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ABSTRACT
The upper Paleocene to lower Eocene Margaret Formation exposed at Stenkul Fiord on southern
Ellesmere Island, Nunavut, Canada, represents a nearly continuous terrestrial succession of microfossil-
rich clastic sediments and coal. These strata were deposited at a time of extensive tectonic activity
associated with Eurekan deformation. The precise chronology of the Eurekan deformation is poorly
known. Prior studies at Stenkul Fiord provided a stratigraphic overview and relative age estimates for
exposed strata but lack the absolute age control required to investigate the timing of deformation
events. Strata at Stenkul Fiord preserve evidence of Arctic forests that may have grown during hyper-
thermal events that characterized the Paleogene, namely, the Paleocene-Eocene Thermal Maximum
(PETM) and Eocene Thermal Maximum 2 (ETM2). A quantitative palynological approach is herein used
to define a new higher-resolution biostratigraphic framework for the Margaret Formation strata at
Stenkul Fiord. This resulting improved biostratigraphic framework is integrated with new absolute age
control of 53.7 ±0.06Ma provided by U-Pb ID-TIMS of zircon preserved in an ash bed within the
studied succession. Nine pollen zones are defined based on cluster analysis, NMDS ordination, first-
and last occurrences of taxa, and angiosperm pollen taxa diversity (H0). The presence of thermophilic
pollen taxa at Stenkul Fiord provides evidence of climates related to the globally warm climates dur-
ing the early Paleogene.
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1. Introduction

The Canadian Arctic Archipelago and Greenland drifted apart
as a result of the Eurekan Orogeny during the Late
Cretaceous to Miocene (Figure 1(A)). The Eurekan deform-
ation (von Gosen et al. 2012; Piepjohn et al. 2016) was a
pan-arctic event that coincided with the emplacement of
several mantle plumes originating beneath west Greenland
(Harrison et al. 1999) and formed extensive deformation
zones (Thorsteinsson and Tozer 1970; Balkwill 1978; Okulitch
and Trettin 1991; Piepjohn et al. 2016; Gion et al. 2017).
Counter-clockwise and northward movement of the
Greenland plate and simultaneous seafloor spreading
occurred in the Labrador Sea, Baffin Bay, and North Atlantic
(Ricketts 1986; Riediger and Bustin 1987; Harrison et al.
1999). Tectonics associated with Eurekan deformation
resulted in uplift that created the Cornwall and Princess
Margaret arches and segmented the Carboniferous-
Paleogene Sverdrup Basin into several sub-basins, including
the Strand Fiord and the Remus sub-basins (Miall 1986),

which accommodated thick deposits of terrestrial clastic sedi-
ments of the Eureka Sound Group (Riediger and Bustin
1987). Precise ages of Eurekan deformation events are poorly
known, as is the temporal succession of activation of folding
and faulting, as well as reactivation of previous deformation
associated with the Ellesmerian Orogeny (Piepjohn et al.
2016). A more precise relative and absolute chronology is
needed to determine the tectonic evolution of the eastern
Canadian Arctic Archipelago during the Cenozoic (von Gosen
et al. 2019).

During the late Paleocene to early Eocene, concurrent
with Eurekan deformation, global temperatures had become
substantially warmer than the already warm conditions of
the Late Cretaceous. The Arctic was ice free and inhabited
by a diverse flora and fauna associated today with subtrop-
ical environments, such as palms and mangroves, also includ-
ing plants of mixed conifer-broadleaf rain forests, and
animals like brontotheres, Coryphodon, crocodiles, primates,
tapirs, and turtles (Zachos et al. 2008; Sluijs et al. 2009;
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Eberle and Greenwood 2012; Suan et al. 2017; West et al.
2019; Willard et al. 2019).

The early Eocene was punctuated by several transient
short-term episodes of global warming, referred to as hyper-
thermals, that were superimposed over a gradual long-term
warming trend. These hyperthermals were caused by pulses
of carbon, released into the global exogenic carbon pool
(Lourens et al. 2005; Zachos et al. 2005; Lauretano et al.
2015; Jones et al. 2019). Two prominent hyperthermals were
the Paleocene-Eocene Thermal Maximum (PETM) and the
Eocene Thermal Maximum 2 (ETM2), radiometrically dated

from ash layers and orbitally tuned marine sediments
(McInerney and Wing 2011; Westerhold et al. 2009;
Westerhold et al. 2017). The PETM occurred
�55.93–55.749Ma (Westerhold et al. 2017; Westerhold et al.
2018), during which Arctic Ocean temperatures increased
5–8 �C and air temperatures increased by 2–3.5 �C to a mean
annual temperature of 13–21 �C (Kennett and Stott 1991;
Koch et al. 1992; Zachos et al. 2001; Sluijs et al. 2006; Weijers
et al. 2007; McInerney and Wing 2011; Eldrett et al. 2014;
Willard et al. 2019). The ETM2 at �54.05–53.95Ma and its
associated climatic changes in the Arctic were similar to

Figure 1. (A) Map of Canada showing the Canadian Arctic Archipelago (beige) and Ellesmere Island (brown). (B) Closer view of Ellesmere Island showing the location of Stenkul
Fiord. Modified from Atlas of Canada. (C) Outline of the southern shore of Stenkul Fiord. The black lines and numbers show measured and sampled sections. The grey shading
shows topographic elevation>100m above sea level, interpreted from satellite imagery. Source: Contains information licensed under the Open Government Licence – Canada.
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those of the PETM; temperatures increased and climate was
humid (Sluijs et al. 2009; Suan et al. 2017; Westerhold et al.
2017; Willard et al. 2019). Arctic sea surface temperatures
increased by 3–5 �C (Sluijs et al. 2009; Schoon et al. 2011).

The late Paleocene to middle Eocene (ca. 57–38Ma) sedi-
ments on Ellesmere and Axel Heiberg islands, part of the
Canadian Arctic Archipelago, Nunavut, Canada (Figure 1(B)),
preserve fossil evidence of past terrestrial environments, such
as in situ fossil tree trunks, leaves, seeds, and pollen and
spores (Eberle and Greenwood 2012; West et al. 2019). These
fossils indicate that during non-hyperthermal conditions of
the early Paleogene, the Arctic supported lush swamp and
forest communities composed of conifers such as redwoods
and cedars (Cupressaceae, e.g. Metasequoia, Chamaecyparis).
Members of the Pinaceae (e.g. Larix, Picea, Pinus, Tsuga) were
also common, and a diverse dicotyledonous angiosperm flora
with alder and/or birch (Alnus and Betula spp.), linden (Tilia
spp.) and other deciduous broadleaf trees were also import-
ant (Hills and Ogilvie 1970; Kalgutkar and McIntyre 1991;
Frederiksen et al. 1994; Greenwood and Basinger 1994;
McIver and Basinger 1999; Greenwood et al. 2010; Eberle
and Greenwood 2012; Suan et al. 2017; Willard et al. 2019;
West et al. 2019). During the PETM and ETM2 hyperthermal
events, Arctic vegetation was characterized by broadleaf-for-
ests and coniferous swamp forests that notably included
thermophilic elements such as palms (Arecaceae) and man-
groves (Avicennia sp.) (Weijers et al. 2007; Sluijs et al. 2009;
Suan et al. 2017; Salpin et al. 2019; Willard et al. 2019; Suc
et al. 2020). In the Beaufort-Mackenzie Basin region of the
Canadian Arctic, the stratigraphic position of the base of the
PETM hyperthermal was determined using carbon isotope
stratigraphy in marine sediments (McNeil and Parsons 2013).
The base of the PETM in the Beaufort-Mackenzie Basin is also
characterized by the introduction of novel pollen taxa, the
presence of thermophilic pollen such as Platycaryapollenites
spp. and Tilia spp., and the occurrence of the dinoflagellate
cyst Apectodinium augustum (McNeil and Parsons 2013).
Another study of the Beaufort-Mackenzie Basin region deter-
mined the presence of Avicennia stratigraphically below the
ETM2 (Salpin et al. 2019).

The palynoflora preserved in the sediments recovered
from the Lomonosov Ridge shows notable responses of the
floral assemblage to early Eocene hyperthermals—there are
numerous first occurrences of pollen and spore taxa during
the PETM and ETM2, including palms (Willard et al. 2019)
and Avicennia (Suc et al. 2020). On Faddeevsky Island, New
Siberian Islands, Russia, the PETM was identified using car-
bon isotope stratigraphy, and is associated with increases in
abundance of taxodioid Cupressaceae (aff. Metasequoia or
Taxodium), palm, and Avicennia pollen, as well as high kaolin-
ite content (Suan et al. 2017). The geologically rapid onset of
the PETM and ETM2, identified in marine sediments pre-
served on the Lomonosov Ridge (Pagani et al. 2006; Sluijs
et al. 2009; Willard et al. 2019; Suc et al. 2020), and manifes-
tations of their abrupt warming on regional vegetation com-
position provides an important datum for
chronostratigraphic correlation and biostratigraphic age con-
trol (McNeil and Parsons 2013).

1.1. Stenkul Fiord

At Stenkul Fiord on southern Ellesmere Island (Figure 1(C);
77.35�N, 83.5�W), the exposed upper Paleocene to lower
Eocene Margaret Formation (Figure 2) is composed of nearly
continuous deposits of clastic sediment and coal (Figure 3;
Riediger and Bustin 1987; Eberle and Greenwood 2012;
Reinhardt et al. 2013; Reinhardt et al. 2017) that are rich in
pollen and spores (Kalkreuth et al. 1996; Harrington et al.
2012). Strata are interpreted as proximal delta-front to delta-
plain deposits and feature fining upward cycles of inter-
bedded sandstones, mudstones, and lignitic coals (Miall
1984; Miall 1986; Ricketts 1986; Riediger and Bustin 1987;
Kalkreuth et al. 1998). As part of the Eureka Sound Group,
the Margaret Formation at Stenkul Fiord was deposited in
the Remus Basin, a sub-basin of the larger Sverdrup Basin
that formed in the early Paleogene during Eurekan deform-
ation (Miall 1986). There is pronounced tectonic deformation
of these strata associated with Eurekan deformation, seen as
folding, reverse-, normal-, and strike-slip faulting (Figure 3(B);
Piepjohn et al. 2016; Reinhardt et al. 2017; von Gosen
et al. 2019).

Sediments at Stenkul Fiord may preserve the remains of
Arctic forests that grew during the PETM and ETM2 and pos-
sibly smaller hyperthermals such as the I1 (Reinhardt et al.
2019), calibrated to 53.665Ma by Westerhold et al. (2017).
The I1 hyperthermal has not previously been reported in ter-
restrial Arctic sediments. The pronounced climatic changes
associated with the PETM and the ETM2 hyperthermals are
expected to have affected the vegetation at Stenkul Fiord
and other high northern latitude locations where taxa may
have been living at or near ecological tolerances due to the
duration of the polar night. Floral responses to climatic
changes are archived in pollen and spore assemblages pre-
served in strata during deposition. Detailed sampling of ter-
restrial sediments has previously been performed at Stenkul
Fiord at a resolution high enough to allow an observation of
floral changes in response to environmental changes of the
hyperthermals (cf. Kalkreuth et al. 1996; Harrington et al.
2012). However, the previous palynological analyses could at
the time not be integrated with absolute time. Recently, a
well-constrained radiometrically dated ash layer was identi-
fied at Stenkul Fiord (von Gosen et al. 2019), providing
much-needed absolute age control.

The objectives of this study are to evaluate compositional
changes of floral assemblages in response to early Eocene
hyperthermal intervals to produce a precise quantitative pol-
len zonation scheme for Stenkul Fiord that can be applied at
a local, regional, and pan-hemispheric scale. The radiometric-
ally dated volcanic ash (MA-1; von Gosen et al. 2019) pro-
vides an absolute age that strengthens the stratigraphic
framework of this study. A fine-resolution pollen zonation
scheme, as presented here, will refine correlation of strati-
graphic sequences of existing litho- and biostratigraphy and
will provide a palynostratigraphic framework to impart
insight into the chronology of the Eurekan deformation
events and to evaluate floral responses to early Eocene
hyperthermals.
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1.2. Stratigraphy of Stenkul Fiord

Studies of the depositional environment at Stenkul Fiord by
Riediger and Bustin (1987) established a detailed

lithostratigraphy for the region. Biostratigraphic age control
was provided primarily by determination of Eocene-aged
invertebrates (Riediger and Bustin 1987). Rare dinoflagellate

Figure 2. Early Paleogene lithostratigraphic chart showing the chronostratigraphic positions (coloured horizontal bars) of early Eocene hyperthermals at Stenkul
Fiord and Split Lake. The Graybullian, which is mentioned in this study, is a substage of the Wasatchian stage and falls within the early Eocene. The sampled sec-
tions column shows preliminary stratigraphic placement of four sampled sections and the volcanic ash layer MA-1. Modified from West et al. (2019).
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cysts did not provide age control (McIntyre 1994). McIntyre
(1994) established a late Paleocene to early Eocene age for
the Stenkul Fiord strata using biostratigraphic ages of pollen
and spores, which Kalkreuth et al. (1996) subsequently used
in their study. Harrington et al. (2012) conducted an add-
itional palynological study of Stenkul Fiord but assigned an
early Eocene age based on the composition of the vertebrate
fauna found in local sandstone units using the North
American Land Mammal Age (NALMA) scheme of
Woodburne (2004). The vertebrate fauna indicates an early
Eocene age of 53.0 to 54.5Ma (Wasatchian – Graybullian
NALMA) (Eberle and Greenwood 2012; Harrington et al. 2012;
Eberle and Eberth 2015; West et al. 2015). At the time studies
such as those by Kalkreuth et al. (1996) and Harrington et al.
(2012) were conducted, radiometric ages for these sediments
were unavailable and thus could not be integrated with
absolute ages, therefore providing only relative ages.

Pollen zonation of the Canadian Arctic by Harrison et al.
(1999) was based on data from the Beaufort-Mackenzie Basin
and Axel Heiberg Island by Sweet et al. (1989) and D.J.
Mclntyre (in Dixon 1996). For the latest Paleocene (�57Ma)
into the middle Eocene (�41Ma). Three pollen zones were
recognized: the Pistillipollenites mcgregorii zone,
Aquilapollenites tumanganicus zone, and the Juglans sp.–Tilia
sp.–Ilex sp. zone, defined by first appearances of these taxa
(Harrison et al. 1999). Two of these genera, Juglans and Tilia,
occur frequently at Stenkul Fiord and provide a late
Paleocene to early Eocene age of local sediments (McIntyre
1994; Kalkreuth et al. 1996; Harrington et al. 2012). This pol-
len zonation scheme can herein be refined using higher
density sampling and integration of results from U-Pb radio-
metric ages of an ash layer (von Gosen et al. 2019).

The exposed Margaret Formation at Stenkul Fiord (Figure
2) consists of four sedimentary units separated by

unconformities and/or disconformities (von Gosen et al.
2019). The lowermost Unit 1 is latest Paleocene-early Eocene
age, units 2 and 3 are early Eocene age, and the uppermost
Unit 4 may be of middle Eocene age (von Gosen et al. 2019).
Relative ages of the sedimentary units were determined pri-
marily using multiple U-Pb radiometric ages (ID-TIMS) recov-
ered from zircons preserved within a laterally extensive ash
layer (Figure 3(C); Reinhardt et al. 2013; Reinhardt et al. 2017;
von Gosen et al. 2019). The ash layer, named MA-1, occurs
stratigraphically near the unconformity between units 2 and
3, and provided an age of 53.7 ± 0.06Ma (von Gosen
et al. 2019).

2. Materials and methods

This study is based on material collected at Stenkul Fiord,
Ellesmere Island, Nunavut, Canada, in July 2017 (Figure 3(D))
as part of a joint German-Canadian expedition (Circum-Arctic
Structural Events 19 – CASE 19) co-led by the German
Federal Institute for Geosciences and Natural Resources (BGR)
and the Geological Survey of Canada (GSC). A total of four
sections (S1, S2, S3, S5; Figures 1 and 2) were chosen to cap-
ture the longest possible continuous stratigraphic succession.
Sections were also chosen where volcanic ash layers were
preserved and based on uncertainties of stratigraphic place-
ment of sections found along the main W-E valley to refine
interpretation of the stratigraphy and its deformation (see
von Gosen et al. 2019). The exposure at S1 faces NE, on a
slope towards the fiord (Figures 1 and 3(A)). S1 sediments,
however, have been affected by syn-sedimentary deform-
ation (von Gosen et al. 2019). S2 was measured and sampled
on the limb of an anticline fold on the north side of the
main W-E valley, opposite to S3 within the hinge of an anti-
cline fold on the south side of the main W-E valley (von

Figure 3. (A) Exposed strata of the Margaret Formation at Stenkul Fiord. The red dotted line shows the sampled path, which is offset along the white sand marker
bed (white dashed line). The yellow dashed line shows the approximate stratigraphic placement of the dated volcanic ash layer MA-1. (B) Folded strata near S3 at
Stenkul Fiord. (C) Volcanic ash layer MA-3 at the base of S2. (D) Exposed strata at S1 and sampled path indicated by small white sample bags and exposed fresh
sediment. Persons for scale. Location of shown sediments in (D) are indicated in (A) by the bracketed D.
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Gosen et al. 2019). S5 faces W towards the fiord, opposite to
S1, and is outside the studied area of von Gosen et al.
(2019). The east side near S5 is likely offset to the western
area around S1, S2, and S3 by a larger fault or set of faults
(Riediger and Bustin 1987). However, sedimentation between
eastern and western strata may also have been continuous
and the bedding planes were subsequently tilted instead of
faulted (West et al. 2015). At S5, field observations suggest
the strata are undeformed but likely were also affected by
syn-sedimentary deformation.

Ninety-six samples were collected from outcropping expo-
sures of the Margaret Formation for palynological analyses.
Approximately 100 g of organic-rich material (mostly coal)
were collected from sediments, where present. Collections
were made at every successive thin (<0.5m) organic-rich
layer, the bottom and top of thicker layers (0.5m up to 1m),
and every 1–1.5m for layers thicker than 1m. Material from
rare mudstone was also collected, representing 7 out of the
96 samples collected (marked in Figure 4 and Supplementary
Data Figures A1–A4).

The organic-rich material collected at Stenkul Fiord was
prepared by Global Geolab Limited, Alberta, Canada, to iso-
late palynomorphs following standard techniques (Faegri and
Iversen 1964; Ediger 1986; Traverse 2007), including washing,
acid digestion with hydrochloric and hydrofluoric acids, oxi-
dation with Schulze’s solution, staining with Safranin O, and
then residues were mounted using liquid bioplastic. Samples
were sieved at 150 mm to remove large particles. All micro-
scope slides are currently on loan from the Government of
Nunavut and are stored at the Geological Survey of Canada,
Calgary, Alberta. Curation, preparation, and specimen num-
bers are shown in Supplementary Data Table A1.

Identification and enumeration of palynomorphs were
conducted using an Olympus BX-51 microscope equipped
with an Olympus SC100 camera at 40x magnification and at
100x magnification under oil immersion. A list of identified
pollen and spore taxa and their taxonomic authorities are
shown in Supplementary Data Table A2. Quantitative analy-
ses are based on minimum counts of 300 or more pollen
and spore grains from obligately terrestrial plants
(Supplementary Data Figures A5–A8). The slides were subse-
quently scanned for taxa not encountered during initial
counts that may be biostratigraphically important (e.g.
Harrington et al. 2005). Preparations with poorly preserved
palynomorphs were also scanned where counting was not
possible. Thermal Alteration Index of palynomorphs was
assessed on kerogen (unoxidized) slides and is 2-, indicating
minor thermal alteration (Pearson 1984).

Lithostratigraphic column reconstructions (Figure 4 and
Supplementary Data Figures A1–A4) were prepared using
AdobeVR Illustrator and the FGDC Digital Cartographic
Standard for Geologic Map Symbolization plug-in (U.S.

Geological Survey 2006). Lithostratigraphic correlation of sec-
tions (Figure 4) containing the dated volcanic ash layer was
done primarily in the field, based on prior understanding of
the lithology of Stenkul Fiord with the assistance of a map
derived from a high-resolution satellite image, aerial photo-
graphs, and the known age of the volcanic ash layer MA-1
(Reinhardt et al. 2017; von Gosen et al. 2019).

MicrosoftVR Excel was used to plot raw abundances of
palynomorphs as range diagrams, showing first occurrences
(FOs) and last occurrences (LOs) of taxa for each section
(Supplementary Data Figures A5–A8). A range chart showing
key pollen taxa for all four sections (Figure 5) was produced
with AdobeVR Illustrator. The stratigraphic distribution of the
relative abundance of pollen and spore taxa is shown for
each of the measured sections and plotted using TiliaView
(Grimm 1993) and is shown in Supplementary Data Figures
A9–A12. Sample grouping was performed using stratigraphic-
ally constrained cluster analysis (CONISS) on square root
transformed relative abundance data (Grimm 1987) and is
shown with the lithostratigraphy in Figure 4, as well as in
the appendix (Supplementary Data Figures A9–A12). All taxa
with a relative abundance of 3% or greater per sample were
included in the CONISS analysis included as recommended
by Grimm (1987), but with aquatic taxa
(Sparganiaceaepollenites reticulus and Graminidites sp.) and
the bisaccates Piceaepollenites sp. and Pinuspollenites sp.
removed. This treatment reflects that pollen derived from
Pinus or Picea ancestors, such as Piceapollenites and
Pinuspollenites, likely originated from long distance transport
(Mudie and McCarthy 1994) and that these taxa can be
notoriously overrepresented in modern pollen spectra. Pollen
from obligately aquatic plants are excluded as they represent
a local signal (Traverse 2007). Shannon Diversity Index (H0)
and Pielou’s species evenness (J) were computed in R (R
Development Core Team 2018) and the RStudio (RStudio
Team 2016) software extension, using the vegan package
(Oksanen et al. 2007). Only the angiosperm-sum H0 and J val-
ues are displayed in Figure 4 as changes in the relative abun-
dance of angiosperms are of particular interest as they are
sensitive to environmental change (Nichols and Ott 1978).
Diversity (H0) and evenness (J) values for angiosperm pollen
taxa are shown in Supplementary Data Table A3.

Non-metric multidimensional scaling (NMDS), regarded as
one of the most robust unconstrained ordination methods in
community ecology (Minchin 1987), was performed using the
vegan package (Oksanen et al. 2007) in R (R Development Core
Team 2018). As a non-parametric ordination technique, NMDS
employs ranked distances to assess the similarity between sam-
ples. Samples that plot close to each other are similar in com-
position. The relative abundance of pollen and spores from
samples across all four sections were included. This analysis
was performed in two dimensions and employed the Bray-

3

Figure 4. Lithostratigraphy of correlated measured sections (S5, S1, S2, and S3) at Stenkul Fiord with superimposed pollen zones (zones A–I). Units 1–4 of von
Gosen et al. (2019) are shown, separated by unconformities, as well as the dated volcanic ash layers (MA-1 and MA-3). The green graph shows Pielou’s species
evenness (J), the red graph shows the Shannon-Wiener diversity index (H0) calculated from the angiosperm pollen sum only, because changes in the relative abun-
dance of angiosperms are sensitive to environmental change (Nichols and Ott 1978). The orange graph shows the clustering of CONISS cluster analysis. These data
points indicate stratigraphic locations of all sampled strata. The brown dashed lines connecting data points of J, H0 , and CONISS clusters indicate the 7 mudstone
samples. The stratigraphic placement of S5 below S1 is currently uncertain and is shown by a question mark.
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Curtis distance metric. Runs were repeated until a convergent
solution was reached. Within-sample normal confidence ellipses
with a t-distribution at 95% (Fox and Weisberg 2011) were
added for each of the pollen zones to simplify the illustration
of NMDS results (Figure 6).

3. Results

3.1. Lithostratigraphy

For this study, the four stratigraphic sections were placed
within the regional map and structural interpretation of von

Figure 5. Range diagram of key gymnosperm and angiosperm pollen taxa for each section shown in different colours. Palynomorph taxa have been sorted by their
first occurrences. Pollen zones are superimposed for relative time control. The stratigraphic location of the volcanic ash MA-1 is shown by the trefoil, providing a
temporal reference point of �53.7Ma (von Gosen et al. 2019).
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Gosen et al. (2019) (Figure 4) and are referred to the lithos-
tratigraphic framework of Riediger and Bustin (1987) where
possible (Supplementary Data Figures A1–A4). References to
the lithostratigraphic members of Riediger and Bustin (1987)
are given for the pollen zones (see below). The area south-
east of Stenkul Fiord (Figure 1(C)) consists of four informal
lithostratigraphic units within the Margaret Formation (von
Gosen et al. 2019). Sections 1, 2, and 3 occur within the
study area of von Gosen et al. (2019) and can be placed
within their stratigraphic interpretation. Section 5 does not
fall within their mapped area and its stratigraphic placement
is inferred, based on findings of previous studies. Riediger
and Bustin (1987) assumed a late Paleocene age because the
area around S5 is likely offset by a fault. West et al. (2015)
also refer to the east side of Stenkul Fiord to be of late
Paleocene age; they assume continued sediment accumula-
tion of strata well into the early Eocene, which today are pre-
served on the west side of Stenkul Fiord. Section 5 (S5;
140m height) occurs within Member 2 of Riediger and
Bustin’s (1987) lithostratigraphy (Figure A1). Therefore, S5
may be an older part of Unit 1 (von Gosen et al. 2019). This
section is made up of mainly fining-upward massive sand-
stones interbedded with coals. The lowermost part of
Section 1 (S1; 177m total height) falls within sedimentary
Unit 1 (von Gosen et al. 2019). These sediments are still
described as Member 2 by Riediger and Bustin (1987) (Figure
A2). Here, multiple intervals of fining-upward and poorly
lithified sandstones are interbedded with coals. A visually
inconspicuous unconformity, originally identified from satel-
lite imagery (von Gosen et al. 2019), within a sandstone sep-
arates Unit 1 from Unit 2. Near the base of Unit 2 in S1, a
white quartz sandstone horizon (Harrington et al. 2012;
Reinhardt et al. 2013; von Gosen et al. 2019) stands out in a
lithology of mainly dark-coloured rock (Figure 3(A)). This sin-
gle horizon was described as Member 3 by Riediger and
Bustin (1987) because it was interpreted to represent a mar-
ine transgression (Supplementary Data Figure A2). Above the
white sandstone in Unit 2, moving into Member 4 of
Riediger and Bustin (1987), a series of once again terrestrial
interbedded mudstones and coal seams are overlain by thick
sandstones and some covered intervals (Supplementary Data
Figures A2–A4). Beginning at the middle of Unit 2, deform-
ation is seen as folding, reverse-, normal-, and strike-slip
faulting (von Gosen et al. 2019).

The upper part of Unit 2 can also be observed at the
base of Section 3 (S3; 100m height). Unit 2 is separated from
Unit 3 by another unconformity. The base of Section 2 (S2;
42m in height) sits on top of this unconformity. Near the
top of Unit 2 in S1, a thin volcanic ash layer MA-1 occurs
(von Gosen et al. 2019), which is dated to 53.7 ± 0.06Ma
using U/Pb absolute ages from zircons found within the ash.
S2 and S3, however, each contain a volcanic ash layer at the
base of Unit 3 and above the unconformity. At S2, the vol-
canic ash layer MA-3 occurs (Figure 3(C)), which is assumed
based on its stratigraphic position to be only slightly
younger than MA-1 (von Gosen et al. 2019). At S3, volcanic
ash layer MA-1 is found again. Unit 3 consists of some inter-
bedded coals, mudstones, and siltstones, but is dominated

by massive sandstones and some covered intervals near the
top. Deformation of the Margaret Formation strata extends
until the top of Unit 3 (von Gosen et al. 2019).

The boundary between units 3 and 4 cannot be directly
observed in the massive sandstones of S1 and S3 but was
also identified and mapped with help of satellite imagery
(von Gosen et al. 2019). The area around S2 and S3 was not
visited as part of Riediger and Bustin’s (1987) lithostrati-
graphic study but likely fits into their Member 4
(Supplementary Data Figures A2–A4).

3.2. Palynology

The Stenkul Fiord palynoflora is comprised of 107 taxa iden-
tified in preparations from samples collected from the four
sections (Supplementary Data Table A1). Angiosperms are
particularly ecologically sensitive to climate changes and
evolved rapidly during the early Paleogene (Nichols and Ott
1978). Many fossil angiosperm pollen taxa have short strati-
graphic ranges and are therefore biostratigraphically useful
(Faegri and Iversen 1964; Nichols and Ott 1978; Punt et al.
2007; Traverse 2007). The results of the Stenkul Fiord palyno-
logical analysis therefore focus almost exclusively on angio-
sperm pollen taxa and a single gymnosperm taxon,
Cupressacites hiatipites, due to observed shifts in its relative
abundance at key stratigraphic intervals of the Margaret
Formation at Stenkul Fiord. Most other gymnosperm pollen
taxa and pteridophyte spore taxa are long-ranging and do
not contribute to the interpretation of the palynostratigra-
phy. Shannon Diversity Index (H0) and Pielou’s evenness (J)
calculated using angiosperms only are shown with the lithos-
tratigraphy in Figure 4.

Notable and common angiosperm pollen taxa are shown
in Plate 1, pteridophyte spores and gymnosperm pollen are
shown in Plate 2. Supplementary Data Table A2 shows a list
of the encountered taxa and Figure 5 shows a range chart
for key pollen taxa arranged by first occurrences (FOs) and
last occurrences (LOs). Figure 4 shows the results of the
CONISS cluster analysis for all sections. Parts of the stratig-
raphy that are not assigned to any pollen zones are poorly
preserved samples with low palynomorph counts, and were
thus not placed into the well-defined clusters by CONISS
cluster analysis.

Nine informal pollen zones (Figure 4) are defined here for
the Margaret Formation at Stenkul Fiord from oldest to
youngest, based primarily on stratigraphically constrained
cluster analysis. Pollen zones were selected and correlated
between sections based on quantitative analyses of observed
palynomorphs (FOs and LOs) and diversity (H0) and evenness
measurements (J) of angiosperm pollen taxa. The pollen
zones were subsequently tested with NMDS ordinance ana-
lysis (Figure 6).

The oldest section, S5, contains a lower angiosperm pol-
len taxa diversity (H0) compared to all other sections, but the
diversity is higher within pollen zones A and B at �30m and
45–90m (Figure 4). No pollen zones were assigned to the
upper part of this section because preparations contained
poorly preserved and few palynomorphs. At the base, S1
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immediately begins with higher angiosperm pollen taxa
diversity (H0) in zone C (Figure 4 and Supplementary Data
Figure A6), which decreases soon after at �55m, but imme-
diately recovers to higher levels until the top of the section.
CONISS cluster analysis determined well-defined clusters for
the six pollen zones (C–H) in S1 (Figure 4). The shorter sedi-
mentary succession S2 shows an angiosperm pollen taxa
diversity (H0) similar to the upper part of S1 throughout
(Figure 4 and Supplementary Data Figure A7) and, based on
cluster analysis, contains two pollen zones also found in S1
(G & H) and another pollen zone not observed in S1 (pollen
zone I; Figure 4). The last section, S3, also contains the same
three pollen zones (G, H, & I) as S2 and shows similarly
higher angiosperm pollen taxa diversity (H0) as S2 (Figure 4
and Supplementary Data Figure A8). The top of S3 was not
assigned to a pollen zone because sampling resolution was
low due to the presence of thick sandstones.

The ordination technique NMDS was carried out to assess
compositional variation between palynological samples and
pollen zones through time (Figure 6). The composition of all
pollen zones identified by CONISS is relatively similar overall;
the analysis does not expose certain pollen zones that are
composed of a unique palynoflora compared to other pollen
zones. Some pollen zones, including zones C, E, and F form
the best-constrained clusters, indicating lower compositional
variation within each pollen zone. However, pollen zones
such as A, D, and G produce larger, poorly constrained clus-
ters, indicating greater compositional variation within each
pollen zone. The results of NMDS ordinance therefore pro-
vide a deeper look into the character of the vegetation that
is represented by each pollen zone idenfitied with CONISS
cluster analysis.

3.3. Pollen zone A

This zone occurs in the lower half of S5 (Figure 4 and
Supplementary Data Figures A5 and A9), which is part of the
lower Unit 1 of von Gosen et al. (2019) and Member 2 of
Riediger and Bustin (1987) (Supplementary Data Figure A1).
This zone is part of a well-defined cluster and contains an
angiosperm pollen diversity (H0) that is similar throughout S5
(�1.6). NMDS ordinance of this pollen zone provides a poorly
constrained cluster, indicating greater compositional vari-
ation between samples (Figure 6). First occurrences of paly-
nomorphs do occur in zone A (Figure 5) but this zone sits at
the base of S5 and older sediments were not sampled. A sin-
gle grain of Pistillipollenites mcgregorii pollen was observed
in zone A and average relative abundances of Cupressacites
hiatipites pollen in this pollen zone are high (�78%). The
dominant angiosperm pollen taxa in pollen zone A are long-
ranging types, including Triporopollenites mullensis and cf.
Penetetrapites inconspicuous (Plates 1 and 2).

3.4. Pollen zone B

Zone B occurs in the middle part of S5 as a well-defined
cluster (Figure 4 and Supplementary Data Figures A5 and
A9) also within the lower Unit 1 of von Gosen et al. (2019)

and Member 2 of Riediger and Bustin (1987) (Supplementary
Data Figure A1). Angiosperm pollen diversity (H0) remains
near �1.6. NMDS ordinance of this pollen zone could not
provide a confidence ellipse for this pollen zone due to
insufficient data, but samples do not appear to be closely
related, also indicating greater compositional variation
between samples (Figure 6). Several FOs occur in this zone,
including pollen of Alnipollenites sp., Liquidambarpollenites
sp., Tricolpites sagax, and T. ringens (Figure 5). The most com-
mon angiosperm pollen taxa are Caryapollenites imparalis
and Triporopollenites mullensis. Average relative abundances
of C. hiatipites pollen in this pollen zone decrease to �67%.

3.5. Pollen zone C

This zone, at the base of S1, is found at the top of Unit 1
and at the base of Unit 2 of von Gosen et al. (2019) (Figure
4 and Supplementary Data Figures A6 and A10). Riediger
and Bustin (1987) place this part of the section into the very
top of their Member 2 (Supplementary Data Figure A2).
Samples occur in a well-defined cluster and angiosperm
diversity (H0) is higher than in S5 (�2). NMDS ordinance of
this pollen zone provides the most closely constrained clus-
ter, indicating lowest compositional variation between sam-
ples relative to all other pollen zones (Figure 6). First
occurrences of pollen taxa include Aquilapollenites tumanga-
nicus, Caprifoliites cf. C. paleocenicus, Castaneapollenites sp.,
Tilia vescipites, and Tricolpites anguloluminosus (Figure 5).
Retitricolpites crassus and Pistillipollenites mcgregorii pollen
occur in higher abundances than in S5. Very low counts of
Platycaryapollenites swasticoidus are observed in this zone;
this palynomorph is not seen in older sediments, except near
the top of S5. The zone C interval shows reduced relative
abundances of C. hiatipites pollen (�73%) compared to zones
A and B. All FO pollen taxa in this zone persist throughout
Units 2 and 3.

3.6. Pollen zone D

Zone D occurs below the middle part of S1 and in the lower
Unit 2 of von Gosen et al. (2019) and Member 4 of Riediger
and Bustin (1987) (Figure 4 and Supplementary Data Figures
A2, A6, and A10). The samples however do not occur in a
well-defined cluster, compared to previous zones.
Additionally, NMDS ordinance of this pollen zone provides a
poorly constrained cluster, indicating greater compositional
variation between samples (Figure 6). The angiosperm diver-
sity (H0) is lower (�1.6) than underlying zone C. Zone D con-
tains lower average relative abundances of C. hiatipites
pollen (�57%) and notably higher quantities of Liliacidites
complexus, Sparganiaceaepollenites reticulus, and
Ulmipollenites tricostatus pollen, relative to bounding strata.

3.7. Pollen zone E

Zone E is also found in the lower Unit 2 of von Gosen et al.
(2019) and Member 4 of Riediger and Bustin (1987) (Figure 4
and Supplementary Data Figures A2, A6, and A10). This zone
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is characterized by a better-defined cluster and angiosperm
diversity (H0) is higher (�1.9) than in the previous zone.
NMDS ordinance of this pollen zone provides a well-con-
strained cluster, indicating lower compositional variation
between samples (Figure 6). Average relative abundances of
C. hiatipites pollen are higher than in the bounding strata
(�79%). Castaneapollenites sp. and Tricolporites sp. 2 pollen
are more abundant in this zone.

3.8. Pollen zone F

Zone F is also found in the middle part of S1, in the lower
Unit 2 of von Gosen et al. (2019), and Member 4 of Riediger
and Bustin (1987) (Figure 4 and Supplementary Data Figures
A2, A6, and A10). Samples occur in a better-defined cluster
than preceding zones, but angiosperm diversity (H0) remains
stable near �1.9. NMDS ordinance of this pollen zone pro-
vides a well-constrained cluster similar to pollen zone E, also
indicating lower compositional variation between samples
(Figure 6). Higher abundances of Tricolpites cf. C. parvistriatus
and Ulmipollenites tricostatus pollen occur along with a
slightly lower average relative abundance of C. hiatipites pol-
len (�72%) in this pollen zone. An important FO is pollen of
Tilia crassipites (Figure 5).

3.9. Pollen zone G

Zone G occurs immediately below the unconformity between
Unit 2 and Unit 3 in S1 and above the unconformity near
the bases of S2 and S3 (von Gosen et al. 2019). In the

scheme of Riediger and Bustin (1987), this zone still
belongs to Member 4 (Figure 4 and Supplementary Data
Figures A2–A4, A6–A8, and A10–A12). Deposited within this
zone are the volcanic ash layers, which were described by
von Gosen et al. (2019). One of these ash layers (MA-1 at
S1 and S3) was dated to 53.7 ± 0.06Ma (ID-TIMS U-Pb of zir-
con). The ash layers act as correlation points for zone G in
S1, S2, and S3 as the layers are readily visible in outcrop.
Cluster analysis results in a less well-defined cluster for S1
but much better-defined clusters in S2 and S3 (Figure 4).
Angiosperm diversity (H0) is higher than in strata below
(�2.1) but remains lower in S2 and S3 (�1.9 for both).
NMDS ordinance of this pollen zone provides a poorly con-
strained cluster, indicating higher compositional variation
between samples (Figure 6). Two of the three samples of
this pollen zone originate from mudstones, but this lithofa-
cies variation is unlikely to affect the floral spectra. Pollen
of Aquilapollenites tumanganicus, Ericipites sp., Tricolpites
sagax, Ulmipollenites tricostatus are the most abundant
angiosperm taxa in S1. In S2 and S3, Pistillipollenites mcgre-
gorii and Sparganiaceaepollenites reticulus are the most
abundant pollen taxa, as well as Ulmipollenites tricostatus in
S2. First occurrences include the pollen taxa Alnipollenites
trina, Intratriporopollenites cf. I. instructus, and Ulmoideipites
hebridicus (Figure 5). Many angiosperm pollen taxa from
zone A reappear, including Aesculiidites sp., Caprifoliites cf.
C. paleocenicus, and Retitricolpites crassus. There is a
decrease in the average relative abundance in this pollen
zone of C. hiatipites pollen in S1 (�51%) and S2 (�34%)
but not in S3 (�77%).

Figure 6. NMDS analysis of samples from all sections at Stenkul Fiord, separated by colour according to the pollen zones. Confidence ellipses have been superim-
posed to show how well the clusters for each pollen zone have been constrained and the degree of compositional variance within a pollen zone.
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3.10. Pollen zone H

Zone H occurs immediately above the unconformity between
Unit 2 and Unit 3 of von Gosen et al. (2019) in S1 but occurs
higher in S2 and S3, ranging to the top of S2 . This zone
also occurs in Member 4 (Riediger and Bustin 1987) (Figure 4
and Supplementary Data Figures A2–A4, A6–A8, and
A10–A12). In S1, S2, and S3, this zone occurs in a well-
defined cluster and angiosperm diversity (H0) remains higher
(�2.3, �2.1, and �2.0, respectively). NMDS ordinance of this
pollen zone provides a very well-constrained cluster, indicat-
ing low compositional variation between samples (Figure 6).
Average relative abundances of C. hiatipites pollen increase
to �79% in S1, �72% in S2, and �84% in S3. Abundances of
Liliacidites complexus and Cycadopites sp. pollen increase, and
Pistillipollenites mcgregorii pollen abundances are higher,
except for S1. Pollen of Hemicorpus sp., which previously
only occurred in zone C, reoccurs here. Diervilla sp. pollen
only occurs in this zone (Figure 5).

3.11. Pollen zone I

Zone I is observed only in S2 and S3, where it occurs
between zones G and H in the lower parts of the section
(Figure 4 and Supplementary Data Figures A2–A4, A6–A8,
and A10–A12). Zone I occurs in well-defined clusters in S2
and S3 and angiosperm diversity (H0) remains higher (2.1 and
1.9, respectively), though is lower than in the surrounding
zones. NMDS ordinance of this pollen zone provides a poorly
constrained cluster, indicating higher compositional variation
between samples (Figure 6). Average relative abundances of
C. hiatipites (�52% in S2, and �82% in S3) increase relative
to pollen zone G but are slightly lower than zone H. Pollen
of Aquilapollenites tumanganicus, Pistillipollenites mcgregorii,
and Sparganiaceaepollenites reticulus, are most abundant.

3.12. Pteridophyte spores and gymnosperm pollen

The most common pteridophyte spore taxa (Plate 2) include
Baculatisporites primarius, Laevigatosporites haardti,
Laevigatosporites pseudodiscordatus, and Ovoidites elongatus.
Similar to pteridophyte spores, the gymnosperm pollen taxa

are mostly long-ranging. The most common gymnosperm
pollen taxa include Cathayapollenites sp., Cycadopites scabra-
tus, Pinuspollenites sp., and Cupressacites hiatipites (Figure 5).

4. Discussion

The new pollen zonation presented here provides a robust
biostratigraphy whereby parts of the lithology of Stenkul
Fiord may be calibrated to the absolute time scale from the
dated volcanic ash layer MA-1 (Figure 4; von Gosen et al.
2019). The palynoflora at Stenkul Fiord shows compositional
changes through time with unique floral signatures that are
constrained to a few metres of stratigraphy. CONISS cluster
analysis recognized a total of nine pollen zones that are
used to create the biostratigraphic framework and to correl-
ate three separate sections to each other (Figure 4).

The volcanic ash layer MA-1, dated at �53.7 ± 0.06Ma
(von Gosen et al. 2019), found in S1 and S3 allows those sec-
tions to be confidently correlated to one another (Figure 4).
Volcanic ash layer MA-3, found in S2, is reported to be of a
similar age as MA-1, near 53.7Ma, but was likely deposited
soon after MA-1 (von Gosen et al. 2019). For this part of the
section in S2 and S3, CONISS cluster analysis produced a pol-
len zone (G; Figure 4) that is similar in floral composition
between the two sections and plots as a well-constrained
cluster in NMDS analysis (Figure 6). This indicates a higher
degree of relatedness between the sampled layers of all sec-
tions within pollen zone G, and effectively volcanic ash layers
MA-1 and MA-3, allowing S2 to tentatively be correlated with
S1 and S3 until the age of the ash layer is confirmed. S5,
however, does not contain a volcanic ash layer, its floral
composition does not correlate to the other sections, and
some key thermophilic pollen taxa are not observed (Figure
5). This supports previous assumptions that the east side of
Stenkul Fiord is of late Paleocene age (Riediger and Bustin
1987; West et al. 2015; von Gosen et al. 2019).

Palynofloral compositions vary laterally at Stenkul Fiord
and not all taxa found in one section were observed in other
sections (Figure 5). However, some indicator taxa remain pre-
sent across sections, and compositions are sufficiently con-
sistent so that pollen zones can be traced laterally (Figures 4
and 5). Pollen zones G and H can be traced for more than a

3

Plate 1. Important Margaret Formation angiosperm pollen taxa. Given are the sample number, GSC curation number (C-number), GSC Calgary Palynology
Laboratory preparation number (P-number), GSC Specimen numbers (pending), and England Finder coordinates. Scale bars ¼ 10 mm. 1. Alnipollenites verus
(Potoni�e) Potoni�e 1934, 17GTA141, C-626943 P5371-136, L30/1. 2. Alnipollenites trina (Stanley) Norton in Norton and Hall 1969, 17GTA049, C-625845 P5371-29,
N44/4. 3. Castaneapollenites sp. Raatz 1938, 17GTA038, C-625834 P5371-18, V45/2. 4. Aquilapollenites tumanganicus Bolotnikova 1973, 17GTA013, C-625826 P5371-
10, E35. 5. Diervilla sp. Kalkreuth et al. 1993, 17GTA045, C-625841 P5371-25, C34/4. 6. Erdtmanipollis procumbentiformis (Samoilovitch) Krutzsch 1966, 17GTA135, C-
626937 P5371-130, G35/3. 7. cf. Aesculiidites sp. Elsik 1968, 17GTA004, C-625817 P5371-1, L45. 8. Caprifoliites cf. C. paleocenicus (Wodehouse) Pocknall and Nichols
1996, 17GTA038, C-625834 P5371-18, P41/3. 9. Siltaria hanleyi (Traverse) Pocknall and Nichols 1996, 17GTA005, C-625818 P5371-2, U31/1. 10. cf. Bombacacidites sp.
Couper 1960, 17GTA037, C-625833 P5371-17, X45. 11. Liquidambarpollenites cf. L. mangelsdorfianus (Traverse) Potoni�e 1960, 17GTA074, C-626894 P5371-71, Q40/4.
12. Caryapollenites imparalis Nichols and Ott 1978, 17GTA053, C-625849 P5371-33, V37/2. 13. Platycaryapollenites swasticoidus Elsik 1974, 17GTA056, C-625852
P5371-36, S39. 14. Tilia crassipites Wodehouse 1933, 17GTA056, C-625852 P5371-36, U-39/2. 15. Tilia vescipites Wodehouse 1933, 17GTA073, C-626893 P5371-70,
Q42. 16. Ericipites sp. Wodehouse 1933, 17GTA066, C-626885 P5371-62, V26/2. 17. Liliacidites complexus (Stanley) Leffingwell 1971, 17GTA045, C-625841 P5371-25,
L45. 18. Ulmipollenites krempii (Anderson) Frederiksen 1979, 17GTA062, C-626881 P5371-58, J42/4. 19. Ulmipollenites tricostatus (Anderson) Farabee and Canright
1986, 17GTA073, C-626893 P5371-70, Q45/4. 20. Ulmoideipites hebridicus (Simpson) Sweet 1986, 17GTA073, C-626893 P5371-70, K39/1. 21. Tricolpites ringens Ward
1986, 17GTA056, C-625852 P5371-36, S35/4. 22. Pistillipollenites mcgregorii Rouse 1962, 17GTA057, C-626876 P5371-53, H36/1. 23. Sparganiaceaepollenites reticulus
(Doktorowicz-Hrebnicka 1960) Krutzsch and Vanhoorne 1977, 17GTA005, C-625818 P5371-2, T40. 24. Paraalnipollenites alterniporus (Simpson) Srivastava 1975,
17GTA133, C-626935 P5371-128, R29/3. 25. Triporopollenites mullensis (Simpson) Rouse and Srivastava 1972, 17GTA033, C-625829 P5371-13, V35. 26. Tricolpites
anguloluminosus Anderson 1960, 17GTA004, C-625817 P5371-1, O42/1. 27. Tricolpites reticulatus Cookson 1947, 17GTA073, C-626893 P5371-70, W46/3. 28.
Tricolpites sagax Norris 1967, 17GTA013, C-625826 P5371-10, L30/2. 29. Retitricolpites crassus Samoilovitch 1965, 17GTA005, C-625818 P5371-2, Q33/2. 30.
Echitricolpites supraechinatus Pocknall and Nichols 1996, 17GTA063, C-626882 P5371-59, M35/1.
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kilometre in three separate sections (S1, S2, and S3). In the
middle Eocene Buchanan Lake flora on Axel Heiberg Island,
two macrofloras at the same stratigraphic level but separated
laterally by more than a kilometre, showed almost identical
compositions (McIver and Basinger 1999). The palynofacies of
the Margaret Formation at Stenkul Fiord can therefore likely
be applied to other Arctic localities as well.

This study sampled mostly coals, with a few exceptions
(n¼ 7 out of 96 samples), thus limiting potential influence of
lithofacies variation on the palynoflora. In the preparations
from the 7 mudstone samples, the absence of dinoflagellate
cysts and marine algae combined with the presence of leaf
mats in several of the mudstone units at Stenkul Fiord (West
et al. 2019, 2020) indicate that the mudstone samples were

not deposited in offshore environments; instead these rocks
are interpreted as being deposited in quiescent fluvio-lacus-
trine and overbank deposits within a delta-plain (West et al.
2019, 2020). Some sorting from riverine input in the delta-
plain environment could have occurred, but would affect
mostly delta-front deposits, rather than the quiescent set-
tings where sediments accumulate in overbank and other
similar fluvio-lacustrine environments. In the instance of
riverine sorting, relatively heavy spores can be preferentially
deposited near the river mouth, while other forms (e.g. bisac-
cates) are transported further offshore due to their buoyancy
in water, as well as aerial transport. However, marine sedi-
ments remain useful for reconstruction of terrestrial vegeta-
tion, and are broadly representative of onshore source areas

Plate 2. Important Margaret Formation gymnosperm pollen and pteridophyte spore taxa. Given are the sample number, GSC curation number (C-number), GSC
Calgary Palynology Laboratory preparation number (P-number), and England Finder coordinates. Scale bars ¼ 10 mm. 1. Laevigatosporites cf. L. pseudodiscordatus
(Krutzsch) Krutzsch and Vanhoorne 1977, 17GTA057, C-626876 P5371-53, J45/1. 2. Ovoidites elongatus (Hunger) Krutzsch 1959, 17GTA009, C-625822 P5371-6, L34/1.
3. Stereisporites antiquasporites (Wilson and Webster) Dettmann 1963, 17GTA033, C-625829 P5371-13, R37. 4. Stereigranisporis regius (Drozhastichich) Ravn and
Witzke 1995, 17GTA062, C-626881 P5371-58, L33/1. 5. Baculatisporites primarius (Wolff 1933) Thomson and Pflug 1953, 17GTA070, C-626889 P5371-66, G43/1. 6.
Laevigatosporites haardti (Potoni�e & Venitz) Thomson and Pflug 1953, 17GTA011, C-625824 P5371-8, J45-1. 7. Cycadopites scabratus Wodehouse 1933, 17GTA135, C-
626937 P5371-130, D35/1. 8. Cycadopites sp. Wodehouse 1933, 17GTA006, C-625819 P5371-3, D38/1. 9. Pinuspollenites sp. Erdtman 1943, 17GTA056, C-625852
P5371-36, W35/1. 10. Cathayapollenites sp. Sivak 1976, 17GTA068, C-626887 P5371-64, O41/4. 11. Sequoiapollenites paleocenicus Stanley 1965, 17GTA044, C-625840
P5371-24, M33/1. 12. Cupressacites hiatipites (Wodehouse 1933) Krutzsch 1971, 17GTA027, C-626438 P5371-49, V45. 13. Cupressacites hiatipites (Wodehouse 1933)
Krutzsch 1971, 17GTA056, C-6258, 52 P5371-36, N45/3.
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(McCarthy and Mudie 1998 and references therein). In the
Stenkul Fiord material, bisaccate pollen is minimal (�2%)
and instead Cupressaceae-Taxaceae pollen represents the
majority of the spectra in the Stenkul Fiord material (�72%).
Cupressaceae-Taxaceae pollen is generally proportionally rep-
resentative of terrestrial density of parent plants, even in
marine settings (Mudie and McCarthy 2006).

A few thermophilic pollen taxa are present in the
Margaret Formation pollen assemblage and indicate the pos-
sible presence of the PETM at the base of Unit 1 within pol-
len zone C at Stenkul Fiord. As in the earliest Eocene
sediments of the Beaufort-Mackenzie Basin (McNeil and
Parsons 2013), Platycaryapollenites and Tilia first occur in this
assemblage near the top of S5 and in pollen zone C (Figure
5), respectively. On the Lomonosov Ridge Platycaryapollenites
were also first seen during the PETM (Willard et al. 2019).
Additionally, at Stenkul Fiord, two taxa of Cycadopites sp.
occur in the uppermost S5 and another taxon of Cycadopites
appears in the lowermost S1 (Figure 5). Beginning in pollen
zone C, angiosperm pollen taxa diversity is slightly higher
relative to the previous pollen zones A and B (Figure 4).
Previous studies have documented increases in angiosperm
diversity during early Eocene hyperthermals, for example, in
the mid-latitude Bighorn Basin (Wing et al. 2005; Wing and
Currano 2013). Similar diversity increases also occurred at
high northern latitudes (Suan et al. 2017; Salpin et al. 2019;
Willard et al. 2019). The flora at Stenkul Fiord may have
responded to the warming of the early Eocene hyperther-
mals in a similar manner. NMDS ordination shows a well-con-
strained cluster of samples for zone C, indicating a uniform
thermophilic floral composition during this time (Figure 6). It
is therefore possible that this part of the Margaret Formation
within pollen zone C at Stenkul Fiord may capture the PETM
hyperthermal, or parts of it.

Similar to pollen zone C, zones E and F exhibit slightly
higher diversity (Figure 4) and a more uniform floral compos-
ition compared to zone D (Figure 6). The thermophilic taxa
in pollen zones E and F, which were first seen in zone C,
continue to be present here (Figure 5). Their stratigraphic
and temporal proximity to the younger volcanic ash layer
MA-1 (Figure 4) suggest that the ETM2 hyperthermal may
also be captured at Stenkul Fiord in sediments within or
near pollen zones E and F. As indicated by the age of the
volcanic ash layer MA-1 of �53.7Ma, the top of pollen zone
G, preserved in the uppermost Unit 2 of S1 and at the base
of Unit 3 in S2 and S3, may include the smaller I1 hyperther-
mal that occurred near 53.665Ma (Westerhold et al. 2017).
Palynofloral diversity in pollen zone G is similar to zones E
and F and a few FOs are seen here (Figures 4 and 5). NMDS
ordination, however, provides a loose cluster of samples for
zone G, indicating that even though the hyperthermal event
I1 occurred during the deposition of pollen zone G, it may
not be captured at Stenkul Fiord or only constitute a small
part of zone G near MA-1 (Figure 6).

Relative abundances of Cupressacites hiatipites pollen
slightly increase in and just below pollen zone C and within
pollen zone E near the possible PETM and early ETM2 hyper-
thermals, relative to the already high abundances in the

bounding pollen zones (Supplementary Data Figures A9 and
A10). High relative abundances of C. hiatipites throughout
Margaret Formation strata were also previously reported at
Stenkul Fiord by McIntyre (1994). The increase in relative
abundance of this pollen type is an important factor in this
study that helps to define pollen zones between sections.
On the Lomonosov Ridge, relative abundances of this taxon
were observed to increase during the body and recovery of
the PETM (Willard et al. 2019). On the New Siberian Islands,
Cupressaceae pollen are reported to have dominated during
the onset and body of the PETM (Suan et al. 2017). On the
Lomonosov Ridge, Cupressaceae pollen dominated again
during the ETM2 (Willard et al. 2019). This indicates a strong
presence of coal-forming swamps at Stenkul Fiord that were
dominated by taxodiaceous Cupressaceae (cf. Eberle and
Greenwood 2012; Suan et al 2017; Willard et al. 2019).

5. Conclusions

The sequence of structural Eurekan deformation manifested at
Stenkul Fiord and starting in the middle of Unit 2 until the end
of Unit 3 of von Gosen et al. (2019), may soon be interpreted
in future studies that can employ the palynostratigraphy pre-
sented herein and a dated volcanic ash horizon. This is the first
study in the Canadian Arctic that employs insights of thermo-
philic hyperthermal-indicative pollen flora assemblages to
establish a biostratigraphic framework of the late Paleocene-
early Eocene interval. The biostratigraphic framework defines
nine informal pollen assemblage zones which are confidently
correlated between sections mainly through the volcanic ash
layers MA-1 and MA-3, CONISS cluster analysis (Figure 4),
NMDS analysis (Figure 6), stratigraphic occurrences of angio-
sperm pollen taxa (Figure 5), and finally angiosperm diversity,
and evenness (Figure 4). Lateral continuity of pollen zones at
Stenkul Fiord indicates that this palynostratigraphic framework,
in association with other studies of early Eocene Arctic floras,
may be applied throughout contemporaneous sites within the
Arctic. Arctic environments show similar floral compositions at
the same stratigraphic levels (e.g. McIver and Basinger 1999)
and similar indicator taxa, such as Tilia and Platycaryapollenites,
even across large distances. This study is in agreement with
previous studies of the Arctic that show vegetational responses
to early Eocene hyperthermals (e.g. Sluijs et al. 2009; McNeil
and Parsons 2013; Suan et al. 2017; Salpin et al. 2019; Willard
et al. 2019; Suc et al. 2020).

Future studies may rely on this framework, integrated
with the new structural geological perspectives by von
Gosen et al. (2019) and a carbon isotope chemostratigraphy,
to interpret the interplay between sedimentation and
Eurekan deformation and to determine the tectonic evolu-
tion in this part of the Canadian Arctic Archipelago. The
results of this study suggest that strata at Stenkul Fiord con-
tain evidence of early Eocene hyperthermals, such as the
PETM, ETM2, and possibly even the smaller I1. Based on the
geochronology (U-Pb TIMS) of the ash bed preserved in the
Stenkul Fiord succession, it is certain that the succession was
deposited contemporaneous with a time of known hyper-
thermal events, broadly speaking. But since the effects of
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hyperthermals on the vegetation record in high latitude
North America are not yet clear, this study may in the future
be part of the first attempt to evaluate a terrestrial signature
from an Arctic terrestrial archive. This high-latitude record is
ideally positioned to do so: in high northern latitudes where
many taxa are likely living near their ecological optima and
tolerance limits, climatic changes are expected to elicit an
ecological response. However, this palynological record does
not document profound vegetation change. Future studies
with greater sampling resolution in different locations at
Stenkul Fiord coupled with the results of additional climatic
and ecological analyses may be able to address this ques-
tion. Our stratigraphy offers the first high northern latitude
terrestrial record. As such, should the PETM and ETM2 hyper-
thermals in fact be captured at Stenkul Fiord, the biostratri-
graphic framework of this study will provide an excellent
point of orientation for future efforts.
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