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The flow of glacial ice is impacted by basal meltwater drainage systems that
fluctuate on a continuum from distributed, high-pressure environments to
channelized, lower pressure networks. Understanding the long-term
development of dominant drainage modes and impacts on ice flow and
landform development is a crucial step in predicting palaeo and contemporary
ice-mass response to changes in climate. The spatial and temporal scales at which
different drainagemodes operate are largely unknown, and the geomorphological
legacy of subglacial meltwater networks that evolve over a glaciation provide
composite records of drainage system development. Here, we use high-
resolution bathymetric data from shallow banks in the central Barents Sea to
map the geomorphological imprint of meltwater drainage beneath the collapsing
marine-based Barents Sea Ice Sheet (BSIS). We observe a succession of distinct
meltwater landforms that provide relative timing constraints for subglacial
drainage modes, indicating that extensive networks of channelized drainage
were in operation during deglaciation. Interlinked basins and channels suggest
that meltwater availability and drainage system development was influenced by
filling and draining cycles in subglacial lakes. Networks of eskers also indicate
near-margin meltwater conduits incised into basal ice during late-stage
deglaciation, and we suggest that these systems were supplemented by
increased inputs from supraglacial melting. The abundance of meltwater
during the late stages of BSIS deglaciation likely contributed to elevated
erosion of the sedimentary substrate and the mobilisation of subglacial
sediments, providing a sediment source for the relatively abundant eskers
found deposited across bank areas. A newly discovered beaded esker system
over 67 km long in Hopendjupet constrains a fluctuating, but generally
decelerating, pace of ice retreat from ~1,600m ca-1 to ~620m ca−1 over
central Barents Sea bank areas during a 91-year timespan.
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1 Introduction

Water pressures at the beds of glaciers and ice sheets exert a
crucial control on ice-flow dynamics (Iken, 1981; Bartholomew
et al., 2010; Sole et al., 2011) by modulating the lubrication of
the ice-bed interface and subglacial sediment shear strengths (Alley,
1989). Two end-member modes of meltwater drainage are typically
envisaged at the ice-bed iterface: channelised flow incised into the
bed and/or overlying ice, and distributed drainage systems
consisting of linked networks of cavities (Anderson et al., 1982;
Walder, 1986) or water films/sheets (Alley, 1989; Creyts and Schoof,
2009). Fluctuations between subglacial drainage modes are driven by
processes operating at diurnal, seasonal and decadal timescales
(Shepherd et al., 2009; Cowton et al., 2013; Andrews et al., 2014;
Tedstone et al., 2015) and beyond (Alley et al., 2006), making the
underlying causes for variability difficult to differentiate. Adding to
this uncertainty are episodic events such as subglacial lake drainage
and re-filling, controlled by meltwater supply and shifting ice
dynamics and geometry (Wingham et al., 2006; Stearns et al.,
2008; Fricker and Scambos, 2009; Smith et al., 2017), which has
been hypothesised to initiate and sustain fast ice flow (Bell et al.,
2007; Fricker et al., 2007; Stearns et al., 2008). Conversely, sudden
large-volume water injections have also been observed to have little
to no influence on ice flow speed (e.g., Smith et al., 2017), indicative
of low-impact basal hydrological systems.

Geomorphological records preserved on deglaciated beds offer
valuable insights into the long-term evolution of ice sheets and their
subglacial hydrological systems (e.g., Clark and Walder, 1994; Huus
and Lykke-Andersen, 2000; Greenwood and Clark, 2009; Nitsche
et al., 2013; Storrar et al., 2014; Livingstone et al., 2015; Simkins et al.,
2017; Dewald et al., 2021; Hogan et al., 2022; Kirkham et al., 2022).
The importance of subglacial water in facilitating late-stage
deglaciation of the Arctic- and marine-based Barents Sea Ice
Sheet (BSIS) is becoming increasingly apparent, with an
abundance of subglacial meltwater features including meltwater
channels, tunnel valleys (up to several kilometres wide, hundreds
of metres deep valleys often containing quasi-parallel channels),
subglacial lakes, and eskers recently documented in the central
Barents Sea (Bjarnadóttir et al., 2014; Esteves et al., 2017;
Newton and Huuse, 2017; Dowdeswell et al., 2021). The Barents
Sea region has relatively thin glacial sediment cover
(typically <100 m) (Solheim and Kristoffersen, 1984),
and generally low present-day sedimentation rates around
2–5 cm ka-1 (Elverhøi et al., 1989), making it an ideal location for
geomorphological study with relatively little post-glacial landscape
modification.Where sediments are present, a common feature of the
Barents seafloor are the numerous pockmark fields (Rise et al.,
2015), including in our study areas, with individual features
generally 20–50 m wide and 2–5 m deep. They are commonly
associated with focused fluid flow, either from current or past
migration of hydrocarbons from an underlying reservoir
(Hovland et al., 2010) or during hydrate dissociation following
the last deglaciation (Pau et al., 2014).

Here, we use high-resolution multibeam bathymetry data to
map nearly 90 km of previously undocumented eskers and expand
existing mapping of meltwater drainage landforms in the central
Barents Sea (Figure 1). We focus on two regions: 1) Thor Iversen-
banken - a shallow (<190 m deep) bank which formed the eastern

catchment boundary for the Sentralbankrenna Ice Stream; and 2)
Hopendjupet—a <350 m-deep trough approximately 150 km
further North. Both regions formed part of the onset zone for
the Bjørnøyrenna Ice Stream during the Last Glacial Maximum
(LGM; 24-19 ka BP), whilst Thor Iversen-banken also contributed
ice to the Sentralbankrenna Ice Stream, which during peak glaciation
was a major tributary feeding the Bjørnøyrenna Ice Stream to the
west (Figure 1) and remained a distinct ice stream during the later
stages of ice retreat through the central Barents Sea (Bjarnadóttir
et al., 2014; Esteves et al., 2017; Newton and Huuse, 2017).
Combining new and previously documented glacial and
meltwater landforms (Bjarnadóttir et al., 2017; Esteves et al.,
2017; Newton and Huuse, 2017) we reconstruct the dominant
subglacial drainage modes during early-stage and late-stage
deglacial phases, then discuss the potential impacts of evolving
subglacial drainage systems on the marine-based ice sheet during
retreat after the LGM period. Finally, we analyse a newly discovered,
extensive beaded-esker system to quantitatively infer interannual
rates of ice-sheet collapse through the central Barents Sea.

2 Methods and data

Geophysical surveys of Thor Iversen-banken and parts of
Sentralbankrenna were undertaken using Kongsberg EM170 and
EM2040 echosounders on-board the R/V G.O. Sars, and
bathymetric maps with horizontal resolution of 5 m were
acquired by the MAREANO programme (www.mareano.no)

FIGURE 1
Regional bathymetry (IBCAO v4.2: Jakobsson et al., 2020) of
Sentralbankrenna and Sentralbanken with multibeam swath
bathymetric data extents collected by the Centre for Arctic Gas
Hydrates, Environment and Climate (CAGE) and provided by the
MAREANO Programme overlain in white. White arrows show the flow
direction of former ice streams. Inset map highlights the glacial setting
within the wider Barents Sea system, with arrows showing the flow
direction of major palaeo-ice streams and the white line indicating
maximum ice margin extents during the Last Glacial Maximum (LGM).
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and provided by the Norwegian Hydrographic Service. Multibeam
echosounder data over Hopendjupet were collected during
Centre for Arctic Gas Hydrates, Environment and Climate
(CAGE) cruises CAGE_17–2 (Panieri et al., 2023), CAGE_
20–2 (Patton et al., 2022a), CAGE_21–4 (Winsborrow et al.,
2022), CAGE_21–6 (Winsborrow and Knies, 2022), and CAGE
22-6 (Serov et al., 2022) on-board R/V Helmer Hanssen and R/V
G.O. Sars. Data were collected using a hull-mounted Kongsberg
Simrad EM302 system at a ping rate of ~0.7 Hz and processed in
QPS Qimera software v2.4 to remove erroneous pings and
interpolate an 8 m horizontal resolution grid. Sound-velocity
profiles regularly collected using a SBE 911plus CTD during
surveying were used to depth convert the multibeam pings.
Regional bathymetry is based on the International Bathymetric
Chart of the Arctic Ocean (IBCAO V4.2; Jakobsson et al., 2020).
Mapping and geospatial analysis of the geomorphology was
carried out using ESRI ArcMap v10.1, QGIS v3.28, and QPS
Fledermaus software v7.8.

3 Results and interpretation

We present new geomorphological evidence for subglacial
drainage including nearly 90 km of previously undocumented
esker ridges across five sites in the central Barents Sea. Newly
mapped geomorphology from Thor Iversen-banken includes
sinuous to linear, and beaded ridges of sediments that are
interpreted as eskers which occur across a range of ice-dynamic
and bathymetric settings (Sections 3.1 and 3.2). We also expand
previously documented meltwater channel and tunnel valley
systems with new mapping and analysis (Section 3.3). All
features in Hopendjupet are mapped from high-resolution
multibeam data for the first time. Water depths cited in the
landform descriptions reflect the present-day bathymetry and
sea-level. Based on reconstructions made from previously
interpreted glacial landforms in this region (Bjarnadóttir et al.,
2014; 2017; Esteves et al., 2017; Newton and Huus, 2017), and
numerical modelling (Patton et al., 2017), we follow the assumption
that grounded ice over the mapped areas described here on Thor
Iversen-banken and Sentralbanken generally flowed west/southwest,
feeding the larger ice streams of Sentralbankrenna and
Bjørnøyrenna, respectively.

3.1. Continuous eskers

Sinuous to linear elongated ridges observed on the seafloor are
interpreted as eskers based on their similarity to reported esker
dimensions, morphologies and relationships to other glacial and
meltwater landforms (Clark and Walder, 1994; Boulton et al., 2009;
Storrar et al., 2013; 2015). Four sites containing eskers on Thor
Iversen-banken and one esker site in Hopendjupet are described and
interpreted (Figure 2). All 7 esker systems on Thor Iversen-banken
are located between 220 m and 305 m water depth, and are found
overprinting, leading into, or located within the floors of
meltwater channels and tunnel valleys (Section 3.3)
(Bjarnadóttir et al., 2017; Esteves et al., 2017; Newton and
Huuse, 2017). Eskers are distinguished from other ridge

features on the seafloor such as retreat moraines (e.g., Ottesen
and Dowdeswell, 2006) and crevasse-squeeze ridges (e.g., Evans
et al., 2016) based on their arrangement into dendritic or
anabranching networks, undulating ridge crests, distinct
sinuosity reflecting drainage conduit topology, and occurrence
along the banks, floors and leading into meltwater channels,
tunnel valleys and palaeo-subglacial lake basins (Hebrand and
Åmark, 1989; Clark et al., 2004; Margold and Jansson, 2012;
Storrar et al., 2013; 2015; Livingstone et al., 2016; Perkins et al.,
2016; Stroeven et al., 2016).

Site 1 (Figure 3) contains two esker segments, both closely
associated with a dendritic tunnel valley system and meltwater
channel network on northern Thor Iversen-banken (Newton and
Huuse, 2017). The esker ridges are in places oriented parallel to the
tunnel valley, running along the banks as well as cutting across the
channel obliquely. The esker in the eastern part of site 1 (Figure 3B)
is consistently 4 m high (b-b’) and is traced for 9 km but is
disconnected in places, with some anabranching. It has a smooth
surface and variable width, mostly between 50 and 70 m, extending
along the banks of the tunnel valley and crossing obliquely at three
locations. The esker in the western part of site 1 (Figure 3C) has a
rough surface, and is 4.5 km long, terminating on the banks of
the tunnel valley. The main trunk of the esker is at least 10 m high
(a-a’), and is slightly wider to the north, with an average width of
150 m.

Site 2 (Figure 4) is located on northern Thor Iversen-banken
between 240 and 270 m water depth. The eastern end of the esker
system is anabranching and lies on a complex network of smaller
ridges, making it difficult to distinguish between the two landforms.
The northern branch of the esker ridge is up to 60 m wide, 8 m high,
and oriented approximately east-west, extending towards one of the
smaller meltwater channel tributaries which extends north-
westwards towards the dendritic tunnel valley network. The
southern branch of the esker ridge is 50–70 m wide, 4 to 6 m
high, and has a 90° shift in orientation, SSW to WNW,
terminating 4 km to the west. The western end of this esker runs

FIGURE 2
Shaded relief map created from the MAREANO bathymetric data
over Thor Iversen-banken and Sentralbankrenna, with the locations of
study sites (Sites 1-4).
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alongside a short (3 km) channel, and forms a complex, overlapping
network of ridges 1 km in length, with a ridge up to 14 m high and
230 m wide (Figure 4) at the western extent.

Sites 3 and 4 (Figures 5, 6) are located at 250–290 m water depth
in an area of relatively smooth seafloor upstream of a braided tunnel
valley, oriented NE-SW (Section 3.3) that terminates at the lateral
margin of fast flowing ice in Sentralbankrenna (Esteves et al., 2017).
Singular and overlapping ridges lead directly into downstream
meltwater channels (Site 4; Figures 5A, 6) rather than along their
banks, as observed at site 1 (Figure 3). To the southwest, several

isolated ridges, and one system of overlapping ridges are observed in
a tunnel valley floor (Figure 5A), some of which were described
previously by Bjarnadóttir et al. (2017).

Site 3 (Figure 5B) contains numerous interlinked esker ridges
that range mostly from sinuous to arcuate but are occasionally
linear. The overlapping system of ridges to the north-east is a
maximum of 130 m wide and 10 m high. The ridge to the north
initiates (presuming an east-to-west flow direction) as a rounded
mound up to 7 m high and 100 m wide, and tapers to a uniform
ridge 40 m wide, leading directly into a downstream channel. The

FIGURE 3
Site 1: (A) Shaded relief map with two eskers and profiles (a-a’, b-b’) on the north of Thor Iversen-banken within an east-west draining tunnel valley
(Newton and Huuse, 2017). (B)Hillshade map of an esker ridge crossing the tunnel valley floor and situated along its banks. (C) Hillshade map of an esker
ridge extending parallel to the banks of the tunnel valley.

FIGURE 4
Site 2: Shaded relief map and profiles (a-a’, b-b’) of complex esker ridges on northern Thor Iversen-banken.
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upstream ends of eskers to the South of the shallow basin are also
characterised by rounded mounds approximately 100 m wide and
4 m high, that taper downstream towards the tunnel valley

(Figure 5B). These two esker ridges are approximately parallel,
and initiate 200 m apart, consistently <1 km apart as they extend
downstream towards the tunnel valley.

FIGURE 5
Site 3: (A) Singular andmultiple overlapping esker ridges on a relatively smooth sector of the seafloor upstream of the tunnel valley. Themulti-ridged
esker to the southwest of the site was identified by Bjarnadóttir et al. (2017). (B) Hillshade map and cross profile (a-a’) of eskers, highlighting the rounded
upstream ends of some features.

FIGURE 6
Site 4: (A)Meltwater landforms at the upstream end of a tunnel valley. (B)Hillshademap and profiles across two parallel channels (a-a´) and a shallow
basin with esker ridges along the eastern bank (b-b´). MWC = meltwater channels.
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Site 4 (Figure 6) is also located upstream of the braided tunnel
valley, although in a different tributary to observations described at
site 3. To the north, sinuous ridges 3 to 5 m high and 50 m wide are
also interpreted as eskers based on their similar form and
connectivity to meltwater channels. Two of the ridges are near-
parallel for 800 m and the western ridge dissipates at the start of a
3.3 km long sinuous channel (cf. Section 3.3). The upstream end of
this esker also has an 8 m high, 90 m wide rounded mound which
tapers to 50 m downstream. The eastern esker ridge extends for a
total of 2.8 km, with a similar sharp boundary between the end of the
ridge and a channel 90 m wide and 6 m deep. Between the two
previously described eskers, a single, arcuate ridge branches from the
western esker, which terminates 400 m downstream at the start of
the channel. Further downstream, along the edges of a relatively
featureless basin (Figure 6B; cf. Section 3.3) are two arcuate esker
ridges up to 1.5 km long and a maximum of 60 m wide, with an 8 m

high, <100 m diameter mound to the north and smaller arcuate
ridge to the east.

Two sets of continuous eskers are found at Site 5 in
Hopendjupet (Figure 7). The first is a 20 km long ridge that can
be traced along the base of the tunnel valley contouring the edge of
Sentralbanken at around 300 m below sea level, continuing beyond
available multibeam data. Its dimensions are 2–5 m high
and <50 m wide. Where the tunnel valley bifurcates, the
sediment ridge also splits. A second ridge is observed
continuing from the termination of the main tunnel valley
draining off northern Sentralbanken. This ridge is significantly
larger, reaching maximum dimensions of 20 m high and 500 m
wide, and extends 45 km downstream into Hopendjupet down to
380 m below present sea level. Along the majority of its length its
morphology is that of a singular ridge, though for 11 km it
transitions into an anabranching form (Figure 7A).

FIGURE 7
(A-B) The Hopendjupet tunnel valley and beaded-esker system, extending upstream onto Sentralbanken. (C) A closer view of beads towards the
southern end of the esker chain. (D) Dimensions of individual beads reach up to ~50 m in height, and ~300 m in width. Dimensions of the tunnel valley
(red dashed line) vary from 8 to 12 m deep and 300–1500 m wide.

Frontiers in Earth Science frontiersin.org06

Shackleton et al. 10.3389/feart.2023.1111396

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1111396


3.2 Beaded eskers

In Hopendjupet, a sinuous chain of 144 well-organised
elongated and aligned ridges, visible over a transect
spanning >67 km, is interpreted as a beaded esker (Figure 7B).
Individual beads range in height from 10 to 50 m and extend up to
600 m in length, with morphology generally reducing in volume
upstream, down to c. 200 m in length to the northeast. Often beads
appear cojoined with their downstream neighbours by a streamlined
sediment accumulation. Such composite features are differentiated
as “parent” beads, with multiple mounds contained within identified
as “nested” beads. The esker system drapes and follows the base and
flanks of a major tunnel valley draining southwest out of
Hopendjupet, in water depths today between 200 and 315 m. In
a few localities smaller beads are found beyond the principal chain,
and further swaths of multibeam data indicate the upstream end of
the beaded chain continues further onto the bank into un-surveyed

seafloor. Apart from the main tunnel valley, the esker beads are not
associated with any other landforms such as ice-contact fans or De
Geer moraines.

3.3 Meltwater channels, tunnel valleys and
subglacial lake basins

Previous work has documented meltwater channels, tunnel
valleys, and interconnected basins in Thor Iversen-banken
(Bjarnadóttir et al., 2017; Esteves et al., 2017; 2022; Newton and
Huuse, 2017). Using new bathymetry data provided by the Norwegian
Hydrographic Service through the MAREANO programme, we build
on this previous work to map hitherto undocumented meltwater
channels and tunnel valleys (Figures 6, 8, 9). These landforms are
distinguishable from other linear to sinuous seafloor incisions such as
iceberg ploughmarks (e.g., Ó Cofaigh et al., 2012; Dowdeswell and

FIGURE 8
(A) A braided tunnel valley terminating to the west in Sentralbankrenna (Bjarnadóttir et al. (2017) (B) Interlinked basins, downstream tunnel valley, and
moraine ridges, first described by Bjarnadóttir et al. (2017). Moraine ridges andmeltwater channelmapping in B is adapted from previously published work
(Esteves et al., 2017; Newton and Huuse, 2017).

FIGURE 9
(A) Dendritic network of tunnel valleys and meltwater channels on northern Thor Iversen-banken, including those published in previous studies
(Newton and Huuse, 2017) and additional landforms presented and mapped in this study. (B) Shaded relief map and profiles showing dimensions of the
tunnel valley system and meltwater channels mapped in (A).
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Hogan, 2016) by their undulating long profile, often wide, flat valley
floors, and their dendritic, braided or anastomosing topology
(Piotrowski, 1994; Ó Cofaigh, 1996; Hooke and Jennings, 2006;
Kehew et al., 2012; Livingstone and Clark, 2016). Although many
iceberg ploughmarks have similar depths, widths and sinuosity as
meltwater channels, they are readily distinguishable by their sudden
changes in orientation, cross cutting relationships with other features,
and the presence of flanking berms (Figure 6B).

Many of the eskers documented in this study (Sections 3.1 and
Section 3.2) are located along the banks or channel-floor of erosional
meltwater landforms (Figures 3–6). A braided tunnel valley on Thor
Iversen-banken (Figure 8A) consists of wide-floored channels, up to
5 km wide and 40 m deep, that contain braided or anastomosing
meltwater channels (Bjarnadóttir et al., 2017). To the north of this
lies an assemblage of subglacial drainage landforms comprised of a
complex network of interlinked basins and downstream tunnel
valleys that breach marginal moraines (Figure 8B). This system is
fully described in previous work (Bjarnadóttir et al., 2017; Esteves
et al., 2017; Newton and Huuse, 2017), though we note a previously
undescribed transition between meltwater channels of low sinuosity
and high sinuosity, which coincides with the location of arcuate
retreat moraines. We also observe a smooth basin at the edge of
Sentralbankrenna (Figure 8A), 9 km2 in extent and up to 60 m

deeper than the surrounding seafloor. To the northeast of this,
Esteves et al. (2017) describe a sinuous meltwater channel stretching
along the sharp boundary between Thor Iversen-banken and the
deeper Sentralbankrenna (Figure 10).

On northeast Thor Iversen-banken meltwater channels and
tunnel valleys (Figure 9), first described by Newton and Huuse
(2017), can be traced up to 50 km, extending beyond available
bathymetry data to the east. The northwest sector of this tunnel
valley system becomes shallower and locally smoother seafloor
(apart from post-retreat iceberg ploughmarks) suggests a draping
of seafloor sediment (Figure 9B), although this could also originate
from less erosive drainage. We present previously undocumented
tributary channels associated with this tunnel valley, with widths
varying from <10 m to hundreds of metres (Figure 9B).We interpret
these to be subglacially formedmeltwater channels based on a higher
sinuosity and lack of flanking berms compared to surrounding
iceberg ploughmarks, as well as the dendritic branching in
channels and their connectivity to surrounding meltwater
features. These channels add to the previously published record
of subglacial drainage over northern Thor Iversen-banken, and we
expand previously mapped tunnel valley extents using our high-
resolution bathymetry data and cross-channel profiles to reveal
tunnel valley widths. Compared to a global inventory compiled

FIGURE 10
Mapped subglacial drainage features over Thor Iversen-banken, with landforms presented and mapped in this study merged with those from
previous studies (Bjarnadóttir et al., 2017; Esteves et al., 2017; Newton and Huuse, 2017).
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by Kirkham et al. (2020), these tunnel valleys on Thor Iversen-
banken are relatively wide, but shallow; the largest tunnel valleys in
our study areas are at the upper end of the global range in terms of
width (over 5 km at the widest point) but on the lower end of the
scale in terms of channel depths (mostly <100 m).

At Site 4 several small eskers (Section 3.1; Figures 5, 6) lead into
~6 m deep, 50 to 100 m-wide quasi-parallel channels, interpreted
as meltwater channels similar to those previously described. These
channels extend up to 3 km, and terminate in a relatively
featureless basin, 2.3 km long, 1.3 km wide and 10 m deep
(Figure 6A). The eastern banks of the basin contain arcuate
ridges that we interpret to be eskers (Section 3.1), and the
downstream end of the basin funnels into a deep, narrow
meltwater channel with a system of overlapping esker ridges
immediately downstream, which feeds into a braided tunnel
valley (Bjarnadóttir et al., 2017). This basin is similar in form
(i.e., several km-scale patches of smooth terrain relative to its
surroundings) and has similar surrounding geomorphology (short
meltwater channels leading into an esker) to flat spots interpreted
to be the site of shallow subglacial lakes in Canada (Livingstone
et al., 2016). Repeated filling and draining of a subglacial lake at Site
4 could be a potential mechanism and water source for the erosion
of meltwater channels and contributions to the braided tunnel
valley system downstream. Furthermore, late-deglacial stage lake
drainage events close to a retreating ice margin have been
suggested to form downstream eskers (Livingstone et al., 2016),
providing a plausible mechanism for incising channels into ice and
depositing the esker complex that lies 1.3 km downstream on the
floor of the tunnel valley (Figure 6B).

At Site 5, a 125 km-long tunnel valley system first identified
from the Olex (www.olex.no) bathymetric database
(Bjarnadóttir et al., 2017) and mapped here from high-
resolution multibeam echosounder data for the first time, can
be traced from Sentralbanken into the adjacent Hopendjupet
(Figure 7). Its dimensions vary between 8 and 12 m deep and
300–1500 m wide, and spans water depths ranging from 190 to
360 m. The tunnel valley network follows a more braided pattern

on the shallower bank areas, while the downstream water flow
was confined to two major branches—one that contours the base
of Sentralbanken flank and another that trends southwest into
the deeper waters of Hopendjupet. In multiple locations
adjacent to the main tunnel valley trunk, shallow (<5 m)
basins can be found, sometimes with smaller tributary
channels leading into and away from, or in some cases on the
bank area, within the basin too. At its downstream end in
Hopendjupet, the tunnel valley transitions into a continuous
and variously anabranching esker system that can be traced into
water depths today of 385 m.

4 Discussion

4.1 Subglacial drainage in the central
Barents Sea

Our geomorphological mapping expands the documentation
of vast meltwater drainage networks over Thor Iversen-banken
(Figure 10) and outlines a new subglacial drainage system within
Hopendjupet (Figure 7). This compilation of meltwater
landforms, mapped across a ~275 km-wide domain of the
central Barents Sea, forms the basis for reconstructing the
dominant modes of water drainage while ice was still flowing
in Sentralbankrenna and during later stages of retreat when ice
was retreating over Thor Iversen-banken. We use the Thor
Iversen-banken study area to conceptually illustrate this
evolution of the central BSIS subglacial-hydrological system
through deglaciation (Figure 11).

Subglacial drainage system development is influenced by lake
filling and drainage cycles, seasonal fluctuations in meltwater supply
where ice surface to bed connections are established, and on longer
timescales associated with ice-sheet fluctuations. Also, distributed
drainage systems have a low capacity for erosion and deposition, and
evidence for these systems is generally absent from the landform
record (cf. Greenwood et al., 2016). Reconstructions of subglacial

FIGURE 11
Reconstruction of subglacial meltwater drainage during deglaciation (A) Early-stage deglaciation while ice was still flowing in Sentralbankrenna and
(B) towards the later stages of deglaciation and ice retreat over Thor Iversen-banken. Substrate-incised channels in the north-west are included from
previously published mapping of meltwater channels and tunnel valleys (Bjarnadóttir et al., 2017; Esteves et al., 2017). A conservative catchment for the
interlinked basins is estimated to provide lake fill rates (Supplementary Figure 1). GZW=Grounding Zone Wedge.
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drainage based on meltwater landforms therefore generally reflect
the dominant, most geomorphically effective mode of drainage.
Water drainage also likely utilizes existing depressions (e.g.,
channels and tunnel valleys) that formed either during previous
seasons, at different phases of ice advance/retreat, or throughout
multiple glacial cycles. However, based on the surrounding glacial
landforms, knowledge of the conditions required to form
geomorphological features, and the relative timing of events
based on cross-cutting relationships, it is possible to establish the
ice sheet evolution phase in which various subglacial drainage modes
were active.

4.2 Drainage during early-stage deglaciation

Chronological data and contemporaneous margin positions
for the onset and development of deglaciation northwards
through Bjørnøyrenna towards Hopendjupet, and through the
Central Barents Sea, are very poorly constrained (Hughes et al.,
2016). The nearest radiocarbon-dated information from a
Grounding Zone Wedge (GZW) in outer Bjørnøyrenna
provides a maximum age for this stage ranging from 16.6-
14.7 ka BP, depending on the choice of calibration curve used
(Ruther, 2011; Brendryen, 2020).

As deglaciation proceeded across the central Barents Sea
(Figure 11A), the Sentralbankrenna and Bjørnøyrenna ice
streams remained active (Figure 1; Bjarnadóttir et al., 2014;
Esteves et al., 2017). Meltwater flow through the channels
bordering Sentralbankrenna and Hopendjupet was towards the
trough and channels terminate abruptly at the trough edge
(Figure 10), suggesting that they were truncated by this fast-
flowing ice, or were buried as ice retreated. The vast size and
braiding of the tunnel valley system (Figure 8A) suggests a large
catchment with varying meltwater input, which could be explained
by additional charging of the subglacial drainage system from
increasing surface-to-bed connections during the deglaciation,
but also by longer term shifts in meltwater availability associated
to variations in overlying ice geometry and shifting drainage
boundaries. Based on the deflection of the meltwater channel
outletting into Sentralbankrenna by 90° to align with ice stream
flow direction we suggest that at least the tunnel valley downstream
of the interlinked basins (Figure 8B) was in operation already while
the Sentralbankrenna Ice Stream was active, supplying meltwater to
the ice stream bed and facilitating fast ice-flow.

Farther north in Hopendjupet, the transition from a tunnel valley
(bed-incised) to esker (ice-incised) system at the shear margin of the
Bjørnøyrenna ice stream demonstrates analogous subglacial drainage
conditions during this phase of active ice streaming. Further, relatively

FIGURE 12
(A) Transects along the Hopendjupet beaded-esker system (separated by a gap in multibeam bathymetry data coverage), used to constrain annual
retreat rates of the collapsing Barents Sea ice sheet (Supplementary Material S1). (B)Closer view of esker beads in Transect 2, highlighting their placement
within and adjacent to the tunnel valley. (C) Ice-retreat rates through transect 1, with mean values indicating a general deceleration upstream. (D) Ice-
retreat rates through transect 2, highlighting continued deceleration.
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thin sediment coverage over this region implies that many of the
drainage features are incised into the sedimentary bedrock (Sigmond,
2002; Bjarnadóttir et al., 2017). Across the Barents Sea shelf today an
upper regional unconformity separates variously dipping Mesozoic
sedimentary rocks, including shales and sandstones, from an
overlying sequence of glacigenic sediments. Predicted glacial
erosion of this relatively soft substrate at rates of between 1 and
2 mm a-1 during the last glacial cycle (Patton et al., 2022b) indicates
that the relatively shallow tunnel valleys visible today were unlikely to
have survived repeated glaciations without continual use.

Filling and drainage cycles of shallow subglacial lakes upstream
of the two tunnel valley systems adjacent to Sentralbankrenna
(Figures 6B, 8B) also provide a potential pressurised water source
that could have contributed to the erosion and development of large
drainage conduits within the relatively small catchment of Thor
Iversen-banken. Hydraulic potential modelling also indicates the
possibility for water storage in this region (Shackleton et al., 2018),
and subglacial lakes are predicted at the interlinked basin site
(Esteves et al., 2017) at the edge of Sentralbankrenna, and at the
downstream end of the braided tunnel valley. Based on the
distribution of tunnel valleys on Thor Iversen-banken we infer a
minimum drainage catchment area for the basins directly west of the
moraine system (Figure 8B) of ~530 km2 (Figure 11) to provide a
conservative estimate of lake recharge rates. If we assume that basal
melt from across the whole catchment reached these basins, the
potential lake-refill time spans from annual to decadal timescales
even under very conservative basal melt rates <1 mm a-1

(Supplementary Figure S1). Although the combined volume of
these basins is relatively small (0.031 km3), the rapidity by which
they could regularly refill through basal melt fluxes alone provides a
viable mechanism for the initial development of this tunnel valley
during deglaciation. For comparison, basal melt rates of up to
10–60 mm a-1 are predicted beneath the fast-flowing ice streams
that drained the North Sea during the LGM (Kirkham et al., 2022).

4.3 Drainage during late-stage deglaciation

Regional geomorphology documents the retreating ice sheet
through Hopendjupet and Sentralbankrenna and onto
topographic highs. Again, chronological data from this
timeframe and sector is extremely sparse, though ice-free
conditions in Sentralbankrenna by ~14.5 ka BP and during
the Bølling Warming is probable (Brendryen et al., 2020).
Several GZWs in Sentralbankrenna to the west of Thor
Iversen-banken (Figure 11B) indicate ice margin stillstands
within the trough (Bjarnadóttir et al., 2014; Esteves et al.,
2017), which elsewhere are typically inferred to last from
decades to centuries (Anandakrishnan et al., 2007;
Dowdeswell et al., 2008; Bart et al., 2018). The deposition of
GZWs in Bjørnøyrenna and Hopendjupet reveal a similar
pattern of stillstand, and minor readvances of the
Bjørnøyrenna ice stream during its non-linear retreat
northwards, possibly indicative of ice-stream surging
behaviour (Andreassen et al., 2014; Bjarnadóttir et al., 2014).
Marginal moraines deposited on Thor Iversen-banken show that
slow-flowing and relatively stable ice on the bank subsequently
retreated eastwards (Bjarnadóttir et al., 2014; 2017; Esteves

et al., 2017; Newton and Huuse, 2017). Marginal moraines
have been breached by meltwater channels (Bjarnadóttir
et al., 2017; Esteves et al., 2017), indicating that at least east-
west meltwater drainage networks were utilised throughout ice
retreat, and during ice margin re-advance (Figure 11B).
Furthermore, a transition from straight to sinuous meltwater
channel geometry (Figure 8B) coincides with the location of
large arcuate retreat moraines, suggesting a shift in drainage
system topology coeval with the retreating ice margin.

Eskers form close to the ice margin and are generally oriented
parallel to the ice-flow direction when averaged over their entire
length, despite individual segments deviating up to 90° (Hebrand
and Åmark, 1989; Brennand, 2000; Mäkinen, 2003; Storrar et al.,
2015). During the later stages of deglaciation, thinner marginal ice
retreating over Thor Iversen-banken provide more favourable
conditions for meltwater incising into the overlying ice rather
than the bed substrate, leading to esker deposition during
terminal drainage events (Boulton et al., 2009; Livingstone et al.,
2015). The observation of some esker enlargements in our data
(Figure 4), thought to result from conduit collapse along high-
discharge drainage routes at thinning marginal locations (Dewald
et al., 2021), corroborates this interpretation.

The deposition of the beaded esker-system over the tunnel valley
in Hopendjupet and Sentralbanken likely marks a similar transition
to thin-ice conditions during late-stage deglaciation. Over successive
melt-seasons, and where subglacial water routes and ice flow are
constrained by bed heterogeneities, subglacial meltwater is more
likely to exploit existing drainage routes and channels already
incised into the bed (cf. Lelandais et al., 2018), which may
explain esker formation along the banks and beds of existing
meltwater channels and tunnel valleys (Figures 3, 5). This supply
of meltwater at the bed, however, likely fluctuated sharply between
successive years, reflected by the irregular spacing of the esker beads
in Hopendjupet over relatively short distances, and in their varied
morphology between composite and discrete forms demonstrating a
variable mobilisation of sediments at the ice-bed interface.

While eskers are more extensively found on hard substrates via
deposition in R-channels (ice-incised), their appearance on soft
substrates via water flow in R-, N-(bed incised) and
N-R-channels is not uncommon (e.g., Clark and Walder, 1994;
Storrar et al., 2014; Frydrych, 2022). However, these soft-substrate
eskers are generally more chaotic and shorter, likely reflecting a lack
of stable R-channel formation (Storrar, 2014). The deposition of
such an extensive esker system in Hopendjupet, where abundant
pockmarks and iceberg ploughmarks indicate a soft substrate
environment (Figures 7C, 12B), is thus a rarity. In this instance
the earlier erosion of a bedrock-incised tunnel valley, providing a
stable location for meltwater outflow through deglaciation, was
likely a necessary prerequisite for the continued development of
the esker beads during ice retreat across the bank margin.

In addition to basally sourced meltwater, drainage systems close
to the ice margin during ice retreat are likely to have had input from
supraglacial and englacial sources, particularly during the collapse of
the central Barents Sea and the elevated atmospheric warming of the
Bølling Interstadial. The final tunnel valley morphometry of a wide
cross section imprinted with multiple smaller channels (e.g.,
Figure 8A) fits well with a proposed steady-state mechanism
linked to regular surface drainage inputs (e.g., Kirkham, 2022).

Frontiers in Earth Science frontiersin.org11

Shackleton et al. 10.3389/feart.2023.1111396

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1111396


Eskers originating in circular mounds (Figure 5) also suggest the
potential for supraglacial input of meltwater to the bed via moulins
or crevasses, providing a point source which could rapidly initiate
R-Channels within a limited distance of the ice margin (Rampton,
2000; Burke et al., 2012). Surface lakes repeatedly form at the same
locations over successive melt seasons (Box and Ski, 2007), and
moulins are shown to persistently form at the same position in
Greenland, controlled by bed topography (Catania and Neumann,
2010). We propose that surface lake drainage during deglaciation led
to the high density of eskers and occurrence of parallel eskers less
than 1 km apart at sites 3 and 4 (Figures 5, 6), and associated closure
and reopening of subglacial conduits might also explain the
diverging morphology and complex ridges observed within esker
systems at site 2 (Figure 4).

Under this scenario with surface-to-bed meltwater processes in
operation, an alternative (or additional) interpretation of these
shallow basins across Thor Iversen-banken is that they are the
remnant expression of water-filled ‘blisters’, where meltwater is
transiently stored following rapid supraglacial lake-drainage
events and which can hydraulically jack the overlying ice sheet
(Tsai and Rice, 2010; Doyle et al., 2013; Lai and Anders, 2021). The
subsequent rate of relaxation of this surface uplift following a lake
drainage event is explained by the transfer of water from this blister
into the subglacial drainage system, either through distributed (Dow
et al., 2015) or channelised (Sole et al., 2011; Cowton et al., 2013)
water flow. In all instances found in our study area the basins
connect to a channelised drainage system downstream, indicating
high-transmissivity systems were in operation, possibly under high
hydraulic potential gradients (i.e., in proximity to the ice margin) or
prolonged surface water inputs through the melt season. This
repeated closure and reopening of subglacial conduits might also
explain the diverging morphology of the eastern extent of the esker
ridge at site 2 (Figure 4).

4.4 Transitions between subglacial drainage
modes

Major shifts in subglacial drainage mode occur in response to
processes operating at three timescales: Short-term (days/weeks/
months), for example, driven by subglacial lake fill/drain cycles,
surface-to-bed connections, or conduit blockage and water
redirection; Annual cycles, in response to fluctuating summer/
winter seasons and surface meltwater supply; Long-term (decadal
to millennial), during different phases of ice sheet development,
through ice advance and retreat and associated thickness and surface
slope changes. The range of meltwater landforms in the central
Barents Sea indicate wide-ranging subglacial drainage systems, and
the geomorphological record is a composite of multiple spatial and
temporal shifts in subglacial drainage mode. Wide tunnel valleys
channelling vast volumes of meltwater are evidenced by dendritic
(Figure 9) and braided (Figure 8A) tunnel valley networks outletting
into or just short of the Sentralbankrenna Ice Stream trough
(Figure 10). Focussed water flow through smaller, variably active
meltwater conduits eroding into the bed are evidenced by meltwater
channels and tributaries converging to join the main trunk of all
three tunnel valley systems (Figures 6, 8, 9). Narrow meltwater
conduits incised into the deforming base of the ice sheet proximal to

the ice sheet margin (Figures 3–6) are evidenced by eskers along the
banks and floors of tunnel valleys (Figures 5, 9) and within basins
feeding into downstream meltwater channels (Figures 5, 6).

The shift from large channels incised into the bed substrate
towards smaller channels incised into basal ice over Thor Iversen-
banken and Hopendjupet reflects changing ice conditions and
fluctuating meltwater supply as the ice sheet deglaciated. Tunnel
valleys and meltwater channels eroded into the bed require stability
in water routing as they develop over centennial to millennial time
periods (Kehew et al., 2012; Kirkham et al., 2021; 2022). These
landforms record relatively long-term routing of meltwater, sourced
from episodic high-discharge drainage events or steady-state
drainage of subglacial meltwater. Variable meltwater supply
under this scenario of relatively stable overlying ice leads to
creep-closure of meltwater conduits and glacial erosion of
conduit walls (e.g., Jørgensen and Sandersen, 2006). The
transition to thinner, stagnating ice on the bank, coupled with a
fluctuating meltwater supply, and variable basal and supraglacial
meltwater sources likely stimulated the overall shift towards
meltwater incision into ice. Eskers are deposited within meltwater
conduits relatively rapidly, following a lowering of conduit water
velocity or discharge. Eskers, therefore, represent a snapshot of the
drainage conduit immediately prior to partial or full shut-down.
Although some eskers form time-transgressively, in segments
following gradual ice margin retreat (e.g., Canada and North
America: Storrar et al., 2013), individual esker segments are non-
etheless a snapshot of the drainage conduit immediately prior to
becoming inactive. In the case of the beaded esker in Hopendjupet,
these individual segments are taken to reflect a quasi-annual record
of drainage activity (Livingstone et al., 2020).

4.5 Subglacial drainage and potential
impacts on ice dynamics

Subglacial lakes are linked to fluctuating ice dynamics in the
upper catchments and onset zones of fast flowing ice streams in
Antarctica (Siegert and Bamber, 2000; Bell et al., 2007). Active
systems of connected subglacial lakes are also observed closer to ice-
margins (Fricker et al., 2007; Smith et al., 2009), and subglacial lake
drainage events have been directly linked to ice flow speed-ups
(Stearns et al., 2008; Siegfried et al., 2016). We suggest that
interconnected subglacial lakes actively exchanging, storing, and
releasing meltwater had the potential to influence ice dynamics over
Sentralbanken, Thor Iversen-banken, and downstream
Sentralbankrenna through modulation of fast-flowing ice in the
Sentralbankrenna tributary ice stream. Furthermore, tunnel valley
breaching of retreat moraines (Figure 8B) suggests that subglacial
conduits remained active through deglaciation and during ice
margin readvances, continuing to influence drainage system
development and ice flow through the later stages of ice margin
retreat onto Thor Iversen-banken (Esteves et al., 2022). Connected
systems of subglacial lakes are also observed at comparable short
distances (~20 km) from the grounding line beneath the Whillans
and Mercer Ice Streams in Antarctica (Fricker and Scambos, 2009),
and with increasing abundance beneath the Greenland ice sheet
(Livingstone et al., 2022). A recent survey based off radio-echo
sounding data highlights a third of the total subglacial lake inventory
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occurs in regions of low relief (≤10% bedrock gradient) and are
generally concentrated toward the ice margin where ice surface
speeds are typically higher and surface-to-bed hydraulic
connectivity more likely (Bowling et al., 2019).

Ice streaming in Sentralbankrenna during early deglaciation was
conducive to stable water routing, and margin standstills during
retreat through the trough are evidenced by the GZW deposits.
Meltwater drainage deflected in the direction of former ice stream
flow (Figure 8B) suggests that while ice was still flowing in
Sentralbankrenna, drainage over Thor Iversen-banken supplied
meltwater to the bed of the ice stream (Section 4.1; Figure 11A).
Drainage could also have developed seasonally in response to ice
surface meltwater supply, and sporadically in response to episodic
discharges from upstream subglacial lake drainage events, resulting
in variable meltwater availability, and regulating effective pressure at
the bed of the downstream Sentralbankrenna Ice Stream.

As ice cover over the central Barents Sea reduced and thinned, ice
flow became progressively influenced by the underlying topography
(Patton et al., 2016; Piasecka et al., 2016). Yet, with a relatively subdued
relief of these bank areas, the evolving positions of nearby ice divides,
separating general ice flow west and east in this sector, were unlikely to
have remained static. It is thus likely that the relative dominance of the
mapped tunnel valley systems, which directly fed meltwater to the beds
of the adjacent Bjørnøyrenna and Sentralbankrenna ice streams to the
west, varied through time. Such processes of water piracy and rerouting
between subglacial catchments are observed in Antarctica and
Greenland and have led to complete shut-down and re-activation of
fast flow (Anandakrishnan and Alley, 1997; Vaughan, 2008; Carter
et al., 2013; Lindbäck et al., 2015). Numerous switches in ice stream flow
and pauses in ice-margin retreat during deglaciation are evidenced by
subglacially created and overlapping landforms indicative of fast flow,
and ice-marginal GZWs and moraines at the deglaciated beds of the
Bjørnøyrenna and Sentralbankrenna Ice Streams (Andreassen et al.,
2014; Bjarnadóttir et al., 2014; Piasecka et al., 2016; Esteves et al., 2017).

These high-temporal fluctuations within the subglacial drainage
network, and its potential to regulate the overlying ice cover, is
exemplified in our study area by the evolving deposition of the
Hopendjupet beaded-esker system. Segmented or beaded eskers are
interpreted as time-transgressive landform assemblages deposited close
to glacier margins during deglaciation; where they have been deposited
in associationwithDeGeermoraines they have thus been interpreted as
quasi-annual deposits (Livingstone et al., 2020). A second hypothesis
suggests an entirely subglacial deposition with synchronous formation
during separation of the glacier from its bed leading to the sediment
infill of subglacial cavities (Gorrell and Shaw, 1991). Although no other
ice-marginal landforms are visible inHopendjupet, the deposition of the
esker system within a tunnel valley (10 m x 1500 m; depth/width)
implies that channelised subglacial drainage in this area was in
operation throughout the deglaciation of Sentralbanken, favouring a
time-transgressive formation.

Under the assumption that the interpreted beaded esker
system in Hopendjupet represents a quasi-annual record of the
ice margin, it is possible to infer from their horizontal spacing a
high-resolution record of ice-sheet collapse over c. 91 years and
67 km (Figure 12). Our analysis indicates that deglaciation through
Hopendjupet was rapid but decelerating, transitioning from an
initial rate of >1,600 m a-1 within Hopendjupet and stabilising
~581–742 m a-1 across the shallower bank areas found at depths

of <300 m today. A modelled relative sea-level change of 248.5 m
in Hopendjupet at 15 ka BP (Gowan et al., 2021) indicate water
depths in this region were significantly deeper than present around
the time of deglaciation, largely the result of isostatic loading. The
irregular architecture and high degree of fluctuation in the spacing
between adjacent esker beads, ranging between 300-1,100 m
separation, potentially points towards a high-degree of
interannual variation in the volumes of meltwater and sediment
passing through this channelised system each year, and thus on the
ability of the subglacial drainage system to regulate the flow of
overlying ice. Such strongly correlated modulation of glacier
motion by water pressure variations in response to surface melt
inputs has been observed over annual timescales (Sugiyama et al.,
2011; Moon et al., 2014), though such variability in the terminus
position likely reflects a more nuanced response to other factors
too, including variable submarine melt rates in response to net
oceanic heat transport to the ice front (Inall et al., 2014; Cowton
et al., 2018).

The inferred rate of ice retreat over Sentralbanken at >500m a-1,
persistent for almost a century, is extremely fast, especially when
compared to tidewater glacier retreat in present-day Greenland
(Murray et al., 2015) or inferred from other coastal sectors of the last
EIS (Stokes et al., 2014; Bradwell et al., 2019). However, these rates do
align with grounding-line retreat at rates of between 500 and >2,100m a-
1 inferred (Graham et al., 2022), measured (Rignot et al., 2014) and
modelled (Seroussi et al., 2017) from the marine-based Amundsen Sea
sector of West Antarctica. Furthermore, a new chronological framework
recently proposed for the last deglaciation of the Barents Sea suggests the
EIS collapsed over centennial timescales, losing a volume of 6.2 (4.5-7.9)
m SLE (sea-level equivalent) during the Bølling warming (Brendryen
et al., 2020). With this chronology extrapolated across the entire 750 km
length of Bjørnøyrenna, it is inferred that collapse of this ice-stream
system took only 810 years after 14.71 ka BP, proceeding at a mean rate
of 1,080 m a-1 and resonating with our own inferred mean rates over
shallower bank areas.

5 Conclusion

High-resolution multibeam bathymetry data from the central
Barents Sea reveal assemblages of meltwater landforms on Thor
Iversen-banken, Sentralbanken, and Hopendjupet, indicating active
subglacial drainage through this sector during the last deglaciation.
We present evidence for hitherto undocumented esker systems and
meltwater channels that represent a range of subglacial hydrologic
environments. Singular and interconnected basins, inferred to be the
site of palaeo-subglacial lakes, are observed upstream of large tunnel-
valley networks, and we suggest that the periodic storage and drainage
of meltwater held within these lakes impacted drainage system
development and modulated ice flow through fill/drain cycles.

A composite map of subglacial drainage features over Thor
Iversen-banken facilitates reconstruction of geomorphically
dominant subglacial drainage modes during an early deglacial
phase when ice was still flowing in Sentralbankrenna and through
the later phase of deglaciation when thinning ice cover remained on
the shallow banks. Cross-cutting relationships between meltwater
landforms reveal the relative timing and operational timescales of
different drainage systems, indicating that subglacial lakes and tunnel
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valleys were operational throughout deglaciation over the central
Barents Sea. Eskers deposited along the banks and floors of tunnel
valleys and meltwater channels indicate late-stage incision of
meltwater into basal ice, highlighting persistent drainage routing
through the region during the latter stages of ice-margin retreat.

We attribute the shift in drainage character between deglaciation
phases over the central Barents Sea to changes in ice conditions from
thicker ice feeding the nearby Sentralbankrenna ice Streams, to thinner,
stagnant ice at the retreating ice margin over Thor Iversen-banken.
Additionally, changes in drainage characteristics were likely driven by a
shift from basal meltwater sourced from a large catchment during early
deglaciation, to a combination of subglacial and supraglacial meltwater
sources of fluctuating magnitude during the latter stages of deglaciation.
Anewly discovered beaded esker system inHopendjupet, interpreted as a
time-transgressive and quasi-annual ice-marginal deposit, provides
quantitative context for the rapid collapse of the ice sheet through the
central Barents Sea, inferred to have proceeded at rates of between 580 m
a-1 and 1,600 km a-1.
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