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Summary
Late Cretaceous strata exposed along the Manitoba 

escarpment contain diverse assemblages of marine micro-
fossils (foraminifera and radiolaria), which provide an 
opportunity to relate local and regional spatiotemporal 
variations in biofacies to past changes in ocean-climate 
conditions driven by sea-level fluctuations within the Cre-
taceous Western Interior Seaway (WIS) of North America 
(McNeil and Caldwell, 1981; McNeil, 1984; Caldwell et 
al., 1993; Schröder-Adams et al., 2001). The response of 
planktonic foraminifera to environmental change across 
the Santonian–Campanian boundary (ca. 83.5 Ma) is of 
particular interest to this ongoing study. Bulk-sediment 
samples were collected at roughly 1 m intervals from the 
Boyne Member of the Carlile Formation up through the 
overlying Gammon Ferruginous, Pembina, Millwood and 
Odanah members of the Pierre Shale. The stratigraphic 
succession contains numerous bentonite beds includ-
ing a set of tightly bundled and widely correlative ash 
beds referred to as the ‘Ardmore’ bentonite succession. 
These ash beds are within early Campanian strata and 
are ascribed to the Pembina Member of the Pierre Shale 
(Hatcher and Bamburak, 2010). It is hoped that use of this 
marker horizon will help improve biostratigraphic cor-
relation within the region, and will also assist in deter-
mining if comparable changes in microfossil assemblages 
occur at other geographically distant localities where the 
‘Ardmore’ bentonite beds are preserved. Cursory exami-
nation of the study samples reveals occurrence of peak 
abundances of planktonic foraminifera within the Boyne 
Member during the Niobrara transgression, followed by 
peak radiolaria abundances in the Millwood Member dur-
ing what was likely the ensuing Claggett transgression. 
This striking change in microfossil assemblages is attrib-
uted to the southerly advance of Arctic boreal waters as 
global climate cooled during the early Campanian. This 
work is part of a broader study into the Late Cretaceous 
(Cenomanian–early Campanian) microfossils of the WIS 
of North America.

Introduction
The early part of the Late Cretaceous (Cenoma-

nian–Santonian stages, ca. 100–83.5  Ma) is typified by 

a prolonged ‘greenhouse’ state 
in global climate and elevated 
levels of oceanic crust produc-
tion that included the emplacement of massive oceanic 
plateaus (Larson, 1991; Friedrich et al., 2012). The rapid 
rates of seafloor spreading, fuelled by this ‘superplume’ 
magmatism, led to a major reorganization in the tectonic 
configuration of the ocean basins and a long-term high-
stand in global eustasy that, in turn, led to the formation 
of vast epicontinental seaways (Berggren and Hollister, 
1974; Miller et al., 2005). One such feature is the Western 
Interior Seaway (WIS) of North America that, at times 
during the Late Cretaceous, extended from the Tethyan 
realm in the Gulf of Mexico to boreal regions in the Arctic 
Ocean (Kauffman, 1984). In extreme cases, these tectoni-
cally forced changes to paleogeography, in conjunction 
with marine productivity, conspired to foster widespread 
dysoxic to anoxic conditions within the world’s ocean 
basins. These ‘oceanic anoxic events’ are manifested in 
the Late Cretaceous stratigraphy as organic-rich beds of 
black shale and prominent fluctuations in marine carbon-
isotope records (Schlanger and Jenkyns, 1976; Arthur 
et al., 1988; Jarvis et al., 2006). This protracted period 
of tectonic upheaval and episodic black shale deposi-
tion gradually waned across the Santonian–Campanian 
boundary (ca. 83.5 Ma) as global climate steadily cooled 
(Jones and Jenkyns, 2001; Friedrich et al., 2012). The 
environmental change wrought by this fundamental shift 
in Earth-system processes fostered a major turnover in the 
taxonomic composition of marine plankton, most nota-
bly the planktonic foraminifera (Wonders, 1980; Silva 
and Sliter, 1999). However, efforts to study the plank-
tonic foraminiferal response to this ‘Santonian turnover’ 
event have been hampered by the presence of an exten-
sive unconformity truncating many deep-sea sedimentary 
records straddling the Santonian–Campanian boundary 
(Ando et al., 2013). By contrast, Late Cretaceous strata 
exposed along the Manitoba escarpment preserve rich and 
diverse microfossil assemblages, which include plank-
tonic foraminifera (McNeil and Caldwell, 1981); hence, 
this stratigraphic record affords the opportunity to docu-
ment the response of marine plankton within the WIS of 
North America.
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Geographic setting and stratigraphic  
framework

The Late Cretaceous sedimentary succession of 
Manitoba is exposed along a gentle escarpment trending 
northwest and extending into Saskatchewan and North 
Dakota. Santonian–Campanian sedimentary rocks are 
well exposed in the Pembina Hills region of the Manitoba 
escarpment (Figure GS-16-1). At that location, both the 
chalky and calcareous shale units of the Boyne Member 
of the Carlile Formation are exposed. These units contain 
an abundance of planktonic and benthic foraminifera. A 
relatively thin deposit of oxidized shale representing the 
Gammon Ferruginous Member of the Pierre Shale uncon-
formably rests atop the Boyne Member. This shale was 
likely deposited after the Niobrara transgression as plank-
tonic foraminifera are extremely rare throughout this 
interval. Overlying the Gammon Ferruginous is another 
unconformity followed by deposits of the Pembina Mem-
ber black shale and the ‘Ardmore’ bentonite succession. 
This proves to be a very important marker surface as it is 
correlative for ~1000 km across the WIS (Bertog et al., 
2007) and the bentonite beds have yielded a radioisotope 
age of ~80  Ma (Obradovich, 1993; Hicks et al., 1999; 
Bamburak et al., 2013), placing it firmly within the early 
Campanian. Microfossil assemblages within shale of the 
Pembina Member are very depauperate. Conformably 
deposited above the Pembina Member are the Millwood 

and Odanah members of the Pierre Shale, both of which 
are much more siliceous than the underlying shale units.

Future work will be done on samples from various 
known localities (McNeil and Caldwell, 1981; McNeil, 
1987; Bamburak and Christopher, 2004; Bamburak and 
Nicolas, 2010) of the Cenomanian–Turonian record of the 
Manitoba escarpment, particularly the Keld and Assini-
boine members of the Favel Formation, which were 
deposited during the Greenhorn transgression. These 
members are expected to contain an abundance of fora-
minifera, as evidenced from previous work and their close 
affinity to the Boyne Member units. Sediment samples 
were collected through the Favel Formation in August 
of 2014 from the Porcupine Hills and Duck and Riding 
mountain areas along the Manitoba escarpment.

Materials and methods
A total of 72 bulk-sediment samples were collected at 

roughly1 m intervals through the Carlile and Pierre Shale 
formations. An aliquot of 4–6  g from each sample was 
weighed and processed for microfossils. Each aliquot of 
sediment was disaggregated using a warm, pH-buffered 
solution consisting of hydrogen peroxide, sodium hexam-
etaphosphate and distilled water. Disaggregated sediment 
samples were then rinsed with tap water over a 63  µm 
sieve and placed in an oven at ~30˚C to dry. After drying,  

Figure GS-16-1: Late Cretaceous stratigraphy (left) of the Manitoba escarpment (Nicolas and Bamburak, 2009) and lo-
calities visited on the escarpment (right). The solid black star represents the study area, from which data in this report was 
generated; unfilled stars represent areas where samples have been collected, but are still being processed: 1, Pasquia 
Hills; 2, Porcupine Hills; 3, Duck Mountain; 4, Riding Mountain; 5, Pembina Hills (modified after McNeil and Caldwell, 
1981).
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each sample was passed through a 75 µm sieve and split a 
number of times to attain a manageable amount of micro-
fossils for faunal counts. Representative specimens of key 
taxa were imaged using scanning electron microscopy 
and are shown in Figure GS-16-2.

Results
Examination of microfossil assemblages gleaned 

from Late Cretaceous strata of the Pembina Hills study 

area reveals important large-scale trends that track fluc-
tuations in sea level. Within the Boyne Member of the 
Carlile Formation, an abundance of foraminifera occurs 
during the Niobrara transgression, whereas radiolaria are 
largely absent from this unit. In general, foraminifera are 
present, but relatively rare, within the lower calcareous 
shale unit of the Boyne Member. Foraminiferal abun-
dances rapidly increase across the upper contact of the cal-
careous shale unit with peak abundances in both benthic  

Figure GS-16-2: Scanning electron microscope images of select taxa of planktonic foraminifera from the Boyne Mem-
ber (a–k) and radiolaria from the Millwood Member (l–u): a) Heterohelix striata; b) Heterohelix globulosa; c) Heterohelix 
planata; d) Laeviheterohelix pulchra; e) Pseudotextularia plummerae; f) Heterohelix sphenoides; g) Schackoina multispi-
nata; h) Globigerinelloides volutus; i) Globigerinelloides prairiehillensis; j) Globigerinelloides multispinus; k) Hedbergella 
delrioensis; l) Lithostrobus sp.?; m) Lithostrobus sp.?; n) Dictyomitra multicostata; o) Stichocapsa Tyrelli?; p) Tricolocap-
sa salva?; q) Theocampe sphaerocephala?; r) Dictyocephalus macrostoma; s) Cyrtocalpis crassitestata?; t) Cenellipsis 
hexagonalis?; u) Caryosphaera equidistans?
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foraminifera (~1800 tests per gram) and planktonic fora-
minifera (~11 000 tests per gram) being recorded within 
the overlying chalky unit of the Boyne Member (Fig-
ure GS-16-3).

The overlying Gammon Ferruginous and Pembina 
members of the Pierre Shale contain very few microfossils.  
The lack of marine microfossils and the unconformable 
nature of these deposits suggest that both of these units 
were deposited during the regression that separated the 
Niobrara and Claggett transgressive cycles. Above the 
‘Ardmore’ bentonite beds of the Pembina Member lies the 
Millwood Member. This siliceous shale contains a pre- 
ponderance of radiolaria, with peak abundances of ~45 000 
tests per gram (Figure GS-16-3). The superabundance 
of radiolaria, being exclusively marine zooplankton, 

indicates that deposition of the Millwood Member was 
associated with renewed sea-level rise during the Claggett 
transgression. In addition, the basal Millwood Member 
was found to contain a diverse fauna of calcareous benthic 
foraminifera. The occurrence of this benthic foraminiferal 
fauna is restricted to the lowermost part of the Millwood 
Member as the upper part of this stratigraphic unit is 
typified by very low abundances of foraminifera (Figure 
GS-16-3). The abundance of radiolaria tapers off and the 
quality of preservation steadily declines toward the top of 
the Millwood Member. The overlying Odanah Member is 
generally devoid of marine microfossils, but the high SiO2 
content of this siliceous shale and its indurated nature 
suggest that the scarcity of radiolaria may be due to poor 
preservation and diagenesis (Young and Moore, 1994).

Figure GS-16-3: Microfossil counts of individual tests per gram of dry bulk sediment collected from the Pembina Hills 
study area. Counts have been generated at roughly 1 m resolution throughout the composite section for planktonic fora-
minifera, calcareous and agglutinated benthic foraminifera, and radiolaria. Note the change in horizontal scale from one 
microfossil group to the next.
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Conclusions
Late Cretaceous strata exposed along the face of the 

Manitoba escarpment record a stratigraphic succession of 
changes among marine microfossil assemblages across 
the Santonian–Campanian boundary. Salient aspects of 
this faunal succession are: 1) peak foraminiferal abun-
dances in the Boyne Member of the Carlile Formation, 
with the abundance of planktonic foraminifera peaking in 
the upper (chalky) unit; 2) a sharp decline in foraminiferal 
abundances within the Gammon Ferruginous and Pem-
bina members of the Pierre Shale; 3) a transitory occur-
rence of a diverse benthic foraminiferal fauna within the 
basal Millwood Member of the Pierre Shale; 4) a dramatic 
increase in radiolarian abundances up through the Mill-
wood Member; and 5) a conspicuous absence of marine 
microfossils within the overlying Odanah Member of the 
Pierre Shale.

Deposition of the Boyne Member of the Carlile 
Formation occurred during the sea-level highstand of 
the Niobrara transgression. The appreciable scarcity of 
marine microfossils within the Gammon Ferruginous and 
Pembina members of the Pierre Shale suggests that both 
of these units were deposited during a regressive phase 
that separated the Niobrara and Claggett transgressions. 
Renewed sea-level rise during the Claggett transgression 
is signalled by the appearance of a diverse benthic fora-
miniferal fauna within the lowermost Millwood Mem-
ber, followed by a preponderance of radiolaria and the 
disappearance of foraminifera. The prominent increase 
in radiolaria within the Millwood Member likely reflects 
the southerly advance of boreal waters within the WIS as 
global climate cooled during the early Campanian (Pugh 
et al., 2014).

Economic considerations
Biostratigraphic correlation is important to the recov-

ery of oil and gas resources. By updating the biostrati-
graphic zonation of the Boyne Member, as well as creating 
a foraminiferal abundance proxy, correlation throughout 
the region surrounding the Manitoba escarpment may be 
refined. In addition, the high abundance of radiolaria in the 
Millwood Member could serve as a broad and persistent 
taphonomic indicator, which may prove useful for onsite 
drilling operations throughout much of the Manitoba  
escarpment. Such a thick succession of radiolaria would 
most certainly be apparent in well cuttings, even at a 
sampling resolution as coarse as 10–15 m. Foraminiferal 
abundance may also serve as a proxy for microporosity 
within the Late Cretaceous shale units of the Manitoba 
escarpment. Peak microporosity in conjunction with peak 
total organic-carbon values (Nicolas and Bamburak 2009, 
2011, 2012; Nicolas et al., 2010) may provide added con-
straints for recovering gas from shallow, unconventional 
shale deposits.
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