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ABSTRACT

Multiple ice age cycles spanning the last three million years have fundamentally transformed the Arctic land-
scape. The cadence and intensity of this glacial modification underpin the stability of Arctic geosystems over
geologic time scales, including its hydrology, circulation patterns, slope stability, hydrocarbon fluid flow,
geochemical/sediment cycling and nutrient supply. The Barents Shelf provides a unique arena to investigate
long-term landscape evolution as it has undergone significant glacial modification during the Quaternary and has
an extensive stratigraphic data repository motivated by decades of hydrocarbon seismic and well exploration.
Here, we assimilate new geological datasets with ice sheet erosion modelling to incrementally reconstruct the
geomorphic evolution of the Eurasian Arctic domain over each of the 47 glaciations since the intensification of
Northern Hemisphere glaciation ~2.74 Ma. We utilise this time-transgressive framework to review hypotheses
regarding the heterogenous development of the Barents Shelf and the timing of key topographic reconfiguration
episodes. Our results demonstrate that up to 2.6 km of bedrock was glacially removed to the shelf margins, and
though the mean rate of erosion declines over the Quaternary, the efficacy of glacial erosion has a more complex
timeline. Initially, erosion was highly effective as large expanses of the Eurasian Arctic switched from subaerial
exposure to marine conditions around 2 Ma. Thereafter, erosional efficacy decreased as the landscape desensi-
tised to successive glaciations but, after 1 Ma, it increased as a dynamic, marine-based ice sheet drained by ice
streams expanded, selectively eroding large outlet troughs to the shelf edge. Critically for Arctic climate, at
~0.69 Ma this episode of enhanced preferential erosion opened up the Barents Seaway establishing a new cir-
culation pathway between the Atlantic and Arctic Oceans. Our 4D landscape reconstruction provides key
boundary conditions for paleoclimate models and establishes a new framework for assessing the profound impact
of late-Cenozoic glaciation on the Eurasian Arctic landscape.

1. Introduction

This glacial-driven modification of the Arctic landscape and associated
glacial-isostatic adjustments had profound consequences for global

The intensification of large-scale Northern Hemisphere glaciations ocean circulation and palaeo-climate (Knudson and Ravelo, 2015;

(NHG) ~2.74 million years ago (Ma) during the late Pliocene instigated
major transformations to the Eurasian and North American continental
landmasses and their adjoining shelves. As ice sheets waxed and waned,
intensive periods of erosion associated with 47 distinct glacial-
interglacial cycles resulted in net topographic relief change that excee-
ded +1500 m in some areas (Laberg et al., 2012; Medvedev et al., 2018).
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Lasabuda et al., 2023), excavated vast fluxes of bedrock and sediment
(Steer et al., 2012; Vorren et al., 1991) and, along with it, mobilised
nutrients, geological hydrocarbons and gas hydrates (Serov et al., 2023;
Wu et al., 2022).

The erosion and uplift of the Barents Shelf, which today is largely
sub-marine with an average water depth of ~184 m, has received
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considerable attention, in particular, motivated by its setting as a sedi-
mentary basin holding significant petroleum potential (Faleide et al.,
1996; Laberg et al., 2010; Lgseth et al., 1993; Lgtveit et al., 2019; Ras-
mussen and Fjeldskaar, 1996; Riis and Fjeldskaar, 1992; Vorren et al.,
1991; Zieba et al., 2017). Abundant data from areas south of the sea-ice
limit has yielded varying levels of insight and stratigraphic control on
the topographic evolution of the region and its glacial history (Hjelstuen
and Sejrup, 2021; Lasabuda et al., 2021). However, due to both physical
and political barriers, large spatial and temporal data gaps remain that
require significant levels of interpolation and speculation, resulting in
reduced confidence in interpretations at the regional scale.

Of particular interest within this research topic are the trough-mouth
fans (TMFs) that lie adjacent to the formerly glaciated shelf in the deep
ocean (Fig. 1a). These immense sediment depocentres reflect the in-
cremental erosion and removal of the terrestrial landscape to the adja-
cent continental slope over million-year timescales, and in some areas
have accumulated to over 3 km thick (Faleide et al., 2024; Hjelstuen and
Sejrup, 2021; Pope et al., 2018). Such sequences thus represent valuable
archives for constraining long-term landscape evolution and sediment
source-to-sink processes (Gales et al., 2019), with the changing patterns
of deposition recorded within them regularly used to infer the past
evolution of ice sheets and their erosional signature across the conti-
nental hinterland (Fiedler and Faleide, 1996; Knies et al., 2009; Laberg
et al., 2010; Lien et al., 2022).

In this paper, we collate up-to-date knowledge from this sedimentary
archive to develop an empirically constrained modelling framework and
refine a new glacial landscape evolution model for the Northern Fen-
noscandian - Barents Sea — Eurasian Arctic domain spanning the late
Plio-Pleistocene. This process-based, glaciologically consistent approach
delivers a palaeo-landscape reconstruction at an unprecedented
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temporal and spatial resolution and, with it, essential context to assess
existing hypotheses on the development of the Barents Shelf, inform
where the largest uncertainties are expected, and where further data
collection will be most valuable.

Specifically, we aim to:

i. Review the current state of research into glacial-related uplift and
erosion on the Barents Shelf during the late Plio-Pleistocene and
its relevance for the wider Arctic environment,

ii. refine volume estimates of the major glacial sediment packages
within the Bear Island TMF - the largest depocentre in the
Eurasian Arctic,

iii. reconstruct the detailed geomorphic evolution of the Barents
Shelf topography at each of the 47 individual glaciations span-
ning the last 2.74 Ma, and

iv. resolve and discuss the implications of this reconstructed palae-
otopography on the Eurasian Arctic especially, and for long-term
landscape evolution more generally.

2. Geologic setting
2.1. Chronological terminology

Reference to geological units and age boundaries in this review fol-
lows the geologic time scale of the International Commission on Stra-
tigraphy (Cohen et al., 2013; v. 2023/09). The Cenozoic is the current
geological era, spanning the last 66 million years of Earth’s history. The
three most recent epochs within the Cenozoic include the Pliocene
(5.333 Ma to 2.58 Ma), Pleistocene (~2.58 Ma to 11.7 ka), and our
current interglacial the Holocene (<11.7 ka). While the Quaternary
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Fig. 1. a) Quaternary isopach map and major offshore sediment depocentres of the Barents and Fennoscandian ice sheets (Hjelstuen and Sejrup, 2021). The
Weichselian (<115 ka) glacial maximum shown as a thick blue line represents an amalgamation of peak glacial limits during MIS 2, 4 and 5d, as defined by Batchelor
et al. (2019). b-d) Isopach maps of the major glacial units in the Bear Island trough mouth fan (TMF), revised from Alexandropoulou et al. (2021). Name abbre-
viations: BI — Bear Island Trough; CD - Central deep; FJL — Franz Josef Land; NZ — Novaya Zemlya; SA — Saint Anna Trough; St — Storfjorden Trough; Sv — Svalbard; SZ
— Severnaya Zemlya; WS — White Sea. Base topography: The GEBCO_2022 Grid. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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period (<2.58 Ma) — synonymous with glacial-interglacial cycles — spans
these two most recent epochs, the focus of this review and modelling
framework extends beyond the Quaternary, to the intensification of
NHG and transition to an icehouse world within the late Pliocene at
~2.74 Ma, herein referred to as the late Plio-Pleistocene

2.2. The late Pliocene intensification of Northern Hemisphere glaciations

The late Plio-Pleistocene period is characterised by a succession of
glacial-interglacial cycles, wherein kilometre-thick ice sheets repeatedly
extended across the Arctic. However, this transition from a greenhouse
to an icehouse world was likely gradual between 3.6 Ma and 2.4 Ma
(Clark et al., 2024; Mudelsee and Raymo, 2005; Raymo, 1994), as
inferred from the long-term record of ice-rafted debris (IRD) discharge
found at North Atlantic ODP (Ocean Drilling Programme) sites (e.g.,
Fig. 2).

One potential driver suggested for the onset of NHG at 3.6 Ma is the
approximate coeval closure of the Central American Seaways, which
gradually terminated water exchange between the Pacific and Atlantic
oceans (Bartoli et al., 2005; Haug and Tiedemann, 1998; O’Dea et al.,
2016; Ogrctmcn et al., 2020). It is argued the event enhanced the
advection of warm, saline water to northern high latitudes, increasing
North Atlantic Deep Water production, which in turn fuelled higher
evaporation and increased precipitation over Greenland and Europe (De
Schepper et al., 2015; Hayashi et al., 2020; Keigwin, 1982). An alter-
native, or contributing, hypothesis is that decreasing atmospheric COy
concentrations to levels similar to pre-industrial times (275-285 ppm),
facilitated by deep ocean carbon storage (Seki et al., 2010) and tecton-
ically driven increases in chemical weathering (Raymo and Ruddiman,
1992), was sufficient to induce global cooling and the significant growth
of large continental ice sheets (Lunt et al., 2008; Martinez-Boti et al.,
2015).

A dramatic increase in IRD abundance during marine isotope stage
(MIS) G6 (Flesche Kleiven et al., 2002; Jansen et al., 2000; Jansen and
Sjoholm, 1991; Knies et al., 2009; Raymo et al., 1989; Ruddiman and
Raymo, 1988) is generally considered to mark the widespread ‘intensi-
fication’ of NHG at ~2.74 Ma. Subsequent IRD pulses recorded at ODP
Site 911 on the Yermak Plateau (NW Svalbard) (Knies et al., 2014)
(Fig. 2), at ODP Site 909 in the central Fram Strait (Gruetzner et al.,
2022), and at ODP Site 986 (W Svalbard) (Butt et al., 2000; Knies et al.,
2009) provide further evidence for ice growth on the uplifted Barents
Shelf extending well beyond the coastline during the proceeding gla-
cials. A coeval decline of smectite clay minerals both in the Fram Strait
and at the western Svalbard margin is thought to reflect a response to the
advance of a growing ice sheet to the shelf edge, leading to changes in
sediment provenance from distal Siberian shelves (smectite-rich sedi-
ments) towards proximal Svalbard-Barents Sea sediment sources (Knies
et al., 2009).
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For the purposes of constraining our experimental framework, we
consider this intensification of NHG as the lower chronological limit for
this study. This does not preclude the likelihood that episodes of glacial
erosion occurred before this across the Barents Shelf. Indeed, a global
cooling event ~3.3 Ma is thought to have triggered an abrupt and severe
glaciation during MIS M2 (De Schepper et al., 2009) (Fig. 2). Further-
more, the application of sediment-based proxies may also conceal a
more nuanced glacial history, for example, with IRD inputs generally
only reflecting the maturing and expansion of continental ice sheets
sufficient to impinge on adjacent oceans (Maslin et al., 1998; McCly-
mont et al., 2023).

2.3. Late Plio-Pleistocene uplift and erosion

The current status of Cenozoic (<66 Ma) uplift and erosion on the
Norwegian Barents Shelf, which includes its tectonic history, has been
comprehensively reviewed by Lasabuda et al. (2021). Despite the large
volume of research published, this study identified considerable varia-
tions in the magnitude of uplift and erosion proposed between the
different methods employed, as well as major uncertainty on the con-
trolling mechanisms responsible. Here, we explicitly examine the role of
glaciation and ice sheet erosion in transforming this Arctic region during
the most recent 2.74 Ma of the Cenozoic Era — the late Plio-Pleistocene.

Glacial versus pre-glacial sediment volume ratios of 60 %, 50 % and
30 % found in TMFs along the southwestern, northwestern and northern
Barents Shelf margins, respectively, demonstrate the profound influence
ice sheets had in this region during this lattermost period of the Cenozoic
(Lasabuda et al., 2021), with sedimentation rates increasing by an order-
of-magnitude at the onset of the late Plio-Pleistocene (Fiedler and
Faleide, 1996; Hjelstuen and Sejrup, 2021). Yet, the net impact of glacial
processes has been shown to be spatially heterogeneous. In particular,
areas of high glacial erosion along the continental margin are largely
offset by high glacial deposition of reworked sediments, resulting in low
or even no isostatic response of the lithosphere (Zieba et al., 2016). On
the contrary, glacial processes across inner parts of the Barents Shelf are
considered to account for between a third and two-thirds of all Cenozoic
erosion (e.g., Dimakis et al., 1998; Lasabuda et al., 2018b).

Previous attempts to quantify net erosion across the Eurasian Arctic
during the Cenozoic have utilised a range of stratigraphic- and physical-
based methods. Stratigraphic-based methods typically employ seismic
data to quantify eroded intervals/volumes or correlate palaeosurfaces,
while physical-based methods rely on a determination and comparison
of the physical properties of the bedrock, such as compaction, typically
derived from well data. However, estimated net erosion depths across
the Barents Shelf derived using these different approaches can vary by
up to 1000 m, reflecting the specific uncertainties in these methods (see
Lasabuda et al., 2021 for an overview).

One of the most common techniques applied is based on an
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Fig. 2. Ice-rafted debris (IRD) (wt.%) and Zr/K ratio in bulk sediments of ODP Hole 911A, on the Yermak Plateau. The onset of the Northern Hemisphere glaciation
(NHG) at ~3.6 Ma sensu Mudelsee and Raymo (2005), the MIS M2 glaciation at ~3.3 Ma, and the intensification of NHG (INHG) at ~2.7 Ma are highlighted. High
Zr/K ratios are interpreted as a signature of IRD with a northern Svalbard provenance. Source: Knies et al. (2014).
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assumption of mass continuity — an approach in which each stratigraphic
layer deposited is assumed to represent the corresponding erosion in the
source area. While seismic data coverage and time-depth conversions
are critical for accurate estimation of sub-marine sediment volumes, the
bulk volume of glacially eroded sediments estimated within the sedi-
mentary wedges along the western and northern Barents Shelf margin
has remained relatively consistent across many decades of surveying;
recent estimates of 1,334,000 km® (Hjelstuen and Sejrup, 2021) and
1,259,000 km?® (this study) remain within 5 % of original estimates (e.g.,
Rasmussen and Fjeldskaar, 1996). Yet this mass-balance approach is
fundamentally limited by a requirement to precisely define eroded
source areas through time, which can be problematic over large glacial
catchments such as those on the Barents Shelf. Previous approaches have
qualitatively inferred catchment areas based on the present-day land-
scape (e.g., Laberg et al., 2012; Zieba et al., 2017), or have used a purely
geometrical technique to infill eroded concavities, such as fjords, under
the assumption that there was an initial paleic surface (Medvedev et al.,
2018, 2023).

In this study, we directly tackle these uncertainties by utilizing an
empirically constrained ice sheet model to iteratively define glacial
catchments backwards through time. The approach exploits our ability
to model ice flow across the evolving landscape, and thus optimize the
stacking of glacially eroded sediments back onto the shelf according to
the modelled patterns of ice discharge. Coupling erosion models with
simulations of ice flow and basal thermal dynamics provides a powerful
tool for reconstructing (“back-stacking”) the spatial detail of landscape
development, and is similar to the approach used by Jamieson et al.
(2010) to reconstruct the pre-glacial (mid-Cenozoic) landscape evolu-
tion of East Antarctica.

2.4. Long-term impacts of glacial erosion of the Barents Shelf

The transformation to an icehouse world during the late Plio-
Pleistocene introduced profound changes to glaciated domains during
a relatively short period of geologic time. Apart from the significant
reshaping of the landscape, the rapid excavation and transport of vast
volumes of bedrock directly impacted the Arctic environment far
beyond areas touched by glacial ice. To emphasise this, we highlight two
examples where long-term glacial erosion and sedimentation have
played a significant role through the late Plio-Pleistocene, and where
improved landscape models could yield important insights: oceanic
circulation and offshore geohazards.

2.4.1. The Barents Seaway

Alongside the Fram Strait and the Bering Strait, the Barents Seaway
across the Barents Shelf is one of only three ocean circulation pathways
that connect the Arctic Ocean. Today, the Barents Seaway accounts for a
net inflow of Atlantic Water of ~1.8 Sv (1 Sv = 1 x 10° m® s~ 1) (Rudels
et al., 2015) into the Arctic Ocean, compared to ~6.6 Sv through the
Fram Strait (Beszczynska-Moller et al., 2012). As demonstrated by the
closure of the Central American Seaway during the late Pliocene, major
landscape transformations which block or redirect oceanic circulation
can impart major shifts in global climate. For example, recent modelling
studies (Hutchinson et al., 2019; Straume et al., 2022) speculate that the
closure of Atlantic-Arctic gateways during the Eocene-Oligocene Tran-
sition (34 Ma) - either through the Barents Seaway or a proto Fram Strait
- acted to initiate Atlantic meridional overturning circulation and drove
the climatic cooling that triggered the inception of the Antarctic ice
sheet.

The status of the Barents Seaway within palaeoclimate models dur-
ing the mid-Pliocene (5.3-3.6 Ma) - the last period of Earth’s history
with higher global temperatures and carbon dioxide levels similar to
today (Martinez-Boti et al., 2015) — thus has potentially significant im-
plications. In particular, a subaerial configuration effectively focuses
North Atlantic-sourced waters towards the Fram Strait, leading to the
concentrated warming of this sector (Butt et al., 2002; Hill, 2015).
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Similar uplifted and subaerial settings in the Arctic at this time include
the Canadian Archipelago and the Great Lakes/Hudson Bay (Dowsett
et al., 2016). However, the effects of these topography changes on local
and global climate remain poorly understood due to their limited
incorporation within general circulation model simulations (Berends
et al., 2019).

That the extremely shallow (53 m b.s.l.) Bering Strait, which pro-
vides the only alternative connection into the Arctic, was stranded above
sea level for the vast majority of the Pleistocene during eustatic low-
stands driven by extensive continental glaciation (Farmer et al., 2023),
emphasises the critical role of the Barents Seaway in terms of Arctic
Ocean inflow. Feedbacks associated with a closed Barents Seaway and
increased concentration of Atlantic Waters through the Fram Strait have
been cited as a mechanism to explain the apparent discrepancies in the
late Cenozoic record of contemporaneous ice-sheet glaciations with
‘blue’, open-water conditions in the Arctic (Butt et al., 2002). Further-
more, the timing of this bifurcation of Atlantic Waters into the Arctic
Ocean potentially explains an increase of extended sea ice and a
decrease in primary productivity after 1 Ma, interpreted from proxy data
in ODP cores (Stein and Fahl, 2013; Stein and Stax, 1996).

2.4.2. Submarine slope failure

Over-deepened, cross-shelf troughs provide preferential pathways
for millions of cubic kilometres of sediment to be transported to the
continental slope. The large-scale failure of these slope sediments
adjacent to glacially eroded margins is a well-documented phenomenon,
with at least 30 such submarine slides reported on the Norway-Barents
Sea margin since the onset of NHG (Cherkis et al., 1999; Hjelstuen
et al., 2007; Kuvaas and Kristoffersen, 1996; Laberg and Vorren, 1993;
Rydningen et al., 2020). Three have occurred within the last 10,000
years (Laberg et al., 2000). The largest of these failure events — referred
to as mega-slides — mobilised a sediment volume of up to 25.5 x 10% km>
down the Bear Island TMF (Hjelstuen et al., 2007). Submarine slope
instabilities tend to occur on slopes with remarkably low gradients (<2°)
with runout zones spanning hundreds of kilometres (Hampton et al.,
1996). Multiple triggers and supporting mechanisms have been pro-
posed to explain these low-angle slope failures, including increased
loading through rapid sedimentation, the build-up of excess pore pres-
sure in fine-grained material, glaciomarine and/or contouritic weak
layers, seismicity, hydrate dissociation, or asymmetrical ice loading and
forebulge development (Baeten et al., 2014; Bellwald et al., 2019b;
Hjelstuen et al., 2007; Laberg and Vorren, 2000; Leynaud et al., 2009;
Mienert et al., 2005; Pope et al., 2018; Safronova et al., 2017; Winkel-
mann and Stein, 2007).

Due to their potential to damage seafloor infrastructure and tele-
communication cables (Pope et al., 2017), or to generate tsunamis
(Harbitz et al., 2006), submarine landslides often pose significant geo-
hazards. That some slopes today exhibit known prerequisites for large
sub-marine slide events (Geissler et al., 2016) further highlights the
potential risk these major geohazards pose in the Arctic. Refining the
timing and pace of the delivery of eroded sediments to the shelf break
through the Pleistocene is thus key information to help unravel the
evolution of the margin (e.g., Llopart et al., 2015) and distinguish the
factors that precondition, and trigger, slope failure.

3. Methods

In the following section we describe how glaciations of the Barents
Shelf through the late Plio-Pleistocene are constrained within our
modelling framework, the setup of the ice model used to infer patterns of
ice discharge during each glacial, how chronostratigraphic data are
derived and incorporated to constrain eroded sediment volumes, and
how patterns of erosion and isostatic uplift are modelled to iteratively
reconstruct the geomorphic evolution of the Barents Shelf topography
over each glacial-interglacial cycle. Finally, modelling and methodo-
logical limitations are presented.
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3.1. Glacial reconstruction

The glacial history of the Eurasian Arctic during the late Plio-
Pleistocene is defined here according to the LR04 stack - an average of
57 globally distributed benthic §'%0 records (Lisiecki and Raymo,
2005), using a threshold of 3.7 %o to distinguish between glacials and
interglacials (e.g., Kleman and Stroeven, 1997) (Fig. 3a). Although this
dataset is considered to implicitly represent mean global ice volume, we
make the key assumption that it sufficiently captures the evolving in-
tensity and chronology of the glaciations that impacted the Eurasian
Arctic over orbital timescales. By setting a minimum glacial duration to
10 ka, 47 individual glacial/interglacial erosion cycles can be defined
over the last 2.74 Ma, spanning a total cumulative glacial timeframe of
1.61 Ma.

The extent of glaciation during the late Plio-Pleistocene is considered
to have transitioned between various modes, ranging from limited
mountain glaciers/ice caps to the more recent continental-scale and
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longer-lived ice complexes (Hjelstuen and Sejrup, 2021; Kleman et al.,
2008; Knies et al., 2009). This transition is reflected by the episodic
discharge of massive freshwater pulses captured by long-term climate
records from the Arctic, which highlight the dominant and repeating
pattern of large ice sheet disintegration and iceberg discharge over the
last 0.8 Ma (Flower, 1997; Knies et al., 2007). To broadly capture these
shifting modes of glaciation from the LR04 stack through time (Fig. 4a-
c), we classify each identified glacial by the associated peak isotope
value attained, i.e., mode 1 = <4.28 %o, mode 2 = 4.28-4.54 %o, and
mode 3 = >4.54 %o (Fig. 3a). This classification thus determines the
boundary conditions used by the ice-sheet model to simulate patterns of
growth and ice discharge in sync with the evolving shelf topography.
The processing requirements for modelling transient ice sheet dy-
namics over million-year timescales are not yet feasible, hence a prag-
matic and computationally cost-effective alternative is required. We
adopt an approach whereby the ice sheet model experiment for each
glacial mode was run under a steady climate forcing, with the duration
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Fig. 3. a) The LR04 §'0 stack (Lisiecki and Raymo, 2005), partitioned into glacials using a 3.7 %o threshold and classified according to the intensity of glaciation
(time x deviation) below the §'%0 glacial threshold, and numbered by their respective marine isotope stage. Minor glacials <10 ka (black) are not considered within

the erosion model. b) Eustatic sea level, relative to the present day (Miller et al.,

2020). ¢) Calculated eroded sediment volumes that fed the western and northern

Barents Sea margin during each glacial of the late Plio-Pleistocene (see Table 3 for respective sources). d) The mean erosion rate (black) from across all glaciated
nodes of the modelling domain. The coefficient of variation (grey) is a standardised, unitless measure of dispersion, described by the ratio of the standard deviation to
the mean. Intervals defining the major sequences of the off-shelf stratigraphic record (GI-GIII) are based on the framework set out by Alexandropoulou et al. (2021).



H. Patton et al. Earth-Science Reviews 258 (2024) 104936

b) Mode 2 (1.5-0.78 Ma)

Early Pleistocene ] / MIS 20-24
c.2.7Ma < (1.5-1.3 Ma)
c.15Ma | f 440

MIS 16
(0.69 Ma)

d) Mode 1 (5150 model yrs)

kg

\,

\
3

Fig. 4. a-c) Proposed development of the Eurasian ice sheet over northern Fennoscandia and the Barents Shelf through the late Plio-Pleistocene used to constrain the
steady-state ice modelling experiments. Red glacial margins are based on sedimentation rates derived from TMFs adjacent to the shelf edge (Hjelstuen and Sejrup,
2021). Blue ice-sheet extents are derived from a synthesis of empirical datasets and numerical modelling studies (Batchelor et al., 2019). Base topography: The
GEBCO_2022 Grid. d-f) Examples of modelled peak ice-surface elevation during varying modes of glaciation. The mode, or glacial ‘intensity’, for each glacial cycle is
determined according to the maximum climatic perturbation (Fig. 3a). Mode 1: §!%0 maximum <4.28 %o; Mode 2: §'80 maximum 4.28-4.54 %o; Mode 3: 550
maximum >4.54 %.. TMF catchments (black dashed line) define the source areas for sediments deposited in depocentres off-shelf. The ice-sheet partition (red line)
delimits the broader areas where erosion rates derived from the back-stripped TMF catchments are upscaled (see section 3.4, step 2). Both sets of limits are redrawn at
each glacial according to the mean ice-discharge configuration. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

of the experiment scaled according to the percentage deviation of the Although these conceptual model experiments may yield glacial extents

peak §'%0 value from the mean of all glacials within that mode. For dissimilar to those proposed at various timeslices through the Quater-
example, for glacials categorised under mode 3, peak 5'80 values range nary (cf. Batchelor et al., 2019), a full sensitivity analysis of potential
between 4.54 and 5.08, leading to a model experiment duration ranging glacial development remains beyond the computational scope of this

from 12,742 to 14,258 model years. This semi-stochastic variability in study.
experiment duration is intended to realistically emulate that of the
natural system linked to the transient long-term climate forcing.
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3.2. The ice model

The numerical ice sheet model used to reconstruct spatial patterns of
ice flow dynamics is adapted from Patton et al. (2022) to determine
glacial erosion through the last glacial cycle, which is itself based on the
model used to reconstruct the glacial evolution of the Eurasian and
Icelandic ice sheets through the Last Glacial Maximum (Patton et al.,
2016a, 2017a, 2017b). A description of the model and its adaption for
the geological timescales required in this study are provided with spe-
cific references herein.

Surface mass balance is determined by a positive degree-day scheme,
applied according to Laumann and Reeh (1993), and derives total melt
from integrated monthly positive temperatures. Despite the limitations
of such schemes (Golledge et al., 2010; Seguinot, 2013; van der Veen,
2002), their general ability to simulate glacier responses in contempo-
rary Arctic environments (Braithwaite, 1995; De Woul and Hock, 2005;
Johannesson et al., 1995) lends confidence in their use. Both tempera-
ture and precipitation adjust to the evolving ice sheet surface through
applied lapse rates derived from multiple-regression analyses of mete-
orological observations at a resolution of 1 km from the WorldClim
database (Hijmans et al., 2005; version 1.4). To account for the large
variations in climate regime across the Eurasian domain, regional
reference climates and associated forcing are tuned independently for
each of the major ice sheet accumulation centres (from north to south:
the Barents Sea, Fennoscandian, and British-Irish ice sheets). An addi-
tional mass balance term incorporated is the net water vapour flux to
and from the ice sheet surface — a predominant component of ablation in
cold continental settings where humidity can be very low (e.g., Frezzotti
et al., 2005; Fujii and Kusunoki, 1982).

Calving losses at marine-terminating margins are coupled to relative
sea level using a standard empirical function relating the calving flux to
ice thickness and water depth (Brown et al., 1982; van der Veen, 2013).
The sensitivity of calving to, for example, variations in ocean tempera-
ture (Luckman et al., 2015) and sea-ice buttressing (Hoff et al., 2016)
has been controlled spatially and temporally through a depth-scaled
marine calving/ablation parameterization (Hubbard, 2006). In the
absence of explicit calculations of external feedbacks, this depth-related
calving coefficient provides a pragmatic and computationally efficient
parameterization for determining mass loss at marine-terminating
margins of the Eurasian ice sheet. The model is applied to a 20 km
finite-difference mesh with the inclusion of grounding-line dynamics
based on the analytical boundary treatment of Schoof (Schoof, 2007)
and adapted by Pollard and DeConto (2007), which defines the ice flux
at the grounding line as a function of ice thickness linearly interpolated
between the adjacent node that brackets floating and grounded ice
(Hubbard et al., 2009).

Flexure of the lithosphere due to glacier mass directly impacts its
architecture, mass balance and flow patterns. Glacial isostatic adjust-
ment is calculated within the ice model using the commonly imple-
mented elastic lithosphere/relaxed asthenosphere (ELRA) scheme,
identified by Le Meur and Huybrechts (1996) as a reasonable approach
in the absence of a full spherical earth model. A flexural rigidity value of
9.88 x 10** and a relaxation time of 5000 years were used for each
glacial cycle.

3.3. Quantifying eroded bedrock volumes

The chronologically constrained TMF archive provides a valuable
proxy for qualifying the spatiotemporal patterns of glacial erosion dur-
ing the late Plio-Pleistocene, reflecting major shifts in modes of glacia-
tion (Fig. 3a). Eroded sediment volumes used to constrain rates of glacial
erosion were derived from these off-shelf depocentres, with three groups
used to constrain the pattern and intensity of erosion in and around the
Barents Shelf: the northern Barents Sea margin, the western Barents Sea
margin, and the mid-Norwegian margin (Fig. 1a).

Sediment depocentres along the Svalbard-Barents Sea margin are

Earth-Science Reviews 258 (2024) 104936

characterised by three main seismic units (GI-GIII), within which can be
found seven regional seismic reflections (R7-R1) (Faleide et al., 1996).
The chronostratigraphy of the Barents Sea margin is thus based on
seismic ties of the major sequence boundaries (R7, R5 and R1) to ODP
boreholes, with this chronological framework since extended to the
Arctic Ocean margin (e.g., Engen et al., 2008; Geissler and Jokat, 2004;
Lasabuda et al., 2018a).

The deepest of these units, GI, is interpreted to mark the onset of
glacially dominated sedimentation at the Plio-Pleistocene transition
~2.7 Ma (R7) through to 1.5 Ma (R5) (Mattingsdal et al., 2014). How-
ever, the onset age for GIII (R1) has historically been assigned varying
ages, ranging between <0.7 Ma (Laberg et al., 2010; Lien et al., 2022),
0.44 Ma (Faleide et al., 1996; Sattem et al., 1992) and 0.2 Ma (Butt
et al., 2000; Elverhgi et al., 1995; Knies et al., 2009; Rebesco et al.,
2014). Here we adopt an age of 0.2 Ma, following the most recent
consensus and as proposed by the recent regional and continuous
chrono-stratigraphic framework developed by Alexandropoulou et al.
(2021).

Further south on the mid-Norwegian margin, late Plio-Pleistocene
deposits are found in the Naust Formation (Fig. 1a). This formation is
divided into 5 sequences: N (oldest), A, U, S and T (youngest). The
chronological framework of this formation is well-established (e.g.,
Bjordal-Olsen et al., 2023; Dahlgren et al., 2002, 2005; Dowdeswell
et al.,, 2010; Lien et al., 2022; Montelli et al., 2017) with Naust T
assumed to be younger than 0.2 Ma (equivalent to R1) and the upper
boundary of Naust N assigned an age of 1.5 Ma (equivalent to R5) (Rise
et al., 2006).

Sediment volumes at each margin are derived from previously pub-
lished literature (Table 3), except for the Bear Island TMF for which we
present new isopach maps of GI-GIII (Fig. 1b-d). To map the main
seismic reflections of R1 (~0.2 Ma), R5 (~1.5 Ma) and R7 (~2.7 Ma) of
this TMF we used a dense network of industry- and academia-sourced 2D
seismic reflection profiles spanning the last three decades (Fig. 5). This
dataset is predominantly focused along the outer continental shelf of the
Bear Island Trough and the upper-middle continental slope but is

g &7 Norway“w‘

Fig. 5. The network of 2-D seismic profiles (red) used to constrain the sediment
volumes within glacial units GIII, GII, and GI (Fig. 1b-d) of the Bear Island
trough mouth fan. Contour interval: 200 m. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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supplemented by 20 seismic profiles that cover the entire TMF. The
vertical resolution of this dataset (assumed to be 1/4 of the dominant
wavelength, A) varies from 10 to 15 m close to the seafloor and up to
25-30 m near the base of the glacigenic sediments.

Based on the generated seismic horizons, time-thickness maps of the
GI-GIII seismic units were produced (Fig. 1b-d). Sediment volumes and
average sedimentation rates were calculated for each seismic unit using
a time-to-depth conversion based on available velocity constraints (i.e.,
GI: 2.40 km/s; GII: 2.16 km/s; GIII: 1.97 km/s interval velocity; Fiedler
and Faleide, 1996) (Table 1). In all calculations, we assume mass con-
servation over the depositional area.

With relatively sparse data available from the Arctic Ocean, the total
volume estimate by Hjelstuen and Sejrup (2021) of sediments adjacent
to the northern Barents Sea margin is subdivided across GI-GIII ac-
cording to the distribution observed at the Kvitgya TMF (Lasabuda et al.,
2018a).

All deposited glacial sediments are corrected with a 5 % compaction
factor to provide an erosional volume with a density of 2.2 g cm ™. A
further volume reduction is applied when back-stripping sediments over
areas of crystalline lithologies to compensate for their generally higher
densities of 2.7 g cm™> compared to sedimentary strata. The delimited
geological provinces according to Patton et al. (2022) are used to
distinguish these contrasting bedrock types.

The eroded volume from each major glacial unit (GI-GIII) is further
partitioned for each glacial-interglacial cycle based on the area (time x
deviation) of the §'%0 curve above and below 3.7 %o (Fig. 3a). As TMFs
typically also include deposits from interglacial phases (Vorren and
Laberg, 1997), this partitioning of the GI-GIII sediment volumes ac-
cording to paired glacial and interglacial climate deviations more
effectively captures potential subaerial erosion following each deglaci-
ation. This is of particular importance during the late Pliocene and early
Pleistocene when the Arctic was dominated by relatively longer
interglacials.

3.4. Erosion and uplift modelling

To derive our palaeo-topographic reconstruction of the Eurasian
Arctic, cycles of erosion, loading and uplift are iterated for each distinct
glacial backwards through time from the present day, redistributing
mass and recalculating isostatic equilibrium before the initiation of the
previous glacial cycle. Boundary conditions for each glacial-interglacial
cycle are summarised in Supplementary Material 2, and the overall
iterative framework is as follows:

Step 1: A steady-state ice sheet model is applied on an isostatically
relaxed topography, with boundary conditions set to reproduce one of
the three modes of glaciation previously inferred for the late Plio-
Pleistocene epochs (Fig. 4) (Hjelstuen and Sejrup, 2021; Knies et al.,
2009). The mode and duration of each model run are defined according
to the maximum climatic perturbation achieved during the glacial based
on the LR04 global §'80 stack (Lisiecki and Raymo, 2005) (Fig. 3a).

Step 2: Catchment areas for the 3 major depocentres (mid-Norwe-
gian, western Barents Sea, and northern Barents Sea margins; Fig. 1) are
defined based on the patterns of mean ice discharge predicted by the ice
model. With known eroded bedrock volumes (B) for each catchment
(Section 3.3; Fig. 3c), an ice sheet erosion parameterization (Patton
et al., 2022) is applied to determine the long-term rate of glacial

Table 1
Estimated sedimentation across the Bear Island trough mouth fan (Fig. 1b-d).

Unit Depositional area Sediment volume Avg. sedimentation rate
(10°% km?) (10° km®) (cm kyr’l)

GIII 274 71.4 130.28

GII 244 218.5 69.97

GI 241 86.1 28.72

Combined 274 376.0 55.56
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quarrying and abrasion (f) based on the duration (t;) and mean rate of
ice discharge (q):
7_ (B gxt)x(gxt)

f ti : @

Partitioned sediment volumes are hence redistributed across the
shelf and terrestrial hinterland based on the mean ice discharge and time
glaciated at each cell. For the southeastern catchment that does not
directly feed TMF depocentres to the north and west (Fig. 4d-f), the
erosion law defined for the western Barents Sea is used to calculate
erosion depths. Similarly, erosion across eastern Fennoscandian is scaled
based on the erosion law defined for the mid-Norwegian margin. De-
compacted glacial-sediment volumes are simultaneously removed
across each of the three major depocentres, with the distribution
determined by a scaling of the sediment thicknesses mapped in the total
Quaternary isopach map (Fig. 1a).

Step 3: Across geological timescales, the redistribution of mass from
the continental shelf to the ice sheet margins imparted heterogeneous
patterns of tectonic uplift and subsidence within and beyond the
formerly glaciated domain, thus forming a significant contribution to
net elevation changes. This flexural isostatic adjustment resulting from
bedrock erosion and TMF deposition was calculated assuming the lith-
osphere to represent an elastic plate whose integrated strength is
described by an equivalent elastic thickness (EET) (e.g., Burov and
Diament, 1995). Here, the open-source model, gFlex (Wickert, 2016),
was used to simulate this flexure. Isostatic adjustments were calculated
at each interglacial assuming a constant EET of 30 km across the
domain. Based on previous studies, this value is considered the most
reasonable for this regional study (Amantov and Fjeldskaar, 2018;
Medvedev et al., 2023). A clamped boundary condition was used under
the assumption of no outside loading. Further input parameter values
used can be found in Table 2.

Step 4: The integrated effects of uplift/subsidence and erosion/
sedimentation are used to calculate the net topographic change during
the particular glacial cycle under scrutiny. The residual at each node is
then subtracted from the initial surface to yield a new topographic
surface, which is used as the initial input condition to run the next ice
sheet model experiment for the preceding glaciation. Given the iterative
and incremental nature of this approach to glacial landscape recon-
struction and erosion modelling, topographic surfaces at each glacial/
interglacial should only be considered first-order approximations.

3.5. Modelling limitations

The Barents Shelf is a relatively data-rich domain with multiple
datasets to constrain our study, a result of extensive industry seismic and
well data motivated by hydrocarbon exploration. Despite this, there are
various factors and underlying assumptions necessary for the applica-
tion of the ice sheet erosion model, which consequently affects our re-
sults and landscape reconstruction. These limitations associated with the
methods and constraining datasets and highlighted below are thus po-
tential avenues for further research to improve on these shelf-wide
reconstructions.

Table 2
Model parameters used to calculate flexural isostasy of the crust associated with
glacial erosion and sediment deposition.

Parameter Value Units
Young’s Modulus 65 GPa
Poisson ratio 0.25

Effective elastic thickness (EET) 30 km
Mantle density 3300 kg m3
Seawater density 1030 kgm3
Sediment (TMF) density 2200 kg m3

Bedrock density 2700 kg m3




H. Patton et al.

3.5.1. Eroded sediment volumes

The adjustment of TMF sediment packages through time, based on a
scaling of their present-day thickness, neglects to dynamically account
for the changing dimensions of the depositional area across the shelf
break and TMFs, for example, related to shelf progradation and evolving
architecture of the TMF (e.g., Lasabuda et al., 2018a). Furthermore, the
approach does not account for the redistribution of these emplaced
sediments, for example, along-slope as contourite drifts (e.g., Gebhardt
et al., 2014; Rebesco et al., 2013), or down-slope as mega-slides. The
largest submarine slide identified so far adjacent to the Barents Shelf is
located on the Bear Island TMF, which re-transported >25.5 x 10° km®
of sediments ~1.0-0.78 Ma (Hjelstuen et al., 2007). Further examples
have been identified along the north-western Barents Sea margin (cf.
Safronova et al., 2017). Altogether, this can lead to thickness discrep-
ancies within individual TMFs at discrete intervals, despite the erosional
and sedimentation fluxes remaining in balance over broader spatial and
temporal scales.

As the mass-balance technique employed in this study relies on the
direct measurement of the deposited sediment volume, the seismic time-
depth conversion is a crucial aspect for deriving accurate sediment
volume estimates. Time-depth relationships (check-shots) are typically
derived from wellbore data. However, wells can be sparsely distributed
over large parts of the domain, or even absent in High Arctic areas that
are not open for hydrocarbon exploration. The velocity models used in
our constraining datasets thus represent an unknown source of error that
could modify shelf-wide erosion-rate estimates. In the absence of well
data, this uncertainty can be alleviated by acquiring alternative velocity
estimates using sonobuoys (equipment deployed along the seismic
profile during seismic acquisition) (e.g., Geissler and Jokat, 2004).

3.5.2. Shelf reconstructions

The reworking of older glacial and interglacial sediments during
glacial advances, in addition to the volume of sediments not transported
to the TMF depocentres, are potential sources of bias in our backstacking
calculations. The glacigenic sediment cover found across the Barents
Shelf today is variable, ranging from less than a few tens of metres in the
central part of the Barents Sea to thicker sequences of up to 300 m that
occur near the continental slope and in the southeast (Solheim and
Kristoffersen, 1984). For simplicity, we assume the impact of this
varying interglacial glacigenic sediment cover naturally attenuates over
the multiple cycles of the 2.7 Ma modelling timeframe.

3.5.3. Uplift and ice modelling

The ice-sheet modelling experiments (Fig. 4d-f) are based on a con-
ceptual model for the glaciation of the Barents Shelf during the late Plio-
Pleistocene (Hjelstuen and Sejrup, 2021; Knies et al., 2009), which for
the most part is based on proxy evidence for glaciation e.g., IRD records,
TMF sedimentation rates etc. Knowledge of the extent and intensity of
glaciations prior to the last glacial cycle is highly fragmented and, for the
most part, unknown (e.g., see Batchelor et al., 2019). The purpose of the
ice modelling experiments is thus to provide a glaciologically consistent
framework from which the evolving erosional catchments can be
tracked over geologic timescales, and are not an explicit reconstruction
of glacial dynamics through the late Plio-Pleistocene per se. Investi-
gating and incorporating the potential effects of hemispheric-scale pat-
terns of circulation on ice sheet nucleation, for example, the closing of
the Barents Seaway, could hence yield potential new insight into how
landscape evolution may have progressed during early phases of the
Quaternary when glacial limits are otherwise very poorly constrained.

While the LRO4 stack (Fig. 3a) is inherently representative of a global
ice volume, we assume this dataset sufficiently captures the evolving
intensity and rhythm of glaciation in the Eurasian Arctic over orbital
timescales. This does, however, neglect the hemispheric-scale linkages
between the Eurasian and North American ice complexes, and the extent
these ice masses influenced each other’s growth trajectories. For
example, the peak glaciation of the Barents-Kara Sea ice sheet during the
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last glacial cycle was not synchronous with the timing of peak climate
deterioration (Svendsen et al., 2004), potentially influenced by the ef-
fects of elevated North American paleo-topography on downstream
circulation patterns (e.g., Liakka et al., 2016). While we do not explore
dynamics within individual glacial cycles, this example highlights the
potential disconnect between a global-level proxy for glaciation at the
regional scale.

A significant determinant for the magnitude and pattern of isostatic
uplift resulting from the mobilization of eroded materials is the implied
rigidity of the shelf — the EET. Here, we use a constant EET value, which
simplifies the known spatial heterogeneity in the rheological properties
of the lithosphere covering Eurasia (Gac et al., 2016; Struijk et al.,
2018). From a pragmatic point of view, applying a uniform EET sim-
plifies the erosion modelling procedure by removing the need to recal-
culate EET changes through the late Plio-Pleistocene. Such an approach,
including sensitivity testing of various EET values, is thus an avenue for
future investigation.

4. Results
4.1. The glacial impact on the Barents Shelf

Our data-driven modelling analysis demonstrates that a net volume
of 1,548,180 km® of sediment was excavated and deposited on the
continental shelf edge over the 47 individual glaciations spanning the
last 2.74 Ma of the late Plio-Pleistocene. This equates to a mean erosion
depth of 181 m across the entire glaciated area of the shelf, including a
maximum of 2.59 km on the northern Barents Shelf (Fig. 6a). This net
volume equates to a ~23 % increase over the sediment volume con-
strained in the TMF archive (Table 3) since it represents erosion within
glacial catchments where ice did not flow towards the continental shelf
edge, i.e. to the east and southeast (Fig. 4, Fig. 7).

The scale of this erosion and associated uplift indicates that the pre-
glacial topography was primarily subaerial, with the present Barents and
Kara seas elevated to a mean position equivalent to present-day sea level
at 2.74 Ma (Fig. 8). These hypsometric modifications through the late
Plio-Pleistocene were not spatially homogeneous across the shelf
though; abundant sedimentation at the shelf break effectively expanded
the total area of the continental shelf by ~1 % into the deep ocean
(defined by the —600 m contour). Meanwhile, persistent erosion across
the northern Barents Shelf denuded potential mountain peaks >500 m
above sea level.

Our detailed modelling further reveals the time-transgressive nature
of this erosional impact, with the mean erosion rate generally decreasing
as the landscape desensitised to successive glaciations, from a peak of
0.43 mm a ! in the early phases of GI to <0.15 mm a ! during the mid-
Pleistocene Transition and the most recent, Weichselian, glacial
(Fig. 3d). However, this metric alone masks more nuanced insight into
the erosive efficacy of ice sheets through the late Plio-Pleistocene. The
coefficient of variation — a standardised measure of dispersion that de-
scribes the extent of variability in relation to the mean - shows that
variations in erosion rates beneath the ice sheet become more dispersed
through time, particularly with the onset of more extensive and dynamic
shelf-wide glaciations under mode 3 (Fig. 3d). Hence, while large ice
sheets during GII and GIII were not as effective overall compared to their
more diminutive counterparts during GI, later glaciations were gener-
ally characterised by more extreme patterns of erosion ranging from
landscape preservation under cold-based ice to more focussed erosion
under fast-flowing ice streams.

4.2. Topographic relief evolution

While the modelling experiments were carried out for each glacial-
interglacial backwards through time, for simplicity, here we describe
the modelled topographic configuration of the Barents Shelf as it
evolved through the late Plio-Pleistocene from 2.74 Ma.
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Fig. 6. a) Net deposition and erosion across the Barents Shelf and surrounding regions during the last 2.74 Ma. The red solid line delimits where erosion and
deposition are in balance. The 600 m b.s.l. contour marks the approximate location of the present-day shelf break. b) The net total isostatic adjustment of the Barents
Shelf and surrounding region in response to glacial erosion and sedimentation spanning the last 2.74 Ma. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Trough mouth fan sediment volumes used to constrain rates and spatial patterns of glacial erosion through the late Plio-Pleistocene. Further details, including average
sedimentation rate, can be found in Supplementary Material 1.

Mid-Norwegian Western Barents Sea Northern Barents Sea  Barents Shelf
margin combined
NAUST formation ( Bear Island Storfjorden TMF ( West Svalbard ( Combined Nansen Basin (
Dowdeswell et al., TMF (this Lien et al., 2022) Lien et al., 2022) Hjelstuen and Sejrup,
2010) study) 2021)

GIII (<0.2 Ma)

Volume (10° km®) 16.30 71.4 7.0 2.00 80.4 18.1 98.5

% of the total volume 15.6 19.0 6.5 6.1 15.6 2.4 7.8

GII (1.48 Ma - 0.2 Ma)

Volume (10% km®) 54.0 218.5 40.0 10.0 268.5 440.1 708.6

% of the total volume 51.6 58.1 37.4 30.0 52.0 59.2 56.3

GI (2.74 Ma - 1.48 Ma)

Volume (10° km®) 34.4 86.1 60.0 21.0 167.1 284.8 451.9

% of the total volume 32.9 22.9 56.1 63.6 32.4 38.3 35.9

Total late Plio-Pleistocene (<2.74 Ma)

Volume (10° km®) 104.7 376.0 107.0 33.0 516.0 743.0 1259.0

% of the Cenozoic volume (10° 421
km®) (ArcCRUST - Petrov N/A 44.3 (848.3) 45.6 (234.6) 23.1 (143.0) (1525 8) 33.3(2233.1) 36.4 (3459.0)
et al., 2016) .

T Glacial unit (GI - GIII) breakdowns based on chronostratigraphic information from the Kvitgya TMF (Lasabuda et al., 2018a).

4.2.1. GI (2.74-1.48 Ma) northern and central Barents Sea, with the highest terrain (>500 m a.
At the late Plio-Pleistocene transition (2.74 Ma) the Barents Shelf is s.l.) extending east from Svalbard towards Franz Josef Land and Novaya
characterised by a subaerial landscape that dominates the present-day Zemlya. Two shallow marine inlets can be found in the locations of the

10
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a) Mode 1 (n=22)

b) Mode 2 (n=13)
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Fig. 7. TMF catchment boundaries and their evolution through time for each glacial during the late Plio-Pleistocene. Base topography: The GEBCO_2022 Grid.
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Fig. 8. The evolving hypsometry of the present-day Barents and Kara seas (<0 to >—600 m a.s.1.; mean = —184.1 m a.s.1.) through the late Plio-Pleistocene, directly
compared to the respective pre-glacial elevation at 2.74 Ma (blue). Each point from both data series represents a unique grid cell from within the modelling domain.
The two series are ordered according to the grid cell’s pre-glacial elevation (blue). This pre-glacial domain was, on average, —0.3 m above present-day sea level
before the intensification of Northern Hemisphere glaciations, characterised by enhanced terrain over the northern Barents Sea (right), and a retreated position of the
entire shelf-edge (left). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

present-day Saint Anna and Bear Island troughs. The southeast Barents
Shelf is sub-marine at this time with a water depth of >100 m, though its
connection to the Atlantic Ocean by a strait <10 m deep means this basin
was likely brackish. The Kara Sea and its coastline are largely recog-
nisable as it is today, albeit with an expanded archipelago of Severnaya
Zemlya to the north.

We find that the limited scale of glacial activity (mode 1; Fig. 4a, d)
during the late Pliocene and Early Pleistocene has relatively little impact
on the broader scale topographic relief. With ice cover largely limited to

11

the northern Barents Shelf and high ground around the present-day
archipelagos, these areas experience the greatest topographic
lowering. The Saint Anna Trough also widens, though remains less than
200 m deep during GI.

A combination of eustatic variations and isostatic uplift forces brief
land bridge connections between Fennoscandia and the rest of the
subaerially exposed Barents Shelf throughout GI. From 2.17 Ma,
increasing areas of the central Barents Sea become permanently sub-
marine, and by 1.51 Ma the outer Storfjorden Trough has been eroded.
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4.2.2. GII (1.48-0.2 Ma)

GII coincides with an uptick in the intensity and duration of glacial
cycles across the Northern Hemisphere, and so the Barents Shelf expe-
riences a marked change in the rate of landscape evolution during this
interval. It is during this stage that the Barents Shelf transforms from
being predominantly subaerial to marine-dominated; by ~1.2 Ma,
widespread erosion across central areas leads to this region becoming
entirely submerged, characterised by a broad and shallow bank bounded
to the east and west by the Central Deep and proto-Bear Island Trough,
respectively. The land bridge connecting Svalbard, Franz Josef Land and
northern Novaya Zemlya persists though, and is breached for the first
time ~0.94 Ma. The final separation of this land bridge is completed
after 0.69 Ma.

As well as eroding central areas, the onset of continental-scale gla-
ciations (mode 3; Fig. 4c, f), across the Barents Shelf sees the major ice-
streaming pathways continue to deepen, including the outer portions of
the Bear Island, Storfjorden and Saint Anna troughs. After 0.7 Ma, the
headward expansion of troughs in all sectors accelerates, leading to a
shelf configuration at 0.2 Ma that largely resembles the modern-day
topography.

4.2.3. GIII (<0.2 Ma)

The Barents Shelf was overwhelmingly dominated by extensive
glaciations during GIII, and saw the continued influence of glacial
erosion that also characterised the latter stages of GII. The influence of
fast-flowing ice streams associated with repeated shelf-edge glaciations
is identifiable through the deepening of troughs along their entire
length, most notably in the Storfjorden and Bear Island troughs. Simi-
larly, central and southern bank areas become deeper and narrower with
the expansion of minor tributary troughs. The final major change to the
Barents Sea configuration occurs during MIS 5e (Eemian; ~115 ka)
when the sill damming the White Sea becomes permanently submerged
below sea level.

A net result of this excavation of the Barents Shelf over the last 1.48
Ma (GII-GIII) is the advance of the shelf-break position (600 m b.s.1.), by
up to 65 km in areas associated with most intense sedimentation, such as
the outer troughs of Storfjorden and Bear Island (Fig. 6a).

5. Discussion
5.1. The pre-NHG Barents Shelf configuration

The time-transgressive ice sheet erosion modelling presented reveals
that in the last 2.74 Ma, the Eurasian Arctic underwent an extraordinary
transition. The landscape shifted from being predominantly subaerial at
the end of the Pliocene and characterised by two large embayments
straddling an extensive Svalbard / Novaya Zemlya lowland landmass, to
a predominantly submerged landscape today. Patterns of net erosion are
highly heterogeneous in both space and time, from a maximum of 2.59
km of bedrock removal to <0.1 km. The pattern of net erosion also
decreases southward, reaching ~1 km within the Bear Island Trough,
reflecting more limited glacial expansion into this sector during the
early Pleistocene (Fig. 6a; Fig. 10b). Overall, this regional pattern of
erosion is broadly consistent with previous reconstructions of the pre-
NHG Barents Shelf, which show large sectors to have been subaerial at
the intensification of Northern Hemisphere glaciation (Butt et al., 2002;
Dimakis et al., 1998; Lasabuda et al., 2023; Zieba et al., 2017).

In contrast, a recent volumetric mass balance modelling study asserts
that the pre-glacial Barents Shelf was mainly submarine, with a mean
bathymetry of ~50 to 90 m, or potentially deeper (Medvedev et al.,
2023). However, this discrepancy highlights the contrasting methodol-
ogies behind the two modelling approaches rather than a reflection of
the different datasets incorporated, with two notable differences to
consider.

First, the erosional and depositional domains considered in this study
are more extensive, accounting for advanced glaciation east of, and over,
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the present-day Kara Sea that has been well-documented for late Qua-
ternary glacials (Fig. 1; Fig. 4c) (cf. Batchelor et al., 2019). While this
substantially increases the sediment volume and extent of deposits
considered in the erosion model along this northern Barents Sea margin,
this is effectively compensated for by the broader catchments spanning
mainland Russia. Despite the volumetric mismatches used between the
two studies, the underlying seismic data constraints guiding the glacial
sediment reconstructions in this sector are from similar sources (Engen
et al., 2009; Jokat and Micksch, 2004; Lasabuda et al., 2018a; Nikishin
et al., 2018), and our volumes remain consistent with the qualitatively
inferred 30-70 % ratio of glacial-preglacial Cenozoic sediments along
this margin (Lasabuda et al., 2021).

Secondly, and importantly, our glaciologically guided approach to
catchment reconstruction allows us to constrain the source areas for the
off-shelf sediments more effectively through the late Plio-Pleistocene
(Fig. 7). This includes identifying glaciated zones that did not directly
contribute sediments to the continental slope (namely to the south and
east of the domain), and hence why our estimated total erosion of
1,548,180 km® from the shelf is greater than the constrained off-shelf
sediment volume of 1,259,000 km>. In contrast, Medvedev et al.
(2023) balance off-shelf sediments with eroded material across the
entire Barents Shelf.

The nuanced approach presented here which tracks glacial catch-
ment evolution further highlights the probable increased hypsometric
variation across the pre-glacial shelf compared to the present day
(Fig. 8), with significantly elevated topography across northern sectors,
and submarine sectors restricted to the present-day Kara and southeast
Barents seas, and the outer Bear Island Trough. However, it should be
noted that the Miocene sequence boundary (~20 Ma) was used by
Hjelstuen and Sejrup (2021) to constrain our Quaternary isopach vol-
umes in the northern Nansen Basin, in place of no identifiable base late
Pliocene boundary in this region. Isopach constraints from this margin
should thus be considered an absolute maximum. The northern Barents
Shelf configuration modelled here, with elevations exceeding 500 m a.s.
L., thus likely represents an end-member solution.

More robust constraints along the western margin, where data
coverage is far greater (e.g., Fig. 1, Fig. 5), provide confidence in the
accuracy of our modelled shelf evolution across this sector. For example,
net erosion estimates at well locations in the outer Bear Island Trough
delimit the magnitudes and extent of the transition zone from the
dominantly erosive shelf to the mostly depositional outer shelf and
continental slope previously modelled by Zieba et al. (2016) (Fig. 11,
Table 4). Most of this erosion occurred with the onset of more extensive

Table 4

Late Plio-Pleistocene contributions to net erosion at well locations in the outer
Bear Island Trough, as modelled in this study and by Zieba et al. (2016),
compared to predicted net erosion through the Cenozoic (Lasabuda et al., 2021).

Well no. Net erosion (m) (Zieba Net erosion (m) Cenozoic net
et al,, 2016) (<1.48 Ma; this study)  erosion (m)
Min Mean Max
7218/ -294 -139 87 —99 (-34) 681
11-1
7219/ —-161 -5 219 202 (181) 906
818
7317/ -143 13 236 164 (149) 1206
10-U-1
7218/ -138 17 240 152 (139) 732
8-1
7219/ -104 51 277 246 (218) 1102
9-1
7220/ -83 73 298 386 (346) 1942
6-1
7220/ —58 96 322 301 (267) 1393
8-1
7220/ -50 101 329 304 (270) 1391
5-1
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glaciations during GII (<1.48 Ma). While Zieba et al. (2016) were only in effect a pre-NHG shelf break — within the vicinity of these wells in the
able to conceptualise the boundary between net erosion and deposition — outer Bear Island Trough, our modelling framework allows us to extend

Present day >1,200 m

Om
—— Contemporary sea level
- Present sea level

Om
-700 m

-700 m

GIII (<200 ka)

<-5,000 m

0 250 500 km
L

844 ka
MIS 21

GII (1.48 Ma - 200 ka)

Fig. 9. Evolution of the Barents Shelf during the last 2.74 Ma. All elevations are relative to present-day sea level. Red legend values indicate the contemporary
eustatic sea-level position (red line; Fig. 3b). A full timeslice series is provided in Supplementary Material 3. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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12.52 m

Fig. 9. (continued).

this limit to the entire shelf margin (Fig. 6a; Fig. 11).

When modelled net erosion is further compared to the recently
synthesised estimates spanning the entire Cenozoic by Lasabuda et al.
(2021) it is apparent that the late Plio-Pleistocene glaciations played
only a minor role in the net topographic evolution of the outer portions
of the western Barents Shelf. In this region where glacial sedimentation
largely counters the effects of any glacial erosion, tectonic processes
occurring before the Pleistocene tend to dominate the overall uplift
along this part of the continental margin (Knies et al., 2014), such as
those related to the opening of the Fram Strait (Japsen et al., 2014) or
thermal erosion of the mantle lithosphere (Dorr et al., 2013). The

mal deposition (m)

0

—— 600 mb.s.l.

importance of tectonic processes over glacial erosion in driving Cenozoic
uplift has similarly been argued further south on the Norwegian conti-
nental margin (Hall et al., 2013). Elsewhere on the inner parts of the
Barents Sea shelf, where sedimentation is largely limited to Last Glacial
Maximum deposits (Solheim and Kristoffersen, 1984), processes of
glacial erosion thus play a more important role in the overall uplift
experienced through the Cenozoic (Lasabuda et al., 2021), and with it,
implications for the timing and magnitude of hydrocarbon mobilization
and leakage within this petroleum province (e.g., Cavanagh et al., 2006;
Kishankov et al., 2022; Serov et al., 2024).

Iotal erosion (m)

0 2,600

Fig. 10. Total shelf-edge deposition (a) and glacial erosion (b) around the Barents Shelf through the late Plio-Pleistocene. The present-day shelf break is identified by

the 600 m b.s.l. contour. Base topography: The GEBCO_2022 Grid.
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5.2. Evolution of the modelled Barents Shelf topography

The shaping of the shelf towards its modern-day configuration
through the late Plio-Pleistocene can be tracked through the incremental
timeslices for each major interglacial (Fig. 9; Supplementary Material 3).
Though environmental reconstructions before the intensification of
NHG at ~2.74 Ma are poorly constrained, they broadly align with our
results here. For example, while seismic data from TMFs along the Arctic
(Lasabuda et al., 2018a) and Svalbard (Alexandropoulou et al., 2021;
Butt et al., 2000; Hjelstuen et al., 1996) margins contain evidence for
shelf-break glaciation during the early Pleistocene, a longstanding
interpretation of the palaeoenvironmental constraints in the outer Bear
Island Trough reveals ice-free conditions before 1.5 Ma. This interpre-
tation is based on an interpretation of GI paleo-slope sediments as distal
glaciomarine, fed by ice that was land-terminating (Laberg et al., 2010)
and supported by results from ODP Site 986 (Butt et al., 2000). The
identification of mega-scale glacial lineations extending to the palaeo
shelf-edge on buried surfaces in this region suggests the southwestern
Barents Sea was repeatedly glaciated as early as ~2.6 Ma, potentially
from an ice sheet centred over Scandinavia (Harishidayat et al., 2021).
The relative proximity of this ice nucleation centre compared to those on
the Barents Shelf (Fig. 4d) supports this interpretation of locally sourced
ice streaming, though coalescent Barents Sea—-Scandinavian ice sheets
during this timeframe cannot be completely ruled out.

A switch to more extensive and dynamic ice-sheet coverage with the
transition to 100-ka glacial cycles after the mid-Pleistocene Transition
(<0.7 Ma) drove intense, selective erosion beneath ice streams. These
highly erosive fast-flow features led to the rapid development of glacial
troughs that discharged ice west and north to the shelf edge (Fig. 12b).
In the largest troughs, such as Bear Island, Saint Anna and Storfjorden,
this maturation can be observed by headward glacial deepening towards
centres of ice nucleation.

Such highly focussed erosion of major troughs across the shelf also

,./"111‘-' fll
Cenozoic <2.74 Ma
e Net deposition
<0 >3,000m O Net erosion

—— Net erosion =0
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had broader-scale impacts on the net topographic evolution due to
enhanced isostatic uplift. This isostatic compensation to glacial erosion
drove the isostatic uplift of trough-adjacent bank areas, a process that
has been similarly argued to explain the main component of Cenozoic
uplift, up to 1.1 km, in central East Greenland (Medvedev et al., 2008).
This regional-scale uplift process and the resulting enhancement of
topographic relief across adjacent bank areas agrees with previous uplift
modelling across the southwest region of the Barents Sea (Zieba et al.,
2017).

This net effect is well illustrated by comparing the ratio of uplift to
erosion across the entire late Plio-Pleistocene (Fig. 13). Ratio values
range from 0, indicating erosion has not been compensated and topog-
raphy was reduced by erosion alone, to 1 which implies that erosion is
entirely compensated by uplift and that the topography has remained
stable, or increased when >1. This relationship between erosion and
uplift mapped across the Barents Sea demonstrates that enhanced
erosion in present-day topographic deeps such as the Bear Island
Trough, the coast parallel troughs off northern Fennoscandia, the Cen-
tral Deep, and Saint Anna Trough has significantly impacted the relative
uplift of the central bank area of the Barents Sea and adjacent onshore
areas.

This contrasts with the northwestern Barents Shelf where the
present-day topographic relief is more subdued. This is primarily a result
of an absence of fast-flowing ice streams draining this sector, which
would act to selectively focus erosion (Fig. 13). In part, the pattern also
reflects the interplay between lithosphere rigidity and the more ho-
mogenous distribution of erosion isostatically compensated to a greater
magnitude compared to erosion focussed within narrow outlet troughs
(Zieba et al., 2017).

The broad and deep erosion patterns across the northern Barents
Shelf have remained consistent throughout the late Plio-Pleistocene.
Although data constraining the Quaternary isopach along the Arctic
Ocean is uncertain (Hjelstuen and Sejrup, 2021; Medvedev et al., 2023),

7317/10-U-1
o
7220/6-1

" erosion

B R Ry

Fig. 11. a) Net Cenozoic erosion map for the greater Barents Shelf (Lasabuda et al., 2021) b) Well locations in the outer Bear Island Trough where net erosion has
been previously modelled (Table 4) (Zieba et al., 2016). The dashed line marks the boundary between net erosion and deposition through the late Plio-Pleistocene as
modelled in this study (Fig. 6a). Present and palaeo shelf-break positions (600 m b.s.1.) at the base of the three major glacial units are shown with solid lines.
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— 600 m b.s.l.
1,400 m

Fig. 12. Net landscape change (erosion/sedimentation) during the late Pliocene to middle Pleistocene (a) and middle Pleistocene to present (b).

it is likely this sector was glacially eroded to a greater extent based on
how ice domes and major ice-divides naturally develop during each
glacial. On the Barents Shelf, the three high-elevation archipelagos of
Svalbard, Franz Josef Land and Novaya Zemlya remain key pinning
points for the development of a broad west-east ice divide centred across
the northern Barents Sea, even during ice-maximal conditions (Fig. 4d-
f). The proximity of these northward-flowing glacial catchments to the
shelf break imposes steeper ice-surface gradients, mass-balance gradi-
ents, and faster-flowing ice, and hence the potential for considerably
more intensive erosion compared to catchments terminating to the
south, east or west.

The exception to the deep erosion experienced in this region is the
Svalbard archipelago. Constrained by TMF sediment fluxes delivered to
the western Barents margin, mountain plateaus are predicted to have
experienced relatively modest bedrock lowering, particularly latterly
during GII and GIII (32 m versus 101 m during GI; Fig. 12). A similar
shift in erosional intensity across this alpine landscape has been
observed from cosmogenic nuclide analyses, which show that these
summits have largely been preserved for at least the past 1 Ma
(Gjermundsen et al., 2015). It is considered this pattern reflects the
transition from thin, warm-bedded ice cover to protective armouring
under thicker cold-based ice typical of the colder glacial maxima after
the mid-Pleistocene Transition.

5.3. Long-term efficacy of glacial erosion on landscape evolution

The late Plio-Pleistocene glaciations are closely associated with
substantial landscape modification, especially where warm-based, dy-
namic ice sheets in maritime settings are characterised by fast-flowing
ice streams and enhanced subglacial erosion (e.g., Elverhgi et al.,
1998; Golledge, 2014). It has been further argued that there is a strong
connection between glacial erosion and successive patterns of the ice

16

sheet extent across formerly glaciated regions including North America,
Antarctica, Eurasia and Patagonia (e.g., Rabassa and Clapperton, 1990;
Singer et al., 2004; Sugden, 1978). Our analysis here presents an ideal
natural experiment and an opportunity to quantitatively validate
established concepts regarding the long-term efficacy of glacial erosion
and landscape development. Particularly, whether a landscape’s expo-
sure to prolonged glacial erosion acts to entrench or otherwise desta-
bilize the ice mass (Harbor, 1992; MacGregor et al., 2000; Montgomery
et al., 2001; Tomkin and Braun, 2002). In this manner, a glacial ‘self-
defeating mechanism’ has been argued to result in a less extensive ice
sheet coverage in successive glaciations over time (MacGregor et al.,
2000), and which has been demonstrated for the Scandinavian ice sheet
through the Quaternary (Jungdal-Olesen et al., 2024).

The question of the erosive efficacy of ice sheets across the Arctic
through the late Plio-Pleistocene has been long debated since early
geophysical surveying of TMFs around the Barents Shelf first revealed
clues as to their glacial provenance (Eidvin et al., 1993; Elverhgi et al.,
1998; Fiedler and Faleide, 1996; Laberg et al., 2012; Lien et al., 2022;
Vorren et al., 1989). From the spatially and temporally variable sedi-
mentation rates recorded within these depocentres, it has been recog-
nised that patterns and rates of glacial erosion have varied throughout
the late Plio-Pleistocene. For example, based on a study of the Bear Is-
land Trough catchment and TMF in the southwest Barents Sea, Laberg
et al. (2012) identified a distinct transition from a state of widespread
moderate-to-high erosion during GII to a period of efficient, focused
erosion restricted to the troughs during the latest GIII period. Topo-
graphic steering was cited as the primary factor driving this partitioning,
with a reduced morphological influence on palaeo ice stream locations
due to shallower relief during the early to middle Pleistocene (Laberg
et al., 2012). Elevated glacial erosion rates of >1.7 mm a~! inferred
beneath the Vestfjord ice stream (mid Norway) (Laberg et al., 2009) and
>4 mm a~! beneath the Bear Island ice stream during the last glacial
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Fig. 13. Uplift to total erosion ratio in areas of net uplift (Fig. 6b). Potential
ratio values range from 0, indicating erosion has not been compensated and
topography was reduced by erosion alone, to >1 which implies that erosion is
entirely compensated by uplift and that the topography has remained stable
or increased.

cycle (Patton et al., 2022) demonstrate the potential effectiveness of
focussed ice flow within this Arctic setting.

The development of the first continuous seismostratigraphic frame-
work for the 1000-km long Svalbard-Barents Sea margin over the last
2.7 Ma (Alexandropoulou et al., 2021) has since allowed more detailed
insight into glacial dynamics across the region. The sedimentation re-
cord presents a series of glacial intensification and expansion at 1.95 Ma
and 1.5 Ma. Yet, as the ice masses expanded during GII, sedimentation
rates subsequently decreased between ~1.2 and 0.78 Ma, indicating a
diminishing erosional capacity and/or gradual reduction in the avail-
ability of readily erodible unlithified material. The widespread erosion
of preglacial regolith has been cited as a potential regulator of ice-sheet
dynamics and the transition from 41,000 to 100,000-year glacial cycles
(Clark and Pollard, 1998; Willeit et al., 2019). It thus follows that large
sectors of the Barents Shelf were subaerially exposed and weathered
before NHG intensification.

Further phases of increased sedimentation rates at ~0.78 Ma and
0.42 Ma on the southwest Barents Shelf margin are tied to increasing
topographic control on ice streaming and the expansion of glacial
catchment areas, respectively, linked to more pronounced glacial
expansion eastwards beyond the Kara Sea (Alexandropoulou et al.,
2021). Meanwhile, sedimentation rates west of Svalbard have remained
relatively consistent over the last 1.2 Ma.

However, this chronostratigraphic framework and model for glacial
erosion across the Barents Shelf has since been challenged by Lien et al.
(2022), who present an almost contrary timeline of landscape devel-
opment since the mid-Pleistocene Transition. From 1.5 Ma to 0.8 Ma,
Lien et al. (2022) found sedimentation rates almost tripled compared to
the early Pleistocene, thought to reflect the development of a prominent
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ice stream in the Bear Island Trough (Harishidayat et al., 2021).
Following 0.8 Ma, a dramatic reduction in glacial sediment input took
place along the western margin of the Barents Shelf, indicating the
erosional capacity of the BSIS reduced by more than 75 %. Meanwhile,
sediment inputs on the mid-Norwegian margin doubled, and increased
fivefold for the North Sea TMF. Despite no apparent reduction in ice-
streaming activity in the Bear Island Trough (Andreassen et al., 2007;
Bellwald et al., 2019a; Waage et al., 2018), Lien et al. (2022) suggested
various factors to explain the erosional drop-off, including the submer-
gence of the Barents Shelf during this period, the reduced availability of
regolith to erode, and a shift to more widespread cold-based conditions
across topographic banks and highs.

That such contrasting potential scenarios exist for the long-term
landscape evolution of the Barents Shelf reflects not just the difficulty
of inferring insights from low-temporal resolution stratigraphic records,
but also the inconsistent stratigraphic chronologies used, particularly
the age of the R1 regional seismic reflector that defines the boundary
between the major glacial units of GII and GIII. Alexandropoulou et al.
(2021) have previously summarised the historical uncertainties sur-
rounding the age determination for this sequence boundary. As in this
study, they assigned an age of 0.2 Ma for R1 within their stratigraphic
framework, based on its position between seismic reflections at the ODP
Site 986 that correspond to ~0.13 Ma and 0.42 Ma (west of Svalbard)
(Knies et al., 2009) and other recently published chronologies
(Dessandier et al., 2021; Rebesco et al., 2014). Lien et al. (2022) fav-
oured a more conservative estimate of 0.7 Ma, in line with previous
assessments of the unreliability of amino acid analyses (e.g., Laberg
etal., 2010) that had favoured a younger age of <0.44 Ma (Sattem et al.,
1992).

Despite the contrasting chronologies of up to 0.5 Ma for R1, a
consistent theme apparent from this modelling and previous literature
(Alexandropoulou et al., 2021; Laberg et al., 2012) is that the devel-
opment of ice stream catchments during shelf-wide glaciations was a
major factor driving the increasing effectiveness of glacial erosion and
sediment evacuation across the Barents Shelf over the last 1 Ma. How-
ever, feedbacks associated with topographic entrenchment during the
late Pleistocene — whereby focussed erosion eventually limits the po-
tential for subsequent ice cover to erode the landscape (e.g., Jungdal-
Olesen et al., 2024; Patton et al., 2016b) are not identified and probably
reflect the relatively immature glacial overdeepening of the shallow-
relief Barents Shelf as visible today (Fig. 13). Indeed, ice streaming
through the inner Bear Island Trough during the Last Glacial Maximum
was effectively decoupled from the underlying topography during ice-
maximum conditions (Piasecka et al., 2016), indicating that topo-
graphic steering was only relevant during periods of thinning ice cover,
such as deglaciation.

5.4. The opening of the Barents Seaway

Palaeobathymetric reconstructions of the southwest Barents Sea by
Lasabuda et al. (2023) suggest that the Barents Seaway remained closed
throughout most of the Cenozoic (<55 Ma), with the Fram Strait
remaining the only Arctic gateway since its opening in the Miocene ~17
Ma (Engen et al., 2008; Jakobsson et al., 2007). Under intense levels of
glacial erosion during the Quaternary, the Barents Seaway was glacially
excavated and reopened sometime between 1 and 0.7 Ma (Butt et al.,
2002; Zieba et al., 2017). Our modelling analysis here confirms this
assessment and that the new pathway for low-to-high latitude circula-
tion was intermittently open as early as 0.94 Ma (MIS 25), and perma-
nently in place after ~0.69 Ma (MIS 17) (Fig. 9).

Initial development of the Barents Seaway can be tracked from GI
when a shallow (<100 m) marine environment across the southern
Barents Shelf becomes permanently established at <2 Ma (MIS 49). This
shallow marine zone continues to widen and deepen throughout GII,
allowing Atlantic Water to penetrate across the inner shelf eastwards
towards Novaya Zemlya. A fully open connection through to the
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northeast Barents Sea and the Arctic Ocean occurs ~0.69 Ma with the
dissection of the land bridge connecting the current archipelagos of
Novaya Zemlya and Franz Josef Land. Selective ice-sheet erosion asso-
ciated with the most recent extensive glaciations, including the Elsterian
(MIS 12, 478 ka), Late Saalian (MIS 6, ~200 ka) and Weichselian (MIS
5d - 2, ~115 ka) played a critical role in the deepening of this Barents
Seaway, enhancing the topographic relief of the major glacial troughs
that dissect the northern and western shelf (Fig. 9).

6. Conclusions

Recently compiled, and newly revised, trough-mouth fan sediment
volumes from around the Eurasian Arctic are used to constrain detailed
spatial and temporal patterns of glacial erosion, sedimentation, and
uplift across the Barents and Kara seas during each distinct glacial
spanning the last 2.74 Ma. A thermomechanical model of ice sheet dy-
namics and an elastic lithospheric plate model are applied iteratively to
reconstruct the detailed topographic surfaces at high resolution for each
of the 47 interglacials through the late Plio-Pleistocene since the
intensification of Northern Hemisphere glaciation. Key insights into the
landscape evolution of the Eurasian Arctic can be summarised as
follows:

e A compilation of industry- and academic-sourced data is used to
revise Bear Island trough-mouth fan isopach volumes for each major
package, GI-GIII. Increased resolution across this sediment depo-
centre yields a revised total late Plio-Pleistocene volume of 376 X
10% km?, around 12 % lower than previous estimates (e.g., Lien et al.,
2022).

Exploiting an improved chronology, we adopt the chronostrati-
graphic framework of Alexandropoulou et al. (2021) to constrain the
distinct phases of glacial development and sedimentation observed
across the Barents Shelf margins (GI: ~2.7-1.5 Ma; GII: 1.5-0.2 Ma;
GIII: <0.2 Ma).

We determine that erosion of the Barents Shelf and its terrestrial
hinterland equated to 1,548,180 km? over the entire 47 glacial-
interglacial cycles spanning the late Plio-Pleistocene. This repre-
sents a 23 % increase over the 1,259,000 km® volume constrained
within off-shelf trough mouth fan depocentres - a residual difference
due to our modelling of erosion within glacial catchments that did
not directly feed the continental margin.

The scale of this net erosion and associated uplift meant that at the
intensification of Northern Hemisphere glaciation at ~2.74 Ma, large
expanses of the Eurasian Arctic were subaerially exposed. Shallow
marine environments existed though in the outer Bear Island Trough,
as well as in the southeast Barents and Kara seas. The switch from a
largely subaerial to a submarine landscape across the present-day
central Barents Sea occurred between 2.0 and 1.5 Ma.

e A maximum of 2.59 km of bedrock was eroded along the northern
margin of the Barents Shelf between Svalbard and Franz Josef Land
during the late Plio-Pleistocene, in areas proximal to ice-sheet
nucleation. Across the southern Barents Sea, the impact of glacial
erosion was less severe, with over 1 km of bedrock eroded within the
Bear Island Trough. Most of the denudation of the southern Barents
Sea occurred within the last 1.5 Ma when the ice sheet, drained by
fast-flowing streams regularly advanced southwards, and coalesced
with the Fennoscandian ice sheet.

The opening of the Barents Seaway, which created a second
connection between the Atlantic and Arctic oceans, developed after
~0.94 Ma (MIS 25) following the erosion of the land bridge con-
necting northern Novaya Zemlya to the archipelagos of Franz Josef
Land and Svalbard. The seaway has remained fully open since ~0.69
Ma (MIS 17). This connection through the High Arctic proceeded a
widening of the shallow marine zone across the southern Barents
Shelf after ~2 Ma.
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e The development of the bathymetric relief of the Barents Shelf as
recognisable today, including the central bank areas and large cross-
shelf troughs that discharged glacial ice north and west from the shelf
interior, accelerated during the most recent shelf-wide glaciations
<1 Ma.

e Mean erosion rates show a general decrease through time, from a
peak of 0.43 mm a! in the early phases of GI to <0.15 mm a !
during the mid-Pleistocene Transition and the most recent, Weich-
selian, glacial. However, the variation in erosion rates becomes more
dispersed over time, with more extensive and dynamic shelf-wide
glaciations exhibiting more extreme patterns of erosion.

e The switch to more intense, selective erosion beneath large, fast-

flowing ice streams increased the efficacy of erosion within glacial

troughs, which in turn drove enhanced isostatic uplift of trough-
adjacent bank areas across the southern Barents Sea.

Delimiting the volumes and chronology of glacially eroded sedi-

ments along the northern Barents Sea margin, particularly in the

northern Nansen Basin, remains a primary obstacle for accurately
constraining landscape evolution using current mass-balance
approaches.
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