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Despite the undisputed role of the Arctic Ocean in the modern and Pliocene climate system, the Arctic
has only recently attracted public awareness that ongoing, fundamental change in the Arctic cryosphere
could be a response to global warming. Clarification of the Arctic’s role in global climate during the
Pliocene is, however, largely hampered by equivocal stratigraphic constraints. From a well-dated Pliocene
sequence from the Yermak Plateau, off NW Spitsbergen, we present sedimentological and geochemical
data indicating that 4 million years ago terrigenous sediment supply and sources changed abruptly
in response to a regional tectonic uplift event. We argue that this event together with contemporary

Keywords: uplift and tilting along the northwestern European continental margin preconditioned the landmasses for
Arctic Ocean glacial ice build-up during intensification of the Northern Hemisphere Glaciation (INHG). Our data further
gateway suggest that the final deepening/widening of the Arctic-Atlantic gateway, the Fram Strait, between 6.5
P“‘l)%e“e and 5 Ma gradually caused increased deep-water mass exchange which, in turn, likely contributed to the
upli

intensification of the North Atlantic thermohaline circulation. Coupled to the North Atlantic warm pool as
a regional moisture source, declining atmospheric CO; levels and other feedback mechanisms during the
Pliocene, the regional tectonic activities in the high northern latitudes caused decreased summer ablation
and thus allowed the initial build-up of glacial ice both in Scandinavia, and the sub-aerially exposed
Svalbard/Barents Sea, culminating in the first large-scale coastline-shelf edge glaciations at ~2.75 Ma
ago.

Northern Hemisphere glaciation
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1. Introduction in Arctic-Atlantic ocean circulation (Sarnthein et al.,, 2009), up-

lift/erosion on the adjacent hinterland (Green and Duddy, 2010;

The influence of the Arctic Ocean on Pliocene global climate
reconstructions has remained ambiguous due to a lack of well-
dated paleoenvironmental records. Important topics have still not
been resolved, amongst them: (1) the Pliocene climate and tec-
tonic history of the Arctic Ocean (e.g. Matthiessen et al., 2009a);
(2) the final development of the gateway as the only deep-water
connection to the Arctic Ocean via the Fram Strait (Jakobsson et
al., 2007); and (3) the influence of the gateway region on changes
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Laberg et al., 2012), as well as glacial initiation and its conse-
quences for the petroleum systems in the region (Henriksen et al.,
2011).

This lack of knowledge is mainly due to the ambiguous Plio-
Pleistocene stratigraphic framework of the Arctic Ocean (Matthies-
sen et al, 2009a). Although a late Neogene stratigraphy for the
central Arctic Ocean has been constructed from the first scien-
tific drill holes (Integrated Ocean Drilling Program (IODP) Expe-
dition 302 ACEX, e.g. Moran et al., 2006; Backman et al., 2008;
Frank et al., 2008; Backman and Moran, 2009), insufficient recovery
and limited absolute age control do not allow the establishment of
a master stratigraphy for the Plio-Pleistocene (Matthiessen et al.,
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Fig. 1. (A) Physiogeography in the Atlantic-Arctic gateway region and location of investigated Ocean Drilling Program (ODP) sites and reference core PS2138. Red arrows:
North Atlantic Current (NAC); white arrows: Transpolar Drift and East Greenland Current (EGC). YP: Yermak Plateau; BS: Barents Sea; FS: Fram Strait. (B) Inset map showing
(from west) the location of ODP sites 912, 910, and 911 and the 2D high-resolution single-channel seismic lines 10JM-GlaciBar19 and 10JM-GlaciBar17. (C) Composite seismic
profile crossing ODP Holes 912A, 910C and 911A on the Yermak Plateau. Seismic amplitudes with color coded reflectors dated by age fix-points from the three ODP Holes as

discussed by Mattingsdal et al. (2013) and detailed in Supplementary Table S1.

2009b; O'Regan et al., 2010; Mdrz et al., 2010). More promising
are the ODP sites from the marginal Arctic Ocean, i.e. the Atlantic-
Arctic gateway region (ODP Leg 151) (Myhre et al., 1995) (Fig. 1).
Here, in contrast to the central Arctic Ocean, carbonate bearing
sequences permit establishment of a relatively continuous stable
oxygen isotope (8'80) and foraminiferal stratigraphy, which still
are the prerequisite for any subsequent application of chronolog-
ical approaches (Knies et al., 2007). Moreover, the region is char-
acterized by dynamic coupling between the northernmost branch
of the North Atlantic Current and the Arctic Ocean allowing in-
ferences on changes of external forcing factors (tectonic activity,
freshwater supply) that may have influenced water mass charac-
teristics, circulation and sea ice cover (e.g. Sarnthein et al., 2009;
Lunt et al.,, 2012).

A new stratigraphic framework for the Arctic gateway region
over the last 6 Ma has recently been established, using available
material from ODP Leg 151 (Sites 910, 911 and 912) and new
high-resolution seismic data (Mattingsdal et al., 2013) (Fig. 1). Ac-
cording to this new stratigraphic model, sites 910 and 911 have
recovered complete marine Pliocene sequences allowing new infer-
ences and in-situ testing of the proposed early-mid Pliocene Arctic

warming (e.g. Robinson et al., 2011; Ballantyne et al., 2010), the fi-
nal opening of the Atlantic-Arctic gateway (e.g. Kristoffersen, 1990;
Engen et al., 2008), and the onset and intensification of the North-
ern Hemisphere Glaciation (INHG) between ~3.6 and 2.7 Ma
(Mudelsee and Raymo, 2005).

In this paper, we focus on the Pliocene epoch (~5.332-
2.588 Ma) (Gradstein et al., 2012) and discuss onset and intensifi-
cation of the Northern Hemisphere glaciations, as well as regional
tectonic constraints in the gateway region during its final opening,
from a consistent Pliocene stratigraphic framework of Hole 910C
and 911A (Fig. 1). New stable isotope and multi-proxy data are
discussed with previously published results from the Fram Strait
(ODP Site 908) (Matthiessen et al., 2009a; Winkler et al., 2002;
Wolf-Welling et al., 1996), the southwestern Barents Sea (Ryseth et
al., 2003), and the NW European margin (Stoker et al., 2002, 2005;
Dahlgren et al, 2005; Eidvin et al., 2007). We provide strati-
graphic evidence that passive margin uplifts during the late
Miocene/early Pliocene preconditioned the landscape adjacent to
a warm Pliocene North Atlantic Ocean for continental ice sheet
growth around 4 Ma. The new results support the hypothesis
put forward in previous studies (Ruddiman and Kutzbach, 1989;
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Eyles, 1996; Foster et al., 2010) that late Miocene/early Pliocene
uplift in regions sensitive to orbitally forced changes in solar radi-
ation was one decisive trigger for the permanent persistence of
glacial ice in the Northern Hemisphere. Together with the de-
cline in atmospheric pCO, (Lunt et al., 2008; Bartoli et al., 2011;
Seki et al., 2010), and changes in meridional overturning circu-
lation (MOC) as response to the closure of the Central Ameri-
can Seaways (CAS) during the Pliocene (Driscoll and Haug, 1998;
Sarnthein et al., 2009; De Schepper et al., 2013), non-glacial, tec-
tonic uplift of mountains and plateaus in far-off polar regions
during the early Pliocene may indeed be important to explain the
intensification of the Northern Hemisphere Glaciation at 2.75 mil-
lion years ago (Ruddiman, 2010).

2. Material and methods

ODP Hole 910C was drilled in 556.4 m water depth on the
southern Yermak Plateau (80°15.896°N, 6°35.430°E). In total,
507.4 m of sediments were cored, and recovery was 57% on av-
erage, with 80% between 170 and 504.7 m below seafloor (mbsf)
(Myhre et al., 1995). The borehole was re-sampled between 150
and 504.7 mbsf for stable isotope (116 samples), and inorganic
geochemical as well as sedimentological analyses (443 samples).
ODP Hole 911A was drilled in 901.6 m water depth (80°28.466°N,
8°13.640°E). 505.8 m of sediments were cored with an aver-
age core recovery of 91.8% (Myhre et al., 1995). The borehole
was re-sampled for paleomagnetic measurement between 340 and
505 mbsf to complete the initial results from the shipboard anal-
yses (Myhre et al., 1995). For the same interval, grain size and
major/trace element analyses were conducted (430 samples). In
order to compare previously analyzed clay minerals from Hole
911A (Knies et al., 2009), Hole 908A from the Hovgdrd Ridge, cen-
tral Fram Strait (78°23.112°N, 1°21.637°E) (Fig. 1) was re-sampled
(47 samples) between 90 and 183 mbsf and analyzed for clay min-
erals applying identical methodological procedures. The predicted
paleobathymetry at 6.5 and 2.5 Ma (Gradstein et al., 2012) in the
Fram Strait has been constructed using the method from Brown et
al. (2006) and Miiller et al. (2008). Depth reconstruction to base-
ment is based on a new regional kinematic model and guided by
the interpretation of new magnetic data (Ehlers and Jokat, 2009).
The new isochrones have been merged with the regional kinematic
model published in Knies and Gaina (2008). Detailed information
on the analytical techniques and paleobathymetric reconstruction
are in the Supplementary Materials.

3. The Pliocene chronology

Supported by new high-resolution seismic data (Fig. 1), Mat-
tingsdal et al. (2013) recently developed a new age model for
ODP Holes 910C and 911A. This new model was further confirmed
by additional biostratigraphic datums for the base of Hole 911A
(Grosfjeld et al., 2013). Here, we summarize the findings of both
studies and supplement the new age model with additional ben-
thic stable isotope data from Hole 910C providing the most up to
date and consistent Pliocene stratigraphic framework for the Euro-
pean sector of the marginal Arctic Ocean.

The Plio-Pleistocene boundary in Hole 910C and 911A is con-
strained by the biostratigraphic “Datum A” at 2.78 Ma at 223 and
391.9 mbsf, respectively (Supplementary Fig. S1, Table S1) (Sato
and Kameo, 1996; Sato et al., 2004). It is further supported by the
Matuyama-Gauss boundary at 361.33 mbsf in Hole 911A (Supple-
mentary Fig. S1). Below, the lowest occurrence (LO) of the acritarch
Lavradosphaera crista at 505.64 mbsf in Hole 911A provides a max-
imum age of ~5.8 Ma (Grosfjeld et al., 2013). This datum was
established at DSDP Hole 603C in the mid-latitudes of the Western
North Atlantic (De Schepper and Head, 2013). At higher latitude
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Fig. 2. Late Miocene to Pliocene global benthic oxygen isotope records (Zachos et al.,
2001; Lisiecki and Raymo, 2005) compared to stable oxygen isotope data derived
from the benthic foraminifera Cassidulina teretis in Hole 910C. Note that data are
not available between 210 and 360 mbsf. Vertical dotted lines indicate age-depth
stratigraphic fix-points as outlined in Table S1. Dashed horizontal line indicates late
Quaternary interglacial (LQI) isotopic mean value of benthic foraminifera Cassidulina
teretis in sediment core PS2138 (Wollenburg et al., 2001, Tine Rasmussen, personal
communication, 2012).

sites, the lowest occurrence is recorded at ~4.9 Ma in the Ice-
land Sea (Schreck et al., 2012), at ~4.8 Ma in the Norwegian Sea
(De Schepper and Head, 2013) and at ~5.3 Ma near the Miocene-
Pliocene boundary in the Labrador Sea (De Schepper and Head,
2013). The occurrence of Barssidinium evangelineae between 477.83
and 505.64 mbsf in ODP 911A indicates an age no younger than
5.0 Ma for the base of the core (Gresfjeld et al., 2013), as the
recorded age range of this species is between 8.8 and ca. 5.0 Ma
(Powell and Brinkhuis, 2004). The occurrence of B. evangelineae
and L. crista in the lower part of Hole 911A indicates an age be-
tween ~5.8 and 5.0 Ma. The latter agrees well with the highest
occurrence (HO) of planktonic foraminifers Globigerina praebulloides
at 488.1 mbsf and Paragloborotalia continuosa (single specimen)
at 4914 mbsf restricting the time frame of the lower part of
Hole 911A close to the Miocene/Pliocene transition (Spiegler, 1996;
Mattingsdal et al., 2013). The base of Hole 911A is in a normal
polarity chron correlated to the Thvera subchron (Supplementary
Fig. S1). By linearly extrapolating the sedimentation rate model
from the latest tie-point of 5.00 Ma (Top Thvera) at 492.42 mbsf,
we achieve a base age of ~5.2 Ma.

The correlation of the 5.00 Ma seismic reflector into Hole 910C
at 438 mbsf (see Mattingsdal et al., 2013) indicates that Hole 910C
has recovered older sediment sequences (Fig. 1). The LO of the
dinocyst Selenopemphix islandensis at 408.3 mbsf indicates an age
between ~4.5 Ma (Verhoeven and Louwye, 2012) and ~5.5 Ma
(ODP 642, S. De Schepper, unpublished data). The acritarch Lavra-
dosphaera crista was first recorded at 450 mbsf, providing a max-
imum age of ~5.8 Ma, or possibly 4.8-5.3 Ma when considering
its range at higher latitude ocean sites. Supporting evidence of
an age no older than late Miocene comes from the persistent co-
occurrence of acritarchs Lavradosphaera crista and Cymatiosphaera?
invaginata, which has a stratigraphic range from the late Miocene
to the Pleistocene (Head et al., 1989). The presence of the calcare-
ous nannofossil Helicosphaera sellii at the base of Hole 910C sets a
maximum age of <6.5 Ma (laccarino et al., 2008).

From additional fix-points (Supplementary Table S2) derived
from correlating global stacks of 8'80 records (Zachos et al.,
2001; Lisiecki and Raymo, 2005) with new benthic §'80 data
of Hole 910C (Fig. 2) we further propose that the base of Hole
910C is ~5.8 Ma old. Stable oxygen isotope data of the ben-
thic foraminifera Cassidulina teretis in Hole 910C are available for
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Fig. 3. Correlation of age tie-points between late Miocene/early Pliocene global isotope stack (Zachos et al., 2001) and the benthic isotope record of Hole 910C. Red stippled
line marks the tie-point at ~5 Ma derived from seismic correlation between Top Thvera in Hole 911A and Hole 910C. Blue lines indicate the tie-points for the marine isotope
events Si4 and TG20. Black stippled line marks the LQI isotopic mean value for Cassidulina teretis. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

the Plio-Pleistocene boundary and the late Miocene/early Pliocene
transition, and are compared with mean late Quaternary inter-
glacial values from the northeastern Svalbard margin (Wollenburg
et al, 2001) (Fig. 2). The results show a gradual trend from
lower (~3.5-4.0%) to higher §'80 values (~4.0-4.5%0) from the
late Miocene to the late Pliocene, supporting the pattern else-
where observed in the Nordic seas (e.g. Fronval and Jansen, 1996)
with similar or significantly less ice volume occurring during the
Miocene/Pliocene compared to the late Pliocene (Zachos et al,
2001) (Fig. 2). By using all age-control points derived from pa-
leomagnetics and biostratigraphy between 2.5 and 5 Ma, a com-
parison of a 880 reference curve (LR04) (Lisiecki and Raymo,
2005) with the Yermak Plateau record shows that major global ice
volume changes are detectable in the Miocene/Pliocene sequence
(Fig. 2). Identification of oxygen isotope events is based on the
general agreement that high 8§80 > 4%, associated with relatively
high §'3C values characterize glacial isotope stages (Knies et al.,
2007). Ages are according to Lisiecki and Raymo (2005). We argue
that the tie-point at 438 mbsf (~5.0 Ma) inferred from seismic
correlation between Hole 910C and 911A marks the boundary be-
tween two intervals characterized by higher (~4.9-4.6 Ma) and
lower 880 values (~5.5-5.0 Ma) (Zachos et al., 2001; Lisiecki
and Raymo, 2005) (Fig. 3). The marine isotope stage event Si4
(~4.85 Ma) has been identified at 425 mbsf (Fig. 3). However, lim-
ited data points at the base of Hole 910C make the definition of
further tie-points problematic. By linearly extrapolating the sedi-
mentation rate from the latest tie-point (Si4: ~4.85 Ma) towards
the base of Hole 910C, we achieve a base age of ~5.7 Ma. Hence,
we suggest that the high §'80 value at 502.6 m corresponds to the
marine isotope stage event TG20 at ~5.75 Ma (Hodell et al., 2001)
(Fig. 3). The base of Hole 910C is tentatively dated to be ~5.81 Ma.

The Plio-Pleistocene boundary in Hole 910C is constrained by
tie-points at ~190 mbsf (2.58 Ma; Matuyama/Gauss (M/G) bound-
ary) inferred from seismic correlation between Hole 910C and
911A (Mattingsdal et al., 2013), and the biostratigraphic “Datum A”
(2.78 Ma) at ~223 mbsf (Sato and Kameo, 1996) (Fig. 4). Addi-
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Fig. 4. Compilation of LR04 global isotope stack (age scale) and benthic isotope
record (red dots) of Hole 910C (depth scale) during the late Pliocene (2.8-2.4 Ma).
The age-depth correlation of the Matuyama/Gauss (M/G) chron boundary and nan-
nofossil “Datum A” sensu Sato and Kameo (1996) are indicated. (For interpretation
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version of this article.)

tional tie-points can be inferred from glacial-to-interglacial §'80
oscillations of the new benthic 8180 record (Fig. 4). The stable iso-
tope record exhibits distinct cycles between heavy and light values
with a gradual increase to heavier values above the M/G boundary.
By assuming constant sedimentation rates across the M/G bound-
ary, we identify marine isotope stage (MIS) 96, 100, 102 above the
M/G boundary, and MIS G2 below (Fig. 4). All stages resemble the
structures displayed in LR0O4 although with lower amplitudes be-
tween glacial and interglacial (max. 0.6%0; MIS 101/100 boundary)
(Fig. 4). All age fix-points for Hole 910C and 911A are summarized
in the Supplementary Material (Tables S1 and S2).

4. Proxy data

The amount of ice-rafted debris (IRD) in Arctic sediments is
commonly used as one decisive proxy to infer the glaciation
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history of the circum-Arctic during the Plio-Pleistocene. Different
approaches and various IRD fractions (wt% > 63 pm, >125 pm,
>500 pm, No. grains/10 ccm > 2 mm) have been applied (Hebbeln
et al,, 1998; Stein, 2008). In this study, we used the 100-1000 pm
size fraction (in wt.%) to represent the IRD signal. For Hole 910C
we used the larger grain size fraction 500-1000 pm to mea-
sure the IRD supply, since fine to medium sands in this shal-
lower site (556.4 m water depth) may be the result of other
sedimentary transport processes (see discussion below). In order
to constrain the provenance of the coarse-grained material, we
consider sedimentary zirconium (Zr) and titanium (Ti) contents
normalized over potassium (K), as often outlined in grain sized
specific investigations of terrigenous sediments (e.g. Nizou et al.,
2011). Sediment provenance is further constrained by two specific
source rock indicators in the clay fraction (<2 pm), i.e. the smec-
tite/illite ratio and relative amounts of gibbsite (Holmes, 1998;
Wahsner et al.,, 1999). Shipboard carbon/nitrogen (C/N) ratios in
sediments of Hole 910C (Myhre et al., 1995) supported by pub-
lished organic carbon stable carbon isotopes (613C0rg) of Pliocene
sediments in Hole 911A (Knies et al., 2002) are used as an organic
matter source indicator (Stein and Macdonald, 2004). Detailed in-
formation on the usage and limitation of the applied proxies are
in the Supplementary Materials and further illustrated in Supple-
mentary Figs. S2-S6.

5. Results and discussion
5.1. Evidence for the INHG in the European Arctic

Both Arctic and sub-Arctic terrestrial and marine records pro-
vide consistent evidence for the INHG since the Mid-Pliocene (see
Matthiessen et al., 2009a, for review). According to Mudelsee and
Raymo (2005) the transition was likely gradual between 3.6 and
2.4 Ma, rather than abrupt. By revising the IRD records in the
North Atlantic and the Nordic Seas, Kleiven et al. (2002) show
temporal and spatial differences in initial supply from the circum-
North Atlantic ice sheets since 3.6 Ma, but fluctuations of all major
ice sheets were synchronous since 2.75-2.72 Ma. Into the Arctic
Ocean, the IRD record of Hole 911A provides a regional view on
the extent of the northern Svalbard/Barents Sea Ice Sheet (SBIS)
beyond the coastline and probably towards the shelf edge, but
more importantly offers insight into a full sequence of long-term
and major trends in the evolution of NHG for the Arctic. We have
registered three major IRD events between ~5.3 and ~2.5 Ma:
(1) during onset of NHG (~3.6 Ma) sensu Mudelsee and Raymo
(2005), (2) during marine isotope stage (MIS) M2, the first ma-
jor global glacial event sometimes referred to as a “failed attempt
at NH glaciation” at ca. 3.3 Ma (Haug and Tiedemann, 1998, De
Schepper et al., 2009, 2013) and (3) during glacial MIS G6/4 around
2.7 Ma (Lisiecki and Raymo, 2005) (Fig. 5). All events are regarded
as severe glaciations with oxygen isotope values characteristic of

early Quaternary glaciations (Lisiecki and Raymo, 2005). The IRD
maxima correspond to enhanced Zr/K ratios, illustrating enhanced
supply of glacially derived coarse-grained material from northern
Svalbard; the nearest point source for zirconium (Supplementary
Fig. S5) (Ottesen et al., 2010). Moderate to low IRD supply during
the remaining parts of the Pliocene sequence excludes the pres-
ence of glacial ice close to the coastline (Fig. 5). The latter corrob-
orates inferences of predominantly isolated to small-scale moun-
tainous glaciations between ~7 and ~3 Ma in the circum-Arctic
and Nordic Seas (e.g. Geirsdottir, 2004; Fronval and Jansen, 1996;
Matthiessen et al., 2009a). It further supports evidence of mostly
sandy sediments deposited along the NW European continen-
tal margin prior to 2.7 Ma as a result of predominantly non-
glacial (NW Britain) (Dahlgren et al., 2005; Stoker et al., 2005)
or glaciofluvial environments (Svalbard) that controlled the sedi-
ment transport to the shelf break (Svalbard) (Forsberg et al., 1999;
Butt et al., 2000; Laberg et al., 2010). The abrupt cooling and se-
vere glaciation during MIS M2 (~3.3 Ma) interrupted this less
glaciated period during the Pliocene. It has recently been linked to
a weakened North Atlantic Current and reduced heat transport in
response to enhanced Pacific to Atlantic through-flow via the CAS
(De Schepper et al,, 2013). The timing agrees with the inferred
ice expansion of the West Antarctic Ice Sheet following a period
(~4.5-3.3 Ma) of smaller ice sheets and reduced sea ice coverage
(Naish et al., 2009; McKay et al., 2012). It suggests a synchronous
behavior of the ice sheets in the Northern Hemisphere and West
Antarctica. Deduced from the IRD records in the Atlantic-Arctic
gateway, we propose that ice sheets in the circum-Arctic advanced
at least twice beyond the coastline (or even shelf edge), i.e. during
MIS M2 and the INHG around 2.75 Ma.

Detailed inspection of the INHG records from the Yermak
Plateau places the first shelf edge type glaciations of the ice
sheets in the northern Barents Sea within MIS G6 (~2.74 Ma)
(Fig. 6) (Lisiecki and Raymo, 2005); a timing consistent with the
final closure of the CAS (Kameo and Sato, 2000; Schmidt, 2007;
Sarnthein et al., 2009) and the onset of major NHG as first de-
scribed by Shackleton et al. (1984). Distinct IRD pulses with a
northern Svalbard signature of high Zr/K ratios are recorded dur-
ing termination of MIS G6, suggesting that this deglaciation pattern
showed already a similar pattern as that known from the late Qua-
ternary in the region (Elverhgi et al., 1995; Kleiber et al., 2000;
Winkelmann et al., 2008). Subsequent IRD pulses recorded in Hole
911A provide further evidence for repetitive shelf edge glaciations
between MIS G4 and MIS 100 (Fig. 6). IRD pulses occur both dur-
ing glacial advances (high §'80) and retreats (low §'80) (Fig. 6).
Prior to MIS G6, IRD is absent except for the precursor events
at ~3.3 Ma (M2 glaciation) and around 3.6 Ma, the onset of
global cooling sensu Mudelsee and Raymo (2005) (Fig. 5). Accord-
ingly, melting icebergs sourced from the Svalbard/Barents Sea Ice
Sheet are not a major component in the North Atlantic IRD record
prior to 2.74 Ma (Laberg et al., 2010). An abrupt culmination
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Fig. 6. The INHG in the Atlantic-Arctic gateway region exemplified by proxy data of
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and 3.1 Ma. Benthic §'80 record (Hole 910C) superimposed on LR04 global isotope
stack (Lisiecki and Raymo, 2005) (MIS100, 104, and G4/G6 are displayed).

in glacial ice build-up beyond the coastline at 2.74 Ma is also
recorded and precisely dated in both the sub-Arctic Northwest Pa-
cific (Haug et al., 2005), and the northern North Atlantic (Bartoli
et al., 2005). Bartoli et al. (2005) argued that the surface water
warming between 2.95 and 2.82 Ma in the northern North At-
lantic is associated with a stronger thermohaline circulation and
northward heat transport, providing an additional moisture supply
that ultimately led to the INHG at 2.74 Ma (MIS G6). Significant
occurrences of the dinoflagellate cyst Operculodinum centrocarpum
in sediments deposited prior to 2.74 Ma reflect the presence of
North Atlantic Current derived warm water masses on the Yer-
mak Plateau (Fig. 6) (Knies et al., 2002). This illustrates how
the inflow of warm water masses associated with the closure of
the CAS had a significant impact on the build-up of continen-
tal ice sheets in the Atlantic-Arctic gateway region (Sarnthein et
al,, 2009). Other mechanisms that likely contributed to the ma-
jor INHG at 2.74 include declining pCO, concentrations (Lunt et
al., 2008; Seki et al., 2010), changes in orbital forcing of climate
(Maslin et al., 1998) and tectonics (Raymo and Ruddiman, 1992;
Cane and Molnar, 2001), increased stratification in the sub-arctic
North Pacific (Haug et al., 2005), and reduced zonal sea-surface
temperature gradients in the equatorial Pacific Ocean (Fedorov et
al., 2006).

Regardless of the ultimate trigger, this study provides another
solid contribution to the general agreement that all major North-
ern Hemisphere ice sheets responded simultaneously to the irre-
versible “climate crash” at 2.74 Ma sensu Bartoli et al. (2005) and
extended beyond the coastline, most likely towards the shelf edge.
However, what is overseen in this context of increased thermoha-
line circulation, moisture supply, and other feedbacks mechanisms
for building up a large-scale continental ice sheet in the Northern
Hemisphere, is whether an orogenic influence on regional climate
was created on landmasses adjacent to the warm Pliocene North
Atlantic Ocean (Foster et al., 2010). To become a potential host
of continental ice, extensive plateau surfaces must pass a criti-

cal threshold altitude allowing a positive mass balance for glacial
growth. Climate simulations have shown that with half the modern
global topography, threshold pCO, values necessary for sustained
glaciation in the Northern Hemisphere are lowered from 280 ppmv
to 140-210 ppmv (DeConto et al., 2008). In the following, new em-
pirical data from the Yermak Plateau are discussed in the light of
late Miocene/early Pliocene uplift of the western European margin
(Green and Duddy, 2010) that ultimately played an important role
in priming the climate for the INHG during the late Pliocene.

5.2. Glacial growth at ~4 Ma in response to non-glacial tectonic uplift
in the gateway region

In the Atlantic-Arctic gateway region, the INHG is expressed
both by prominent IRD events (this study) and development of
large prograding wedges along the margins at ~2.7 Ma (Dahlgren
et al., 2005). Prior to the INHG, climate deterioration associated
with long-term global cooling and epeirogenic uplift is subse-
quently deduced from erosional-driven changes in terrigenous sed-
iment supply and its sources as well as changes in vegetation
cover of the exposed landmasses. Distinct input of fine sands
(63-100 pm) associated with enhanced Zr/K ratios occur between
5.8 and 4.1 Ma on the crest of the Yermak Plateau (Hole 910C)
(Fig. 7). The most likely source for these sediments is the De-
vonian Old Redstone on northern Svalbard as indicated by dis-
tinct Zr/K anomalies in floodplain sediments within this geological
province (Supplementary Fig. S5) (Ottesen et al., 2010). The fine
sands are associated with highest concentration of pollen assem-
blages (Willard, 1996; Schafstall, 2011) and fresh organic plant ma-
terials as indicated by enhanced C/N ratios (>12) and low 613C0rg
values (—25%) (Fig. 7). The regular occurrence of the fresh wa-
ter algae Botryococcus in these sediments (Grosfjeld et al., 2013)
indicate deposition in a near-shore marine environment, strongly
influenced by river plumes and associated terrestrial sediment
transport. Pliocene terrestrial palynoflora indicate the presence of
boreal forest to subarctic tundra in the source area (Willard, 1996;
Schafstall, 2011). The inferred proximity to the shoreline, and
(glacial-) fluvial sediment transport to the shelf break suggest the
sub-aerially exposed, vegetated Barents Sea region as the most
likely source of the terrestrial organic-rich fine sands during the
latest Miocene-early Pliocene (Fig. 8). It supports inferences by
Dahlgren et al. (2005) that (glacial-) fluvial erosion of weathering
mantles of Mesozoic and early Cenozoic age resulted in the depo-
sition of sandy-rich material along the continental margin prior to
onset of large-scale glacial erosion in the Svalbard/Barents Sea area
(Forsberg et al., 1999; Butt et al., 2000).

An abrupt drop in fine sands occurs at ~4 Ma and marks
the upper boundary of gradually decreasing C/N and Zr/K ra-
tios (Fig. 7). From ~4 Ma onwards, C/N ratios <10 and §'3Corg
values <—24.5%o indicate input of more reworked (old) terrige-
nous organic matter. Parallel low Zr/K ratios associated with more
fine-grained sediments are consistent with changes in amount
and source of terrigenous sediments as a result of environmental
changes in the hinterland (Fig. 7). Indeed, short-term pulses of Ti-
rich sediments (high Ti/K ratios) are observed during minor cooling
phases prior to 4.0 Ma (e.g. MIS Si4) (Fig. 7), however, short-term
pulses occur more frequently between ~4.0 and 2.5 Ma. These Ti-
rich sediments either originated from the Scandinavian mainland
or - more likely - from Proterozoic deposits on western/north-
ern Svalbard (Supplementary Fig. S6) (Ottesen et al., 2000, 2010;
Salminen et al., 2004). High frequencies of Ti-rich sediment pulses
together with enhanced input of reworked organic matter mark a
gradual transition from densely vegetated to more glaciated land-
masses on the exposed hinterland during the early Pliocene. It
reflects the progressive glacial erosion of non-weathered bedrock,
contrasting the (glacial-) fluvial erosion of (Zr-rich) weathering
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coatings and vegetated landmasses prior to 4 Ma. Excluding the
possibility of an unconformity (hiatus) based on seismic interpre-
tation (Mattingsdal et al., 2013) and lithological description (Myhre
et al., 1995), we propose that the abrupt drop in fine sands, as-
sociated decline in terrestrial organic matter supply and distinct
change in sediment provenance at ~4 Ma are the result of less
available material to be eroded from the hinterland due to pro-
gressive climate deterioration and initial glacial ice build-up.
Whether the abrupt change in the sediment composition also
reflects re-routing of sediments induced by uplift and tilting, re-
mains currently a matter of debate. The rapid post-5 Ma cooling
phase on Svalbard is generally attributed to erosional response of
glaciations (Dore and Jensen, 1996; Blythe and Kleinspehn, 1998;
Anell et al., 2009). However, since large-scale glaciations did not
evolve before 2.74 Ma on Svalbard (this study), and ~1.5 Ma in
the Barents Sea (Laberg et al., 2010), a tectonic component of uplift
during the early Pliocene cannot be ruled out completely (Anell et
al., 2009; Green and Duddy, 2010). Vagnes et al. (1992) concluded
that after removal of the glacial effect, tectonic uplift in the NW
Barents Sea appears to be in the order of ~1000 m. Interestingly,
Geissler and Jokat (2004) do not find indications for large-scale
development of slope aprons associated with glacial trough mouth

fans after the INHG along the northern Svalbard margin. It may
indicate that glacial ice covering the area transported/eroded less
material from the hinterland and that sediment transfer mainly oc-
curred through ice streams towards the south (e.g. Storfjord/Bear
Island trough) and east/northeast (e.g. Frans Victoria trough).

5.3. The formation of an early Pliocene deep-water passage in the
Atlantic-Arctic gateway

A critical component in this scenario of non-glacial uplift (and
subsidence) is the final opening (deepening) of the Atlantic-Arctic
gateway, i.e. the Fram Strait. Jokat et al. (2008) and later Hegewald
and Jokat (2013) suggested the existence of a shallow water
connection in the Fram Strait already during the late Oligocene.
Jakobsson et al. (2007) proposed a widening of the Fram Strait
since ~17.5 Ma to a passage deeper than 2000 m at ~13.7 Ma. Al-
ternatively, Poirier and Hillaire-Marcel (2011) suggested an initial
water mass exchange through a “proto-Fram Strait” already 36 Ma
ago. Regardless of the initial opening, a true deep-water passage
may not have existed before 7.5 to 5.0 Ma (Lawver et al., 1990;
Kristoffersen, 1990). Further south, ongoing subsidence of the
Greenland-Scotland Ridge through late Miocene time allowed in-
creased export of North Atlantic Deep Water (NADW) to the At-
lantic Ocean (Poore et al., 2006).

While parts of the Greenland-Scotland Ridge (i.e. Denmark
Strait, Iceland-Faroe Ridge) were probably sub-aerially exposed
prior to middle Miocene times (Poore et al., 2006), it is important
to note that the Hovgdrd Ridge in the central Fram Strait restricted
the unlimited through-flow of surface and deep-water masses un-
til the late Miocene (Fig. 8). This ridge was sub-aerially exposed
at least from ~25 Ma to ~6.7 Ma as inferred from a distinct
unconformity in ODP Site 908 (Myhre et al., 1995; Matthiessen
et al., 2009b). Enrichments of coarse sands (500-1000 pm) de-
posited above the unconformity between ~6.7 and 4.7 Ma in Hole
908A (Fig. 9) indicate proximal transport of eroded sediments dur-
ing gradual subsidence of the Hovgard Ridge. The latter is sup-
ported by high concentrations of terrestrial plant tissue fragments
in the same interval, indicating proximity to vegetated continen-
tal source (Poulsen et al., 1996). The sands are likely of non-glacial
origin as indicated by constantly low Zr/K ratios (Fig. 9). The fine
fraction in this sequence is dominated by smectite (Fig. 9) sug-
gested to be derived from various point sources in the Arctic
(e.g. Siberian Putorana flood basalts) and North Atlantic (Iceland-
Faeroe Ridge), coupled to minor input of primary clay minerals
(illite/chlorite) due to less severe weathering conditions during the
late Miocene (Winkler et al., 2002). However, we propose that con-
comitant to the enrichments of non-glacial sands (500-1000 pum),
that are mainly composed of igneous and volcanic rock fragments
(Wolf-Welling et al., 1996), the smectite-rich fines are mainly of
local origin. Findings of thick ash-layer derived glauconite beds
above the hiatus in Hole 908A (Myhre et al., 1995) further sup-
port inferences of a nearby volcanic source for the smectite en-
richments. Potential sources may be the Miocene plateau basalts,
NW Spitsbergen (Prestvik, 1978), the Eocene Vestbakken Volcanic
Province, W Barents Sea (Faleide et al., 1988), or the Hovgdrd
Ridge itself. Indeed, Eldholm and Myhre (1977) and later Engen
et al. (2008) and Ehlers and Jokat (2009) concluded from free-
air gravity, magnetic, and seismic data that parts of the Hovgard
Ridge are likely of volcanic origin, although the transition from
ultraslow oceanic to continental crust is equivocal. Hermann and
Jokat (2013) recently concluded that the Boreas Basin south of
the Hovgard Ridge was formed in an ultraslow spreading regime.
It supports the notion that the Hovgdrd Ridge may be a mag-
matic structure. According to this new magnetic and seismic data,
the transpressional regime in the Fram Strait during the opening
might have prevented a fast subsidence of the Hovgard Ridge.
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Fig. 8. Predicted paleobathymetry in the Fram Strait region for 6.5 Ma (left) and 2.5 Ma (right). The preglacial topography has been modified after Medvedev et al. (2013) and
Knies and Gaina (2008). The Hovgdrd Ridge microcontinent (HMC) in the centre of the Fram Strait is sub-aerially exposed (6.5 Ma) and subsided to >2.5 km water depth
(2.5 Ma). The Yermak Plateau is shown by the 2000 m present day bathymetric contour (light green line). The semi-transparent polygons show the extent of (stretched)
continental crust and/or oceanic crust affected by Oligocene volcanism. Polygons outlined by magenta indicate the area of magnetic anomaly high intensity. The only ODP
site situated on unequivocal oceanic crust, ODP Hole 909C, has a predicted depth of ca. 3000 m. Dashed white lines indicate the inferred glacial ice extent (modified after
Solheim et al.,, 1998; Knies et al., 2009). Surface water exchange in the proto-Fram Strait is restricted during the late Miocene (6.5 Ma scenario) due to the blocking effect of
the HMC. Widening/deepening of the Fram Strait during the Pliocene (2.5 Ma scenario) allow enhanced deep-water mass exchange and North Atlantic meridional overturning
circulation. Blue arrows: cold Arctic water masses; red arrows: warm Atlantic water masses. Circled cross indicates location of modern deep-water formation.

Based on these observations we suggest that the slowly subsid-
ing Hovgdrd Ridge - still a nearby source for the smectite-rich
fines and volcanic rock fragments - limited the unrestricted deep-
water exchange through the Atlantic-Arctic gateway until the early
Pliocene. The timing confirms the minimum age (~5 Ma) for the
established deep-water (>2.5 km) circulation in the Fram Strait
proposed by Lawver et al. (1990).

Contemporary to the inferred low saline Arctic through-flow
associated with an enhanced northward flow of Pacific waters
through the Bering Strait into the North Atlantic around 4.7 to
45 Ma (Haug et al, 2001; Verhoeven et al., 2011), a distinct
increase in the supply of glacially derived sediments expressed
by higher Zr/K and gradually decreasing smectite/illite ratios oc-
curred in the Fram Strait at ~4.7 Ma (Fig. 9). The deposition of
these sediments mirrors the progressive climate cooling in the
Arctic region and is likely the result of enhanced sea ice ex-
port associated with the establishment of the “modern-type” East
Greenland Current, sometimes between ~4.5 and 4.3 Ma (e.g.
Bohrmann et al., 1990, updated to GTS 2012, Gradstein et al., 2012;
Verhoeven et al., 2011). The observed changes in the proportions
of coarse sands and abrupt appearance of gibbsite during the same
time period (Fig. 9) are also indicative of changes in the circu-
lation pattern in the Fram Strait. It suggests reduced proximity
to the nearest source (Hovgard Ridge) and preferably deposition
of sediments transported by ocean current from southerly sources
(Fig. 8). The inferred uplift on the Barents Sea shelf during the
early Pliocene and accompanied subsidence along the western pas-
sive margin (Ryseth et al., 2003) support a scenario whereby the
Hovgdrd Ridge in the central Fram Strait subsided to depths that
allowed unrestricted exchange of Atlantic and Arctic surface and
deep-water masses (Fig. 8). The latter is supported by at least
two observations. Firstly, based on Neodymium (Nd) isotope data,
Haley et al. (2008) proposed that intermediate water exchange be-
tween the North Atlantic and the Arctic was limited throughout
the period from ~12 to ~2 Ma. Considering the inadequacy of the

chronology and the low resolution of the late Neogene Nd record
from the central Arctic Ocean (IODP Expedition 302) (Backman et
al., 2008; Frank et al., 2008; Matthiessen et al., 2009b; O’Regan et
al.,, 2010), however, an Arctic through-flow of North Atlantic in-
termediate waters prior to the proposed upper boundary (~2 Ma)
cannot be ruled out. Secondly, unrestricted deep-water mass ex-
change in the Fram Strait agrees with enhanced deep-water over-
flow from the Nordic Seas to the North Atlantic Ocean in the
Early and Mid-Pliocene (Henrich et al., 2002; Poore et al., 2006).
It supports inferences of enhanced production of North Atlantic
Deep Water (NADW) after ~4.7 Ma (Haug and Tiedemann, 1998;
Ravelo and Andreasen, 2000).

5.4. Revised view on early Pliocene uplift and its role in INHG

The INHG culminated around 2.74 Ma after a long interval of
climatic cooling (Zachos et al., 2001). The gradual reduction in
the atmospheric pCO; is still regarded the primer for this global
climatic deterioration (e.g. Lunt et al., 2008; Seki et al., 2010) al-
though other feedback mechanisms maybe equally important (e.g.
Raymo and Ruddiman, 1992; Maslin et al., 1998; Haug et al,
2005; Fedorov et al., 2006, 2013). The critical role of tectonic
uplift in causing Cenozoic global cooling is widely acknowledged
(Ruddiman, 1997), however its role in causing large-scale cooling
in far-off polar regions remains unresolved (Ruddiman, 2010). Re-
cently, Foster et al. (2010) showed from numerical simulations that
small amounts of uplift of the North American Cordillera resulted
in significant cooling of the North American continent during the
late Miocene. It supports earlier inferences (e.g. Eyles, 1996) that
mountain uplift in regions sensitive for the NHG was a vital pre-
condition. In high northern latitudes, inconsistent timing of tec-
tonic uplift events has hitherto hampered inferences on the effect
of tectonically uplifted terrain on climate cooling (Eyles, 1996;
Anell et al., 2009). However, exhumation beginning in the 7-5 Ma
interval has been documented in a number of regions across the
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Arctic and North Atlantic (Green and Duddy, 2010). Hence, the
evidence of a timely consistent, non-glacial tectonic component,
prior to the INHG, in a region that is sensitive to orbitally forced
changes in solar irradiation, may reinforce the discussion of the
role of high-latitude uplift events and associated cooling in far-off
polar regions on the onset of major glaciations in the Northern
Hemisphere.

Taking all observations from the Atlantic-Arctic regions to-
gether, we hypothesize a causal link between the abrupt changes
in sediment properties at ~4 Ma and climate and tectonic feed-
back mechanisms prior to the INHG at ~2.7 Ma. We argue for a
non-glacial, tectonic component in the Atlantic-Arctic gateway re-
gion during the latest Miocene-early Pliocene as documented by
Green and Duddy (2010) that preconditioned the landscape adja-
cent to the northern North Atlantic/Nordic seas to host perennial
ice fields and ultimately continental-scale ice. We support the hy-
pothesis for tectonic uplift during the late Miocene/early Pliocene
associated with the gradual build-up of continental ice at ~4 Ma in
the NW Barents Sea by referring to regional tectonic uplift events
along the entire NW European margin (Supplementary Fig. S7). Up-
lift of mainland Norway during the late Miocene/early Pliocene is
reported by many studies (e.g. Green and Duddy, 2010). Formed
by late Miocene uplift, subsequent tilting of shelf areas and sub-
marine erosion in deep-water basins, the Intra-Neogene Uncon-
formity (INU) of the Faroe-Shetland region is constrained to the

late early Pliocene (~4 4+ 0.5 Ma) (Stoker et al., 2002, 2005). The
uplift and (submarine) erosion in the Faroe-Shetland region may
be correlated with the Molo Formation, a near-coastal sandy unit
deposited in a wave dominated environment off Mid-Norway (Sup-
plementary Fig. S7) (e.g. Henriksen et al., 2005). In part deposited
during the late Miocene/early Pliocene (Eidvin et al., 2007), this
unit is the result of compression and uplift of mainland Norway
since the mid-Miocene (Henriksen et al., 2005). Further north,
Settem et al. (1994) and later Ryseth et al. (2003) argued that
the non-depositional/erosional event (unconformity, ~2 Ma in du-
ration) in the southwestern Barents Sea during the early Pliocene
is due to regional uplift and concurrent sea level falls (Supple-
mentary Fig. S7). More recently, Dorr et al. (2013) argued that the
non-glacial uplift on Svalbard since the late Miocene is likely the
result of thermal erosion of the mantle lithosphere under Svalbard
(Vagnes and Amundsen, 1993).

This inferred tectonic uplift in the high northern latitudes dur-
ing the late Miocene to early Pliocene corroborates the shoaling
and restriction of deeper-water exchange via the CAS (Haug et
al., 2001; Steph et al., 2006; Schmidt, 2007). The latter is asso-
ciated with enhanced meridional overturning circulation coupled
to increased poleward heat and moisture transport (e.g. Haug and
Tiedemann, 1998). Enhanced NADW formation during the early
Pliocene (Ravelo and Andreasen, 2000; Poore et al., 2006) is con-
sistent with the observation of a “true” deep-water passage in the
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Fig. 10. Schematic summary of paleoclimatic and tectonic events during the Pliocene
in the Arctic-Atlantic gateway region. (A) Build-up of the northern Svalbard/Barents
Sea ice sheet. (B) Non-glacial uplift in NW-Europe during the late Miocene/early
Pliocene. Stippled line indicates the inferred threshold for snow accumulation and
ultimately glacial growth. (C) Subsidence of the Hovgard Ridge and widening/deep-
ening of the central Fram Strait. (D) Inferred deep-water mass exchange through the
Arctic-Atlantic gateway.

Atlantic-Arctic gateway since ~5 Ma (Fig. 10). The efficiency of
the “conveyer belt” heat pump may be counterbalanced by in-
creased flow of low saline Arctic water from the Bering Strait to
the Atlantic-Arctic gateway region since ~4.7-4.5 Ma (Haug et al.,
2001; Sarnthein et al., 2009; Verhoeven et al., 2011). With the
cooling of elevated plateaus as a consequence of early Pliocene
tectonic uplift of NW European mountain ranges next to the
warm Pliocene North Atlantic Ocean (> 3°C compared to modern
SST) (Dowsett et al., 2012), additional moisture supply may have
stimulated accumulation of extensive snow fields and ultimately
the growth of large-scale ice sheets in the Northern Hemisphere
2.7 million years ago (Fig. 10).

6. Conclusions

Based on a well-constrained Pliocene chronology from the
Atlantic-Arctic gateway, we support a consistent non-glacial, tec-
tonic uplift component along the entire NW European margin dur-
ing the late Miocene/early Pliocene (Green and Duddy, 2010). An
abrupt change in sediment supply and source at ~4 Ma is in-
terpreted to present a critical climatic threshold when elevated
plateaus became available to host perennial ice fields and ulti-
mately continental scale ice (Fig. 10). Our data further suggest that
the final deepening/widening of the Arctic-Atlantic gateway, the
Fram Strait, between 6.5 and 5 Ma gradually caused more deep-
water mass exchange that, in turn, likely contributed to the inten-
sification of the North Atlantic thermohaline circulation (Fig. 10).
The finding of high-standing plateaus adjacent to a warm Pliocene
North Atlantic (Dowsett et al., 2012) in areas that are most sensi-
tive to orbitally forced changes in solar irradiation provide a new
dimension to the debate on whether early Pliocene tectonic up-
lift in high northern latitudes is indeed one decisive component
for the onset of major Northern Hemisphere ice sheet expansion
about 2.74 Ma ago (Ruddiman, 2010).
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