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Here we present a high-resolution, continuous seismostratigraphic framework that for
the first time, connects the over 1,000 km long western Svalbard-Barents Sea margin
and covers the last ~2.7 milion years (Ma). By exploiting recent improvements in
chronology, we establish a set of reliable age fix-points from available boreholes along
the margin. We then use a large 2-D seismic database to extend this consistent
chronology from the Yermak Plateau and offshore western Svalbard, southwards to the
Bear Island Trough-Mouth Fan. Based on this new stratigraphic framework we divide
the seismic stratigraphy along the continental margin into three seismic units, and 12
regionally correlated seismic reflections, each with an estimated age assignment. We
demonstrate one potential application of this framework by reconstructing the Svalbard-
Barents Sea Ice Sheet evolution from the intensification of the northern hemisphere
glaciation at ~2.7 Ma to the Weichselian glaciations. Through seismic facies distribution
and sedimentation rate fluctuations along the margin we distinguish three phases of
glacial development. The higher temporal resolution provided by this new framework,
allows us to document a clear two-step onset to glacial intensification in the region
during phase 1, between ~2.7 and 1.5 Ma. The initial step, between ~2.7 and 2.58 Ma
shows glacial expansion across Svalbard. The first indication of shelf-edge glaciation
is on the Sjubrebanken Trough-Mouth Fan, northwestern Barents Sea after ~2.58 Ma;
whilst the second step, between ~1.95 and 1.78 Ma shows glacial advances beyond
Svalbard to the northwestern Barents Sea. Phase 2 is characterized by variations
in sedimentation rates and the seismic facies are indicative for a regional glacial
intensification for the whole Barents Sea-Svalbard region with widespread shelf-edge
glaciations recorded at around ~1.5 Ma. During Phase 3, the western Barents Sea
margin is characterized by a dramatic increase in sedimentation rates, inferring once
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again a regional glacial intensification. Our new stratigraphic framework allows for the
first time differentiation of the sediments deposited on the slope during Early Saalian
(~0.4 and 0.2 Ma), Late Saalian (~0.2 and 0.13 Ma), and Weichselian (<~0.123 Ma)
periods, providing new insights into the Barents Sea glaciations over the last ~0.42 Ma.

Keywords: chronostratigraphy, quaternary, glacial intensification, palaeo-ice streams, Trough-Mouth Fan,
sedimentation rates, Saalian, Weichselian

INTRODUCTION

The western Svalbard-Barents Sea continental margin (Figure 1)
is over 1,000 km long and is characterized by thick glacigenic
sediments that have been deposited over the last ~2.7 Ma. These
represent a valuable archive of Late Cenozoic environmental
change, in particular, the waxing and waning of ice sheets across
the adjacent continental shelf. However, the use of this archive
to study and compare the sedimentological and glaciological
evolution along the entire margin, and place this in a wider
regional perspective, has been limited due to the lack of a unifying
chronostratigraphic framework.

In the past, there have been several attempts to establish
chronostratigraphic frameworks for both the western (Vorren
et al, 1991; Faleide et al, 1996; Fiedler and Faleide, 1996;
Hjelstuen et al., 1996; Laberg and Vorren, 1996a,b; Ryseth et al,,
2003; Rebesco et al., 2014) and northern (e.g., Geissler and
Jokat, 2004). Barents Sea and Svalbard margins. These attempts
have been hampered by inconsistent chronologies between
the sparse boreholes along the margin and limited seismic
surveys necessary to by-pass problematic areas and correlate
between the available boreholes. This lack of a continuous
chronostratigraphic framework has also hindered attempts
to provide a coherent reconstruction of paleoenvironmental
variations along the entire western Svalbard-Barents Sea margin
based on paleontological studies from the ODP sites on Yermak
Plateau (ODP Site 910, 911, 912) and offshore west Svalbard
(ODP 986). The interpretation of these proxies form the basis
for the individual stratigraphic frameworks for each site (e.g.,
Cronin and Whatley, 1996; Hull et al., 1996; Matthiessen and
Brenner, 1996; Spiegler, 1996; Eidvin and Nagy, 1999; Smelror,
1999; Grosfjeld et al., 2014).

New age assignments for the Ocean Drilling Program (ODP)
Sites 910, 911, 912 on Yermak Plateau (e.g., Knies et al., 2009;
Mattingsdal et al.,, 2014) and ODP Site 986 west of Svalbard
(e.g., Channell et al.,, 1999; Knies et al., 2009; Figure 1) now
provide a robust, consistent chronology for the north and western
Svalbard margin. Additionally, a new seafloor drill rig MeBo
(Meeresboden-Bohrgerit) site (MeBo Site 126) on Vestnesa
Ridge (Dessandier et al.,, 2021), and a piston core site (GS14-
190-01PC; hereafter referred to as GS14-190) on the Bear Island
(Bjorneya) Trough-Mouth Fan (TMF) (Supplementary Figure 1
and Figure 1), have yielded dates for the youngest (< ~0.42 Ma)
part of the sequence based on stable isotope data. These now offer
the possibility to identify a consistent chronology along the entire
margin and the potential to correlate between age fix-points,
given a suitable seismic dataset.

In this paper, we exploit these recent improvements in
chronology to establish a set of reliable age fix-points from

available boreholes along the margin and then use a large
dataset compiled of both conventional and high-resolution (e.g.,
Andreassen, 2017) 2D seismic data to extend this consistent
chronology from the Yermak Plateau and offshore western
Svalbard, southwards to the Bear Island TMF. This provides a
continuous seismostratigraphic framework that extends along
the entire 1,000 km long western Svalbard-Barents Sea margin
(Figures 2, 3) and includes seismic reflections corresponding to
the widely used R7-R1 seismic stratigraphy proposed by Faleide
etal. (1996) and additional seismic reflections tied to the new age
fix-points. This yields 12 regionally correlated seismic reflections
(including R7-R1), each with an estimated age assignment
(Figures 4, 5). Finally, we demonstrate one potential application
of this new stratigraphic framework by reconstructing the Late
Cenozoic glacial history of the Svalbard-Barents Sea Ice Sheet
(SBIS), based on seismic facies distribution (Figures 6, 7) and
sedimentation rate trends along the margin (Figure 8).

REGIONAL SETTING

The Barents Sea is today an epicontinental sea characterized by
relatively shallow banks separated by deep troughs (Figure 1).
With water depths ranging from 100 to 200 m in the banks to
around 400 m in the troughs, the Barents Sea shelf extends from
the Norwegian-Greenland Sea and the Svalbard Archipelago in
the west to Novaya Zemlya in the east.

The evolution of the western Barents Sea margin is closely
related to the gradual opening of the Norwegian-Greenland Sea
(e.g., Faleide et al., 2008). The western Barents Sea and Svalbard
continental margin extends about 1,000 km in a north-south
direction. Yermak Plateau is located on the eastern flank of the
Fram Strait in the marginal Arctic Ocean (Figure 1). It forms
the northwestern part of the Barents Sea shelf and is bounded
by the Arctic Ocean to the north and the Svalbard archipelago
to the south. The southern Yermak Plateau has water depths
of about 600-800 m, but shallows to less than 500 m in the
southernmost part.

Rift flank uplift, inferred to have been most pronounced in
the Svalbard area and caused by a thermal anomaly (Dimakis
et al., 1998), was a consequence of the tectonic evolution of
the area during early-middle Cenozoic. Farther south in the
shear zone area of the southwestern Barents Sea, the uplift
was less pronounced and was the result of thermomechanical
coupling (e.g., Dimakis et al., 1998; Faleide et al., 2008). The
uplifted northern Barents Sea shelf areas experienced severe
erosion during Eocene to Miocene times, feeding sediment to
the southern and eastern Barents Sea shelf, which were low-
relief areas close to sea level at that time (e.g., Butt et al., 2002),
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FIGURE 1 | Basemap shows the composite profile along the western Svalbard-Barents Sea margin. Sb: Sjubrebanken TMF; Kf: Kongsfiorden TMF; If: Isfiorden
TMF; Bs: Bellsund TMF. Background bathymetry from International Bathymetric Chart of the Arctic Ocean (IBCAO, version 3.0) (Jakobsson et al., 2012). TMFs:

Barents Sea

contributing to the composition of the sedimentary bedrock
across the Barents Sea shelf (Settem et al., 1992, 1994;
Sigmond, 1992). The uplifted Barents Sea region (Dimakis et al.,
1998; Faleide et al., 2008) subsequently became the site of
nucleation of very large ice masses during several glaciations (e.g.,
Eidvin et al., 1993).

Butt et al. (2002) and Zieba et al. (2017) based on numerical
modeling, suggested that the Barents Sea was subaerial during
the earliest Late Pliocene, becoming a submarine platform

around ~1 Ma ago. Both the preglacial and glacial history
is reflected in the present-day topography of the Barents Sea
region (e.g., Faleide et al., 1996; Ottesen et al., 2008; Andreassen
and Winsborrow, 2009; Laberg et al., 2012). An upper regional
unconformity (URU) defines the base of the glacigenic sediments
across the continental shelf (Solheim and Kristoffersen, 1984;
Vorren et al., 1986).

The Plio-Pleistocene sedimentary succession of the Svalbard-
Barents Sea margin consists of successive glacial-interglacial
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FIGURE 2 | Previous correlation between the seismic stratigraphy of the
western Barents Sea-Svalbard margin and Yermak Plateau together with the
published age estimates for the seismic reflections. GO: preglacial strata.
TFaleide et al. (1996); 2Jansen et al. (1996); Channell et al. (1999); Eidvin and
Nagy (1999); Forsberg et al. (1999); Butt et al. (2000); Knies et al. (2009);
3Rebesco et al. (2014); 4Geissler and Jokat (2004); SMyhre et al. (1995);
Knies et al. (2009); Mattingsdal et al. (2014).

sedimentary sequences, including several large submarine trough
mouth fans, forming the morphological shelf edge along the
passive continental margin of the European plate. The size of
the individual TMFs reflects both the size of the troughs and
their corresponding drainage area. The Bear Island TMF is by
far the largest, and the TMFs along the Svalbard margin the
smallest (e.g., Faleide et al., 1996; Vorren and Laberg, 1997; Pope
et al., 2018). The TMFs are depocenters accumulated in front of
ice streams draining the former large ice sheets, representing an
excellent source of information on past glacial fluctuations (e.g.,
Faleide et al., 1996; Hjelstuen et al., 1996, 2007; Solheim et al.,
1996; Vorren and Laberg, 1997; Taylor et al., 2002; Dowdeswell
et al., 2008; Montelli et al., 2018; O Cofaigh et al., 2018; Pope
et al.,, 2018). More specifically, during glacial maxima, sediments
transported by the advancing ice sheet attain the shelf break and
are delivered directly to the upper slope producing glacigenic
debris flow deposits (e.g., Dowdeswell et al., 2008; Ottesen et al.,
2016; Camerlenghi, 2018; Knies et al., 2018).

PREVIOUS SEISMIC FRAMEWORKS
AND AGE CONTROL ALONG THE
NORTHERN AND WESTERN
SVALBARD-BARENTS SEA
CONTINENTAL MARGIN

The first attempt to combine the local seismic stratigraphies from
different TMFs along the western Barents Sea margin into one,
was made by Faleide et al. (1996). In their seismic framework,
three main seismic units GI-GIII, and seven regional seismic
reflections R7-R1 were identified along the western margin, of
which the deepest, R7, was interpreted to mark the base of the

FIGURE 3 | 2D seismic dataset and composite seismic profile used to derive
the new seismic stratigraphic framework. Basemap presenting the 2D seismic
datasets and the composite seismic profile. Orange stars: location of the core
sites. ODP Sites: 910, 911, 912, 986. Piston core: GS14-190. CAGE-Centre
for Arctic Gas Hydrate, Environment and Climate-UiT The Arctic University of
Norway in Tromse. EGLACOM provided by the National Institute of
Oceanography and Applied Geophysics (OGS), Trieste, Italy. Diskos:
Norwegian Diskos National Data Repository (NDR) database. MAGE: Russian
Joint Stock Company ‘Marine Arctic Geological Expedition’. TGS:
TGS-NOPEC Geophysical Company Pty Ltd.

glacial deposits (Figure 2). Chronological constraints on the
proposed seismic stratigraphy were sparse, and a likely age of
R7 was proposed by Faleide et al. (1996) to be 2.3 Ma, derived
from the chronostratigraphic framework of shallow boreholes
and exploration wells from the southwestern Barents Sea (e.g.,
Seettem et al., 1992, 1994; Eidvin et al., 1993; Mork and Duncan,
1993). R1 was considered to be between 440 and 200 ka based

Frontiers in Earth Science | www.frontiersin.org

May 2021 | Volume 9 | Article 656732


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Alexandropoulou et al. Barents Sea-Svalbard Margin Seismostratigraphy

Seismic Seismic Assigned :
units horizons (ANgl;ae) Datum Sediment cores
0.074 | MIS 5/4 boundary MeBo 126', GS14- 1902
Gl 0.13 | MIS 6/5 boundary MeBo 126'
R1 0.2 Seismic horizon?
R2 0.42 | MIS 12/11 boundary MeBo 126
0.78 | Brunhes/Matuyama ODP 910A°, 911A%, 912A°, 986*
Gll 0.99 Top Jaramillo ODP 986C* 912A°
R4A; 1.2 Cobb Mountain Top ODP 912A% 910A°, 910C°
1.5 Seismic horizon®’
1.78 Olduvai Top ODP 911A°, 912A°
1.95 Olduvai Base ODP 911A% 912A°, 910A/C®
2.58 Matuyama/Gauss ODP 910A/C5 911A°
2.7 “Datum A” ODP 911A%, 910A/C°, 986°

FIGURE 4 | Age-fix points on which seismostratigraphic framework is based. Seismic units and seismic reflections along the western Svalbard-Barents Sea margin
correlated with the seismic stratigraphy, R7-R1 (Faleide et al., 1996; Jansen et al., 1996), age fix-points and their datums, used to constrain the seismic stratigraphy
from the available core sites along the margin. 'Dessandier et al., 2021 2This study Myhre et al. (1995) “Channell et al. (1999) ®Knies et al. (2007) ®Mattingsdal et al.
(2014); "Faleide et al. (1996); Fiedler and Faleide (1996) 8Sato and Kameo (1996) Smelror (1999); Knies et al. (2009).
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FIGURE 5 | Composite profile along the western Svalbard-Barents Sea margin showing the new seismic stratigraphy (see Figures 1, 3 for location). R1-R7: seismic
reflections corresponding to this study seismic stratigraphy. I-lll: selected points along the composite profile for estimating the sedimentation rates. 1-17: seismic
lines that comprise the composite profile (the names of the seismic lines are displayed in Supplementary Table 1). Sections 14 and 17 courtesy TGS.
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FIGURE 6 | Variations in seismic facies and sediment thickness along the margin. (A) Seismic stratigraphy of the western Svalbard-Barents Sea margin divided into
three main seismic units GI-Glll and 12 regionally correlatable seismic reflections. (B-l) Characteristic seismic facies along the margin are presented in selected
closed-up views. (B) Sjubrebanken TMF (Sb). (C) Kongsfjorden TMF (Kf). (D) Isfiorden TMF (If). White arrows: truncated reflections; yellow arrows: onlapping
reflections. (E) Bellsund and Storfiorden TMF. (F-l) Bear Island TMF, southwestern Barents Sea margin. GDFs: glacigenic debris flow deposits. I-lll: selected points
along the composite profile for estimating the sedimentation rates. Part of the seismic data including in (A,l) courtesy TGS. R1-R7: seismic reflections corresponding
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FIGURE 7 | Characteristic seismic facies that are observed along the western Svalbard-Barents Sea margin over the last ~2.7 Ma together with their interpretation.

on shallow boreholes in the outer Bear Island Trough (Seettem
et al., 1992), amino acid analyses (Seettem et al., 1992) and
extrapolation of calculated sedimentation rates in piston cores on
the Svalbard margin (Elverhoi et al., 1995). The age of R5 was
estimated to be ~1.0 Ma by correlation with increased amounts
of ice-rafted detritus (IRD) and oxygen-isotope measurements
(Faleide et al., 1996).

In 1995 ODP Site 986 west of Svalbard was drilled (Jansen
etal,, 1996) and a key objective for this site was to improve the age
control of the R7-R1 seismic stratigraphy. Initial age estimates for
ODP Site 986 were made using paleomagnetic (Channell et al.,
1999), biostratigraphic (Eidvin and Nagy, 1999) and Sr-isotope
data (Forsberg et al., 1999), with much emphasis placed on the
magnetic stratigraphy due to poor biostratigraphic constraints.
This yielded the following age estimates (Figure 2): ~0.5 Ma for
R2 (interpolation, supported by biostratigraphic data; Butt et al,,
2000). ~0.78 Ma (Brunhes/Matuyama palaecomagnetic datum;
Channell et al., 1999) for R3. ~0.99 Ma for R4 (Top Jaramillo
palaecomagnetic datum; Channell et al., 1999). 1.3-1.5 Ma was
estimated for R5 (interpolated age, supported by biostratigraphic
and Sr-data; Butt et al., 2000), ~1.6-1.7 Ma for R6 (interpolated

age, supported by biostratigraphic and Sr-data; Butt et al., 2000),
and 2.3-2.5 Ma for R7 based on linear interpolation between
the maximum age of 2.6 Ma at the base of ODP Site 986,
supported by biostratigraphic and Sr data (Butt et al., 2000). The
biostratigraphy of Site 986 was re-evaluated later by Knies et al.
(2009) who suggested the additional biostratigraphic datums of
~2.41 and 2.76 Ma. They further found that the age of the base
of ODP Hole 986D dates to ~3.2 Ma and together with the
additional biostratigraphic datums they revised the age of R7 to
~2.7 Ma (Figure 2).

Later Rebesco et al. (2014) revised the ages of reflections
R6, R5, R4, R3, R2, and R1 and assigned for the first time
an age for R4A reflection by linear interpolation between the
palaeomagnetic datums, the Brunhes/Matuyama boundary and
the top of the Jaramillo Subchron (Channell et al., 1999). The
respectively, given ages of those reflections are about 2.1 Ma (R6),
1.5 Ma (R5), 1.3 Ma (R4A), 1.1 Ma (R4), 0.75 Ma (R3), 0.4 Ma
(R2), and 0.2 Ma (R1) (Figure 2).

The northern Barents Sea margin stratigraphy (Geissler and
Jokat, 2004) relies on the three ODP sites (910, 911, 912) on
the Yermak Plateau (Figure 3) and is divided into three seismic
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FIGURE 8 | Sedimentation rate estimates along the margin. (A) Basemap shows the location of the selected points along the composite profile for estimating the
sedimentation rates (I-ll) and the available core sites along the western Svalbard-Barents Sea margin. (B-D) Sedimentation rate plot shows variations on selected
points I-lll. Kf: Kongsfiorden TMF; If: Isfiorden TMF; Bs: Bellsund TMF,

units YP-1, YP-2, and YP-3 (Eiken and Hinz, 1993; Geissler
and Jokat, 2004). The base of unit YP-3 represents the base of
the glacial deposits and has been assigned an age of ~2.7 Ma
based on the chronostratigraphic framework of ODP Site 911
(Myhre et al., 1995: palacomagnetic data; Sato and Kameo, 1996:
biostratigraphic data). The ages of YP2-YP3 boundary on the
Yermak Plateau and R7 seismic reflection on the western Barents
Sea margin are similar, indicating a close correspondence of both
seismic units GI-GIII (west) and YP-3 (north). Mattingsdal et al.
(2014) further identified additional seismic horizons within YP-3
unit and assigned ages to these by ties to the three ODP sites on
Yermak Plateau (910, 911, 912). Today, therefore two separated
seismic stratigraphic frameworks have been established covering
different parts of the continental margin, one for the northern
Barents Sea margin (ODP Site 910, 911, 912), and one for the
western Barents Sea margin (ODP Site 986).

MATERIALS AND METHODS

Dataset

Our dataset consists of 2D seismic reflection profiles, acquired
over the last 34 years, both from industry and academia, that
extends along the entire western Barents Sea-Svalbard margin,

covering the continental slope and outer shelf (Figure 3). The
vertical resolution (~1/4 of the dominant wavelength, \) of
the existing seismic datasets varies considerably. In the western
Barents Sea, the vertical resolution varies from 10 to 15 m
close to the seafloor and up to 25-30 m near the base of
the glacigenic sediments. The high-resolution 2D seismic data
acquired by CAGE-Centre for Arctic Gas Hydrate, Environment
and Climate -UiT The Arctic University of Norway in Tromse
(e.g., Andreassen, 2017), are located along the western Svalbard
margin, and have a vertical resolution of ~3-5 m at the seafloor,
and ~11-15 m at the base of the glacigenic sediments.

Methodology

The following workflow was implemented:

1. Compile all available 2D seismic datasets (Figure 3).

2. Correlate selected age fix-points from the available
boreholes along the margin (Figure 1 and Supplementary
Figures 2, 3). The conversion of the age fix-points from
depth to time at each core site was based on the velocity
constraints from various studies (a) ODP 912: Mattingsdal
et al. (2014), (b) MeBo Site 126: Plaza-Faverola et al.
(2017), (c) ODP 986: Jansen et al. (1996), (d) GS14-
190 piston core: Fiedler and Faleide (1996). Using the
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2D seismic dataset we extend the chronostratigraphic
framework from southern Yermak Plateau (ODP Sites
910, 911, 912) across a composite profile, toward Vestnesa
Ridge, northern-western Svalbard margin (MeBo Site 126),
Isfjorden TME west of Svalbard (ODP Site 986), and finally
to the Bear Island TMF on the southwestern Barents Sea
margin (piston core GS14-190) (Figures 1, 3 and Table 1).
An overview of the 2D seismic profiles that comprise
the composite profile are available in Supplementary
Table 1. It is important to note that these seismic horizons
extending along the margin are not necessarily timelines,
as their character varies from depositional, continuous
sedimentary reflections to erosional unconformities. We
acknowledge the sparse availability of age fix-points and
the fact that their uncertainty likely increases as these
are extended along the margin, away from the core sites.
However, the number and reliability of age fix-points, and
the coverage and quality of the seismic database, represents
a considerable improvement on previous frameworks used
to calibrate the glacial seismic stratigraphy along the
western Svalbard-Barents Sea margin. We anticipate that
future scientific drillings in the study area, will test, modify,
and further refine this framework.

3. Identify the most pronounced seismic reflections along the
margin and divide the seismic stratigraphy into three main
seismic units, GI-GIIL.

4. Estimate sedimentation rates at selected points along
the margin. The margin was divided into three sections
representing the broad changes in source area and
depositional environments along the margin: western
Svalbard, northwestern Barents Sea and southwestern
Barents Sea. Within each sector, sedimentation rates were
estimated at a point along the composite seismic line
selected as representative for that section based on visual
inspection of the seismic datasets. Particular attention
was given to avoid areas of mass wasting deposits and
sediment bypass, and we consider these estimates to be
representative of broad, regional changes in sedimentation
rate despite the complex and varied depositional settings
along the margin. The conversion of the seismic reflections
from time to depth where there were no available age
fix-points was based on the velocity constraints from
various studies: Jansen et al. (1996) was used for the
western Svalbard section (I), Hjelstuen et al. (1996) for
the northwestern Barents Sea section (II), and Fiedler and
Faleide (1996) for the southwestern Barents Sea section
(IIT). We assume constant sedimentation rates during the
selected time intervals.

RESULTS
Chronology

Figure 4 shows the age fix-points that we have used to constrain
the seismic stratigraphic framework on the southern Yermak
Plateau (ODP Sites 910, 911, 912), Vestnesa Ridge (MeBo Site

TABLE 1 | Details of core sites displayed in Figure 1.

Core sites Longitude Latitude Location Water depth (m)
ODP 910A®  80°15.882 N  6°35.405E  Yermak Plateau 556.4

ODP 911A%  80°28.466 N  8°13.640 E  Yermak Plateau 901.6

ODP 912A%  79°57.557' N 5°27.360'E  Yermak Plateau 556.4

ODP 986CP  77°20.431'N 9°04.664' E  west Svalbard 2051.5
MeBo 126°  78°59.806'N  6°57.808 E  Vestnesa Ridge 1207
GS14-190¢  71°28.53'N 16°9.9' E  SW Barents Sea 949

a\lyhre et al. (1995); PJansen et al. (1996); °Bohrmann et al. (2017);
9Knies et al. (2018).

126), west of Svalbard (ODP Site 986) and southwestern Barents
Sea (GS14-190PC).

On the Yermak Plateau, ODP Site 912 covers sediments that
extend only over the last 1.95 Ma (Myhre et al., 1995), and the
seismic horizons older than 1.95 Ma are constrained by the age
model for ODP Holes 910C and 911A established by Mattingsdal
et al. (2014). The seismic reflection that correspond to ~0.78
Ma is constrained by the ODP Sites 910, 911, and 912 (Yermak
Plateau) and 986 (west of Svalbard), ~0.99 Ma is constrained by
the ODP Site 912 (Yermak Plateau) and 986 (west of Svalbard)
and the seismic reflection that corresponds to ~2.7 Ma age is
constrained by the ODP Sites 910 and 911 (Yermak Plateau)
and 986 (west of Svalbard), corresponding to R3, R4, and R7
of Faleide et al. (1996) seismic stratigraphy, respectively. The
seismic horizons ~1.2, 1.78, 1.95, and ~2.58 Ma are calibrated
only by the ODP Sites on the Yermak Plateau, however, they are
characterized by moderate- to high-amplitude seismic reflections,
allowing them to be correlated along the whole margin. The
seismic reflection that corresponds to ~1.5 Ma is equivalent
to the R5 reflection by Faleide et al. (1996) and is constrained
by the ODP Site 912 (Yermak Plateau) and Site 986 (west of
Svalbard). The younger age estimates, ~0.074, 0.13, and 0.42
Ma, are based on the MeBo Site 126 borehole from the Vestnesa
Ridge (Dessandier et al., 2021). Based on the depth at which the
seismic horizons corresponding to ~0.42, 1.2, and 1.78 Ma ages
cross the ODP Site 986 we correlate them to the R7-R1 seismic
stratigraphy (Faleide et al., 1996; Jansen et al., 1996; Figure 2
and Supplementary Figure 3). The respectively given ages of
those reflections are about ~0.42 Ma (R2), ~1.2 Ma (R4A), and
~1.78 Ma (R6). At the ODP Site 986, R1 reflection lies between
the seismic reflections that correspond to ~0.13 and 0.42 Ma
ages (Figure 2). Based on the published ages for R1 reflection
and its position at the ODP Site 986, we apply here ~0.2 Ma
as the age of R1.

On the southwestern Barents Sea margin, the GS14-190 Piston
Core was used to provide additional confirmation of one age
fix point. Specifically, the age of the core base (1,380 cm) in
GS14-190 was estimated by linear interpolation to be ~74 ka
(Supplementary Figure 1) and correlates well with the seismic
reflection that corresponds to ~74 ka age fix-point on the MeBo
Site 126 (Dessandier et al., 2021). Beyond this age fix-point, we
rely on the R7-R1 seismic stratigraphy (Faleide et al., 1996; Fiedler
and Faleide, 1996; Jansen et al., 1996; Hjelstuen et al., 2007) to
constrain the stratigraphic framework in this area.
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Seismostratigraphic Correlation

The continuous seismostratigraphic framework for the entire
western Svalbard-Barents Sea margin developed in this study
is presented in Figure 5. The framework comprises 12 seismic
horizons, correlated along a composite seismic profile, between
Yermak Plateau and the Bear Island TME, with age assignments
from ~0.074 to 2.7 Ma, derived from selected age fix-points
from available core sites (Figure 4 and Table 1). All the seismic
reflections are pronounced and can be traced along the whole
margin. The location of the composite seismic profile (Figure 1)
was selected to avoid challenging areas for the interpretation,
such as steep slopes and areas with abundant slides and
glacigenic debris flows.

An overview of the depth in two-way travel time (ms) for all
the seismic reflections is given for all the key core sites in Table 2
(see location of the sediment cores in Table 1), providing useful
age estimates along the margin.

In line with the existing nomenclature, we separate the seismic
stratigraphy of the last ~2.7 Ma, into three seismic units, GI-
GIII (Faleide et al., 1996). These units are bounded by the three
most pronounced seismic reflections: R7 (~2.7 Ma) (base of GI
unit), R5 (~1.5 Ma) (GI-GII boundary), and R1 (~0. 2 Ma) (GII-
GIII boundary) (Figure 6A), providing constraints on their age.
These three seismic reflections represent important depositional
sequence boundaries along the entire Barents Sea-Svalbard
margin (e.g., Faleide et al., 1996; Butt et al., 2000; Hjelstuen et al,,
2007; Mattingsdal et al., 2014; Rebesco et al., 2014).

Seismic Facies, Sedimentation Rates,

and Interpretation

In the following sections, we describe the internal seismic facies
distribution and variations in the sedimentation rates within
each seismic unit (GI-GIII) and then interpret this with respect
to palaeo-environmental conditions during the deposition of

each unit. The thicknesses of the three seismic units vary
along the continental margin and the internal seismic reflection
patterns vary from stratified to chaotic. The characteristic seismic
facies for the glacigenic sediments along the western Svalbard-
Barents Sea margin are shown in Figure 7, together with
their interpretation.

Along the composite profile we select three points (I-III)
to calculate the sedimentation rates (Figures 6, 8A). These
points are located on: (I) western Svalbard margin section
with sedimentation rates assumed to reflect a source area
covering western Svalbard; (II) northwestern Barents Sea margin
section with sedimentation rates assumed to reflect a source
area encompassing both southern and central Svalbard, and
the northwestern Barents Sea draining out the Storfjorden
Trough; and (III) southwestern Barents Sea margin section
with sedimentation rates assumed to reflect a source area
encompassing a broad extent of the central and southern Barents
Sea and northern Fennoscandia.

Seismic Unit Gl (~2.7-1.5 Ma)

The base of GI, reflection R7, is characterized by moderate to
high amplitude and it represents a clear erosional unconformity
(Figure 6D). However, near ODP Site 986 west of Svalbard,
that is located on the deeper part of the continental
margin, it forms a group of low-amplitude discontinuous
reflections (Figure 5).

Overall, along the western Svalbard and northwestern Barents
Sea margins, unit GI is characterized by subparallel seismic
reflections of high amplitude interbedded with transparent
to semi-transparent seismic reflections, interrupted by chaotic
seismic facies (Figures 6B-E). From ~2.7 to 2.58 Ma the
whole margin is characterized by subparallel seismic reflections.
Between ~2.58 and 1.95 Ma on the Bellsund and Storfjorden
TMEFs there are intervals of chaotic seismic facies (Figures 6D,E),
while, the Sjubrebanken TMF is characterized by lens-shaped

TABLE 2 | Correlation of the seismic stratigraphic framework proposed in this study to the three main seismic units, GI-GlIl and R7-R1 seismic stratigraphy

(Faleide et al., 1996).

Seismic units? Seismic reflections R7-R1?  Assigned age (Ma) ODP 912 (ms) MeBo 126 (ms) ODP 986 (ms) GS14-190 (ms)
Glll 0 1,411 1,633 2,791 1,333
~0.074 1,421 1,647 2,806 1,353
~0.13 1,428 1,654 2,819 1,408
R1 ~0.2 1,435 1,688 2,827 1,612
Gll R2 ~0.424 1,439 1,717 2,875 2,035
R3 ~0.78 1,444 1,735 2,947 2,212
R4 ~0.99 1,450 1,764 2,988 2,299
R4A ~1.2 1,476 1,822 3,066 2,463
R5 ~1.5 1,499 1,867 3,189 2,871
Gl R6 ~1.78 1,541 1,939 3,370 3,006
~1.95 1,560 1,990 3,399 3,115
~2.58 1,638 2,124 3,625 3,186
R7 ~2.7 1,658 2,268 3,660 3,220

Two-way travel time in milliseconds (ms) at which the different seismic reflections derived from our seismostratigraphic framework cross the location of key core sites. In
bold: actual depths of age fix-points from the key core sites (see Table 1) converted to two-way travel time.

aFaleide et al. (1996).

R1-base of Gl unit and top of Gl unit; R5-base of Gll unit and top of Gl unit; R7-base of Gl unit.
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bodies with a homogeneous interval, bounded by high-amplitude
seismic reflections from ~2.58 Ma and above (Figure 6B).
Concordant seismic reflections are seen within the entire GI
unit of Kongsfjorden TMF (Figure 6C), and in intervals from
~1.78 Ma and above on the Bellsund TMF (Figure 6E). These
seismic facies contrast strongly with those observed on the
southwestern Barents Sea margin where unit GI is characterized
by subparallel seismic reflections, cut by multiple incisions
(Figures 6F-H).

Sedimentation rates during GI show a prominent two-
step increase (Figure 8B). The first step (~2.7 and ~2.58
Ma), is marked by increased sedimentation rates compared
to preglacial period (GO: 2-3 cm kyr’l) (Faleide et al.,
1996; Fiedler and Faleide, 1996; Hjelstuen et al.,, 1996, 2007;
Mattingsdal et al., 2014; Lasabuda et al., 2018), in particular
along the west Svalbard (48 cm kyr~!) and northwestern
Barents Sea (87 cm kyr’l) margin (Figure 8B). This is
followed by a significant drop in sedimentation rates, halved
on both the western Svalbard and southwestern Barents Sea
margin (down to 23 and 16 cm kyr~!, respectively) and
reducing by nearly a third on the northwestern Barents
Sea margin (68 cm kyr—!). Between ~1.95 and 1.78 Ma
a second period of peak sedimentation rates occurs, during
which the sedimentation rates along the entire margin are
characterized by a distinct increase reaching 93 cm kyr~!
on the western Svalbard, 85 cm kyr~! on the southwestern
Barents Sea margin and 140 cm kyr~! on the northwestern
Barents Sea margin (Figure 8B). This second increase is again
followed by a reduction along the entire margin, with all three
sections of the margin showing broadly uniform rates, varying
from 58 to 78 cm kyr~! (Figure 8B).

We interpret the variations in seismic facies distribution
and sedimentation rates within GI to reflect a proximal ice
margin on the western Svalbard and northwestern Barents Sea
margin. The two-step increase in sedimentation rates suggests
two periods of glacial expansion in these northern parts of
the margin. During the first step meltwater discharges prevail
inferred from the seismic facies and there is no indication of
shelf-edge glaciations. The first indication of shelf-edge glaciation
is on the Sjubrebanken TMF (northwestern Svalbard margin)
where glacigenic debris flows are identified above ~2.58 Ma. At
the same time, mass wasting deposits become more widespread,
especially on the Bellsund TMF (western Svalbard margin) and
the Storfjorden TMF (northwestern Barents Sea margin), and
parts of the western Svalbard margin are characterized also
by contouritic/turbitidic deposits (Kongsfjorden and Bellsund
TMF). The increase in mass wasting deposits related to
megaslides/mass wasting may have been triggered by high
sedimentation rates during the first step of glacial intensification
(from ~2.7 to 2.58 Ma), in combination with low eustatic sea-
level and the presence of weak layers-contourites (Amundsen
et al., 2011; Safronova et al., 2017). On the southwestern Barents
Sea margin distal glaciomarine deposits prevail, interbedded
with hemipelagic and/or turbiditic/contouritic deposits (e.g.,
Rydningen et al., 2020), cut by channels, which we relate to
a glaciofluvial system developed on the shelf, in accordance
with Laberg et al. (2010). Apart from the northwestern

Svalbard margin, we see no evidence for shelf edge glaciation
on the rest of the western Svalbard-Barents Sea margin
during GI period.

Seismic Unit Gll (~1.5-0.2 Ma)

The base of GII, reflection R5, is one of the most pronounced
seismic reflections along the margin. It clearly has an erosional
character, truncating the underlying reflections (Figures 6D,EG).

The internal seismic signature of unit GII on the western
Svalbard-Barents Sea margin is lens-shaped bodies with a
homogeneous internal structure bounded by high-amplitude
seismic reflections and in places interrupted by chaotic seismic
reflections (Figures 6C,E-G,I). Around ~0.99 Ma we observe a
change in seismic facies on the Sjubrebanken TMF from lens-
shaped bodies with a homogeneous internal structure bounded
by high-amplitude seismic reflections, to high-amplitude parallel
to subparallel seismic reflections interbedded with layers of semi-
transparent to transparent seismic facies. While at that time
seismic facies of lens-shaped bodies with a homogeneous internal
structure start to prevail on the Kongsfjorden TMF (Figure 6C)
and these seismic facies increase in frequency on the Storfjorden
TMF (Figure 6E). The Kongsfjorden and the Bellsund TMF are
characterized by concordant seismic reflections up to ~1.2 Ma
(Figures 6C,E).

The transition from GI to GII is marked by an approximate
doubling of sedimentation rates from 78 and 62 cm kyr~! to
137 and 142 cm kyr~! on the northwestern and southwestern
Barents Sea margin, respectively, whilst they remain constant on
the western Svalbard margin (58 cm kyr~!) (Figure 8C).
Sedimentation rates then gradually decrease along the
northwestern (68 cm kyr_l) and southwestern (52 cm kyr_l)
Barents Sea margin from ~1.2 until ~0.78 Ma. At around ~0.78
Ma, rates once again start to rise, first on the northwestern
Barents Sea margin (115 cm kyr—!), followed by a dramatic
increase, between ~0.42 and ~0.2 Ma, in the southwestern
Barents Sea reaching up to 260 cm kyr~—!, the largest increase
seen in our dataset. The western Svalbard margin has an overall
decrease in sedimentation rates from 58 to 21 cm kyr~—! over the
entire period (Figure 8C).

The western Svalbard margin during GII, is characterized by
stable sedimentation rates and the seismic facies indicate the
dominance of shelf-edge glaciations [e.g., glacigenic debris flow
deposits, on the Sjubrebanken TMF (Figure 6B), Kongsfjorden
TMEF (Figure 6C) and the Bellsund TMF (Figure 6E)]. On the
northwestern Svalbard margin (Sjubrebanken and Kongsfjorden
TME), changes in the seismic facies indicate an initial period
of deposition focused on the Sjubrebanken TMF (Figure 6B)
between ~1.5 and 0.99 Ma, followed by a switch in deposition
to the adjacent Kongsfjorden TME at around ~0.99 Ma
(Figure 6C). This change in depocentres has been interpreted as
the expression of a switch in the location of the ice stream flowing
out Kongsfjorden (Sarkar et al., 2011; Mattingsdal et al., 2014).

Along the northwestern and southwestern Barents Sea margin
high sedimentation rates between ~1.5 and 1.2 Ma (Figure 8C),
accompanied by glacigenic debris flow and mass wasting deposits
(Figures 6E-G), are consistent with increasing glacial cover
across the Barents Sea, and shelf-edge glaciations along the
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western Svalbard-Barents Sea margin. This is in agreement with
the observation of megascale glacial lineations in the Bear Island
Trough, indicating fast flowing ice streams reaching the shelf
edge above R5 (~1.5 Ma) (Andreassen et al., 2004).

Following this initial increase, sedimentation rates during
GII generally decrease between ~1.2 and 0.78 Ma, but the
seismic facies (glacigenic debris flows and mass wasting deposits,
Figures 6C-I) continue to indicate shelf-edge glaciations along
the margin. At around ~0.99 Ma an increase in glacigenic
debris flow frequency is recorded in the western Svalbard and
northwestern Barents Sea margins (Figures 6C,E) followed by an
increase in sedimentation rates first on the northwestern Barents
Sea margin around ~0.78 Ma (Figure 8C) and then on the
southwestern Barents Sea margin around ~0.42 Ma (Figure 8C).
This same time period is also associated with megaslides in the
Bear Island TMF (Hjelstuen et al., 2007).

Seismic Unit Glll (< ~0.2 Ma)

The base of GIII, reflection R1, is characterized by medium
to strong amplitude and its character varies along the
margin from depositional, continuous sedimentary reflection
(Figure 6B) to erosional unconformity (Figures 6C-E,G-I).
On the southwestern Barents Sea margin, the base of GIII
corresponds to the Upper Regional Unconformity (URU)
(Solheim and Kristoffersen, 1984; Vorren et al., 1986) on the shelf,
that separates glacial sediments from the underlying preglacial
strata (Fiedler and Faleide, 1996).

The western Svalbard and northwestern Barents Sea margins
are characterized by an increase in frequency of the lens-shaped
bodies with a homogeneous internal structure, bounded by high-
amplitude parallel to subparallel seismic reflections compared
to GII unit. This is well demonstrated on Kongsfjorden TMF
(Figure 6C) and Storfjorden TMF (Figure 6E). The southwestern
Barents Sea margin is characterized by lens-shaped bodies with
a homogeneous internal structure bounded by high-amplitude
parallel-subparallel seismic reflections (Figures 6G-I). Around
~0.13 Ma a shift in seismic facies occurs along the whole
margin from continued high amplitude parallel to subparallel
seismic reflections to transparent to semi-transparent reflections
(Figures 6B,D,G).

Overall, GIII is characterized by decreasing sedimentation
rates, with higher and more variable sedimentation rates along
the south- and north-western Barents Sea margin relative to
those on the western Svalbard margin (Figure 8D). The first
period of GIII (between ~0.2 and 0.13 Ma) sees a maintenance
of the low sedimentation rates on the western Svalbard margin,
accompanied by increases on the northwestern and southwestern
Barents Sea margins. The increase on the northwestern Barents
Sea margin is particularly large, more than doubling from 137
to 281 cm kyr~!, the highest sedimentation rate observed in
our dataset. This is followed by a gradual decrease over the last
~0.13 Ma for the northwestern and southwestern Barents Sea
margins, resulting in more uniform sedimentation rates along the
entire margin during the final period of GIII (< ~0.074 Ma). The
western Svalbard margin is characterized by stable sedimentation
rates within GIII, varying from 25 to 30 cm kyr ! (Figure 8D).

The  western  Svalbard-Barents  Sea  margin s
characterized by glacigenic debris flows, with intervals of
glaciomarine/hemipelagic deposits, disturbed by mass wasting
deposits on the southwestern Barents Sea margin. Based on
seismic facies distribution and the sedimentation rates, we infer
shelf-edge glaciations along the entire western Svalbard-Barents
Sea margin during GIII.

DISCUSSION

Reconstruction of the Svalbard — Barents
Sea Ice Sheet Over the Last ~2.7 Ma

Changes in sedimentation rates and seismic facies allow us to
distinguish three phases of glacial development, each with specific
characteristics in terms of ice extent and dynamics. Below we
present a reconstruction of the evolution of glacial cover across
the Svalbard-Barents Sea area over the past ~2.7 Ma, and discuss
these three phases in terms of palaeo-environmental and glacial
dynamic changes.

Phase 1: 2-Step Glacial Intensification - (~2.7 and 1.5
Ma)
The environmental change from GO (preglacial period) to GI,
associated with the first indications of large-scale glaciations
in the northern Barents Sea around ~2.7 Ma ago (e.g., Knies
et al., 2009), is evidenced by a distinct increase in the mean
sedimentation rate from 2 to 6 cm kyr—! (preglacial strata;
55-2.7 Ma) (Faleide et al., 1996; Fiedler and Faleide, 1996;
Hjelstuen et al., 1996, 2007; Mattingsdal et al., 2014; Lasabuda
et al., 2018; Hjelstuen and Sejrup, 2020) to 38-82 cm kyr~! (GI,
~2.7-1.5 Ma). Within GI, the variations in sedimentation rate
and seismic facies in our data are interpreted to indicate that
across the Barents Sea-Svalbard shelf this initial glacial expansion
occurred in two steps.

Intensification occurred first across Svalbard during phase
1, evidenced both by the high sedimentation rates (Figure 8B)
and the prevalence of glacigenic debris flows (Figure 6B)
and mass wasting deposits (Figures 6D,E) along the western
Svalbard and northwestern Barents Sea margin. At this time
on the southwestern Barents Sea margin, a more distal ice
margin is inferred from the relatively lower sedimentation
rates (Figure 8B) and the seismic facies implying channelized
meltwater flows reaching the Bear Island TME sourced from
the adjacent glaciated areas (Figure 6D). During the first step
of intensification (from ~2.7 to 2.58 Ma), the western Svalbard-
Barents Sea margin is characterized by high sedimentation rates
and glaciomarine deposits. In our data, we see no evidence for
shelf-edge glaciation along the margin during the time period
between ~2.7 and ~2.58 Ma. We therefore propose that during
the first step of glacial build up, ice extent in the Barents Sea was
restricted to the northernmost parts and did not reach the shelf
break on the western Svalbard-Barents Sea margin (Figure 9A).

The high mountainous terrain of Svalbard provides a
preferable location for glacial build-up, and this would have been
further enhanced by additional preglacial tectonic uplift in the
northwestern Barents Sea, yielding higher relief terrain compared
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FIGURE 9 | Schematic model of lateral ice extension in the Barents Sea region (modified from Knies et al., 2009) based on our interpretation and the existing
literature. (A) Maximum extension of the SBIS during the two steps of intensification between ~2.7 and 1.5 Ma. (B) Maximum extension of the SBIS and FIS between
~1.5 and 0.42 Ma. (C) Maximum extension of the SBIS and FIS over the last ~0.42 Ma. SBIS: Svalbard-Barents Sea Ice Sheet; FIS: Fennoscandian Ice Sheet.

with the southwestern Barents Sea and promoting more intense
glaciations (e.g., Vagnes et al., 1992; Fiedler and Faleide, 1996;
Henriksen et al., 2011). This interpretation of a Svalbard-focused
onset to glacial expansion in the Barents Sea around ~2.7 Ma, is
consistent with previous studies (e.g., Forsberg et al., 1999; Butt
etal,, 2000; Laberg et al., 2010; Mattingsdal et al., 2014). However,
what these studies could not resolve was the subsequent pause
in glacial build-up (between ~2.58 and 1.95 Ma), followed by a
second period of intensification (between ~1.95 and 1.78 Ma),
where ice began to extend beyond Svalbard, as indicated by the
sedimentation rate and seismic facies data presented herein.

Between ~2.58 and 1.95 Ma sedimentation rates dropped
along the entire margin (Figure 8B), however, the first observed
glacigenic debris flows on the Sjubrebanken TMF indicate the
first shelf-edge glaciations on the northwestern Svalbard margin
and the mass wasting deposits on the Bellsund TMF and
Storfjorden TMF (Figures 6B,D,E) may be due to the increased
sedimentation rates during the first step of intensification.
Meanwhile the southwestern Barents Sea margin continued to
be characterized by glaciomarine sediments cut by glaciofluvial
channels (Figure 6G). These suggest continued glacial cover,
centered on Svalbard, but a halt in its expansion/intensification.
This also broadly consistent with paleontological data both on
Yermak Plateau (ODP Site 910) and offshore west Svalbard (ODP
986) which indicate a relatively strong influence of the North
Atlantic Current during this period, bringing warmer waters to
the margin (Cronin and Whatley, 1996; Osterman, 1996; Spiegler,
1996; Smelror, 1999).

The second step of glacial intensification (between ~1.95
and 1.78 Ma), is marked by simultaneously rising sedimentation
rates along the entire margin (Figure 8B). These attest to more

extensive glacial cover, extending beyond the Svalbard coastline
to the wider northern and western Barents Sea, yet still not
reaching the southern Barents Sea (Figure 9A). This is further
supported by the seismic facies which shows an increase in the
incisions on the southwestern Barents Sea margin (Figure 6F),
consistent with other studies that have identified glaciofluvial
drainage as the primary mode of sediment transport to the upper
slope at this time (e.g., Butt et al., 2000). This is also in line with
observations from ODP Site 986, where ice-rafted debris (IRD)
first appears after R6 time (~1.78 Ma), suggesting that glaciers
first reached the shelf break west of Svalbard after that time (Butt
et al., 2000); and paleontological data in the sediments deposited
directly after R6 time which indicate polar to subpolar conditions
(Smelror, 1999).

The inception of large-scale North Hemisphere glaciations
occurred in a stepwise fashion, with IRD records indicating initial
expansion of the Greenland ice sheet at ~3.3 Ma, followed by
expansion of North American and European ice sheets at ~2.72-
2.75 Ma (e.g., Jansen et al., 2000; Flesche Kleiven et al., 2002).
Our findings are consistent with this, showing initial Svalbard-
focused glacial intensification along the western Svalbard-Barents
Sea margin at the onset of the GI period (~2.7 Ma), and further
show that the expansion of the Barents Sea Ice Sheet during this
second period, also occurred in stepwise fashion.

A similar two-step pattern of glacial intensification is recorded
in the IRD record from the circum-Atlantic region. Reduced
IRD fluxes recorded between ~2.5 and 1.55 Ma (Fronval and
Jansen, 1996) indicate that glacial intensification at ~2.7 Ma
in Greenland and Scandinavia was followed by an interval
characterized by less severe glaciations (Fronval and Jansen,
1996) and/or stabilized ice margins (Knies et al., 2009). This

Frontiers in Earth Science | www.frontiersin.org

13

May 2021 | Volume 9 | Article 656732


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Alexandropoulou et al.

Barents Sea-Svalbard Margin Seismostratigraphy

is in accordance with moderate IRD supply in the Svalbard-
Barents Sea region between ~2.4 and 1.7 Ma indicating less
glacial activity during that period (Knies et al., 2009). It has also
been suggested that at ca. 2.4 Ma huge ice masses were probably
absent from northern Greenland (Funder et al., 2001) and the
western Canadian Arctic from ~<2.0 to 1.8 Ma (Barendregt and
Irving, 1998), implying a more regional climatic control of the
Northern Hemisphere glaciations.

Phase 2: Glacial Expansion Across the Barents Sea
and Shelf-Edge Glaciations (~1.5 and ~0.42 Ma)

The onset of phase 2, is marked by a clear increase in
sedimentation rates along the northwestern and southwestern
Barents Sea margin (Figure 8C), accompanied by glacigenic
debris flows and mass wasting deposits (Figure 6). This attests
to glacial expansion across the wider Barents Sea leading
to shelf-edge glaciations along at least part of the western
Svalbard-Barents Sea margin (Figure 9B), and implies a glacial
intensification at around ~1.5 Ma for the whole Barents Sea-
Svalbard region (Knies et al,, 2009; Mattingsdal et al., 2014;
Rebesco et al., 2014). This is supported by the first signs of
extensive glacial erosion on the Yermak Plateau (Mattingsdal
etal., 2014) and observations of streamlined subglacial landforms
and extensive glaciotectonism (deformation of rocks or sediment
due to the overriding or pushing of ice) formed by ice streams
reaching the shelf-edge in the southwestern Barents Sea at
this time (e.g., Andreassen et al, 2004, 2007; Laberg et al.,
2010). During the Middle Pleistocene Transition (MPT ~1.3-
0.7 Ma) ice sheet expansions have also been documented, both
from seismic and sedimentological data, on the east Greenland
margin (Laberg et al., 2018; Pérez et al., 2018), the northwestern
Greenland margin (Newton et al., 2020), the mid-Norwegian
margin (Montelli et al., 2017; Newton and Huuse, 2017),
the North Sea (Rea et al., 2018), and North America (Balco
and Rovey, 2010), implying a regional expansion of all major
Northern Hemisphere ice sheets (Newton et al., 2020).

The high sedimentation rates during the initial period
of glacial expansion at the onset of phase 2, and the
observations of continued glacial expansion coupled with
reducing sedimentation rates between ~1.2 and 0.78 Ma along
the margin, may relate to changes in the availability of erodible
material for the advancing ice sheet (e.g., Clark and Pollard,
1998). Prior to the Neogene uplift and erosion, most of the
Barents Sea was covered by a relatively thick succession of
lower Cretaceous to Paleogene fine-grained sediments (Sigmond,
1992). This readily erodible unlithified material (regolith) would
have been easily removed by the first glacial advances across the
Barents Sea shelf during phase 2, depositing large volumes of
fine-grained sediments to the continental slope (e.g., Hjelstuen
et al,, 2007) and yielding high sedimentation rates. As these
preglacial unlithified sediments were eroded and not replenished,
we could expect a gradual reduction in the availability of
erodible material for subsequent glacial advances during phase 2,
yielding diminishing sedimentation rates. As well as influencing
subglacial erosion and therefore sedimentation rates, this process
has also been suggested to influence ice sheet dynamics. Clark
and Pollard (1998) proposed that for the Laurentide Ice Sheet,

continued erosion of preglacial regolith, that was not replenished,
over multiple glaciations caused a gradual change in ice sheet
subglacial thermal conditions from soft-bedded (the presence
of a deforming layer of basal sediment) to a mixed hard-
soft bedded. Under such a scenario thin, dynamic ice sheets
develop when sufficient regolith remains to provide soft-bed
conditions, whilst thicker, more persistent ice sheets develop
when a threshold level of regolith erosion is crossed, and the ice
sheet bed is no longer predominantly soft. The refined seismic
stratigraphy presented herein, reveals for the first time a decrease
in average sedimentation rates within the GII seismic unit. Based
on these decreasing sedimentation rates we therefore hypothesize
that glacial expansion across the Barents Sea during phase 2
was characterized by a gradual progression toward thicker, less
dynamic ice sheets.

Another factor that may have influenced glacial evolution
during phase 2 is the topographic/bathymetric evolution of the
Barents Sea at this time. Interestingly, the transition of the
Barents Sea from a subaerial landmass to a submarine shelf sea
is suggested to have occurred around ~0.99 Ma (e.g., Butt et al,,
2002; Zieba et al., 2017). This would have been a very gradual
process, however, over time changes, such as the deepening of the
Bear Island Trough, would have provided increasing topographic
constraint on the ice streams operating within it. This would
have led to more focused glacial erosion and more focused
sediment delivery to the margin, consistent with the increase in
sedimentation rates during the final period of phase 2.

A critical control on the accumulation of glacigenic
sediments across the western Svalbard-Barents Sea margin
is the available accommodation space, which is primarily
controlled by fluctuations in relative sea level, reflecting the
relative contributions of eustasy, isostasy and tectonic movement
(Jervey, 1988). On the western Barents Sea margin, regional
tectonics and overall shelf-slope morphology determine the
accommodation space, in addition to localized controls of
differential subsidence (tectonic, compaction), erosion (glacial),
or mass wasting processes (landslides, etc.) (e.g., Dimakis et al.,
1998; O Cofaigh et al., 2003; Hjelstuen et al., 2007; Faleide et al.,
2008). Based on the existing literature there is evidence for
large-scale intensification of Svalbard-Barents Sea glaciation
at ~1.0 Ma (Hjelstuen et al., 2007; Knies et al., 2007, 2009;
Mattingsdal et al., 2014) which is consistent with the onset of a
significant increase in global ice volume at ~0.94 Ma (Mudelsee
and Stattegger, 1997) associated with a distinct sea level drop of
20-30 m (Kitamura and Kawagoe, 2006). Consequently, changes
in sea level could also be correlated to fluctuations in available
accommodation space and therefore in sedimentation rates.

Phase 3:Saalian and Weichselian Glaciations

(< ~0.42 Ma)

The transition from phase 2 to phase 3 marks a major change
in sedimentation rates along the continental margin, switching
from a trend of generally declining sedimentation rates to rapidly
increasing rates (Figure 8D). The timing of this transition
is broadly consistent with the Mid-Brunhes Event, a major
climate transition starting at around ~0.4 Ma. This event was
characterized by atmospheric CO, concentrations exceeding
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300 ppm (Tzedakis et al., 2009), and sea-level highstands,
sometimes above present-day global mean sea level (e.g,
Dutton et al., 2015), that marked the transition from cooler to
warmer interglacials (Tzedakis et al., 2009; Cronin et al., 2017).
This is also supported by paleontological data that indicate a
period of inflow of warmer North Atlantic surface-water masses
suggesting an episode with increased influence of the North
Atlantic Current and West Spitsbergen Current at around ~0.5
Ma (Smelror, 1999). Around this time increased sedimentation
rates accompanied by an increase in glacigenic debris flow deposit
frequency on the western Svalbard margin (Kongsfjorden TME,
Figure 6C) and the northwestern Barents Sea (Figure 6E) are
recorded in our data along the Svalbard-Barents Sea margin.
Given the exceptional high increase in sedimentation rates on the
western Barents Sea margin at this time, we suggest a possible
interplay between this climatic event and a glacial intensification
across the entire Barents Sea, resulting in coalescence of the
SBIS and Fennoscandian Ice Sheet (FIS) at around ~0.42 Ma
ago (Figure 9C). Such a configuration would greatly enlarge the
catchment area of ice masses in the southwestern Barents Sea,
and specifically the source area for sediments deposited on the
Bear Island TMF.

The sedimentary package deposited over the last ~0.4 Ma
corresponds to the Early Saalian (between ~0.4 and 0.2 Ma),
Late Saalian (between ~0.2 and 0.13 Ma), and Weichselian
(< ~0.123 Ma) glaciations. This high-resolution stratigraphic
framework allows for the first time the differentiation of the
sediments deposited on the slope during Early Saalian, Late
Saalian and Weichselian periods, representing a valuable dataset,
for example for testing models of glacial erosion (e.g., Patton
et al,, 2015, 2016). The Saalian glaciations are characterized by
the highest sedimentation rates estimated from our data on
both the northwestern and southwestern Barents Sea margins,
suggesting extensive, dynamic glaciations across the Barents Sea
shelf. The Weichselian glaciations show a gradual decrease in
rates, implying a decrease in the erosion capacity of the SBIS in
comparison to Saalian SBIS. This change is also recorded in the
seismic configuration where the seismic reflection corresponding
to ~0.13 Ma truncates underlying reflections and represents the
base of the upper aggradational seismic facies (Figure 6H). In
general, the presence of aggradational seismic facies is closely
linked to the availability of accommodation space, resulting
either from differential tectonic movements, subsidence related
to topset loading with glacier-derived sediments, or eustatic
changes in sea level (e.g., Dahlgren et al, 2005; Dowdeswell
et al., 2007; Hofmann et al., 2016). The changes in the seismic
configuration patterns between the Saalian and the Weischelian
glaciations infer changes either in glacial dynamics, or/and
in grounding line positions, or/and in accommodation space.
For example, after several successive glaciations, and as the
shelf progradation increases, the travel distance for ice-advance
will be successively longer to reach the shelf break, resulting
potentially in increases dominance of vertical aggradation
(Solheim et al., 1998). This is in accordance with the existing
literature suggesting that the dynamics and extents of the
Saalian and the Weichselian SBIS were very different (e.g.,
Solheim et al., 1998; Pope et al, 2016) and in line with
Svendsen et al. (2004) reconstructions, suggesting much more

extensive late Saalian glaciations over the Kara Sea than the
subsequent Weichselian glaciations. Both during Saalian and
Weischelian glaciations the northwestern Barents Sea margin is
characterized by relatively higher sedimentation rates compared
to the southwestern Barents Sea margin implying higher erosion
capacity of the SBIS on the northwestern section of the Barents
Sea during the Weichselian glaciations.

CONCLUSION

A continuous high-resolution seismostratigraphic framework
that connects the entire western Svalbard-Barents Sea margin
and covers the last ~2.7 Ma is presented here. We utilize recent
improvements in chronology to establish a set of reliable age
fix-points from available boreholes along the margin, and with
the use of a large dataset composed of both, conventional and
recently acquired high-resolution 2D seismic data, we extend
this consistent chronology from the Yermak Plateau (north
of Svalbard) and offshore western Svalbard, southwards to the
Bear Island TMF. We have identified, in line with the classic
nomenclature, three main seismic units, GI-GIII, along this
continental margin and dated 12 regionally correlated seismic
reflections, including providing age estimates for the widely
used R7-R1 seismic reflections. In this study we show one
potential application of this framework by reconstructing the
SBIS evolution over the last ~2.7 Ma since the intensification of
northern hemisphere glaciations. The high temporal resolution
provided by the proposed seismostratigraphic framework,
provides new insights into the nature of the onset of Barents
Sea glaciations and allows us to separate the sedimentary record
deposited during the Early Saalian, Late Saalian and Weichselian
glaciations on the continental slope. We identify three phases
of glacial development over the last ~2.7 Ma based on seismic
facies distribution and sedimentation rate fluctuations along the
margin:

Phase 1. The framework reveals a clear two-step onset to
glacial intensification in the region. The initial step, between
~2.7 and 2.58 Ma shows glacial expansion across Svalbard; whilst
the second step, between ~1.95 and 1.78 Ma indicates glacial
advances beyond Svalbard to the northwestern Barents Sea.
Between the two steps, the first shelf-edge glaciation is recorded
on the northwestern Svalbard margin with the Sjubrebanken
TMF receiving sediments from an ice stream in form of
glacigenic debris flows.

Phase 2. The onset of phase 2 marks a regional glacial
intensification for the whole Barents Sea-Svalbard region, with
southward glacial expansion across the wider Barents Sea and
the onset of shelf-edge glaciations along the western Svalbard-
Barents Sea margin taking place around ~1.5 Ma ago. This
initial increase, is followed by evidence for shelf-edge glaciation
but decreased sedimentation rates (~1.2 and 0.78 Ma) indicate
that as the ice masses expanded, they had diminishing erosional
capacity and/or there was a gradual reduction in the availability
of readily erodible unlithified material. Around ~0.78 Ma the
sedimentation rates start to increase once again along the margin,
which may reflect deepening of the Bear Island Trough and
increasing topographic constraint on the ice streams.
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Phase 3. Around ~0.42 Ma, the southwestern Barents Sea
margin is characterized by a dramatic increase in sedimentation
rates reflecting glacial expansion and enlargement of the
catchment area for the sediments deposited along the margin
possible related to the Svalbard-Barents Sea Ice Sheet and
Fennoscandian Ice Sheet coalescence. For the first time
our new stratigraphic framework allows differentiation of
the sediments deposited on the slope during the Early
Saalian, Late Saalian, and Weichselian periods. The Saalian
glaciations are characterized by the highest sedimentation rates
estimated from our dataset, suggesting extensive, dynamic
glaciations across the Barents Sea. The Weichselian glaciations
show a gradual decrease in rates, with the northwestern
Barents Sea margin still characterized by relatively higher
rates compared to the rest of the margin indicating higher
erosion capacity of the SBIS in the northern Barents Sea
during that period.
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