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ABSTRACT

Early Eocene global climate was warmer than much of the Cenozoic and was punctuated by a series of transient
warming events or ‘hyperthermals’ associated with carbon isotope excursions when temperature increased by
4-8 °C. The Paleocene-Eocene Thermal Maximum (PETM, ~55Ma) and Eocene Thermal Maximum 2 (ETM2,
53.5 Ma) hyperthermals were of short duration (< 200 kyr) and dramatically restructured terrestrial vegetation
and mammalian faunas at mid-latitudes. Data on the character and magnitude of change in terrestrial vegetation
and climate during and after the PETM and ETM2 at high northern latitudes, however, are limited to a small
number of stratigraphically restricted records. The Arctic Coring Expedition (ACEX) marine sediment core from
the Lomonosov Ridge in the Arctic Basin provides a stratigraphically expanded early Eocene record of Arctic
terrestrial vegetation and climates. Using pollen/spore assemblages, palynofacies data, bioclimatic analyses
(Nearest Living Relative, or NLR), and lipid biomarker paleothermometry, we present evidence for expansion of
mesothermal (Mean Annual Temperatures 13-20 °C) forests to the Arctic during the PETM and ETM2. Our data
indicate that PETM mean annual temperatures were ~2° to 3.5 °C warmer than those of the Late Paleocene.
Mean winter temperatures in the PETM reached =5 °C (~2 °C warmer than the late Paleocene), based on pollen-
based bioclimatic reconstructions and the presence of palm and Bombacoideae pollen. Increased runoff of water
and nutrients to the ocean during both hyperthermals resulted in greater salinity stratification and hypoxia/
anoxia, based on marked increases in concentration of massive Amorphous Organic Matter (AOM) and dom-
inance of low-salinity dinocysts. During the PETM recovery, taxodioid Cupressaceae-dominated swamp forests
were important elements of the landscape, representing intermediate climate conditions between the early
Eocene hyperthermals and background conditions of the late Paleocene.

1. Introduction

2-5%o negative carbon isotope excursion (CIE) in sediments (Sluijs and
Dickens, 2012). These ‘hyperthermals’ provide valuable, albeit im-

The Paleocene-Eocene Thermal Maximum (PETM; ~56 million
years ago; Ma) and Eocene Thermal Maximum 2 (ETM2; ~54 Ma) were
global warming events of < 200 kyrs in duration (Dunkley Jones et al.,
2013; Lourens et al., 2005; Zachos, 2005). They were associated with
massive injections of '*C-depleted carbon into the ocean-atmosphere
system, evidenced by massive deep-sea carbonate dissolution and a
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perfect, analogues for models of future climate change, offering op-
portunities to document the behavior of the hydrological cycle during
past periods of global warming (Pierrehumbert, 2002). Although
warming during the hyperthermals was widespread and especially
pronounced in polar regions (Dunkley Jones et al., 2013; Sluijs et al.,
2009, 2006; Stap et al., 2010a), and some Arctic precipitation
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reconstructions are available (Eldrett et al., 2014; Pagani et al., 2006),
reconstructions of seasonality and hydrology of polar climates are
limited. Many records have imprecise stratigraphies relative to the
PETM and ETM2 (e.g. Greenwood et al., 2010; West et al., 2015), and
well-dated terrestrial paleoclimate reconstructions of Eocene hy-
perthermals are scarce.

Carbon injection into the atmosphere and associated global
warming are hypothesized to invigorate the global hydrological cycle
and at least regionally amplify seasonal contrasts (Masson-Delmotte,
2013). These responses are hypothesized for the PETM and ETM2,
which were associated with pronounced increases of atmospheric CO,
concentrations (Panchuk et al., 2008; Zeebe et al., 2009), and ~5 °C and
~3°C of global average surface warming, respectively (Dunkley Jones
et al.,, 2013; Stap et al., 2010a). To test this hypothesis, we re-
constructed terrestrial vegetation and climates from marginal marine
upper Paleocene and lower Eocene strata recovered from Lomonosov
Ridge, Arctic Ocean, during Integrated Ocean Drilling Program (IODP)
Expedition 302, termed the Arctic Coring Expedition (ACEX) (Moran
et al., 2006). Reconstructions herein are based on bioclimatic analysis
of pollen and spore assemblages, analysis of branched glycerol dialkyl
glycerol tetraether (brGDGT) bacterial membrane lipids, and palyno-
facies analysis. Sediments in the ACEX cores were deposited close to
shore at a paleolatitude of ~85°N and consist of organic-rich mudstones
that lack biogenic calcite. The PETM and ETM2, which were identified
based on biostratigraphy and isotope stratigraphy, consist of laminated
sediments (Pagani et al., 2006; Sluijs et al., 2009). Pollen, spores,
phytodebris, and biomarkers were most likely derived from exposed
parts of the Lomonosov Ridge or the Asian continent, which were close
to the study site at the time of deposition (Martinez et al., 2009). Al-
though taphonomic factors such as differential transport of pollen by
wind and water and reworking of sediment complicate interpretation of
pollen assemblages from marine units, the composition of pollen as-
semblages in marine surface samples on continental margins generally
corresponds to modern vegetation assemblages onshore (Mudie and
McCarthy, 1994). Because distribution of the source vegetation is
controlled by a combination of climatic and edaphic factors, pollen-
based reconstructions of vegetational change provide insights into
patterns of polar seasonal variability before, during, and after the hy-
perthermal events. Here we quantify seasonality of temperature and
precipitation across the PETM and ETM2 based on pollen, spore, and
palynofacies assemblages recovered in sediment cores from Lomonosov
Ridge, central Arctic Ocean.

2. Materials and methods
2.1. Locality and stratigraphy

The Integrated Ocean Drilling Program (IODP) Site 302 is located on
the Lomonosov Ridge in the central Arctic Ocean (87° 52.00” N; 136°
10.64’ E, 1288 m water depth) (Fig. 1), where > 400 m of sediment
core was recovered. Upper Paleocene through Lower Eocene sediments
between 391 and 367 m composite depth below sea floor (mcd) consist
of organic rich claystones (Backman et al., 2006; Moran et al., 2006)
that yielded abundant palynomorph assemblages, including dinocysts,
pollen and spores of terrestrial plants, phytodebris, and amorphous
organic matter. The Paleocene-Eocene Thermal Maximum (PETM) was
identified between ~387 and 378.5 mcd by the presence of the dinocyst
Apectodinium augustum (Sluijs et al., 2006). Drilling disturbance in the
upper 50 cm of Core 32 and poor core recovery from the overlying
Core 31 x makes identification of the lower boundary problematic, but
an ~6%o decrease in stable isotopes of bulk organic carbon (8*3Cro0)
between the top of Core 32X and the base of Core 31 X indicates the
onset of the PETM by at least 386.1 mcd (Sluijs et al., 2006) (Fig. 2a).
The body of the PETM, corresponding to the peak CIE, spans the in-
terval from 386.1-383.23 mcd, with the recovery zone extending from
383.03 mced to the upper limit of A. augustum at 378.5 mcd.
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The ETM2 hyperthermal event was identified between 368.94 and
~368.2mcd, based on a ~3.5%o negative carbon isotope excursion
(CIE) (Sluijs et al., 2009) (Fig. 2). A laminated, glauconite-rich unit
(371-368.94 med) underlying the ETM2 is characterized by an ~2%o
negative CIE, relative to background levels. This unit, which we refer to
as the pre-ETM2 interval, is characterized by distinctive palynological
assemblages and may correspond to earliest phases of the ETM2 ob-
served in the southern ocean (Lourens et al., 2005; Stap et al., 2010a,b).

2.2. Pollen and palynofacies analyses

The Paleocene — Lower Eocene section of Site 302-4A was sampled
at 0.1-0.3m intervals from 367 to 391 mcd for analysis of organic-
walled microfossils. Sediments were oven dried at 60 °C and weighed.
Tablets with known numbers of Lycopodium spores were added to ap-
proximately 2 g dry sediment before being treated with hydrochloric
and hydrofluoric acids to remove carbonates and silicates, respectively.
Residues were sieved with 15pm mesh and mounted on microscope
slides in glycerin jelly. Pollen analyses relied on counts of at least 300
grains (or a minimum of 100 in samples with sparse palynomorphs).
Concentration of palynomorphs (grains/g dry sediment) were calcu-
lated based on relative abundance of fossil palynomorphs and
Lycopodium spores, following procedures outlined in (Stockmarr, 1971).
The Lycopodium marker grains were distinguished from the fossil grain
Lycpodiumsporites by the three-dimensional preservation of the marker
grains and typically better-preserved ornamentation. Detrended Cor-
respondence Analysis (DCA) was used to identify the main factors
among the pollen data; only taxa that represented > 2% of assemblages
in at least one sample were included in the analysis, using the software
program Past 3.20. In addition, Excel was used to plot the stratigraphic
distribution of pollen and spore taxa as first and last appearances.

Palynofacies analyses used counts of at least 500 palynomorphs to
provide a quantitative analysis of total particulate organic matter (all
acid-resistant dispersed sedimentary organic matter, such as pollen,
spores, phytoclasts, algae, foraminiferal linings, dinocysts, and amor-
phous organic matter [AOM]) (Batten, 1996). Palynomorphs were
classified as pollen and spores (Fig. 3d,e), dinoflagellate cysts (dino-
cysts) (Fig. 3b,c) (Sluijs et al., 2009, 2006), angular opaque material
(Fig. 3c,d), granular AOM (Fig. 3d,f,g,h), fluorescent AOM (Fig. 3g,h),
and massive AOM (Fig. 3a,b,e,g,h). Angular opaque materials consist of
phytoclasts with varying degrees of structural preservation (Batten,
1996). Amorphous organic matter includes unstructured organic par-
ticles that have been degraded by physical or microbial means (Batten,
1996; Ercegovac and Kostié¢, 2006; Wood and Gorin, 1998).

2.3. Bioclimatic analysis

Bioclimatic Analysis is a paleoclimatic proxy that employs the cli-
matic range of modern living relatives of plants found together in a
fossil assemblage and statistically constrains the most likely climatic co-
occurrence envelope (Greenwood et al., 2017, 2005, 2003; Reichgelt
et al., 2018; Thompson et al., 2012). For this study, we used living
relative global distributions of fossil taxa and constrained the biocli-
matic range of these taxa for mean annual temperature (MAT), summer
(Jun-Jul-Aug) and winter (Dec-Jan-Feb) average temperature (ST and
WT), mean annual precipitation (MAP) and summer and winter pre-
cipitation (SP and WP) by cross-plotting plant modern distributions
from the Global Biodiversity Information Facility (GBIF.org 2018) with
gridded climatic maps using the ‘dismo’ package in R (Hijmans et al.
2005). Prior to calculating climatic range of modern plants, the geo-
detic data was filtered for:

1. Plants with doubtful taxonomic assignments.
2. Exotic, invasive and garden plants.
3. Redundant occurrences.
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Fig. 1. Location of IODP Site 302-4A, Lomonosov
Ridge, central Arctic Ocean (red circle) and other
northern hemisphere sites with late Paleocene to
early Eocene records (yellow circles): North Slope,
Sagwon Alaska (Daly et al., 2011); Mackenzie Delta
(McNeil and Parsons, 2013); Ellesmere Island
(Greenwood et al., 2010; Greenwood and Basinger,
1994; West et al., 2015); Bighorn Basin (Wing,
2005); Spitsbergen (Harding et al., 2011); North Sea
(Eldrett et al., 2014); and New Siberia Islands (Suan
et al., 2017). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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For each taxon, probability density functions of MAT, ST, WT, MAP,
SP and WP were calculated using the mean and standard deviation of
their climatic distribution (Table 1).

Climatic envelopes were constrained by calculating the probability
of the climatic envelopes of taxa overlapping (Greenwood et al. 2017;
Hyland et al. 2018; Reichgelt et al. 2018). The rationale behind this
method is that optimal climatic conditions of taxa are reflected in their
modern range and that these combined probability density functions
can therefore be used to calculate the most likely climatic situation in
which these taxa can co-occur (Harbert and Nixon 2015). It has to be
noted that these values are optimized towards their modern distribution
and that this is strongly dependent on the assumption that the climatic
range of the fossil taxon is the same as the modern taxon (Utescher et al.
2014). It is possible that the modern distribution is a function of its past
climatic or biogeographic history, instead of its modern climatic tol-
erance (e.g. Reichgelt et al. 2016); however, the uncertainty inherent in
assuming that the modern represents past climatic range can be mini-
mized by incorporating as many taxa as possible (Harbert and Nixon
2015).

In this study we constrained bioclimatic envelopes by linking cli-
matic variables, i.e. under the assumption that taxa occurrences in a
location are dependent on all climatic factors combined, rather than
each factor separately. Calculating bioclimatic envelopes separately can
lead to the inclusion of apparent coexistence intervals, in which no
modern occurrence is recorded, but can wrongfully be included in the
bioclimatic envelope (Grimm and Potts 2016). To avoid this problem,
we calculated the probability density of taxa co-occurrence for each
combination of MAT, ST, WT, MAP, SP and WP. First, the likelihood (f)
of a taxon (t) occurring at value (x) for a certain climatic variable is
calculated using the mean (1) and standard deviation (o) of the modern
distribution range (Table 1) of that taxa (Eq. (1)).
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This likelihood is then combined with likelihood calculations for
that taxon's occurrence at a recorded combination of climatic variables
(Eq. (2)).

F@O) =f0a) X f0o)-.%f (xn) @

Finally, the likelihood is then combined with likelihood calculations
for all taxa in a specific assemblage, to arrive at a single probability that
a particular combination of taxa may occur at a particular combination
of climatic variables (Eq. (3)).

F(2) = f (&) X f(&)..xf (&) 3

This analysis provides normally distributed probability density
functions of a taxon's relation to climate but allows for a calculation of
likelihood of a combination of climatic variables. The occurrence of a
taxon along a climatic gradient can have widely variable levels of
probability (Fig. 4) and through our method, this uncertainty is in-
corporated into the results. Different taxon combinations may result in
strongly varying levels of probability. Therefore, to allow cross-com-
parison of probabilities between samples, a relative probability for each
climatic combination for each sample was calculated, standardized to
the highest absolute probability (Eq. (4)).

f(z)rel = f(Z)/f (Z)max 4)

Some taxa were excluded from the analysis because of the ambi-
guity of their climatic relevance. The needle-leaf conifers Abies, Pinus
and Picea (all members of the Pinaceae) have wind-dispersed pollen and
are known to contribute significantly to background pollen rain in a
marine setting (Hooghiemstra 1988; Mudie and McCarthy 1994).
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Fig. 2. (a) Carbon isotope curve (Sluijs et al., 2009) and percent abundance of pollen from major plant taxa, IODP Site 302-4A, central Arctic Ocean. Cores 27-33
represent the late Paleocene through early Eocene interval, and white segments indicate intervals of no core recovery. White shading (A) represents background (non-
hyperthermal) periods. Light gray shading (B and E) indicates hyperthermal events (PETM from 387 to 378.5 mcd and ETM2 event from 368.7 to 368.2 mcd). Dark
gray shading (C) represents the PETM recovery phase (383.03-378.5 mcd), and dark gray shading (D) represents the pre-ETM2 interval (371-368.94 mcd). (b) Plot of
Detrended Correspondence Analysis (DCA) analyses of samples in Fig. 2a (DCA axis 1 vs. DCA axis 2). Colored dots are keyed to corresponding intervals in Fig. 2a. (c)

Plot of DCA of major taxa.

Although pollen dispersal models indicate that Picea and Abies are
poorly dispersed relative to Pinus (Jackson and Lyford 1999), mor-
phological adaptations of bisaccate pollen to long-distance transport by
wind and water generally result in the relative increases in abundance
with increased distance from shore (Mudie and McCarthy 2006). The
angiosperms Asteraceae, Cyperaceae, Ericaceae, Gentianaceae, Lilia-
ceae, Onagraceae and Poaceae have a very wide climatic range today
(polar to tropical), although lower taxonomic units within these fa-
milies can have very strong climatic specificity. The inclusion of cli-
matically ambiguous taxa biases the probability density analysis to-
wards a single mean. For lack of intrafamiliar taxonomic assignment,
these plant families were omitted from the analysis as well. Modern-day
Sciadopitys has a relict distribution in Japan. It was much more widely
dispersed and may have occupied a larger climatic range in the past
(e.g. Mosbrugger et al. 1994). The + 2 ¢ range was used in place of
the + 1 o range in our analysis to accommodate this uncertainty. Si-
milarly, we used the + 2 o range in place of the + 1 o range for the
broadleaf trees Acer, Alnus, Betula, Castanea, Corylus, Fraxinus, Myrica,
Carpinus/Ostrya, Salix, Tilia and Ulmus, because these taxa tend to be
oversampled in the cool-temperate and continental environments of
Europe and North America, and these taxa are more likely to have
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tended towards warmer climates in the early Cenozoic (Eberle and
Greenwood 2012; Greenwood et al. 2005).

2.4. Lipid biomarker analysis

BrGDGTs are bacterial membrane lipids that have been found in
soils and peats worldwide. Their relative distribution has been de-
monstrated to respond to mean air temperature, and forms the basis for
the use of brGDGTs as continental paleothermometers (Weijers et al.
2007a; De Jonge et al. 2014). Upon soil mobilization and runoff,
brGDGTs can be transported by rivers to the marine environment,
where their incorporation in the sedimentary record results in a climate
archive of the adjacent land (Weijers et al. 2007b). BrGDGTs were
analyzed in the polar fractions previously generated by Sluijs et al.
(2006, 2009). In short, freeze-dried and homogenized sediments were
extracted with a Dionex Accelerated Solvent Extractor using a mixture
of dichloromethane (DCM):MeOH 9:1 (v/v). Total lipid extracts were
separated into an apolar and polar fraction over an Al,O3 column using
hexane:DCM 9:1 (v/v) and DCM:MeOH 1:1 (v/v) as eluents, respec-
tively. Polar fractions, containing the brGDGTs, were dissolved in
hexane:isopropanol 99:1 (v/v) and filtered over a 0.45um PTFE filter
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prior to analysis using ultra-high performance liquid chromatography
mass spectrometry (UHPLC-MS) on an Agilent 1260 infinity series in-
strument coupled to a 6130 quadrupole mass selective detector at
Utrecht University, with settings according to Hopmans et al., 2016.
BrGDGTs were separated over two silica Waters Acquity UPLC HEB
Hilic (1.7 um, 2.1 X 150 mm) columns in tandem, preceded by a guard
column (2.1 X 5mm) packed with the same material. BrGDGTs were
eluted isocratically for 25 min with 18% B at a flow rate of 0.2 ml/min,
followed by a linear gradient to 30% B in 25 min, and then to 100% B in
30 min, where A is hexane and B is hexane:isopropanol 9:1 (v/v).
BrGDGTs were ionized using atmospheric pressure chemical ionization,
after which [M + H]* were detected in selected ion monitoring mode.

MAT was calculated using fractional brGDGT abundances and the
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Fig. 3. Illustrations of palynomorphs from IODP Site
302-4A, Lomonosov Ridge, central Arctic Ocean. The
scale in 3 g applies to all photographs. (a) Massive
Amorphous Organic Matter (AOM) (black arrow)
and spore from ETM2, 368.79 mcd (IODP 302-4A-
27X-1, 139-141cm); (b) Dinocysts and massive
AOM (black arrow), pre-ETM2 interval, 371 mcd
(IODP 302-4A-27X-3, 60-62 cm); (c) Dinocysts and
angular opaque fragments (gray arrow), post-PETM
interval, 372.67mcd  (IODP 302-4A-28X-1,
40-42cm); (d) Granular AOM (black arrow),
Cupressaceae pollen, and angular opaque fragment
(gray arrow) from PETM recovery interval,
381.93mcd (IODP 302-4A-30X-2, 1-3cm); (e)
Caryapollenites and massive AOM (black arrow) from
peak PETM interval, 384.34 mcd (IODP 302-4A-30X-
3, 101-103cm); (f) Granular AOM from late
Paleocene sediments, 389.21 mcd (IODP 302-4A-
32X-2, 121-123cm); (g) Massive AOM (black
arrow), granular AOM (dashed arrow), and fluor-
escent AOM (red arrow) from late Paleocene sedi-
ments, 389.21 med (IODP 302-4A-32X-2,
121-123 cm); (h) same image as in (g) photographed
under Nomarski dark field, showing brightness of
fluorescent AOM.

transfer function based on the global surface soil calibration dataset of
De Jonge et al. (2014). The analytical uncertainty on brGDGT-based
MAT estimates is < 0.5°C based on long-term measurements of in-
house standards. The uncertainty on the calibration, however, is 4.6 °C
(De Jonge et al. 2014). Nevertheless, the scatter in the calibration is
considered to be mainly systematic and can be attributed to the het-
erogeneity of soils in the global calibration set and accompanying
spread in environmental parameters other than temperature. As such,
the uncertainty is likely much smaller when the brGDGT proxy is ap-
plied on a smaller scale. The remaining uncertainty then applies to the
record as a whole (i.e. the record can shift up and down a few degrees),
but the timing and direction of changes in the brGDGT record are ro-
bust.
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Table 1
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Means and standard deviations used in our bioclimatic analysis probability density model.

Taxon MAT (°C) lo ST (°C) lo WT (°C) lo log MAP (mm) lo log SP (mm) lo log WP (mm) lo
Acer 9 5 16.6 4.9 1.5 7.1 2.91 0.1 2.32 0.2 2.28 0.2
Alnus 8.4 5.2 15.7 4.2 1.3 7.4 2.9 0.1 2.31 0.1 2.28 0.2
Anemia 21 3 23.5 2.8 18.1 3.7 3.17 0.1 2.63 0.2 2.24 0.4
Arecoideae/Trachycarpeae 22.3 4.5 25.1 3.5 19.2 6 3.17 0.2 2.53 0.4 2.18 0.7
Betula 7 5.7 15.7 4.6 -1.7 8.8 2.87 0.1 2.33 0.1 2.21 0.2
Bombacoideae 26.5 1.9 28.6 2.1 24.2 2.3 3.15 2.7 2.45 0.3 1.6 1

Carya 12.9 4.4 22.9 3 2.1 6.6 3 0.1 2.44 0.2 2.27 0.3
Castanea 10.4 3.5 17.3 4.2 3.6 4.1 2.91 0.1 2.27 0.2 2.31 0.1
Casuarina 18.2 2.5 23.9 2.3 12 3.3 2.78 0.3 2.24 0.4 2.05 0.3
Celtis 19.7 5.8 24.6 3.6 14.3 8.6 3.02 0.2 2.43 0.4 1.99 0.6
Corylus 8.8 3.8 16 3.5 1.7 5.4 2.9 0.1 2.31 0.1 2.29 0.2
Engelhardia 19.4 2.8 23.1 2.8 14.8 3.3 3.43 0.1 3.05 0.2 2.32 0.3
Fraxinus 9.2 4 16.1 4.3 2.5 5.6 2.91 0.1 2.29 0.2 2.3 0.2
Gleichenia 16.9 6 19.9 5 13.6 7 3.28 0.2 2.61 0.4 2.58 0.3
Ilex 17.3 5.7 22.4 4.3 11.8 8.7 3.2 0.2 2.67 0.3 2.26 0.5
Lycopodium 6.3 4.2 14.6 31 -1.8 6.2 2.95 0.2 2.41 0.2 2.28 0.3
Morus 16 4.4 23.6 35 7.9 7.1 3.13 0.2 2.66 0.3 2.2 0.4
Myrica 7 5 15.3 3.7 -1.1 7.5 2.9 0.1 2.34 0.1 2.25 0.2
Myriophyllum 8.6 4.5 16.2 3.4 1.2 6.2 2.88 0.2 2.3 0.2 2.24 0.3
Nymphaea 10.4 5.9 17.2 4.3 3.6 7.6 2.92 0.2 2.34 0.2 2.21 0.4
Nyssa 14.1 4.4 23.7 31 3.8 6.1 31 0.1 2.55 0.1 2.39 0.2
Osmundaceae 10.6 3.4 17 3.3 4.2 4.8 3.06 0.2 2.44 0.3 2.43 0.3
Carpinus + Ostrya 9.4 3.8 17.1 3.5 1.6 5.3 2.89 0.1 2.35 0.1 2.23 0.1
Plantago 9.3 37 16.7 3 2.1 4.9 2.87 0.1 2.26 0.2 2.24 0.2
Platanus 13.5 3.7 21.6 31 5.3 5.7 2.87 0.2 2.04 0.6 2.26 0.3
Platycarya 16.1 3.1 23.9 3.8 7.6 3.9 3.2 0.2 2.81 0.1 213 0.3
Pterocarya 14.1 4.3 23 3.6 4.6 5.2 3.14 0.2 2.71 0.2 2.1 0.4
Quercus 11.2 6.4 18.7 7 4.2 7.1 2.85 0.1 2.08 0.4 2.26 0.2
Sagittaria 10.1 4.5 17.8 3.4 2.2 6.2 2.88 0.1 2.32 0.2 2.21 0.2
Salix 7.8 7.1 15.2 5.9 0.6 9.4 2.9 0.1 2.3 0.2 2.28 0.2
Sciadopitys 11.2 4.8 21.8 4.5 0.7 5.7 3.26 0.1 2.81 0.1 2.37 0.2
Selaginella 9.6 8.7 16.1 6.4 3.3 11.2 3.02 0.3 2.39 0.4 2.33 0.4
Sparganium 7.5 2.6 15.4 1.6 -0.2 4.2 2.86 0.1 2.3 0.1 2.22 0.2
Sphagnum 6.1 3.6 13.7 2.1 -1 5.9 2.96 0.2 2.37 0.1 2.35 0.2
Symplocos 18 4.5 22.2 4.3 13.3 6.5 3.25 0.2 2.78 0.2 2.29 0.4
Taxodioid Cupressaceae 15.1 4.5 21.4 5.2 8.6 5.1 3.07 0.2 2.25 0.6 2.31 0.4
Tilia 7.7 5.1 16.2 3.7 —-0.6 7.7 2.86 0.1 2.31 0.1 2.2 0.2
Trachycarpeae/Phoenix 21.4 5 25.7 3.4 16.8 6.6 2.99 0.3 2.26 0.6 1.83 0.7
Tsuga 8.3 37 17.9 3.7 -1.7 5.6 3.09 0.2 2.44 0.3 2.39 0.4
Ulmus 8.9 5 16 4.9 2 6.4 2.9 0.1 2.29 0.2 2.29 0.2

Bolded values indicate where the = 20 range was used instead of the + 1o range.

3. Results
3.1. Pollen assemblages

Five distinct assemblages of pollen and spore data are represented in
the late Paleocene through early Eocene of the ACEX site (Fig. 2). Mixed
conifer-broadleaved forests (Fig. 2, group A) likely occupied upland
areas on land masses near the ACEX core site before and after the hy-
perthermal events and represent the background (non-hyperthermal)
vegetation signature. These assemblages are dominated by wind-dis-
persed conifers, pine and spruce (Pinus, Picea), with common pollen of
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broadleaf trees such as the walnut family (Juglandaceae) and the rho-
dodendron/heath family (Ericaceae), and also fern spores.

Mixed forests with abundant needle-leaved taxa, (Fig. 2, groups C
and D) indicative of fluvial wetlands and other lowlands, dominated
during the PETM recovery and pre-ETM2 interval (383.03-378.5 mcd
and 371-368.94 mcd, respectively; Fig. 5). Both groups C and D are
dominated strongly by taxodioid Cupressaceae (represented by pa-
pillate grains attributable to Metasequoia, Taxodium, and other tax-
odioid taxa), but they differ in the relative abundance of fern spores and
Sciadopitys pollen.

The hyperthermal events

(PETM: ~387-378.5mcd; ETM2:

40 0 1 2 3 4 5
Annual Precipitation (log mm)

Fig. 4. Example of probability density distribution of a taxon based on the data in Table 1 and calculated using Formulas (1) and (2).

144



Global and Planetary Change 178 (2019) 139-152

D.A. Willard, et al.

(*So1IE ST} JO UOISISA oM I} 0) PIIIdJAI SI Jopeal 9y} ‘puada] a3y SIy) Ul INOJod
0] S9DURIRJRI 91} Jo uonelxidiaur 1oy) ‘surerd usfjod a1edNSOUOU Y0 PUER ‘DBIPIOIBqUIOG ‘DBIILIAIY JO 92ULMI0 sIYS1Y31y urpeys usaid pue fuafjod sA71dopp1og pue seadessaidn) pPIOIPOxXe) JO IULIMI0 SIYSIY31Y
Burpeys mo[[a4 s9a1) Jesfpeoiq jo uafjod Jo 9dus1md0 sIYSIYSTY Surpeys anjq ‘usyjod aeadeILIF PuE ‘SUIJ ‘Sa1qY ‘DI ‘SNUlJ JO 9OULINII0 SIYSIYS1Y Surpeys a8ueIQ "(POUI $6°89E-TLE () [eAINIUT ZINLH-21d o) pue
(pow G°8/£—€0°€8€E D) aseyd A10A0091 IN.LAd Y3 syuasaidar Surpeys Aeid yreq "(pouwl g'89€ /4 89€ WOIJ JUSAD ZIALLA PUE POW G'8/E 01 /8 Wof NLAJ) SIuaad [eursaylradAy sajeorput (4 pue g) Surpeys Aeis 1ysry ‘sporrad
(TeuuspiadAy-uou) punoidydeq syuasaidai () Surpeys a1y -ddures usA1d e ur uoxe) e Jo 9duasaxd a3 sajedIpUl T, JqUINU YL, "Vi-g0ES dAOI Ul yadap “sa exe) aiods pue usfjod jo uonnquusip siyderdnens g *Sig

9B8pI0oeqUIOg PUE 9BBORIBIY -

sAydopelog pue sesdessidny pIOIPOXe ]

1> B9 |peo.! I
Xe) Jes|peolg - : '
13
13

2eadeol] ‘suled ‘salqy ‘Badld ‘snuld

'
' 3
v 3
v L
s L
3 3
L L
s L
v 3
v 3
' L

L

L
L
3
3
3
3
L
L
3
3
3
'
L
3
L
L
v
[
'
'
L
3
3
L
L
3
L
L
L
L
3
'

b L [ | 3 v Lo 3
L [ ] L L 1) .
Lo 3 13 3 [ [
b b
3 v v [ ] 3 v [ 3
13 3 Lo 3 3 3 L S S T Lok
13 13 13 13 13 13 13 L S L 13 13
5 NS = > = o El El @ T T El = T m
303222873 923 ° £ 32222203 ¢2P5F2EF0¢ 2230005820822 2BF¢E §3¢ s 4 EBERY - ERREE 2183 5 E N
§885%2¢238 :2%3 £§°988s5§%¢s Sg3z8gezssszdegigsseeiizszrmes 883 E 5 8388285888 ¢% 18(s 3 g S
s3I %38% gz 338 s f 5$338838%5sg% 3383832 S s3 3§83 §4 25855 38353 T 8§ g 3 33 8 S fah2 S S & T @
S 3 9 g8 S L TE g 2 8 833 L dWMsl.louooqou. g S g 3 8 S 2 S = F 5 3 3 h 23 a8 2 8 8305 8 3 1 S
= 32 8 = 3 8 3 8% ° = -3 3 8 £ 2 8 T 3 S 3 = 3§82 %58 B F o 3 8 F38 & 2838 3% @ 3 & k3
258 S58S - § 8333:¢E 533888 Scs8sifesssEiesszElzs g° 3 5 3 siE@Esg s H g
s 8 3 g T&83 Z2°S$6 5858 §S s o° 28583 8 go ¥ 2 s 5 8 3 s 33 3§32 g =8 5
3 2 = 2 3 o 2 3 = T 3 o 55 B 5 S 3§ 3 £ g 8 T8 8 S 2 3 = e 3 8 @ g o g
< 2 a g = AR R o 2 @ & H 3 o 3 S = b = o g =
g = e8| 2 g F3 3 3 22 S 3 2 53 g ° g © H 3 3 & $¢ 3 E & 5
3 a Q T o = ° b= s =3 =~ 2
3 g H < 5 ¥ & 3 K 3 S o3 Y 3 a s 2 2 o
H 3 e 5 3 = g s S B3 E] s s
g 2 8 H 8 o K H 3 3
H ; 3 3 3 & g g
<] s g E K B
3 ] 5 2
2 S Bl H
g £ z 8 °
2 5 3 ° s
5 B g o 5
5 B s 3
H 3
B

145



D.A. Willard, et al.

368.94-368.2mcd) are characterized by pollen assemblages re-
presentative of broad-leaved swamp forests (Fig. 2, groups B and E).
These assemblages are characterized by higher abundance of Car-
yapollenites (Juglandaceae; likely Carya, extant hickory and pecan),
common occurrence of taxodioid Cupressaceae, and presence of me-
sothermal to megathermal Arecaceae (palm family) and Bombacoideae
(balsa, baobab subfamily) (Fig. 5; Fig S1). Peak PETM assemblages
(group B) differ from those of the ETM2 (group E) in much higher
abundances of Caryapollenites and much lower abundances of Pinus
pollen.

3.2. Quantitative paleoclimate reconstructions

3.2.1. Bioclimatic analysis

The bioclimatic analyses provide estimates of mean annual tem-
perature (MAT), summer and winter average temperatures (ST [JJA]
and WT [DJF], respectively), mean annual precipitation (MAP), and
summer and winter precipitation (SP and WP, respectively). Our NLR-
based MAT estimates show a generally warm (upper microthermal to
mesothermal: 13-20°C; sensu Wolfe, 1979) terrestrial temperature
range of 10-17 °C for the late Paleocene through ETM2 interval. A
substantial MAT increase occurred during the PETM peak (15.0 + 1.9/
—2.1°C; Fig. 6), compared to late Paleocene background temperatures
(12.9 + 1.1/-1.2°C; Table 2). MAT decreased during the PETM re-
covery (14.3 + 1.8/—1.9°C), remaining warmer than the Ilate

Global and Planetary Change 178 (2019) 139-152

Paleocene baseline of 12.9 °C. Cooling continued during the post-PETM
interval (13.9 + 1.0/—1.1°C). MAT decreased during the transition
into the ETM2 (12.7 + 1.9/—2.1 °C), with further cooling during the
ETM2 (12.3 + 2.3/—2.5°C; Fig. 6). In the two samples above the
ETM2, MAT decreased further to lower than late Paleocene background
values.

Seasonal temperature reconstructions show that the warming was
primarily a winter phenomenon, with little variability in summer
temperatures throughout the entire study interval (Fig. 6). NLR re-
constructions suggest that winter temperatures (WT) during the PETM
(9.3 + 2.2/—2.6°C) were an average of ~2°C warmer than the late
Paleocene (6.8 + 1.6/ —1.9 °C) and cooling set in after the event (PETM
recovery: 8.6 + 2.2/—2.4°C and post PETM: 8.3 + 1.2/—-1.4°C;
Table 2). Average WTs decreased by >2°C in the pre-ETM2
(6.2 + 2.5/—3.0°C), decreasing further during the ETM2 (5.4 + 3.0/
—3.3°C). Although the average WT for the ETM2 is 5.4°C, this is
skewed by a single value of 11.6 °C, with the remaining five samples
ranging from 2.6 to 5.9 °C. The generally low estimates of cool ETM2
winter temperatures contrast with the presence of palm and Bomba-
coideae pollen, which suggests that winter temperatures were at least
5-10°C during the hyperthermals (Pross et al. 2012; Reichgelt et al.
2018).

Reconstructed mean annual precipitation (MAP) values are moder-
ately high (> 800mmyr~') throughout the interval, although there
are large uncertainties in these estimates (late Paleocene: 952 + 84/

Mean Annual Mean Annual Seasonal Mean Annual Seasonal
Temperature - Temperature - Temperature Precipitation Precipitation
365 - brGDGT Bioclimatic Reconstruction Reconstruction Reconstruction
Analysis

WT o1 ST o

WP 14—

SP 4

385 - body B
— ok oo = et
iR LR A
T T 1 T T 1 T T T 1 T T T T T T T 1 T T
12 16 20 12 16 20 0 8 16 24 600 800 1000 1200 1400 0 200 400
°C °C °C mm mm

Fig. 6. Temperature estimates from lipid biomarkers (brGDGT) and bioclimatic estimates from IODP 302-4A, central Arctic Ocean. brGDGT estimates of Mean
Annual Temperature are based on a transfer function (De Jonge et al. 2014). Mean Annual Temperature (MAT), ST, WT, MAP, SP, and WP) are based on Bioclimatic
Analyses. White shading (A) represents background (non-hyperthermal) periods. Light gray shading (B and E) indicates hyperthermal events (PETM from 387 to
378.5mcd and ETM2 event from 368.7368.2 mcd). Dark gray shading (C) represents the PETM recovery phase (383.03-378.5 mcd), and dark gray shading (D)
represents the pre-ETM2 interval (371-368.94 mcd).
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Fig. 7. Concentration of particulate organic matter
quantified during palynofacies analysis: Amorphous
Organic Matter (AOM), and angular opaque parti-
cles (this study); foraminiferal lining, dinocyst and
pollen/spore concentrations (Sluijs et al. 2009,
2006); and BIT index (Sluijs et al. 2009). White
shading (A) represents background (non-hy-
perthermal) periods. Light gray shading (B and E)
indicates hyperthermal events (PETM from 387 to
378.5mcd and ETM2 event from 368.7368.2 mcd).
Dark gray shading (C) represents the PETM recovery
phase (383.03-378.5mcd), and dark gray shading
(D) represents the pre-ETM2 interval
(371-368.94 mcd).
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when individual brGDGT estimates exceed those based on bioclimatic
analyses by as much as 6 °C.

3.3. Palynofacies analysis

Late Paleocene palynofacies are dominated by granular/fluffy AOM
and fluorescent AOM, common occurrence of massive AOM and angular
opaque material (Fig. 7). Pollen/spores of terrestrial plants and dino-
cysts are present in low concentrations in this unit; bisaccate pollen
grains are the dominant element of terrestrial pollen/spore assem-
blages, and low-salinity dinocysts dominate the sparse algal assem-
blages.

Concentrations of massive AOM increased nearly twenty-fold in the
PETM body. Concentrations of both pollen/spores and dinocysts also
increased, with dinocyst concentrations about twice those of pollen/
spores (Fig. 7). Fluorescent AOM was absent, and granular AOM was
rare. Low-salinity taxa continued to dominate dinocyst assemblages
(Sluijs et al. 2006), and pollen assemblages were dominated by an-
giosperms. During the PETM recovery, concentrations of massive AOM
decreased and granular/fluffy AOM increased to late Paleocene levels.
Although pollen/spore concentrations maintained similar concentra-
tions to the PETM body, dinocyst concentrations decreased sig-
nificantly, and assemblages in the early recovery phase were dominated
by dinocyst taxa characteristic of normal marine salinities (Sluijs et al.
2006).

Aside from one peak in massive AOM and aquatic palynomorphs at
372.22 mcd, all palynomorphs were present in very low concentrations
in the post-PETM (Fig. 7). Low-salinity taxa dominated dinocyst as-
semblages during this interval (Sluijs et al. 2006). At the onset of the
pre-ETM2 interval at 371 mcd, dinocyst concentration quadrupled, and
the proportions of normal marine dinocysts increased sharply, con-
current with a decrease in BIT that has been interpreted as a
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transgressive signal (Sluis et al., 2008). The ETM2 was characterized by
an average ten-fold increase in concentration of massive AOM, reduced
dinocyst concentrations, and dominance of low-salinity dinocyst taxa
(Sluijs et al. 2009). Above the ETM2, normal marine dinocysts returned
to dominance, dinocyst concentration doubled, and pollen/spores, and
massive AOM returned to low concentrations.

4. Discussion
4.1. Late Paleocene vegetation and climate

Pollen evidence presented here indicates that mixed conifer-
broadleaf forests occupied land masses near the ACEX site during the
Late Paleocene. The relatively high percentages of bisaccate pollen
(Pinus, Picea, Abies) suggests that conifer forests were present in upland
sites; the common occurrence of Juglandaceae and taxodioid pollen and
fern spores indicates that broadleaf forests and forested wetlands oc-
curred near rivers and/or the coastline. Granular and fluorescent AOM
overwhelmingly dominated late Paleocene palynofacies, and pollen,
spores, and dinocysts were minor components of the assemblages. The
dominance of AOM and presence of foraminifer linings (Fig. 7) are
consistent with an aquatic/algal source for organic material (Batten
1983; Hart 1986; Wood and Gorin 1998) and deposition under hypoxic
to anoxic, reducing conditions, possibly away from active sources of
terrestrial organic matter (Batten 1996; Ercegovac and Kosti¢ 2006;
Harding et al. 2011; Tyson 1993). Increased fluorescence has been
shown to be at least partially a result of microbial degradation (Pacton
et al. 2011). The BIT indices for this interval are high (Fig. 7), which
may reflect either an increased abundance of Crenarchaeotic bacteria
due to fluctuating productivity or salinity stratification (Smith et al.
2012), high nutrient content (Buckles et al. 2016), or evidence for
proximity to shore and high input of terrestrial material (Sluijs et al.
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2006).

4.2. Arctic climate and vegetation during the Paleocene-Eocene Thermal
Maximum

Although the onset of the PETM is absent from this record, meso- to
megathermal taxa (palms/cycads and Bombacoideae) have been re-
ported at other high-latitude sites during the peak carbon isotope ex-
cursion (CIE) (Eldrett et al. 2014; Schweitzer 1980). Our mean annual
temperature reconstructions indicate an average warming of ~2°C to
3.5°C relative to the Late Paleocene, and winter temperatures are an
average of 2 °C warmer (Table 2, Fig. 6). The presence of the meso- to
megathermal taxa Arecipites pseudotranquillus (Arecaceae: Trachy-
carpeae), Monocolpopollenites reticulatus (Arecaceae: Arecoideae or
Trachycarpeae) and Bombaccidites sp. (Bombacoideae) during the peak
PETM (Fig. 5) indicates that cold-month mean temperatures (WT)
during the hyperthermal were =5°C (Greenwood and Wing 1995;
Pross et al. 2012; Reichgelt et al. 2018). Palms and Bombacoideae
currently are native to tropical and subtropical latitudes, although a few
cold tolerant palm species extend as far as 44°N and 44°S (Dransfield
et al. 2008; Greenwood and West, 2017; Reichgelt et al. 2018). Their
presence in PETM sediments represents the northernmost occurrence of
these taxa in the Paleocene and Eocene (Dransfield et al. 2008;
Greenwood and Wing 1995; Sluijs et al. 2009; Suan et al. 2017; Trujillo
2009).

Although NLR estimates of PETM precipitation showed little dif-
ference from late Paleocene samples, the presence of meso- to mega-
thermal taxa, which require greater moisture availability and longer
growing season length (Blach-Overgaard et al. 2010; Walther et al.
2007) is suggestive of relatively wetter conditions. The striking increase
in concentrations of massive AOM during the PETM (and ETM2), likely
derived from terrestrial sources, may reflect the onset of reducing
conditions and increased stratification of the water column (Fig. 7).
Together with the absence of foraminiferal linings and dominance of
low-salinity dinocyst species during this interval, increased fluvial
discharge to the site is likely. Concentrations of dinocysts increased
thirty-fold during the PETM peak CIE, and this apparent algal bloom
may have been driven by an increased flux of terrestrial material and
nutrients from the continent to the depositional site.

During the PETM recovery phase, mixed forests with abundant
taxodioids (Metasequoia, Taxodium) replaced the broad-leaved forests,
as mean annual temperatures decreased. The concentration of terres-
trial AOM decreased to late Paleocene levels, and the concentration of
granular AOM, typical of aquatic settings, increased. Combined with
increased concentrations of foraminiferal linings and a shift to normal
marine dinocyst species (Fig. 7) (Sluijs et al. 2006), these data indicate
that riverine inputs decreased and that more typical marine conditions
characterized the site during the recovery from the hyperthermal.

4.3. ACEX record of post-PETM vegetation and climate

Pollen assemblages reported here indicate a return to mixed conifer-
broadleaf forests after the termination of the PETM (Fig. 5), and paly-
nofacies analysis documents relatively low concentrations of all or-
ganic-walled  microfossils. =~ Within  the pre-ETM2 interval
(370.79-369.02 mcd), vegetation reverted to taxodioid-dominated for-
ests, and dinocyst assemblages indicate normal marine conditions.
Bioclimatic reconstructions of mean annual temperature indicate a
slight cooling during this interval. During the ETM2, broadleaf forests
with palms and Bombacoideae were present (Fig. 8). Combined with
dinocyst evidence for low salinities and occurrence of massive AOM,
our data suggest increased runoff from the continent to the site, redu-
cing conditions, and, salinity stratification during the ETM2.
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4.4. Comparison with other Paleocene and Early Eocene palynological
records

Late Paleocene mixed conifer-broadleaf forests near the ACEX site
included both upland (conifers such as pine, spruce, and fir; Pinaceae)
and lowland elements representing forested wetlands with Metasequoia,
Taxodium, ferns and broadleaf trees such as Juglandaceae. The occur-
rence of these assemblages at high latitudes indicates that the land
surface from mid-latitudes of North America and Europe to the Arctic
were covered by mixed conifer-broadleaf forests (Boulter and Manum
1989; Daly et al. 2011; Eldrett et al. 2014; Greenwood et al. 2010;
Greenwood and Basinger 1994; Jolley et al. 2009; Jolley and Morton
2007; Jolley and Whitham 2004; Kender et al. 2012; Smith et al. 2007;
Suan et al. 2017; West et al. 2015). Macrofloral data from Ellesmere
Island (Fig. 1), while not clearly from the PETM and ETM2, show that
the late Paleocene to early Eocene lowland terrestrial vegetation in-
cluded coal-forming swamp forests dominated by conifers such as
Glyptostrobus and Metasequoia (Cupressaceae), whereas upland forests
were dominated by broadleaf taxa including Betulaceae, Cercidi-
phyllaceae/Trochodendraceae, Juglandaceae, Platanaceae, Ulmus, and
Tilia (Eberle and Greenwood 2012).

The transition from the late Paleocene into the PETM was not re-
covered at the ACEX site, unlike sites from Spitsbergen, the North Sea,
the mid-Atlantic coast of North America, and the U.K. (Eldrett et al.
2014; Harding et al. 2011; Kender et al. 2012; Self-Trail et al. 2017)
(Fig. 1). Those sites indicate a warming event prior to the CIE onset,
based on occurrence of Apectodinium augustum and increased abun-
dance of pollen of broad-leaved taxa, and, in some sites, cycads or
palms, which are characteristic of warmer climates (Reichgelt et al.
2018). At the onset of the CIE, there was a sharp and apparently short-
lived increase in the abundance of fern spores, typically dominated by
the fern spore Cicatricosisporites (Schizeaceae) and members of the
Polypodiaceae (Collinson et al. 2009; Eldrett et al. 2014; Harding et al.
2011; Kender et al. 2012; Self-Trail et al. 2017). Combined with an
increase in angiosperm diversity and greater abundance of marsh taxa
such as Typha, these records indicate a rapid shift to wetter, warmer
conditions and expansion of wetlands.

Vegetation during the PETM body at the ACEX site consisted of
meso- to megathermal forests, including palms, members of the
Bombacoideae and Juglandaceae (walnut family). A similar pattern was
noted at the North Sea site, but palms were notably absent there during
all but the very end of the PETM body. On the New Siberian Islands,
palm pollen was present just before the onset of the PETM, mangrove
pollen (Avicennia) occurred during the PETM, and dominance of tax-
odioid Cupressaceae pollen suggests the presence of forested wetlands
in the region. Collectively, these data indicate the occurrence of me-
sothermal to megathermal taxa across the northernmost extent of
landmasses during the PETM.

Needle-leaved mesic forests, dominated by Metasequoia and
Taxodium as well as Sciadopitys, Pinus and ferns, characterize the PETM
recovery at the ACEX site (Fig. 5). Few pollen records have been re-
ported previously from the PETM recovery interval; although the
Spitsbergen Gilsonryggen Member (Harding et al. 2011) contains se-
diments from the interval, pollen concentrations from these sediments
were too low to report. Macrofossil records from the Big Horn Basin
also indicate dominance of taxodioid conifers (Wing and Currano 2013)
during the recovery, suggesting their occurrence from mid- to high-la-
titudes after the peak PETM.

Post-PETM assemblages are marked by the return of mixed conifer-
broadleaf forests at the ACEX site. Cupressaceae were minor compo-
nents, and pines, walnuts, Ericaceae and ferns were common. These
assemblages were replaced by needle-leaf forests dominated by
Metasequoia, Taxodium and Sciadopitys during the pre-ETM2 interval,
which are similar to assemblages in the recovery phase of the PETM
(Fig. 2). Meso- and megathermal elements (palms, Bombacoideae,
Carya) occurred at the site during the ELMO event, but their pollen was
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Fig. 8. Paleoclimate proxies from IODP 302-4A, central Arctic Ocean. Percent abundance of pollen groups, brGDGT and NLR estimates of Mean Annutal Temperature
(this study); TEX86’ estimates of sea surface temperatures and percentage of low-salinity dinocysts (Sluijs et al. 2009); and isorenieratane concentrations (Sluijs et al.
2006, 2009). White shading (A) represents background (non-hyperthermal) periods. Light gray shading (B and E) indicates hyperthermal events (PETM from 387 to
378.5mcd and ETM2 event from 368.7-368.2 mcd). Dark gray shading (C) represents the PETM recovery phase (383.03-378.5 mcd), and dark gray shading (D)

represents the pre-ETM2 interval (371-368.94 mcd).

less dominant than during the PETM.

4.5. Climatic implications of the ACEX records of Eocene hyperthermals

Analyses of palynological records of vegetation near the ACEX site
provide insights into changing temperature and hydrology during
Paleogene hyperthermals. The timing of pollen- and lipid-biomarker-
based estimates of warmer mean annual temperatures during the peak
PETM corresponds to warming sea surface temperatures, with com-
parable cooling during the PETM recovery (Fig. 8). Pollen-based bio-
climatic estimates indicate that the ~2.4 °C increase in MAT was ac-
companied by winter temperature increases of ~2.5°C and a more
moderate increase in summer temperatures of 1.6 °C. Although biocli-
matic reconstructions of late Paleocene to early Eocene precipitation
show no notable change throughout the interval, increased precipita-
tion and runoff from the continent is indicated by greater concentra-
tions of palynomorphs and massive AOM. This observation is consistent
with models and data suggesting greater moisture delivery to the Arctic
at the beginning of the PETM, perhaps due to poleward migration of
storm tracks and a reduced meridional temperature gradient (Pagani
et al. 2006). The extremely high concentrations of AOM during the
PETM are interpreted as representing increased microbial activity
during hypoxic to anoxic conditions (Batten 1996; Tyson 1993), which
is consistent with increased concentrations of isorenieratanes (bio-
markers indicating anoxia) and lower salinity, based on heavier 6D
values during the hyperthermal (Pagani et al. 2006) (Fig. 8). During the
PETM recovery, precipitation decreased, and ocean waters were more
saline and oxygenated, based on vegetation changes, decrease in AOM
concentrations, and a shift to normal marine dinocyst assemblages
(Sluijs et al. 2006) (Fig. 8).

Vegetation and MAT during the pre-ETM2 interval indicate similar
temperatures to the PETM recovery; surface salinities were high, and
AOM concentrations were low until right before the ETM2. Coincident
with the abrupt onset of the ETM2, the change to meso- to megathermal
forests, high concentrations of AOM and isorenieratanes, and low-sali-
nity dinocyst assemblages indicate a return to wetter conditions with
increased continental runoff, stratification, and hypoxia during the
ETM2 event. Although bioclimatic analyses do not show consistent
warming during this interval, the presence of palms and Bombacoideae
are suggestive of warmer conditions. Additionally, climate reconstruc-
tions based on leaf physiognomy from Ellesmere Island macrofloras
(West et al. 2015) indicate the existence of micro- to mesothermal
(MAT ~8-17°C) and wet (MAP > 150 cm/yr) conditions, consistent
with our climate reconstructions from the ACEX site.

5. Conclusions

e During early Eocene hyperthermals, Arctic landmasses were covered
by broadleaf forests with the occurrence of palms and other sub-
tropical elements. Bioclimatic analyses using nearest living relative
analysis (NLR) and brGDGT paleothermometry indicate average
mean annual temperatures during the PETM were ~2°-3.5°C
warmer, respectively, than the late Paleocene, reflecting the influ-
ence of winter warming of ~2.5°C. Higher concentrations of mas-
sive AOM and dinocysts and dominance of low-salinity dinocysts are
indicative of greater river runoff and increased flux of nutrients from
the continent into the ocean. These changes caused greater strati-
fication of the water column, algal blooms, and hypoxic conditions
during hyperthermals.

e During the transition out of the PETM, needle-leaved forested
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wetlands dominated Arctic landscapes, and mean annual tempera-
tures remained warmer than during the late Paleocene. Dominance
of granular AOM (palynofacies) and normal marine dinocysts in-
dicate a reduced stratification of the water column related to de-
creased precipitation and inflow from the continents.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gloplacha.2019.04.012.
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