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a b s t r a c t

High-latitude marine sediment archives may contain information about the configuration and dynamics
of former ice sheets, paleoclimate and the intensity of glacial erosion and uplift in catchment areas.
Compiling information on the Late Cenozoic sediment packages along the NE Atlantic continental margin
shows that large sediment volumes (c. 982 � 103 km3) were deposited during the Northern Hemisphere
Glaciations (NHG), and that significant spatial and temporal variations in sediment input occurred during
three distinct NHG Phases. NHG Phase I (2.7e1.5 Ma) was characterized by high sediment input to the
trough mouth fan systems offshore Svalbard, suggesting strong glacial erosion and the development of
large ice sheets over Svalbard. Comparatively moderate sedimentation and erosion rates are observed
along the SW Barents Sea and the Norwegian margins during NHG Phase I. This indicates more restricted
ice sheets over Fennoscandia compared to Svalbard, although periods of shelf edge glaciation most likely
occurred. The most prominent overall margin development occurred during NHG Phase II (1.5e0.8 Ma),
when recurrent large-scale, continental shelf edge, glaciations are suggested for the entire Eurasian Ice
Sheets (EurIS). Compared to NHG Phase I, average sedimentation rates are three (91 cm/kyr) and two
times higher (20 cm/kyr), respectively, in the Kara-Barents Sea-Svalbard Ice Sheet (KBSIS) region and the
Fennoscandian/British-Irish Ice Sheet (FIS/BIIS) region. During NHG Phase III (0.8e0 Ma), sediment input
decreases considerably (73%) along the marine margin of the KBSIS, while increasing significantly (62%)
from the FIS/BIIS, in comparison to NHG Phase II. These estimates mark a major transition in the evo-
lution of the EurIS, where the submergence below sea level of the Barents Sea region and the initiation of
the Norwegian Channel Ice Stream are suggested to be key factors in this change. Furthermore, the
submergence of the Barents Sea region affected ocean-atmosphere coupling and circulation which may
have had a potential impact on global long-term climate change.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

With the onset of the Late Plio-Pleistocene Northern Hemi-
sphere Glaciations (NHG), there was a prominent shift in deposi-
tional patterns along the Northeastern (NE) Atlantic continental
margin, as prograding wedges and trough mouth fans (TMFs)
started to accumulate (Figs. 1 and 2) (e.g., Faleide et al., 1996;
Vorren et al., 1998; Dahlgren et al., 2005; Nielsen et al., 2005; Anell
et al., 2010). These changes in the depositional system have been
r Ltd. This is an open access article
linked with the development of the Fennoscandian (FIS), the Kara-
Barents Sea-Svalbard (KBSIS), and the British-Irish (BIIS) ice sheets
(Fig.1A), which during some periods coalesced into the Eurasian Ice
Sheets (EurIS) (e.g., Sejrup et al., 2005). The Late Cenozoic glacial
succession along the NE Atlantic continental margin represents
important marine archives as they enable studies of the develop-
ment of the ice ages, long-term landscape evolution, onshore/
offshore uplift and subsidence patterns, and the burial history of
hydrocarbon reservoirs (e.g., Dowdeswell et al., 2010; Steer et al.,
2012; Andersen et al., 2018; Fjeldskaar and Amantov, 2018;
Lasabuda et al., 2021). Furthermore, such sediment archives have
the potential to uncover the history of paleo-ice sheet dynamics
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Fig. 1. (A) NE Atlantic continental margin with outline of TMFs and prograding wedges (black polygons) (based on Dahlgren et al., 2005). Warm surface water in the Norwegian
Atlantic Current is indicated by red arrows (based on Orvik and Niiler, 2002). Major Late Weichselian ice streams (blue arrows) (based on Ottesen et al., 2005) and the ice extent
during the Last Glacial Maximum (from Patton et al., 2017) are also shown (blue polygon). Green circles are ODP sites 642, 643 and 644. The stippled lines separate the different ice
sheets from each other. Bathymetric and terrestrial data are from GEBCO's global ocean and land terrain models (http://www.gebco.net/). AO: Arctic Ocean, AT: Albertini Trough, BF:
Bjørnøya TMF, BIIS: British-Irish Ice Sheet, BS: Barents Sea, BT: Bjørnøya Trough, BT: Bjørnøya Trough, FI: Faroe Islands, FIS: Fennoscandic Ice Sheet, FS: Fram Strait, KS: Kara Sea,
KBSIS: Kara-Barents Sea-Svalbard Ice Sheet, KF: Kvitøya TMF, MM: Møre margin, MNM: Mid-Norwegian margin, MNW: Mid-Norwegian wedge, NB: Norway Basin, NC: Norwegian
Channel, NoS: Nordic Seas, NoZ: Novaya Zemlya, NS: North Sea, NSF: North Sea TMF, NSW: North Sea wedge, SF: Storfjorden TMF, SP: Shetland Platform, ST: Storfjorden Trough, TM:
Troms Margin, VF: Vestfjorden, VP: Vøring Plateau, WSFs: Western Svalbard TMFs, YP: Yermak Plateau. (B) d18O marine isotope curve for the last 3 Myr (from Lisiecki and Raymo,
2005) and geomagnetic polarity chrons. The three studied time periods in the EurIS development, NHG Phases I-III are also indicated. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. (A) 2D multichannel seismic reflection profile, showing typical depositional pattern for the Bjørnøya TMF. Age estimates are from Laberg et al. (2010). GI-GIII: Identified Late
Plio-Pleistocene seismic sequences (based on Fiedler and Faleide, 1996; Faleide et al., 1996). Location in Fig. 1A. (B) 2D multichannel seismic reflection profile showing typical
character of the Late Plio-Pleistocene prograding wedge (Naust Fm) on the Mid-Norwegian margin. Chronostratigraphy is from Rise et al. (2010). Location in Fig. 1A.
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and paleo-climate on glaciated margins (e.g., Sejrup et al., 2005).
Investigations of these sedimentary systems can therefore
contribute to our knowledge about glaciations prior to the last
extensive glaciation (Marine Isotope Stage (MIS) 2).

Numerous studies have focused on mapping, describing and
quantifying the glacier-derived Late Plio-Pleistocene sediment
input to the different segments of the NE Atlantic continental
margin (e.g., Solheim et al., 1996; Hjelstuen et al., 1996; Fiedler
et al., 1996; Faleide et al., 1996; Rise et al., 2005; Ottesen et al.,
2009, 2018; Laberg et al., 2012; Rydningen et al., 2016; Batchelor
et al., 2017; Montelli et al., 2017). Results from these studies have
provided new information on how the glaciated margin segments
evolved in response to climate change, as documented in marine
d18O isotope (Fig. 1B) (Lisiecki and Raymo, 2005) and ice rafted
debris (IRD) records (e.g., Fronval and Jansen, 1996; Henrich and
Baumann, 1994; Kleiven et al., 2002; Knies et al., 2009). Recently,
Hjelstuen and Sejrup (2021) compiled a regional Late Plio-
Pleistocene thickness map for the entire NE Atlantic-East Arctic
Ocean margin, which as a basis, together with previously published
sedimentation rate variations, was used to discuss the development
of the EurIS.

In this study, we explore the Late Plio-Pleistocene sediment
packages (Fig. 2) along the NE Atlantic margin further by compiling
published sediment thickness information into new regional
thickness maps for three time periods; the NHG Phase I
(2.7e1.5 Ma), II (1.5e0.8 Ma) and III (0.8e0 Ma). In addition,
catchment areas for identified depocenters have been suggested.
3

Based on this, sediment volumes, sedimentation rates, glacial
erosion rates and sediment yield values are estimated. This pro-
vides a basis for discussions of (i) the evolution of the NE Atlantic
margin and (ii) EurIS spatial and temporal development through
the Late Plio-Pleistocene.

2. Background

2.1. NE Atlantic margin morphology, oceanography and glaciation
history

The continental shelves off Svalbard and Norway have a water
depth of 200e500 m, a width of 50e150 km, and are characterized
by relatively shallow banks separated by crosscutting troughs
(Fig. 1A). The troughs terminate at the shelf break where TMFs,
which are expressed as convex features in the bathymetric data,
have built out (Fig.1A). In the Barents Sea thewater depth can reach
more than 500m in the troughs, whilewater depths of c. 50e300m
characterize the surrounding bank areas. The epicontinental North
Sea has an average water depth of c. 50 m in the south and is
gradually deepening to c. 200 m in the north. The most prominent
feature in the North Sea is the 200e700 m deep and 50e100 km
wide Norwegian Channel (Fig. 1A).

The present-day morphology of the NE Atlantic continental
margin is to a large degree shaped by the repetitive build-up and
disintegration of the EurIS throughout the Late Plio-Pleistocene
(Sejrup et al., 2005; Lee et al., 2012). Previous studies have

http://www.gebco.net/
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suggested that the Yermak Plateau (Fig. 1A), and probably also the
northern Barents Sea, were glaciated as early as c. 2.7 Ma (Knies
et al., 2014; Lasabuda et al., 2018). Based on seismic data from the
Albertini Trough north of Svalbard (Fig. 1A), Fransner et al. (2018a)
suggested that ice streaming and shelf edge glaciations have
occurred at least seven times during the Pleistocene in this region.
The first shelf edge glaciation along the western Barents Sea-
Svalbard margin is suggested to have occurred somewhat later, at
c. 1.6 Ma (Solheim et al., 1998). From this time onwards, it has been
suggested that grounded ice reached the western Barents Sea shelf
edge at least eight times (Andreassen et al., 2004). This interpre-
tation is also supported by enhanced IRD input to the marine realm
(Butt et al., 2000) and the observation of glacigenic debris flows
(GDFs), suggested to indicate shelf edge glaciations (King et al.,
1996, 1998), in the sedimentary record (Vorren and Laberg, 1997;
Solheim et al., 1998; Laberg et al., 2010). At c. 0.78 Ma the sedi-
mentation rates along the western Barents SeaeSvalbard conti-
nental margin decreases significantly, indicating a less erosive
KBSIS (Hjelstuen and Sejrup, 2021).

Based on analyses of a shallow boring from the Haltenbanken on
the Mid-Norwegian margin (Fig. 1A), the first shelf edge glaciation
in this region was initially suggested to have occurred at c. 1.1 Ma
(Haflidason et al., 1991). More recently, observations of Mega-Scale
Glacial Lineations (MSGLs) in 3D seismic data sets (Montelli et al.,
2017), indicative of ice stream activity, in combination with a
considerable build-out of the continental shelf (Ottesen et al.,
2009), provide evidence that the ice margin reached the shelf
edge in this region at the beginning of the Pleistocene (Ottesen
et al., 2009; Montelli et al., 2017). IRD records (Jansen and
Sjøholm, 1991) and observations of numerous iceberg plough-
marks (Montelli et al., 2018b; Newton et al., 2018) also document
that ice sheets expanded out onto the Mid-Norwegian continental
shelf in the Early Pleistocene. Throughout the last 0.6 Myr it has
been suggested that shelf-edge-reaching ice sheets existed during
MIS14, MIS12, MIS10, MIS8, MIS6 and MIS2 (Dahlgren et al., 2002;
Hjelstuen et al., 2005; Sejrup et al., 2005).

In the northern North Sea, the identification of an Early Pleis-
tocene glacifluvial channel system and GDFs are assumed to mark
the onset of glaciation in this area (Løseth et al., 2020). These
findings are supported by enhanced sedimentation rates (Anell
et al., 2012), increased IRD input to the northern North Sea
(Eidvin and Rundberg, 2001) and also by observations of iceberg
ploughmarks in the central North Sea (Rea et al., 2018). These ob-
servations indicate that the FIS must have extended beyond the
Norwegian coastline in the Early Pleistocene. Rea et al. (2018) also
suggest that the BIIS extended beyond the British coastline during
Fig. 3. Correlations of seismostratigraphic frameworks along the NE Atlantic Margin. TMF:
4Laberg et al. (2010), 5Rydningen et al. (2016), 6Rise et al. (2010), 7Ottesen et al. (2018), 8Ba
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this time. More extensive ice sheets are suggested to have been
built up in the North Sea region from c. 1.5 Ma (Batchelor et al.,
2017; Reinardy et al., 2017), and during the last 0.5 Myr it has
been suggested that ice sheets reached the shelf edge of the
northern North Sea margin, and that the Norwegian Channel Ice
Stream (NCIS) occupied the Norwegian Channel (Fig. 1A) during
every glacial maximum (Sejrup et al., 2000; Nygård et al., 2005; Lee
et al., 2012).

The build-up of large ice sheets is impacted by the interplay
between oceanic and atmospheric processes, in which ocean cir-
culation patterns play a vital role (e.g., Broecker et al., 1985; Ghil
et al., 1987; Clark et al., 2002; Sejrup et al., 2005; Hodell and
Channell, 2016). In the Nordic Seas (Fig. 1A) the ocean circulation
pattern is at present characterized by warm surface water in the
Norwegian Atlantic Current (NAC) flowing northwards along two
branches towards the Fram Strait, the eastern of which is further
branched into the Barents Sea (Orvik and Niiler, 2002; Tegzes et al.,
2017) (Fig. 1A). At depths below 500m, colder intermediate to deep
water masses flow in a southern direction (Turrel et al., 1999;
Hansen and Østerhus, 2000). Studies of iceberg ploughmark tra-
jectories on the Mid-Norwegian margin show that the northward
flowing configuration of the NAC has been largely consistent
throughout the Pleistocene (Montelli et al., 2018b; Newton et al.,
2018). Some short-lived intervals of reduced circulation have
been suggested, and are related to major phases of iceberg
discharge or meltwater pulses (Montelli et al., 2018b).

Cooling of the deep oceans during the Pleistocene have impli-
cations for atmospheric temperature and precipitation patterns, ice
growth on the continents, and sea ice production (Tziperman and
Gildor, 2003), and have also been suggested to have played a
crucial role initiating both the NHG and the Mid-Pleistocene
Transition (MPT) (Mudelsee and Schulz, 1997; Tziperman and
Gildor, 2003; Hughes and Gibbard, 2018).
2.2. Late Plio-Pleistocene stratigraphy

During the last two decades, seismostratigraphical and chro-
nostratigraphical frameworks have been established for segments
of the NE Atlantic continental margin (Fig. 3). For the western
Barents Sea margin, the seismostratigraphic framework comprises
seven regional reflectors (R1-R7), that sub-divide the Cenozoic
sedimentary package into one pre-glacial (G0) and three Late Plio-
Pleistocene glacial (GI-GIII) units (Fig. 2A) (Fiedler and Faleide,
1996; Hjelstuen et al., 1996). This Late Plio-Pleistocene strati-
graphic framework has been correlated to the recently established
seismic stratigraphy (NB-3A, NB-3B and NB-3C; Fig. 3) of the
Trough Mouth Fan. 1Lasabuda et al. (2018), 2Faleide et al. (1996), 3Knies et al. (2009),
tchelor et al. (2018), 9Hjelstuen et al. (2015).
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Kvitøya TMF (Lasabuda et al., 2018), as well as other stratigraphic
frameworks (Geissler and Jokat, 2004; Fransner et al., 2018b) on the
northern Svalbard margin (Fig. 1A) and the TMF stratigraphy
(S2eS4; Fig. 3) established for the Troms margin (Rydningen et al.,
2016).

The current Late Plio-Pleistocene chronostratigraphy along the
western Barents Sea-Svalbardmargin is based on seismic ties of the
regional sequence boundaries, i.e., R1, R5 and R7 (Figs. 2A and 3), to
Ocean Drilling Program (ODP) boreholes. Age constrains are based
on paleomagnetic and biostratigraphic data, where sequence
boundaries R7 and R5 have an estimated age of 2.7 Ma and 1.5 Ma,
respectively (Knies et al., 2009; Mattingsdal et al., 2014). The age of
sequence boundary R1 (Fig. 2A) is more uncertain. However, based
on an assessment of ages, data and methods used in previous
works, this study follows Laberg et al. (2010) that set the age to be
close to the Brunhes-Matuyama polarity reversal boundary
(0.78 Ma; Gibbard et al., 2010). It should, however, be noted that
younger ages have been suggested for sequence boundary R1
(Sættem et al., 1992; Faleide et al., 1996; Knies et al., 2009;
Alexandropoulou et al., 2021).

On the Mid-Norwegian margin, the Naust Fm has been divided
into five sub-sequences, N (oldest), A, U, S and T (youngest) (Rise
et al., 2010; Ottesen et al., 2009; Montelli et al., 2017, 2018a)
(Fig. 2B). The three oldest sub-sequences show a progradational
pattern and are locally eroded on the inner shelf (Rise et al., 2006;
Ottesen et al., 2009). Naust S and Naust T have amore aggradational
character, and thus define a significant change in stratal architec-
ture compared to the older sub-sequences (Dahlgren et al., 2002;
Hjelstuen et al., 2004, 2005).

In order to determine the age of the Naust Fm, Eidvin et al.
(2000) did a biostratigraphic correlation, tying the base Naust Fm
to ODP boreholes on the Vøring Plateau (Fig. 1A). This attempt
showed that the base Naust Fm coincides with enhanced input of
IRD to the margin at around 2.75 Ma, as reported by Jansen and
Sjøholm (1991). The upper boundary of Naust N has been given a
tentative age of 1.5 Ma (Rise et al., 2006; Ottesen et al., 2014),
whereas the age of base Naust U has been set to 0.8 Ma based on
stratigraphic information (Rise et al., 2010). Dahlgren et al. (2002)
did a seismic correlation to ODP Site 644 A, tying the youngest
parts of the Naust Fm (Naust S and T) to the age-depth model by
Henrich and Bauman (1994) that is based on oxygen isotope re-
cords and paleomagnetic data. From this, Naust S was dated to c.
0.4e0.2 Ma and Naust T is assumed to be younger than c. 0.2 Ma.

In the North Sea, two largely independent sub-basins developed
during the Pleistocene; one in the southern and central North Sea,
and one in the northern North Sea (Ottesen et al., 2014). In the Early
Pleistocene it is suggested that fluvio-deltaic sedimentary pro-
cesses dominated the depositional environment in the southern
and central North Sea sub-basin, while erosional products from the
uplifted Shetland Platform (Fig. 1A) and west Norway led to
deposition of a sediment sequence dominated by prograding cli-
noforms in the northern North Sea sub-basin (Units A and B in
Fig. 3; Huuse, 2002; Patruno et al., 2019; Ottesen et al., 2018). Unit C
(Fig. 3) also consists of prograding clinoforms, but with deposition
of GDFs as the dominant sedimentary process (Batchelor et al.,
2017; Løseth et al., 2020). Following the initiation of the NCIS,
glacial erosional products were transported northwards and
deposited in the North Sea TMF (Sejrup et al., 1996; Nygård et al.,
2005), forming the main depocenter of Unit D (Fig. 3).

Ottesen et al. (2018) correlated the base of Unit A (Fig. 3) to a
surface in the southern North Sea that was dated to c. 2.6 Ma using
paleomagnetic and biostratigraphic data (Kuhlmann et al., 2006).
While Batchelor et al. (2017) indicated an age between 1.2 and
1.5 Ma for the top of Unit B, Ottesen et al. (2018) suggest an age
slightly younger than 1.8 Ma (top Olduvai sub chron) for the same
5

sequence boundary. The age of the prominent erosional surface
that defines the base of Unit D is uncertain, but it has been linked to
the first shelf edge glaciation in that area that, according to Sejrup
et al. (1996), occurred at c. 1.1 Ma. Ottesen et al. (2014) suggested a
somewhat younger age (c. 0.8 Ma), based on the identification of
the Brunhes-Matuyama paleomagnetic boundary in North Sea
boreholes.

The chronology of the sediment package in the Norway Basin
(Fig. 1A) deep-sea area is poorly constrained. Hjelstuen and
Andreassen (2015) correlated Late Pliocene-Early Pleistocene sub-
marine slide deposits in this region to SlideW, released on theMøre
continental slope. Slide W has an estimated age of 2.7e1.7 Ma
(Solheim et al., 2005), and the slide debrites from this submarine
slide seems to represent most of the unit defined as NBU II in the
Norway Basin (Fig. 3). Likewise, the slide deposits in units NBU III
(1.7e1.1 Ma) and NBU IV (c. 0.5 Ma), correlate to Slide U (Evans
et al., 2005) and Slide S (Solheim et al., 2005), respectively. Unit
NBU V represents the distal parts of the North Sea TMF (Nygård
et al., 2005) and is suggested to be younger than 0.5 Ma.

3. Data and methods

3.1. Thickness maps and calculations

In this study Late Plio-Pleistocene thickness maps from the
North Sea, the Norwegian margin, the western Barents Sea margin
and the Svalbard margin have been compiled (Fig. 1A, Table S1 and
Fig. S1 in Supplementary Data) into four regional thickness maps.
Along the British-Irish North Atlantic and the eastern Arctic Ocean
margins several TMFs have also been identified (e.g., Stoker et al.,
2005; Vanneste et al., 2006; Owen and Long, 2016) (Fig. 1A).
However, as it is commonly not possible to sub-divide the Late Plio-
Pleistocene sediment packages in these regions into the three
studied time periods (NHG Phases I-III), these TMFs, except for the
Kvitøya TMF (Lasabuda et al., 2018), are not included in the present
study. For each of the sediment depocenters identified in this study,
catchment areas have been identified based on information on
drainage pattern, topography, reconstructions of Pleistocene ice
sheet extent (Batchelor et al., 2019) and ice divide and flowline
models (Patton et al., 2016). For further details on thickness map
compilation and definition of catchment areas, see Supplementary
Data.

The ArcMap software, from Esri (https://www.esri.com), was
used to estimate sediment volumes and sizes of depositional and
catchment areas. Based on this information sedimentation rates,
erosion rates, sediment discharge, sediment yield and net erosion
have been calculated for each depocenter for each of the three
studied time periods (Tables 1 and 2). In addition to this, we have
also estimated the sediment volumes and depositional areas that
are limited by the 200 m thickness contour (Table S2). In our cal-
culations we follow previous studies of Dowdeswell et al. (2010)
and Lasabuda et al. (2018), and assume an average sediment
compaction of 20% when sediments are backstripped to their
catchment area. This is done in order to compensate for higher pore
volume in the depocenters, compared to the bedrock in the
catchment area. For sediment density, we have used the average
value of 2.2 g/cm3 from Storvoll et al. (2005) which are based on
well data covering the glacial sediment package on the Mid-
Norwegian margin.

For the North Sea, and especially for its southern parts, a large
part of the sediment volume deposited is assumed to be related to
the Baltic and European river systems (e.g., Patruno et al., 2019). In
order to estimate only the glacial sediment input, we make an
assumption, based on previously published seismic data and
thickness maps (Ottesen et al., 2018; Patruno et al., 2019), that 50%

https://www.esri.com
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of the total NHG Phase I and NHG Phase II sediment volumes in the
North Sea are derived from southern and eastern sources not
influenced by glacial processes. During NHG Phase III the fluvial
input is assumed to have been considerably less (Ottesen et al.,
2018; Gibbard and Cohen, 2015).

3.2. Uncertainties

There are uncertainties related to the estimates in this study.
Firstly, it should be noted that while the published thickness maps
from the western Svalbard-Barents Sea margin and Norway Basin
(Fig. 1A) rely on a relatively few, coarsely gridded, 2D seismic data
sets, the Norwegian continental margin and the North Sea have
been extensively investigated using both 2D and 3D seismic data.
This allows for a better constraint on the sediment distribution in
the latter regions.

Contourite deposits may also introduce an uncertainty in the
estimated values. Such sedimentary features are suggested to
mainly be formed during interglacial periods, and they are
commonly built by fine-grained sediments transported in, and
deposited from, along-slope flowing oceanic currents (e.g., Rebesco
et al., 2014). Thus, in our study the contourites are assumed not to
have been sourced from the defined catchment areas (Fig. 4), but
are sourced from sediments transported by the NE Atlantic oceanic
current system (Fig. 1A). The uncertainties related to contourites
are, however, considered to affect the estimates to a minor degree
(<5%) as such sediment features are, so far, only observed in
restricted areas along the NE Atlantic margin (Fig. S1) (Laberg et al.,
2005; Rydningen et al., 2020).

Reworking of sediments (e.g., Bryn et al., 2005; Vanneste et al.,
2006; Hjelstuen et al., 2007; Pope et al., 2018) may also impact the
estimated values in this study. However, as the Late Plio-
Pleistocene sediment package is divided into only three sub-
units, this factor is assumed to be minimized because most of the
reworked sediments are likely to originate from within the same
defined sub-unit.

The uncertainty associated with the size of the defined catch-
ment areas in this study becomes increasingly larger back in time.
This is caused by the fact that topography, and thus drainage routes,
will change over time due to various geologic processes, such as
glacial erosion. Less is therefore also known about the nucleation
and configuration of ice sheets during early glaciations in the
Pleistocene compared to later glaciations. This applies in particular
for the low-relief Barents Sea region which became submerged
below sea level at c. 1 Ma (Zieba et al., 2017). The location of ice
divides and flowline patterns have also been suggested to change
during both the build-up and deglaciation of the EurIS during the
late Weichselian (Dowdeswell et al., 2010; Hughes et al., 2014).
Furthermore, previous studies have suggested that ice sheets stay
at their maximum extent only for a relatively short period during a
glaciation cycle (Elverhøi et al., 1998a; Svendsen et al., 2004;
Nygård et al., 2007; Becker et al., 2018). Thus, the configuration of
ice sheets and the extent of glacial erosion will vary within the
defined catchment area through glacial cycles, and uncertainties
related to this can be expected to increase back in time (Laberg
et al., 2012).

Lastly, we find the chronostratigraphy to be reasonably well
constrained along the western Barents Sea-Svalbardmargin, for the
younger part (<0.4 Ma) of the Mid-Norwegian margin Naust Fm
and for the North Sea. Ages in the Norway Basin aremore uncertain.
Nonetheless, we suggest that the established chronostratigraphy of
the three NHG Phase boundaries (Fig. 3), which are based on
paleomagnetic and biostratigraphic correlations, are sufficient for
the purpose of this study.
6

Despite the uncertainties, our results are assumed to provide a
good first estimate, which enables an evaluation of Late Plio-
Pleistocene source-to-sink processes along the NE Atlantic margin
to be undertaken. In particular, the fact that the focus of this study
is on large-scale sedimentation and erosion trends, and that the
Late Plio-Pleistocene sediment package is divided into only three
units, make us infer that uncertainties have a minor impact on the
overall findings and conclusions of this study. An effort to quantify
uncertainties has been carried out. In addition to assessing the
spatial and temporal uncertainties in the catchment areas, we also
included upper and lower values for sediment volumes, sediment
density and sediment compaction. For further details, and mini-
mum andmaximum estimates of the values presented in this study
(Tables 1 and 2, Fig. 5), see Supplementary Data.
4. Results

4.1. NHG Phase I

The Svalbard region had the highest sediment input along the
entire NE Atlantic margin during NHG Phase I (Fig. 4A, Tables 1 and
2). The sediment input was especially high to the Storfjorden TMF,
which increased the sediment thickness by 2000 m. Average
sedimentation rates for the StorfjordenTMF during the NHG Phase I
are estimated to be 73 cm/kyr (Table 1), which is more than 20
times higher than estimated Paleogene and Neogene sedimenta-
tion rates (Hjelstuen et al., 1996; Hjelstuen and Sejrup, 2021). These
high sedimentation rates, combined with a relatively small catch-
ment area, result in a high sediment yield, 1390 tons/km2/yr, and an
average erosion of 758 m in the Storfjorden TMF catchment area
(Table 2). North of Svalbard, average sedimentation and erosion
rates are estimated to 21 cm/kyr and 16 cm/kyr, respectively
(Tables 1 and 2), for the NHG Phase I.

A sediment volume of 101 � 103 km3 (2.2 � 1014 tons) is esti-
mated deposited in the Bjørnøya TMF in NHG Phase I. This corre-
sponds to an average sedimentation rate of 23 cm/kyr (Table 1),
which is one order of magnitude higher than estimated sedimen-
tation rates for the pre-glacial Cenozoic sediment package (Fiedler
et al., 1996). An average erosion of c. 100 m is estimated in the
catchment area of the Bjørnøya TMF. Both the sedimentation and
erosion rates along the SW Barents Sea margin are considerably
lower than the values estimated for the Storfjorden TMF (Tables 1
and 2).

On the Mid-Norwegian margin two depocenters developed in
NHG Phase I, where the northern depocenter is up to 600 m thicker
than the southern (Fig. 4A). The estimated average sedimentation
(20 cm/kyr) and erosion rates (10 cm/kyr) on the Mid-Norwegian
margin are comparable to the estimated values at the SW Barents
Sea margin (Tables 1 and 2).

In the Norway Basin (Fig. 1A), a sediment thickness of up to
600 m is identified, which corresponds to an average sedimenta-
tion rate of 9 cm/kyr. It should be noted that this sediment package
is interpreted to consist of slide debrites, sourced from slide events
on the Møre margin during NHG Phase I (Hjelstuen and
Andreassen, 2015).

In the North Sea, a northern and a southern depocenter, both
reaching a maximum thickness of c. 500 m, characterize the sedi-
ment distribution (Fig. 4A). The sedimentation rates in this region
are, however, relatively low (9 cm/kyr) compared to the Mid-
Norwegian (20 cm/kyr) and the western Svalbard-Barents Sea
margins (31 cm/kyr) (Table 1). As the glacial erosion products
deposited in the North Sea during NHG Phase I were sourced from
a, most likely, relatively small catchment area, confined to



Fig. 4. Thickness maps in meters. (A) NHG Phase I (2.7e1.5 Ma), (B) NHG Phase II (1.5e0.8 Ma), (C) NHG Phase III (0.8e0 Ma) and (D) NHG Phases I-III (2.7e0 Ma). The legend in (A)
also applies for (B) and (C).
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Table 1
Estimated depositional areas, sediment volumes, sedimentation rates and sediment discharges for the major depocenters along the NE Atlantic margin. Columns marked with
a dark grey color represent NHG Phase I, grey columns represent NHG Phase II and light grey columns represent NHG Phase III.

Table 2
Estimated catchment areas, eroded sediment volumes, sediment yields, erosion and erosion rates for the major depocenters along the NE Atlantic margin. Columns marked
with a dark grey color represent NHG Phase I, grey columns represent NHG Phase II and light grey columns represent NHG Phase III.
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southwest Norway (Fig. 4A), the estimated erosion rates (14 cm/
kyr) and average erosion (168 m) are rather high.

When comparing the northern (Svalbard-Barents Sea margin)
and the southern (Norwegianmargin) regions of the study area, it is
clear that the sediment input to the NE Atlantic margin is much
higher in the north (193 � 103 km3) than in the south
(101 � 103 km3) (Fig. 5) during NHG Phase I. The average sedi-
mentation rates are also about three times higher in the Svalbard-
Barents Sea region compared to the values estimated in the south.
However, sediment yield, net erosion and erosion rates are com-
parable in both regions during NHG Phase I as the northern
catchment area is twice the size compared to the southern catch-
ment area (Table 2, Fig. 5).
4.2. NHG Phase II

During NHG Phase II the sedimentation rates peak in every
depocenter along the Svalbard-Barents Seamargin, and the average
erosion rates almost triple compared to NHG Phase I (Tables 1 and
2). The Bjørnøya TMF had, by far, the highest sediment input,
249 � 103 km3 (5.5 � 1014 tons). Further to the south, on the Mid-
Norwegian margin, the Naust Fm continued to build out, creating a
progressively wider continental shelf region (Fig. 2B and 4B).
Average sedimentation rates along this margin segment were
slightly higher (25 cm/kyr) than in the previous time period, while
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erosion rates are unchanged (10 cm/kyr) (Tables 1 and 2).
An increased sediment input is also observed both in the North

Sea and in the North Sea TMF region during NHG Phase II (Table 1).
The northern North Sea Basin is now the main region of deposition
in the North Sea (Fig. 4B), and sediment yield values (375 tons/km2/
yr) and erosion rates (17 cm/kyr) in the North Sea catchment area
are higher than the values estimated for the Mid-Norwegian
margin (Table 2).

NHG Phase II represents the time interval of the NHG when the
difference in sediment input between the northern and southern
parts of the NE Atlantic margin was most prominent (Fig. 5). High
average sedimentation rates (c.100 cm/kyr) are estimated along the
western Svalbard-Barents Sea margin, whereas the average sedi-
mentation rates along the Mid-Norwegian margin and in the North
Sea are moderate (c. 20 cm/kyr). Because of the high sedimentation
rates in the north, a three times higher sediment volume was
deposited along the Svalbard-western Barents Sea compared to the
Norwegian margin during NHG Phase II. Average erosion rates are
estimated to 41 cm/kyr and 25 cm/kyr for the northern and
southern region of the study area, respectively. During NHG Phase II
a total sediment volume of 425 � 103 km3 was deposited along the
NE Atlantic margin. Thus, NHG Phase II represents the time interval
during the entire Late Plio-Pleistocene time period when, the NE
Atlantic continental shelf and slope received the highest amount of
erosion products (Fig. 5).



Fig. 5. Histograms showing temporal and spatial variations in sediment volumes, sedimentation rates, average vertical erosion and erosion rates in the defined catchment areas
during NHG Phases I-III for the FIS/BIIS, KBSIS and EurIS.
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4.3. NHG Phase III

During NHG Phase III the sediment yield values along both the
northern and western Svalbard margin dropped significantly,
compared to NHG Phases I and II. Thus, both the erosion in the
catchment area and the sedimentation rates in the depositional
area were low during this time period (Tables 1 and 2, Fig. 4C). The
only area within the Barents Sea region where the sedimentation
rates are somewhat sustained in NHG Phase III, compared to NHG
Phase II, is within the Bjørnøya TMF (23 cm/kyr). The erosion rates
in the catchment area of the Bjørnøya TMF are, however, at the
same level as the erosion rates estimated for the Storfjorden TMF
catchment area (10 cm/kyr).

On theMid Norwegianmargin, on the other hand, the estimated
sedimentation rates are the highest during the entire Late Plio-
Pleistocene (28 cm/kyr) in NHG Phase III. Average sedimentation
rates of >60 cm/kyr are estimated in the other major depocenter
along the Norwegian margin; the proximal part of the North Sea
TMF. Despite the substantial sediment input to the marine realm,
average vertical erosion is relatively low (c.100 m) in the catchment
areas. The low value is related to the large catchment area that has
been suggested (Table 2).

A considerable volume of sediments, 48 � 103 km3 (1.1 � 1014

tons), was deposited in the Norway Basin during NHG Phase III,
giving sedimentation rates in the order of 18 cm/kyr. The sediments
deposited in the Norway Basin during this time period consist
mainly of GDFs, sourced from the upper part of the North Sea TMF
(Nygård et al., 2005). Much of these deposits are likely to have
originated from the southern Scandinavian catchment area. How-
ever, some of the sediments deposited are also associated with
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submarine slide debrites, related to submarine slides along the
neighboring continental slopes (Haflidason et al., 2005; Nielsen
et al., 2007). At the beginning of NHG Phase III the North Sea Ba-
sin was mainly filled (Ottesen et al., 2018), and the deposition
pattern became more widespread and uniform, with a larger
depositional area and with sediment thicknesses commonly less
than 200 m (Fig. 4C). Sedimentation rates (9 cm/kyr) and erosion
rates (7 cm/kyr) are low in the North Sea compared to the rate
estimates for NHG Phase II (Tables 1 and 2).

When comparing the erosion estimates in the FIS/BIIS and KBSIS
catchment areas, the erosion is considerably higher in the south
(25 cm/kyr) than in the north (10 cm/kyr) (Fig. 5) during NHG Phase
III. However, this is not related to increased erosion in the south,
which remains unchanged since NHG Phase II, but rather a dra-
matic decrease of erosion in the KBSIS catchment area from NHG
Phase II to III (Tables 1 and 2). This shows that NHG Phase III is
characterized by a distinct change in deposition pattern along the
NE Atlantic margin from the NHG Phase II. That is, the FIS/BIIS
catchment area became the dominant source area along the NE
Atlantic margin. A sediment volume of 177 � 103 km3 has been
deposited along the Norwegianmargin and in the North Sea since c.
0.8 Ma, whereas 86 � 103 km3 of sediments were deposited along
the marine margin of the KBSIS (Fig. 5, Table 1).
5. Discussion

As glacial influence can cause up to several orders of magnitude
increase in the sedimentation rates (Table S3; e.g., Hjelstuen et al.,
1996; Anell et al., 2012), these can also be used as an indicator of ice
sheet extent and dynamics. Shelf edge glaciations are in this sense
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important events, since it is during these relatively short periods
through a glacial cycle that much of the sediment are deposited on
the continental slope and shelf edge progradation occurs (Elverhøi
et al., 1998b; Dahlgren et al., 2005; Stoker et al., 2005). Laberg et al.
(2009) estimated a sediment discharge as high as 103� 106 tons/yr
for the Vestfjorden Ice Stream during the period from 26 to 18 kyr,
and Nygård et al. (2007) estimated 1100 � 106 tons/yr for a period
with high GDF activity in front of the NCIS during the Last Glacial
Maximum. The latter value equals an average sedimentation rate of
3600 cm/kyr. In comparison, glacimarine sedimentation rates are
typically c. 70 cm/kyr along the Norwegian margin, while inter-
glacial sedimentation rates in the same region are estimated to c.
10 cm/kyr (Table S3; Haflidason et al., 1998; Laberg et al., 2018).

5.1. EurIS development 2.7e1.5 Ma (NHG Phase I)

During NHG Phase I, high sedimentation rates are observed
along the northeastern margin of the KBSIS (Figs. 5 and 6A). The
average sedimentation rates at the Storfjorden TMF (73 cm/kyr)
and at the western Svalbard TMFs (Fig. 1A) (50 cm/kyr) are com-
parable to ice proximal glacimarine environments during the last
glaciation (Table S3; Hjelstuen et al., 2004; Lekens et al., 2005;
Laberg et al., 2018). Given the fact that NHG Phase I includes several
warm intervals (Lisiecki and Raymo, 2005), that may be charac-
terized by low sedimentation rates (Table S3), glacimarine envi-
ronments alone seem insufficient to explain the estimated high
sedimentation rates at the marine margin of the KBSIS. Thus, pe-
riods of shelf edge glaciations and probably ice stream activity are
suggested to be necessary to account for these high estimated
sedimentation rates (Fig. 6A). IRD pulses recorded in ODP sites,
both at the Yermak Plateau (Fig.1A) and along thewestern Svalbard
margin (Butt et al., 2000; Knies et al., 2009), also support ice
expansion into the marine realm. Identification of GDFs and shelf
edge progradation along the northern Svalbard margin
(Mattingsdal et al., 2014; Fransner et al., 2018a; Lasabuda et al.,
2018) and development of several western Svalbard TMFs
(Solheim et al., 1998; Sarkar et al., 2011) (Fig. 1A) indicate shelf edge
glaciations and ice stream activity in this region during NHG Phase
I.

Sedimentation and erosion rates in the Bjørnøya TMF region are
moderate compared to the estimates for the TMFs further north
(Tables 1 and 2). Based on grain size distribution inwell data, glacial
influence in this region has been suggested (Knies et al., 2009).
However, the extent of the Early Pleistocene KBSIS in the SW
Barents Sea has been poorly constrained. Laberg et al. (2010) sug-
gested that the Early Pleistocene sediments along the SW Barents
Sea margin primarily consist of distal glacimarine sediments
sourced by glacifluvial processes from a land-terminating ice sheet.
Knies et al. (2009) suggested a moderate-sized KBSIS during the
earliest Pleistocene, with short-term glacial expansions beyond the
coastline of the uplifted western Barents Sea, whereas Hjelstuen
and Sejrup (2021), on the other hand, proposed shelf edge glacia-
tions and that KBSIS merged with the FIS towards the end of NHG
Phase I.

Based on the rate estimates in this study, periodic shelf edge
glaciations in the Bjørnøya TMF region probably occurred during
NHG Phase I (Fig. 6A). Given that much of the Bjørnøya TMF
catchment area has been suggested to have been lowlands, above
sea level, and located in a polar region (Vorren et al., 1991; Butt
et al., 2002; Zieba et al., 2017), fluvial and glaciofluvial processes
alone seem insufficient to explain a sediment yield of 200 tons/
km2/yr. This is further supported by studies on large Arctic river
systems that are characterized by sediment yield values that are an
order of magnitude less (Milliman and Syvitski, 1992; Syvitski,
2002; Gordeev, 2006) than those values which are estimated for
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the Bjørnøya TMF catchment area (Table 2). Furthermore, from
fluvial basins on Svalbard, Svendsen et al. (1989) estimated erosion
rates to be one order of magnitude less than what is found for the
Bjørnøya TMF catchment area. Recently, Harishidayat et al. (2020)
have also identified MSGLs close to the Pliocene-Pleistocene
boundary along the SW Barents Sea margin, suggesting that ice
streams have been active periodically in this region during NHG
Phase I.

It is likely that shelf edge glaciations occurred along the FIS
margin during NHG Phase I (e.g., Ottesen et al., 2009). Our
compilation also supports this as the sedimentation and erosion
rates on the Mid-Norwegian margin are comparable to rates esti-
mated during NHG Phases II and III (Tables 1 and 2), when shelf
edge glaciations are suggested to have occurred (Rise et al., 2005;
Sejrup et al., 2005; Ottesen et al., 2009; Montelli et al., 2017).
Furthermore, in the Late Pliocene the shelf edge was located up to
150 km more landward than at present (Fig. 2B). This suggest that
the marine margin of the FIS would have terminated at the shelf
edge only 50e80 km from the present-day Norwegian coastline. A
considerable seaward progradation of the Mid-Norwegian conti-
nental shelf, up to 100 km, in the Early Pleistocene (Ottesen et al.,
2009), in addition to the identification of MSGLs close to the shelf
edge and near the base of the Naust Fm (Montelli et al., 2017),
indicate that shelf edge glaciations occurred along the Mid-
Norwegian margin during NHG Phase I. In the North Sea catch-
ment area, similar erosion rates as those estimated for the Mid-
Norwegian margin catchment area are identified, indicating that
similar glacial processes existed in the North Sea region. The
observation of Early Pleistocene GDFs (Løseth et al., 2020) and
ploughmarks (Rea et al., 2018), as well as several generations of
MSGLs (Rea et al., 2018), also indicate periodic presence of an ice
sheet in this region.

The data presented here, including both rate estimates and ev-
idence of grounded ice on the continental shelf (Montelli et al.,
2017; Rea et al., 2018; Løseth et al., 2020), indicates that episodic
large-scale shelf edge glaciations may have occurred along the
entire NE Atlantic margin during NHG Phase I (Fig. 6A). It is also a
possibility that the individual ice sheets, comprising the EurIS
coalesced towards the end of NHG Phase I, as previously has been
suggested by Hjelstuen and Sejrup (2021) and Rea et al. (2018).
Although the KBSIS delivered twice as much sediment to the con-
tinental slope during NHG Phase I compared to FIS/BIIS (Fig. 6D),
similar average erosion rates of c.15 cm/kyr characterize the
catchment area in both regions. For comparison, global erosion
rates during the Cenozoic prior to the NHG are suggested to
be < 2 cm/kyr (Willenbring and Blanckenburg, 2010).

5.2. EurIS development 1.5e0.8 Ma (NHG Phase II)

During NHG Phase II, the entire NE Atlantic continental margin
experienced an increased input of glacial erosion products
compared to NHG Phase I (Tables 1 and 2, Fig. 6D). Along themarine
margin of the KBSIS the sedimentation rates almost tripled (c.
100 cm/kyr) compared to NHG Phase I. This rate increase is likely
related to enhanced erosion in the catchment area of the Bjørnøya
TMF (Table 2). However, changes in the size of the catchment area
may also have influenced the rates. This large increase in erosion
probably relates to the development of a prominent ice stream in
the Bjørnøya Trough, which is also evidenced by MSGLs (Waage
et al., 2018; Harishidayat et al., 2020), mega blocks of consoli-
dated sediments and GDFs deposited on the continental slope
(Andreassen et al., 2007; Laberg et al., 2010). In the catchment areas
of the Storfjorden TMF and the western Svalbard TMFs, erosion
rates for NHG Phase II are comparable to the erosion rates which
were estimated for NHG Phase I (Table 2). This indicates that
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extensive ice sheets and ice streaming persisted during NHG Phase
II in this region. Recurrent shelf edge glaciations during this period
have also been inferred based on observation of several erosional
unconformities on the shelf, and debris flow deposits on the con-
tinental slope (Faleide et al., 1996; Solheim et al., 1996, 1998). This
ice sheet expansion is, furthermore, evidenced by high IRD accu-
mulation rates on the western Barents Sea margin and the Yermak
Plateau (Knies et al., 2009).

In the time period 1.5e0.8 Ma, glacial erosion intensified in the
FIS/BIIS catchment area as well. However, the increase is somewhat
less than what is identified for the Barents Sea. Increased erosion
rates are most evident in the North Sea and are probably related to
the build-up of larger ice volumes (Sejrup et al., 2005; Ottesen et al.,
2018). On the Mid-Norwegian margin, only a moderate increase in
sedimentation rates is identified, whereas the sediment yield and
erosion rates are on the same level as in NHG Phase I (Tables 1 and
2). It is therefore plausible that the catchment area of the Mid-
Norwegian margin was characterized by similar extent of glacial
erosive processes during NHG Phases I and II.

Increased ice stream activity in the FIS and the BIIS during NHG
Phase II is also evidenced by seismic data, where numerous gen-
erations of MSGLs are observed both at the Mid-Norwegian margin
(Ottesen et al., 2009; Montelli et al., 2017) and in the North Sea
(Buckley, 2017; Rea et al., 2018). The orientation of theMSGLs in the
North Sea indicate that ice streams originate from both the
southern Norway and the British Isles and reached as far south as c.
57�N. Other evidence regarding more extensive glaciations during
NHG Phase II includes increased input of IRD along the marine
margin of the FIS/BIIS (Jansen and Sjøholm, 1991; Henrich and
Baumann, 1994; Thierens et al., 2012), and more frequently occur-
ring iceberg ploughmarks in both the North Sea (Dowdeswell and
Ottesen, 2013; Rea et al., 2018) and at the Mid-Norwegian margin
(Montelli et al., 2018b; Newton et al., 2018).

NHG Phase II appears to be the most erosive period in the EurIS
history (Fig. 5). A sediment volume of 425� 103 km3 was deposited
along the marine margin of the EurIS during this period, resulting
in average sedimentation rates of 47 cm/kyr (Table 1). This is an
increase in sedimentation rate close to 150% compared to NHG
Phases I and III. This shows that the total sediment output from the
EurIS was highest prior to the development of 100 ka glaciation
cycles (e.g., Lisiecki and Raymo, 2005). Our compilation therefore
supports that extensive ice sheets existed in NHG Phase II and that
the KBSIS, FIS and BIIS merged during peak glaciations. Widespread
ice stream activity also seems to have occurred along the NE
Atlantic margin during this time period (Fig. 6B). This study also
shows that the erosion was most significant in the Barents Sea-
Svalbard region (Table 2), indicating large spatial heterogeneity in
the EurIS erosive capacity during the late early Pleistocene.

5.3. EurIS development 0.8e0 Ma (NHG Phase III)

A dramatic reduction in the glacial sediment input along the
marinemargin of the KBSIS took place in themost recent part of the
Pleistocene (Table 1). Less than 10 � 103 km3 of glacial sediments
were deposited in total at the Storfjorden TMF, the western Sval-
bard TMFs and the Kvitøya TMF during this time period. At the
Bjørnøya TMF the sediment volume deposited decreased from
249 � 103 km3 in NHG Phase II to 77 � 103 km3 in NHG Phase III.
The low erosion rates in the catchment areas are not related to
Fig. 6. Conceptual model summarizing suggested maximum ice sheet extent and ice stream
show sedimentation rates (orange) and erosion rates (blue) along the marine margin of the E
and Niiler, 2002). (D) Pie charts showing relative variations in erosion rates, sedimentation
Phases I-III. The inner, middle and outer circles represent NHG Phase I (2.7e1.5 Ma), NHG Pha
references to color in this figure legend, the reader is referred to the Web version of this a
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restricted ice sheet extent, as it is well established that recurrent
shelf edge glaciations occurred along the KBSIS marinemargin after
0.8 Ma (e.g., Faleide et al., 1996; Sejrup et al., 2005; Laberg et al.,
2010; Waage et al., 2018; Harishadayat et al., 2020). Observation
of MSGLs in the sedimentary succession also suggests that repeated
ice stream activity occurred (Andreassen et al., 2007; Bellwald et al.,
2019) (Fig. 6C). The apparent conflict between large ice extent and
low erosion rates in the KBSIS region may be related to factors such
as the submergence of the Barents Sea (see Section 6).

On the Mid-Norwegian margin the sediment input doubled,
while it increased fivefold for the North Sea TMF during NHG Phase
III (Table 1). Thick sequences of GDFs within the North Sea TMF
indicate recurrent ice stream activity in the Norwegian Channel
(Nygård et al., 2005; Bellwald et al., 2020), whereas identification of
MSGLs on the Mid-Norwegian continental margin indicate intense
ice stream activity in this region (Montelli et al., 2017) (Fig. 6C).
Despite the large volumes of sediments deposited on the North Sea
TMF and the Mid-Norwegian continental margin, the overall sedi-
ment yield in the FIS/BIIS catchment area remain unchanged from
NHG Phase II to NHG Phase III. Thus, the increase in glacial sedi-
ment volume delivered to the margin in NHG Phase III does not
seem to be mainly associated with more intense glacial erosion
(Table 2), but rather that the FIS catchment area increased
considerably in size (Fig. 4). The increased size in catchment area
relates to the initiation of the NCIS which drained a large part of
central Scandinavia (Sejrup et al., 1996; Hjelstuen et al., 2012;
Patton et al., 2016). Thus, the erosive nature of the ice sheets
covering Scandinavia and the British Isles during NHG Phase III, was
similar to the ice sheets that existed during NHG Phase II.

During NHG Phase III, the main difference in character of the
EurIS from the two previous phases, is that the FIS/BIIS became the
main contributor of glacial sediment input to the NE Atlantic
margin (Fig. 6D). This indicates that amajor shift in the glaciological
setting of the EurIS occurred between NHG Phase II and III. Still, it is
suggested that large ice volumes and shelf edge glaciations
occurred along the entire marine margin of the EurIS during NHG
Phase III (Fig. 6C), as also evidenced by previous studies of IRD
records in the Nordic Seas (Jansen et al., 2000; Knies et al., 2009)
and by ice stream activity on the shelf (Andreassen et al., 2007;
Montelli et al., 2017; Rea et al., 2018).

6. Wider implications for Pliocene climate and Pleistocene
EurIS development

Our compilation of sediment thicknesses (Fig. 4) along the NE
Atlantic margin suggests a significant change in topography/ba-
thymetry and land-sea configuration throughout the Late Plio-
Pleistocene. Especially in the Barents Sea region, the average ver-
tical erosion in the Bjørnøya TMF catchment area are 175, 285 and
78 m, for NHG Phases I, II and III, respectively (Table 2). As uplift in
the Barents Sea has been suggested to be far less than erosion by
model simulations (Fjeldskaar and Amantov, 2018), this indicates
that the Barents Sea was subaerial during the Early Pleistocene, as
also suggested in previous studies (Vorren et al., 1991; Butt et al.,
2002; Hill, 2015; Zieba et al., 2017) (Fig. 6). Accordingly, we sug-
gest that the western Barents Sea was subaerial, and the eastern
Nordic Seas (Fig. 1A) was deeper than present-day prior to the
Pleistocene. This indicates that a period that is used as an analog for
future climate scenarios, the Mid Pliocene warm period (c. 3 Ma)
activity during (A) NHG Phase I, (B) NHG Phase II and (C) NHG Phase III. The bar charts
urIS. Red arrows indicate northwards flowing North Atlantic surface water (from Orvik
rates and sediment volume for each region along the NE Atlantic margin during NHG
se II (1.5e0.8 Ma) and NHG Phase III (0.8e0 Ma), respectively. (For interpretation of the
rticle.)
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(Haywood et al., 2016b), is characterized by a setting that is sub-
stantially different from present day in the Nordic Seas-Arctic
Ocean region (Fig. 1A). When the Barents Sea was subaerial, this
region would have been more exposed to glacial nucleation and
erosion. While the Barents Sea became submerged below sea level
in late NHG Phase II (Zieba et al., 2017), erosion would initiate only
after ice sheets were large enough for marine ice shelves to become
grounded. This suggests that subglacial erosion occurred in a
shorter time interval during glacial cycles in comparison with that
occurred when the Barents Sea region was terrestrial.

A long-standing challenge for Pliocene climate simulation is to
account for the large underestimation of simulated surface warm-
ing in the Nordic Seas in comparison to sea surface temperature
(SST) proxy records (Dowsett et al., 2013). Previous modelling
studies have proposed that geographic changes in the Kara-Barents
Sea (Fig. 1A) are of great importance for surface temperature
change in the Nordic Seas (e.g., Hill, 2015). That is, changing the
Barents Sea from a marine to a subaerial setting can give rise to
evident warming in the Nordic Seas (Hill, 2015). Nevertheless, this
geographic change has so far not been well considered in the
Pliocene Modelling Intercomparison Project (PlioMIP) (Haywood
et al., 2016a, b), a flagship project for Pliocene climate modelling.
One potential reason for this overlook is due to the lack of quan-
titative information for erosion amounts from the KBSIS catchment
areas, which are used to quantify paleogeography in the Kara-
Barents Sea regions through time. Our compilation fills this gap
and confirms that the change from subaerial to submerged condi-
tions in the Kara-Barents Sea regions occurred during the Mid
Pleistocene, suggesting the existence of subaerial Barents Sea
shelves during the Pliocene. Therefore, taking into account this
paleogeographic change in PlioMIP protocol bears the potential to
reconcile the data-model mismatch (Dowsett et al., 2013), since
land is characterized by a lower heat capacity than sea water and
hence more sensitive to increasing solar/radiative forcing.

During the Pleistocene, one significant feature of glacial-
interglacial (G-IG) cycles is the MPT (1.2e0.6 Ma), when the peri-
odicity of G-IG cycles shifted from 40-kyr to 100-kyr without sys-
tematic changes in orbital configurations (Berends et al., 2021).
Changes in ice sheet dynamics associatedwith removal of a regolith
cover in North America have been proposed to play a role during
the MPT (Clark and Pollard, 1998; Willeit et al., 2019; Yehudai et al.,
2021). Based on our compilation, it appears that during NHG Phase
II (1.5e0.8 Ma) the KBSIS basal conditions experienced a significant
change e i.e., change from subaerial to submarine. In addition, the
dramatic decrease in erosion rates (>75%) observed along the KBSIS
marinemargin fromNHG Phase II to NHG Phase III, suggests that an
easily erodible regolith cover was not present anymore in the KBSIS
catchment area during NHG Phase III. These lines of evidence
indicate the existence of a thick regolith layer in the Kara-Barents
Sea region before NHG Phase III, which was gradually eroded by
Eurasian glaciation during the Early and Mid Pleistocene.

In addition to its impacts on ice sheet dynamics per se, the
associated paleogeographic change also play a critical role in
moisture source for ice sheet growth by modulating atmosphere-
ocean circulation, probably affecting Northern Hemisphere glacia-
tion history. Oceans are the main moisture source for precipitation
over land. During NHG Phase I moisture mainly came from the
Nordic Seas when the Kara-Barents Sea regions were subaerial for
ice sheet nucleation, as supported by high sedimentation rates in
TMFs along the KBSIS region (Table 1). When the Kara-Barents Sea
regions gradually became submerged during the NHG Phase II, the
moisture source extended eastwards to the Kara-Barents Sea,
shortening its distance to the northwestern Siberian region where
an ice sheet could be promoted by enhanced snowfall prior to the
development of a marine-based ice sheet in the Kara-Barents Sea.
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This altered Eurasian glaciation history might further impact North
American glaciation by modulating circum-polar atmospheric cir-
culation as proposed by Zhang et al. (2020). Therefore, the removal
of regolith cover in the KBSIS region, by shifting the Kara-Barents
Sea regions from subaerial to submerged conditions, might alter
the evolution of the NHG, eventually accounting for the occur-
rences of theMPT, although there exists evident nonlinearity in ice-
sheet nucleation/development as revealed by Weichselian glacia-
tion (Larsen et al., 2006).

Based on our results, we further suggest a thin or negligible
regolith cover present in the FIS/BIIS catchment area since its
erosion rates were almost unchanged through time (Table 2). In
addition, variations in type of eroded bedrock are likely to have an
impact on sedimentation pattern along the marine margin of the
EurIS. Wellner et al. (2001), by studying major drainage outlets of
the Antarctic Ice Sheet, show that ice flows over sedimentary rocks
can produce larger amounts of sediments than ice flows over
crystalline rocks. The glacially eroded bedrock in Scandinavia,
which is mainly crystalline, is therefore more resistant to erosion
than the sedimentary bedrock in the Barents Sea and on Svalbard
(Lasabuda et al., 2018, 2021). Thus, higher erosion rates can be
expected from the KBSIS catchment areas compared to the catch-
ment areas of the FIS, based on bedrock properties. Since sedi-
mentary bedrock tends to bemore consolidatedwith depth and age
(van Hinte, 1978), the sedimentary bedrock eroded by the KBSIS
during NHG Phase III may be more resistant to erosion compared to
the substrate that was eroded during the previous NHG phases, as
these rocks have been subjected to deeper burial. However, ac-
cording to velocity analyses of eroded rocks in the Storfjorden
(Hjelstuen et al., 1996) and Bjørnøya TMFs (Fiedler et al., 1996)
catchment areas, only minor changes in the bedrock character have
occurred during the Pleistocene. Variations in bedrock consolida-
tion are, therefore, assumed to be less important for the erosion
rate.

The erosive capacity of ice sheets is highly dependent on their
basal thermal regime (Dowdeswell and Siegert, 1999; Kleman et al.,
2008), which is controlled by glaciological factors like surface
temperature of the ice, ice thickness and geothermal heat flux
(Hooke, 1977). A cold-based regime, with limited erosion capacity,
has been proposed for large regions of both the FIS and the Lau-
rentide Ice Sheet during the Last Glacial Maximum (Kleman and
H€attestrand, 1999). It is therefore reasonable to assume that
similar, or even more pronounced, cold-based conditions existed
for parts of the KBSIS during NHG Phase III, which received less
insolation than the FIS. In fact, extensive preservation due to frozen
subglacial conditions have been suggested in the Barents Sea dur-
ing the Last Glacial Maximum based on a thermomechanical
modelling study (Patton et al., 2016). A setting where erosion
mainly occurs within troughs due to ice stream activity, while little
erosion occurs on surrounding banks, has already been suggested
along the marine margin of the KBSIS during the Late Pleistocene
(Ottesen, 2005; Laberg et al., 2012). The lack of erosion on the banks
can be related to cold based ice conditions in these areas, caused by
e.g., thinner ice on the banks after the reconfiguration of the KBSIS
following the submergence of the Kara-Barents Sea region. Thus,
although removal of regolith and eastward shift in ice sheet
nucleation are suggested to be the main cause explaining the large
decline in erosion rates in the KBSIS catchment area from NHG
Phase II to NHG Phase III, increased extent of cold-based ice may
also have been a contributing factor.

In summary, the late Cenozoic variations in glacial sediment
supply to the NE Atlantic margin, as identified in this study, is
closely related to climatic impacts, large-scale geomorphologic
evolution and NHG processes. The amounts of erosional products
delivered to themarinemargin of the EurIS are also strongly related
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to the size and location of the catchment areas. This is inferred in
particular from the changes in the FIS catchment area, while the
proposed eastward shift in ice nucleation from NHG Phase II to
NHG Phase III might indicate the same for the KBSIS. The apparent
coincidence between glacial intensification and reconfiguration of
sediment distribution from NHG Phase II to NHG Phase III, together
with other lines of evidence (Pena and Goldstein, 2014; Lear et al.,
2016; Chalk et al., 2017; Barker et al., 2021) suggests that different
components of the Earth System are closed coupled while change
in paleogeography might be a key player that stimulating a chain of
internal feedbacks (e.g., ocean circulation change, carbon cycle, ice
sheet dynamics and geometry, etc. (Berends et al., 2021 and refer-
ences therein)), which eventually accounts for the observed climate
changes across the MPT. In the future, modelling by the Earth
System model with interactive ice sheet dynamics and carbon cy-
cles is required to test this chain of processes.

7. Conclusions

In this study previously published results from the NE Atlantic
margin have been used to compile regional thickness maps for the
time periods 2.7e1.5 Ma, 1.5e0.8 Ma, 0.8e0 Ma and 2.7e0 Ma.
Based on these thickness maps and the identification of catchment
areas, quantitative estimates of volume, sedimentation rates,
erosion rates, sediment discharge, sediment yield and net erosion
have been calculated. The main conclusions from this study are:

� The sediment input along the marine margin of the EurIS was
highly variable during the Late Plio-Pleistocene. During NHG
Phases I (2.7e1.5 Ma), II (1.5e0.8 Ma) and III (0.8e0 Ma) sedi-
ment volumes of 294 � 103 km3, 425 � 103 km3 and
263 � 103 km3 were deposited along the marine margin of the
EurIS, respectively.

� Average vertical erosion rates in the EurIS catchment area dur-
ing Late Plio-Pleistocene are estimated to have varied from
15 cm/kyr in NHG Phase I, to 35 cm/kyr in NHG Phase II and to
17 cm/kyr during NHG Phase III. Thus, the erosive capacity of the
EurIS seems to have been highest between 1.5 Ma and 0.8 Ma.

� Between 2.7 Ma and 0.8 Ma the sediment discharge to the
marine margin of the EurIS was highest in the KBSIS region.
During this time span the KBSIS discharged 353 � 106 tons/yr
(2.7e1.5 Ma) and 995 � 106 tons/yr (1.5e0.8 Ma) of sediments
onto the continental slope, building the TMF systems along the
Svalbard-Western Barents Sea margin. After 0.8 Ma the sedi-
ment dischargewas highest, 486� 106 tons/yr, along themarine
margin of the FIS.

� Based on our data, and evidence from previous studies, it is
suggested that shelf edge glaciations occurred along the entire
marine margin of both the KBSIS and the FIS in each of the three
NHG Phases. NHG Phase I is characterized by large-scale ice
sheet development with strong erosion and ice stream activity
on Svalbard, while more restricted ice sheets and moderate ice
stream activity occurred in other parts of the KBSIS and the FIS/
BIIS although periodic shelf edge glaciations are proposed.
Recurrent large-scale shelf edge glaciations with strong ice
stream activity are suggested for the entire EurIS during NHG
Phase II. A similar setting characterizes the EurIS during NHG
Phase III, where large scale glaciations with ice streaming is
suggested.

� The submergence of the Barents Sea during NHG Phase II, with
its impact on the configuration of ocean currents and moisture
supply, are suggested to be a key factor in explaining the sig-
nificant changes in sediment distribution observed from NHG
Phase II to NHG Phase III. This geographic change might be an
important factor in the initiation of the MPT. It is, furthermore,
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also expected to have significant implications for Pliocene
climate modelling.
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