite. Linguloid brachiopods, the most numer-
ous macrofossils found, occur from 20 feet below the
lower key bentonite into the lower part of the Fox
Hills Sandstone. Several species of pelecypods and
gastropods occur in the Mobridge Member. Rare
scaphitid ammonites were found at several levels, most
commonly in the Mobridge Member. In addition, the
plant fossil “Serpula” wallacensis Elias, also called the
Indian-bead, and small crabs were found in limited
numbers in the Virgin Creek Member.

In a discussion of the broad faunal relations of the
western interior macrofossils, Cobban and Reeside
(1952, p. 1025) stated : “In general, the faunas [of the
Pierre shale] are similar to those found to the north,
in Canada, and are not matched by closely similar as-
semblages to the south in part of the Taylor Marl and
the Navarro Group of the Gulf region * * * though
enough forms are found to provide a rational corre-
lation. Seemingly the Pierre faunas are boreal or
largely endemic.” More than three-fourths of the iden-
tified species of Foraminifera from the upper part of
the Pierre Shale are also present in beds of the Austin,
Taylor, and Navarro of the Gulf Coast, an indication
that access to the southern seas was available. It may
be possible to determine whether this access was con-
stant or intermittent by studying the foraminiferal
faunas in the middle and lower parts of the Pierre.
In either case, the composition of the Pierre macro-
fauna indicates that, although conditions in the west-
ern interior were not favorable for most Gulf Coast
macroinvertebrates, they were favorable for Gulf Coast
foraminiferal species, at least during the time of depo-
sition of the upper part of the Pierre Shale.

PALEOECOLOGY
PALEOGEOGRAPHIC SETTING

Tourtelot’s (1962, p. 10) conception of the regioral
paleogeography of the western interior during the time
of deposition of the Pierre Shale is as follow “The
Pierre Shale and equivalent rocks were deposited in
and adjacent to a relatively narrow and shallow sea
extending southward across the present western interior
region of the United States. The sea probably was ccn-
nected at the north with world oceanic waters and at the
south from time to time with the seas of the Gulf Coast.
The eastern shore area of this sea has not been preserved
and the Pierre rocks contain little evidence of its natu-e.
It must have been made up, however, of rocks of Pre-
cambrian and Paleozoic age that probably formed a
broad nearly stable lowland in the present midconti-
nent region. * * * During much of Pierre time * * * the
western shore lay * * * in what is now western Montana,
eastern Idaho, central Utah, and perhaps central or
eastern Arizona. Most of the land behind the shore was
composed of preexisting sedimentary rocks, although
cystalline rocks of Precambrian age were exposed in
Colorado during Pierre time. Several centers of ccn-
temporaneous volcanic activity are known to have
existed near the western shore in west-central Montana.”

Reeside (1957) gave a detailed account of events oc-
curring in the western interior during the Late Creta-
ceous and placed them in a broad regional paleognro-
graphic and tectonic setting. His reconstructions of the
events affecting the rocks presently under consideration
are summarized as follows: The fine-grained sediment
composing the Virgin Creek Member was deposited
while the sea was making its last westward advan-e,
during late Campanian time (fig. 74). Considerable
volcanic activity is attested to by the numerous, though
generally thin, bentonites which characterize this mem-
ber. In the early Maestrichtian, a fairly steady eastward
retreat of the strand line took place, during which time
the calcareous shales of the Mobridge Member were
deposited (fig. 7B). Reeside did not mention the Elk
Butte Member, but presumably these beds were laid
down as the shoreline continued to retreat eastward.
The Fox Hills Sandstone of middle and late Maestrich-
tian age is composed of sediments deposited close to the
shoreline and represents the culinination of this retreat
(fig. 70).

As the shoreline retreated eastward, the northern con-
nection of the interior sea with world oceanic waters
was broken. Correlation charts given by Cobban and
Reeside (1952) indicate terrestrial conditions in Wyo-
ming and Montana, the probable northern access of the
Pierre sea during or immediately after the time of
Baculites grandis. B. clinolobatus, a direct descendant
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of B. grandis (Cobban, 1958, p. 114), is found in the
Mobridge Member. Thus, the northward connection was
probably closed prior to the deposition of this member.
Closure probably occurred earlier in Canada, perhaps
even before the Virgin Creek Member was deposited.

On a more local scale, Waagé (1961, p. 238) reported
that “* * * the entire marine sequence of the Fox Hills
and at least the upper 250 feet of underlying Pierre
Shale pass westward within 50 miles (of the longitude
of Dupres, S. Dak.), into a sandy sequency of predomin-
antly brackish- and fresh-water beds.” Thus, the shore-
line was within 50 to 100 miles west of the area of in-
vestigation during the deposition of the uppermost part
of the Pierre Shale.

The original extent of the Elk Butte, Mobridge, and
Virgin Creek lithologies is unknown. Searight (1937,
p. 35, pl. 7) described the Virgin Creek Member as crop-
ping out along nearly the entire length of the Missouri
River in South Dakota and stated that “It covers wide
areas north, south and east of the Black Hills and has
been observed beyond these South Daktota outcrops in
southwestern North Dakota and in eastern Montana
along the crest of the Cedar Creek anticline.” Searight
did not trace the Mobridge Member westward beyond
South Dakota State Highway 63 (this paper, fig. 1) but
reported (p. 44) that it “* * * extends from a position
near the North Dakota boundary to the southern bound-
ary of South Dakota. * * * The Elk Butte Member has
been identified in outcrops extending between southeast-
ern Gregory and southwestern Charles Mix Counties [S.
Dak.] on the south, to northeastern Corson County
[S. Dak.] on the north” (Searight, 1937, p. 50). Accord-
ing to Tourtelot (1962, p. 8), these members are pres-
ently recognizable “for some distance along the valleys
of the streams entering the Missouri River from the
west.”’

FORAMINIFERAL BIOFACIES

The foraminiferal faunas of the upper part of the
Pierre Shale and lower part of the Fox Hill Sandstone
are variable. They change in specific, generic, and
familial composition and in the number of families,
genera, and species from place to place through the
stratigraphic column; they define several assemblages
or biofacies that probably reflect local changes in the
benthic environment. These biofacies are not associated
with obvious lithologic facies,

Three foraminiferal biofacies were recognized in the
area investigated. These were the lower arenaceous (the
term arenaceous being used to include all noncalcareous
Foraminifera), upper arenaceous, and calcareous bio-
facies.

LOWER ARENACEOUS BIOFACIES

This biofacies has been recognized in two sections
(fig. 4, sections 1 and 3) in the Moreau River strati-
graphic sequence. It characteristically consists of four
to 10 species, several of which may be represented by
numerous specimens. The fauna is composed of at least
50 percent arenaceous species but, as a rule, also contains
fairly abundant specimens of a few calcareous benthonic
species and scarce specimens of one or two planktonic
species. The most commonly occurring species in this
facies are Bathysiphon brosgei?, Ammodisous cretacers,
Haplophragmoides rota, Gaudryina bentonensis, Bu-
limina kickapooensis, and Cibicides harperi.

The lower arenaceous biofacies is found in the lower
45 to 50 feet of the Virgin Creek Member. The top is
not a clearly demarcated boundary between two easily
distinguishable faunas but rather the level at which a
marked increase in the number of foraminiferal specios
begins. This increase in species is dependent, for the
most part, on a marked increase in the number of cel-
careous benthonic species, especially species of the Lag-
enidae, Buliminidae, and Rotaliidae. There is also a
large relative increase in the number of arenaceous spe-
cies from four or five to eight or nine, but this is only
a small percentage of the total increase in number of
species.

Concomitant mineralogic and lithologic features
help to characterize the lower arenaceous biofacies.
Throughout the entire stratigraphic interval in whi~h
this biofacies exists there is evidence of the presence of
free silica in the form of usually very abundant radio-
larian tests and siliceous fillings of Foraminifera. Every
specimen of calcareous Foraminifera seen from this
biofacies was filled with silica, but arenaceous spe-i-
mens were usually not filled. Lithologically this strati-
graphic interval, which includes all the lower part of
the Virgin Creek Member of Searight (1937) and part
of the upper part of the Virgin Creek Member, is char-
acterized by the presence of numerous thin bentonite
layers, especially in the lower part, and by the non-
calcareous and relatively erosion-resistant nature of
the rock.

The species below occur in the lower, but not the
upper, arenaceous biofacies; only those species marked
by an asterisk occurred in more than one sample:

*Gaudryina bentonensis

G. watersi

*Silicosigmoiling futabaensis
Robulus muensters
Dentalina legumen
Nodosaria proboscidea
Palmula cf. P. rugosa
Lagena apiculata
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Heterohelix globulosa
*Gyroldine girardana
*Discorbis” quadrilobus
Nuttallinella.? disca
Hoeglundina supracretacea
Rugoglobigerinag cf. R. rugosa
*Cibicides harperi

UPPER ARENACEOUS BIOFACIES

The upper arenaceous biofacies occurs throughout
much of the Elk Butte Member and is also found in the
lower part of the Fox Hills Sandstone. The lower limit
of this biofacies in the Moreau River stratigraphic sec-
tion was found only in section 27TA (fig. 4) where
there is a transition from a predominantly calcareous
fauna to an overlying predominantly arenaceous fauna
through about 15 feet of section. The base of the
biofacies was arbitrarily placed 36 feet below the base
of the Fox Hills Sandstone, in about the middle of the
transition interval. In section 31 (fig. 4) the lowest
sample examined was about 56 feet below the base of
the Fox Hills, but no transition interval was found, the
arenaceous species being dominant from the base to the
top of the section.

The contact between the calcareous biofacies and the
upper arenaceous biofacies in the Grand River strati-
graphic sequence occupies a transition interval of about
10 feet. It is present in two of the sections for which
faunal data are available (fig. 5, sections 49 and 54).
In both sections the boundary was arbitrarily placed
in about the middle of the transition interval, about 72
feet above the upper key bentonite in section 54 and
about 60 feet above the upper key bentonite in section
49.

In the Moreau River stratigraphic sequence the upper
key bentonite is about 130 feet below the base of the
Fox Hills Sandstone. The top 36 feet or so of this in-
terval is occupied by the upper arenaceous biofacies. In
the Grand River stratigraphic sequence the thickness
from the upper key bentonite to the base of the Fox
Hills Sandstone is approximately 200 feet, the upper
130 to 140 feet of which is the upper arenaceous bio-
facies. The thicknesses of all the intervals cited here
are approximations because of the transitional nature
of the lower boundary of the upper arenaceous biofacies
and because the thicknesses given for some strati-
graphic intervals are averages. The upper arenaceous
biofacies is present throughout the part of the Fox Hills
Sandstone studied in the outcrop areas of the Grand
and Moreau River.

The upper arenaceous biofacies is characterized by
Haplophragmoides rota (the most abundant and most
consistently present species), H. bonanzaensis, Bathy-
siphon brosgei?, Ammodisous cretaceous, and Verneuili-
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noides cf. V. perplexus. In addition, Reophax sp. and
Spiroplectammina mordenensis are present in some
samples from the Grand River stratigraphic sequence.
Several calcareous benthonic species of Foraminifera
occur in various samples, but the most frequeuntly pres-
ent and abundant is Planulina kansasensis. T e species
below occur in the upper, but not the lower, arenaceous
biofacies; only those species marked by an asterisk oc-
curred in more than one sample:

*Reophax, sp., *Verneuilinoides cf. V. perpleaus,
*Quinqueloculing  sp., *Trochammina globosa,
Oolina obeliscata, Bulimina proliza, *Neobulimina
navarroana, *Plenulina kansasensis, Cibicides
subcarinatus, Incertae sedis sp.

The stratigraphic interval containing the upper
arenaceous biofacies is usually noncalcareous, easily
eroded gray shale or claystone containing a few thin
bentonite beds, numerous concretion horizons. and only
a few species and scarce specimens of Radiolaria.
Throughout most of this interval, the average amount
of residue retained on a 200-mesh sieve per unit weight
of unwashed rock was the same as for the underlying
rocks, but within about 50 feet of the top of the Pierre
Shale the amount of residue increased. Generally asso-
ciated with this increase were increases in th~ precent-
ages of muscovite and fossil plant fibers in the residues.

CALCAREOUS BIOFACIES

The calcareous biofacies lies between, and is grada-
tional with, the upper and lower arenaceous biofacies
(fig. 6). It is characterized by the presenc?, in most
samples, of a rather large number (eight to 36) of cal-
careous, mostly benthonic, species of Foramirifera. The
number of arenaceous species in the samples is slightly
larger than the number in either of the arensceous bio-
facies.

The lower boundary of this biofacies is prasent only
in section 8 (fig. 4) in the Moreau River sections, where
it lies about 155 feet below the base of the lower key
bentonite. The lower boundary was not seen in any of
the Grand River sections, none of which extends any
lower than 48 feet below the lower key bentonite. The
upper boundary is present only at locality 27A (fig.
4) in the Moreau sections, where it occurs about 36
feet below the base of the Fox Hills Sandstone. In the
Grand River sections the upper boundary is present at
localities 49 and 54 (fig. 5) where it occurs approxi-
mately 60 to 75 feet above the upper key bentonite.

The generic and specific compositions of faunas
within the stratigraphic interval containing the cal-
careons biofacies vary from sample to sample, but the
number of species and genera decrease as a general rule
from the base to the top. On the familial level, the Lage-
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nidae are more abundant than any other family in
the number of species and genera, though not in the
number of specimens, throughout much of the biofacies.
Lagenid species are most common in the lower 100 to
150 feet of the biofacies and gradually decrease in num-
ber up the section. Other families of importance are
the Anomalinidae, represented in the lower part of the
biofacies primarily by Cibicides harperi and C. subcari-
natus and in the upper part by Planuline kansasensis;
the Chilostomellidae, represented by Pullenia dakoten-
sis; the Epistominidae, represented by Nuitallinella?
disca; the Rotaliidae, represented chiefly by Gyroidina
depressa; the Buliminidae, represented chiefly by Buli-
mina kickapooensis and Loxostoma plaita,; the Hetero-
helicidae, represented chiefly by Heteroheliz globulosa;
and the Textulariidae, represented by Spiroplectam-
mina laevis cretosa. The family Ceratobuliminidae, rep-
resented by Hoeglundina supracretacea, is common in
samples from the Moreau River stratigraphic sequence
but rare in the Grand River sequence. The species re-
stricted to or most common in the lower part of the
calcareous biofacies and generally represented by large
numbers of specimens are (ibicides harperi, C. subcari-
natus, Gyroidina girardana, G. globosa, and Spiroplec-
tammina laevis cretosa. Their counterparts in the upper
part of the biofacies are Planulina kansasensis, Buli-
mina kickapooensis, Lowostoma plaita, and Neobulimina
navarroana. Samples taken at random were accurately
placed stratigraphically by a comparison of the con-
tained species with the ranges of these diagnostic spe-
cies. The accuracy of this stratigraphic placement is di-
rectly dependent upon the number of diagnostic species
in the sample. Despite the predominance of Lagenidae
in the calcareous biofacies, no lagenid species are con-
sidered diagnostic because specimens of the various
lagenids are scarce and because there is typically little
continuity to the stratigraphic distribution of the spe-
cies within the biofacies,

The stratigraphic interval occupied by the calcareous
biofacies is typically a gray, slightly to very calcareous,
easily eroded shale or claystone which includes both
the upper and lower key bentonites, a few thinner and
less persistent bentonites, and a large number of con-
cretion horizons.

STRATIGRAPHIC AND AREAL DISTRIBUTION

The three biofacies characterize the vertical formini-
feral succession in the upper part of the Pierre Shale.
The boundaries between the biofacies are gradational.
Strata containing the lower arenaceous biofacies were
not found in any sections along the Grand River, but
the upper two biofacies were found in sections from
both the Grand and Moreau Rivers. The calcareous and
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the upper arenaceous biofacies from the Grand River
sections were similar in faunal composition to the same
respective biofacies in the Moreau River sections. It
should be possible to find these three biofacies, in the
order in which they occur in this area, through differ-
ent timespans within the eastern part of the Pierre and
Fox Hills outcrop area, though it is likely that there
will be differences in specific composition and in domi-
nant species.

FAUNAL DETAILS AND ORIGIN

As so far considered, the biofacies are no more than
empirically defined pieces of a larger faunal complex.
In order to improve understanding of them, it is neces-
sary to consider some faunal details and various alter-
native explanations for their existence.

One of the more important questions which can be
asked with regard to these foraminiferal faunas, anc
one of the more difficult to answer, is to what degree
they represent the remains of actual living communi-
ties. Possibilities which must be taken into account in-
clude the addition of specimens of “foreign” species by
currents, the selective removal of parts of the original
communities by (iagenetic or postdiagenetic destruc-
tion, and the mixing of a number of communities during
sampling. It is more likely that longer ranging species
have been secondarily introduced because they persis®
while the general compositions of the faunas change,
presumably because of ecologic changes. But specimens
of these long-ranging species are generally as well pre-
served as the ciated specimens, and they are pres-
ent in large numbers. Both factors seem to contradic
transportation. The presence of long-ranging species in
the upper part of the Pierre and lower part of the Fox
Hills, for lack of contrary evidence, implies that thes»
species were able|to survive under a variety of ecologi®
conditions, some of which could not be tolerated by
other species. The problem of the selective diageneti~
removal of specimens is real, as indicated by the pres-
ence of pyrijtic internal molds of some specimens in a
number of samples. The degree to which this biases ir-
terpretation of the original faunal composition cannct
be determined. In samples containing abundant well-
preserved calcareous specimens, I have assumed destruc-
tion to be relatively unimportant. The usual presence
of one or more calcareous species, represented by abur-
dant specimens in the upper arenaceous biofacies and
the scarcity of internal molds indicates that the process
of selective destruction of calcareous specimens was not
the cause of the [faunal aspect of this biofacies. Hov-
ever, there is evidence from some samples that selective
destruction was operative, just as it was in some samples
from the calcareous biofacies. Calcareous specimens in
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the lower arenaceous biofacies are always filled with
silica, and many specimens have had their original cal-
careous tests dissolved away. Selective destruction was
certainly operative here but apparently was largely off-
set by the production of internal molds of silica in many
of the calcareous specimens originally present. -The
usual presence of fairly large numbers of internal molds
for most of the calcareous species makes it unlikely that
there originally was a significantly larger representa-
tion of calcareous species than has been discovered.

The three biofacies encompass variations that occur
from sample to sample and between small groups of
samples. All species are only sporadically present within
the limits of their total vertical ranges, a fact indicating
that conditions from time to time and from place to
place were unfavorable for either their existence or
preservation. Analysis of all the individual variations
is not attempted, but several more faunal changes within
the calcareous biofacies are deserving of comment.

A dramatic faunal change occurs in the vicinity of
the lower key bentonite in the Grand River valley.
Sample 10 of section 37 (fig. 5), immediately below the
lower key bentonite, contains 25 species, four of which
are arenaceous, whereas in sample 12, about 8 feet above
this bentonite, there are only five species, two of which
are arenaceous. Another section which shows the same
set of conditions is section 42 (fig. 5) where 23 species,
two of which are arenaceous, are present immediately
below the bentonite, and six species, all arenaceous, are
present in the next sample 6 feet above it. In section 44
(fig. 5), sample 1A, immediately below this bentonite,
contains nine species, two of which are arenaceous; sam-
ple 1, immediately above the bentonite, contains only
one species, and it is arenaceous. Higher in section 44
some of the calcareous species present below the ben-
tonite reappear, but the fauna never regains the diver-
sity present below the bentonite. The group of sections
in which this marked faunal change oceurs is in a north-
south strip of territory in the vicinity of the town of
Wakpala, S. Dak. (fig. 1). One other section, section
45 (fig. 5), which lies about 5 miles west of Wakpala
begins just above the level of the lower key bentonite
yet has a diverse fauna of 27 species, three of which are
arenaceous, at its base. No such marked faunal change
occurs In the vicinity of the lower key bentonite in any
of the Moreau River sections. Thus the cause or causes
of this change operated over a restricted area. What
relationship the bentonite had to this change is not clear.
It is not likely that the effects of the fall of this single
layer of ash should have been so drastic or so perma-
nent, especially in view of the fact that considerably
thicker bentonites elsewhere have not appeared to affect
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the fauna noticeably. In fact, there may have been no
effect on the living fauna at all but simply accelerated
destruction of the tests in the sediment. In the shale
above that bentonite, the presence of pyritic internal
molds of several calcareous species of Foraminifera in-
dicates that a larger fauna may have been living on the
site than has been preserved.

Several sections have hard light-gray to buft highly
calcareous shale beds a foot to several feet thick. Sev-
eral of these beds were examined for miecrcfossils and
yielded abundant planktonic Foraminifera. In one bed,
the coarse fraction was composed almost entirsly of spec-
imens of Heteroheliz globulosa and Biglobigerinella bi-
foraminata, the latter predominant. It is impossible to
say whether the entire calcareous content was derived
from the tests of these planktonic animals. Nevertheless,
their tremendous abundance and their presence in much
less spectacular numbers elsewhere indicate that condi-
tions favoring their proliferation or preservation were
only rarely achieved; lack of lateral persistence of
highly calcareous planktonic-rich layers suggests that
these favorable conditions were extremely local.

The siliceous nature of the microfauna in the lower
50 feet of the Virgin Creek Member in sections 1 and 3
(fig. 4) and in the shale above the upper key bentonite in
sections 44 and 49 (fig. 5) has already been mentioned.
In sections 1 and 3, radiolarians are presert in abund-
ance, and the Foraminifera are few and silicified. In sec-
tion 44, radiolarians are present, and the silicified for-
aminiferal fauna is composed of few specim~ns and spe-
cies. In section 49, the foraminiferal fauna is repre-
sented by a small number of silicified specirens belong-
ing to a few species, but there are no radiolarians. The
presence of radiolarians must have been favored by
conditions which were only occasionally in effect because
they are absent in most of the upper part of the Pierre
Shale. The release of silica into the sea water as a re-
sult of the alteration of voleanic ash, now preserved as
bentonite in the lower part of the Virgin Creek Mem-
ber, may have provided either directly or indirectly for
the proliferation of these organisms and for the small
number of Foraminifera. Alternatively, the number and
kinds of Foraminifera may have been origirally greater,
but adverse chemical conditions within the sediment
may have destroyed most specimens. If the release of
silica were responsible for the silicificatior of the For-
aminifera in sections 44 and 49 and for the presence of
the radiolarians in section 44, then it can be assumed that
the volcanic ash was disseminated through the shale.
Discrete bentonite beds like those in the lower part of
the Virgin Creek Member are not present in the inter-

vals that contain the silicified fossils in these sections.
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ENVIRONMENTAL INTERPRETATIONS

The environmental interpretations of the upper part
of the Pierre Shale and lower part of the Fox Hills
Sandstone are by no means complete characterizations of
the original living environments. Rather, they are the
result of inference and analogy based on the biologic
and lithologic evidence found in these deposits and on
pertinent evidence from other areas. The biologic data
include information on the composition, abundance,
preservation, and the vertical and, to a lesser extent,
horizontal distribution of the foraminiferal faunas. The
lithologic data from the upper part of the Pierre in-
clude information on the relative abundance of calcium
carbonate and silt-sand, the composition of the coarse
fraction of the shale, and the vertical and, to a lesser ex-
tent, horizontal nature of the stratigraphic sequence.

BIOLOGIC INFORMATION

Because Foraminifera are abundant fossils commonly
found in the strata invesigated, they are well suited for
use in interpreting paleoecology. Phleger (1960a, p. 102—
103), in his discussion of depth distribution of Recent
Foraminifera, stated that the important ecologic factors
may be one, all, or some of the following: temperature,
salinity, food supply, water chemistry, hydrostatic pres-
sure, turbidity, turbulence, substrate, currents, biologic
competition, or disease. Consequently, the depth range
of a species is an obtuse and imprecise expression of the
limits of effectiveness of the numerous ecologic factors
which actually determine the distribution of the species.
However, because little information is available on the
degree or manner in which many factors affect species
of Foraminifera and because depth is an easily deter-
minable factor, most foraminiferal ecologists have ex-
pressed the distribution of modern species in terms of
depth.

The application of modern distributional information
to fossil faunas is complicated by two factors: evolution
and preservation. If the fossil fauna contains species
present in modern oceans, it is customary to infer for
the fossils an environment similar to that in which the
modern representatives live. Only a few species from the
upper part of the Pierre Shale have living representa-
tives, so the ecologic conditions to which the majority
of species were adapted cannot be inferred by reference
to modern faunas. Thus, the present can be a key to the
past only on the generic or familial level or by means of
interpretations which do not depend upon genetic affilia-
tions.

An examination of the data which Phleger (1960a,
figs 14-36) presented on the depth distribution of mod-
ern species off the coasts of the United States and Mex-
ico reveals that the depth distribution of most genera is
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considerable and leaves little doubt that presence or ab-
sense of individual genera does not give precise depth
information. Other authors have considered the dom-
inance of various genera and families at different
depths; some of the information that they presented is
constdered later.

Problems of preservation must also be considered
in interpreting fossil faunas. This subject was ably ex-
plored by Johnson (1960), who, by means of models,
illustrated the many ways in which death assemblages
may be altered or destroyed before they are available
to the paleontologist for sampling. Alteration of the
character of a foraminiferal faunal assemblage on the
bottom or below the sediment surface would appear to
be most readily accomplished on the basis of test com-
position. Parker and Athearn (1959) recorded dramat-
ic evidence of preferential removal of calcareous tests
within the upper 1 centimeter of sediment in the
marshes of Poponesset Bay, Mass. They noted (1959,
p. 338) that calcareous species are represented for the
most part by living specimens: “Very few dead ones
were observed. This leads to the inference that below
the sediment surface, or perhaps even at the sediment-
water interface, the pH is sufficiently low to cause the
dissolution of the tests. If this condition exists in the
‘living environment’ of the species they must have some
mechanism to resist the acidity. Since this implies the
expenditure of considerable energy on the part of the
organism, it seems more probable that the increase in
acidity occurs immediately below the sediment surface,
probably due to decaying vegetation, and that it is here
that the solution of tests occurs.”

The presence of pyrite and unoxidized plant frag-
ments in most samples from the upper part of the Pierre
Shale and lower part of the Fox Hills Sandstone in-
dicates that reducing conditions prevailed beneath if
not above the sediment-water interface during deposi-
tion. Also, the presence of pyritic or siliceous internal
molds of calcareous Foraminifera in a number of sam-
ples indicates that some process of removal of CaCO;
was operative. In discussing the changes produced in
sediments as a result of the activities of micro-organisms,
ZoBell (1942, p. 131) stated that “Depending upon the
numbers and kinds of micro-organisms present, the sub-
strate and environmental conditions, [bacteria] might
increase the acidity or decrease it.” And later, ZoBell
(1946, p. 503) reported that “The pH of the bottom
deposits ranges from 6.4 to 9.5, most of them falling
in the range of pH 7.5 to 9.0,” and “The pH of most
sediments was found to increase with depth.” Shepard
and Moore (1955, fig. 44C) recorded changes in pH
in several modern environments along the central Texas

coast. They found that the pH of marine sediments is



26

FORAMINIFERA, STRATIGRAPHY, PIERRE

slightly higher than neutral at the surface and increases
slightly with depth within several short cores.

In discussing the geochemistry of the Pierre Shale,
Tourtelot (1962, p. 11) was more positive about the
PH of sediments containing unoxidized organic mat-
ter. He stated that “Bacterial or chemical reduction of
sulfate also promoted acidic as well as reducing condi-
tions. Some calcium carbonate and other compounds
were increasingly dissolved and were either cycled back
to the overlying sea water or were segregated as diagene-
tic concretions in favorable microenvironments within
the zone of diagenesis.” Though this statement may be
true in general and possibly explains the absence of
calcareous Foraminifera in certain parts of the Pierre
section, it cannot be rigorously applied to the calcareous
biofacies of the upper part of the Pierre Shale. There,
abundant calcareous tests have been preserved, an in-
dication that this process, if it worked at all, did not go
to completion, perhaps because of insufficient amounts
of organic material.

Comparison of fossil and Recent foraminiferal
faunas can be most precisely done on the species level,
but because very few of the species found in this study
persist to the Recent, it was necessary to utilize less
precise measures. One such measure was the compari-
son of the distribution and abundance of fossil genera
with the same genera in the Recent. Attempts to make
this kind of comparison between the genera from the
upper part of the Pierre Shale and lower part of the Fox
Hills Sandstone and the same genera in the Gulf of
Mexico, based on data given by Phleger (1960b) and
Lowman (1949), were not very successful. Several of
the dominant benthonic genera and species (Bulimina
kickapooensis, Pullenia dakotensis, Hoeglundina supra-
cretacea, and Gyroidina depressa), remain dominant
through nearly the entire thickness of rock examined,
although most other species, including several parti-
cularly common ones (Cibicides harperi, . subcarina-
tus, Lowxostoma plaita, and Planulina kansasensis),
are more confined in vertical range. This pattern and
its poor comparability with the Recent Gulf patterns
seem to have two possible explanations. First, the Cre-
taceous Foraminifera were adapted to conditions in an
interior sea that may not have been analogous to con-
ditions in the Gulf. Second, the ability of several species
to persist through a considerable length of time and to
remain dominant throughout suggests that life con-
ditions were fairly uniform. Thus, the faunal changes
might indicate smaller scale fluctuations in environ-
ment not comparable with Recent depth patterns.

Recent and fossil formaminiferal comparisons may
also be made at the familial level. Comparability be-
comes better at this level because most, Cretaceous fami-
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lies are still represented in Recent seas, but there is a
concomitant loss of precision because of the large en-
vironmental ranges of most families. Although presence
or absence of individual families is of practically no use
in making paleoecologic interpretations, somre informa-
tion, even if only suggestive, may be obtained when the
familial compositions of many different samples are con-
sidered together. In the following family-level analysis
of the upper Pierre-lower Fox Hills foraminiferal
faunas, the family designations are chiefly those of Cush-
man (1946).

The Foraminifera in the upper part of the Pierre
Shale and lower part of the Fox Hills sandstone have
been placed in 20 foraminiferal families. T" e presence
of members of these families varies, of course, from
sample to sample. It is possible to analyze this variation
in several ways, the most simple of which is based on
specimen counts for each species in each sample. Because
abundances were estimated rather than counted in this
study, these estimated abundances were not used in the
analyses, although they were included under the species
descriptions. Beginning with the data on presence or
absence of species in samples, the first step in analyzing
the available data was the plotting of the number of
species present in each sample against the total number
of samples to determine the more typical faunal sizes.
This plot, representing 192 samples (fig. 8), shows that
87 samples contain zero to five species, 50 samples con-
tain six to 10 species, and 55 samples contain more than
10 species. Another step in drawing togethor informa-
tion on the distribution of families in these faunas was
the plotting of familial composition of each sample ex-
amined on 860° pie diagrams. It is not possible to in-
clude all these diagrams here, so I have separated the
faunas into three broad divisions correspording to the
foraminiferal biofacies discussed earlier. The 50 fossilif-
erous samples examined from the upper arenaceous bio-
facies, none of which contains more than 10 species, are
represented in figure 9. The 66 fossiliferous samples of
10 or fewer species examined from the calcareous bio-
facies are represented in figure 10. The 53 fossiliferous
samples from this biofacies of more than 10 species are
represented in figure 11, and the 10 fossiliferous samples
from the lower arenaceous biofacies, including one of
more than 10 species, are represented in figure 12. Each
of these figures is a plot of the number of samples in
which representatives of the various families occur, and
the number of samples in which any family is dominant
is indicated by patterns. Dominance of a family is in
terms of number of species, not number of svecimens.

Examination of the family occurrences in the upper
arenaceous biofacies (fig. 9) reveals that the Lituolidae
is the family most commonly represented and most
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FIGURE 8 —Number of species in 192 samples from the upper part of the Pierre Shale and lower part of the Fox Hills
Sandstone.

commonly dominant. The arenaceous nature of this bio-
facies is reflected in the larger number of arenaceous
families represented and their greater frequency of
represenation. Among the calcareous families, the
Anomalinidae and Buliminidae are the best represented
and are occasionally dominant.

In the calcareous biofacies, those samples containing
10 or fewer species (fig. 10) almost always contain
species of Buliminidae and are most often dominated by
Buliminidae. Other prominent and occasionally domi-
nant calcareous families in these faunas are the Ano-
malinidae, Rotaliidae, Chilostomellidae, and plankton-
ic Heterohelicidae. The Lituolidae is still the most often
present and most often dominant of the arenaceous
families, followed closely by the Textulariidae. In sam-
ples from the calcareous biofacies that contain 11 or
more species (fig. 11), the average faunal character is
markedly changed. The Lagenidae, which is not a dom-
inant family in smaller faunas from this facies, is the
most often dominant family, followed closely by the
Buliminidae. One or the other of these two families is
dominant in almost every sample, although the Rotali-
idae, Anomalinidae, and planktonic Heterohelicidae
are also present in almost all samples. The large in-
crease in frequency of occurrence of calcareous ben-
thonic and planktonic species and the presence of more
families overshadow a smaller increase in the frequency
of occurrence of arenaceous species and a shift in their
pattern of familial representation. In these samples, the
Lituolidae are less commonly present than are the Am-

modiscidae, Textulariidae, and Verneuilinidae. The las*
is the most commonly present arenaceous family.

The familial pattern for the 10 samples representing
the lower arenaceous biofacies (fig. 12) is basically like
that from the upper arenaceous biofacies. The arena-
ceous families are more often represented than are the
calcareous benthonic or planktonic families. The are-
naceous families more often present are the Ammodis-
cidae, Lituolidae, and Verneuilinidae. The Buliminidas
and Anomalinidae are again the calcareous families
more often represented, as they were in the upper are-
naceous biofacies. Indication of dominance is lacking
in figure 12 because in most samples more than thre~
families were equally dominant.

Figures 9-12 show some of the more obvious faunsl
patterns present at the familial level in the foraminif-
eral faunas examined. To a certain degree they aid in
quantifying the foraminiferal biofacies. Because they
are useful for comparison between Recent and ancient
patterns of family distribution, they facilitate interpre-
tation of environments. Finally, they are a means of
comparison between the family-level characteristics of
the various biofacies. Before examining analogous Re-
cent and ancient patterns or drawing comparative par-
allels between facies, it must be emphasized that because
these patterns represent rather crude generalizations
the results must be considered only suggestive.

The general similarity of pattern between the lower
and upper arenaceous biofacies suggests similar ecologic
controls. It is not known whether these controls were
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of patterned area indicates the number of samples in which
one to three families are dominant. That family containing
the most species in a given sample is considered dominant.
For samples with two or three families equally dominant,
each family is considered one-half or one-third dominant.
Where four or more families contain the same number of
species, no family is considered dominant.

F16URE 10.—Distribution of families in 66 fossiliferons samples
containing one to 10 species from the calcareous biofacies.
See figure 9 for explanation.
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related to depth similarities or to depth-independent

parameters. The markedly different character of the

calcareous biofacies pattern suggests that. ecologic con-
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from the lower arenaceous biofacies. See figure 9 for
explanation.

ditions were in some way different for these faunas.
The transition from the lower arenaceous biofacies to
the lower part of the calcareous biofacies (fig. 13) is
more abrupt than the transition between the calcareous
and upper arenaceous biofacies (figs. 13, 14). If the rate
of sedimentation was uniform, this asymmetry reflects
a more abrupt change of ecologic conditions at the lower
boundary of the calcareous biofacies than occurred at
the upper boundary, possibly because of a rapid trans-
gression and slow regression similar to those inferred by
Weimer (1960) for the central and western parts of the
Cretaceous sea in the western interior. Alternatively,
the asymmetry may be a result of slower sedimentation
at the lower boundary and may not reflect a more rapid
change in ecologic ¢onditions.

According to Phleger (1960a, p. 261), the use of fam-
ilies in foraminiferal paleoecology is of questionable
value. Nevertheless, some of the information on Recent
and ancient family-level distributions can be related to
the upper part of the Pierre to lower part of the Fox
Hills distributions. Lowman (1949, table 2, p. 1956)
discussed the Recent depth distribution of Foraminifera
in three traverses into the Gulf of Mexico and sum-
marized some of his data, in part at the family level.
If the genera and families represented in the upper part
of the Pierre Shale are related to Lowman’s generalized
Gulf Coast sequence, both of the arenaceous biofacies
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are assignable to his “Bottom living ; stagnant? ; brack-
ish or marine” environment (based on the dominance
of arenaceous genera, including Haplophragmoides and
Bathysiphon). That part of the Pierre calcareous bio-
facies dominated by genera, species, and specimens of
Buliminidae would seem to belong in Lowman’s “Upper
part of continental slope (inner bathyal)” environment
where there is a “Dominance of Buliminidae, especially
Uvigerina and Bolivina.” The part of the Pierre cal-
careous biofacies dominated by genera and species (but
not specimens) of Lagenidae would seem to belong in
Lowman's “Outer continental shelf (outer neritic)” en-
vironment, where there is a “Great abundance of genera
and species; conspicuous number and variety of La-
genidae.” The approximate depth ranges given by Low-
man (1949, fig. 12, p. 1952) for these environments are:
bottom living; stagnant(?) environment, about 0 to 20
feet; outer neritic environment, about 75 to 200 feet;
and inner bathyal environment, about 200 to 1,500 feet.
It should be pointed out that Lowman recognized two
other marine environments in the depth range 0 to 75
feet, characterized by groups that are absent or in-
conspicuous in the upper Pierre and lower Fox Hills
faunas. Thus, when the familial patterns for the Creta-
ceous Foraminifera are compared with Lowman’s syn-
thesis of Recent distributions, it is possible to infer a
maximum depth of 200 to 1,500 feet and a minimum
depth of 0 to 20 feet for the environment of deposition
of the upper part of the Pierre and the lower part of the
Fox Hills. When a comparison of Lowman’s complete
sequence of faunas is made with the Cretaceous pat-
terns, however, there is little total agreement. If the in-
terpretation that the calcareous and then the upper
arenaceous biofacies were deposited under gradually
shoaling conditions is accepted, one difference is that
the buliminid-dominated and lagenid-dominated faunas
are in reversed order. To put these faunas in their Re-
cent order would require deepening water through this
stratigraphic interval, and this does not seem likely. In
any case, the close stratigraphic relationship between
the buliminid and lagenid faunas suggests that the min-
imum water depth of 200 feet rather than the maximum
of 1,500 feet is probably closer to being correct.
Albritton, Schell, Hill, and Puryear (1954) dealt
with faunas at the family level at least in part com-
parable with those of the upper part of the Pierre
Shale and lower part of the Fox Hills Sandstone. They
treated the families on the basis of numbers of speci-
mens, which T have not done, though it is possible to
make approximate comparisons. These fossil faunas are
also interpreted in terms of Lowman’s Gulf of Mexico
data. Their paper deals with Foraminifera from the
Lower Cretaceous Grayson Marl of Texas and is of in-

SHALE, FOX HILLS SANDSTONE, S. DAK.

terest because the familial compositions of the faunas
are somewhat similar to those of this stud:”. They de-
scribed a shallow-water benthonic foraminiferal bio-
facies composed mainly of arenaceous genera and
species and a deeper benthonic biofacies composed
mainly of specimens of calcareous genera snd species.
In the deeper benthonic facies, specimens of Bulimin-
idae are dominant at one stratigraphic level. and speci-
mens of Lagenidae, Rotaliidae, and Anomalinidae com-
bined are dominant at two stratigraphic levels. The
main similarity between the Grayson and the upper part
of the Pierre and lower part of the Fox Hills is that
in both there are faunas characterized by arenaceous
specimens, by specimens of Buliminidae, and by a more
diverse assemblage containing varied forms of Lageni-
dae. In both the Grayson and the upper part of the
Pierre Shale, the assemblages that lie batween the
lagenid and arenaceous assemblages in the Gulf of
Mexico are absent.

Other data on the distribution of Recent foraminif-
eral faunas were provided by Phleger (19¢0b, p. 280-
281), who discussed the general features of the fora-
miniferal faunas of the Gulf of Mexico. He character-
ized, in a generalized manner, the funas known<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>