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Abstract

The Barents Sea Ice Sheet (BSIS) is a good palaeo-analogue for the present day West Antarctic
Ice Sheet. Both were marine-based ice sheets, particularly vulnerable to ocean warming and
sea-level rise. Understanding the BSIS ice dynamics and patterns of retreat since the Last
Glacial Maximum (LGM) is useful in developing our knowledge of spatial and temporal
variations during marine-based ice sheet retreat. While the western margins of the Barents Sea
have been extensively studied, few studies have focused on the central regions, which hosted
key ice stream tributaries and major ice domes and divides. Presenting a new high-resolution
(5 m) bathymetric dataset, this glacial geomorphological study focuses on the Sentralbankrenna
palaeo-glacial system in the central Barents Sea. A large number of grounding zone wedges,
mega-scale glacial lineations and areas with tunnel valleys and palaeo-subglacial basins were
identified. These form the basis for a six-stage reconstruction of ice stream retreat through
deglaciation since the LGM. In reconstructing the retreat of the Sentralbankrenna Ice Stream,
we document the rapid but highly spatially variable pattern of retreat of a marine-based ice
sheet margin. The presence of several tunnel valleys and interconnected palaeo-subglacial basin
systems indicates an abundance of meltwater, likely to have been stored and released through
several discharge events, significantly influencing the ice stream margin dynamics. This study
provides insight into the behaviour and dynamics of ice during the late stages of the BSIS
deglaciation within the central Barents Sea, increasing our understanding of grounding line

processes.
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1. Introduction

Ice streams are important and highly dynamic components of contemporary- and palaeo-ice
sheets, transporting large amounts of ice and sediment from the ice sheet interior to the margins
(Bamber et al., 2000); thereby significantly influencing the stability of the ice sheet (Bennett et
al., 2003). Insight into the processes that occur at ice margins is of vital importance for
understanding ice-ocean interactions and the consequences of ocean warming (Alley et al.,
2005; Bindschadler, 2006; Pritchard et al., 2009). In particular, processes occurring at the
grounding zones (where grounded ice loses contact with the bed), where a large amount of mass
is lost by calving and melting (Jenkins and Doake, 1991; Rignot and Jacobs, 2002). This, in
conjunction with other climatic changes, can lead to acceleration of ice streams, promoting
destabilisation in the interior of the ice sheet (Oppenheimer, 1998; Rignot et al., 2004; Shepherd
etal., 2004; Bindschadler, 2006). Present day Antarctic and Greenland Ice Sheets are vulnerable
to oceanographic and climatic changes, such as increasing surface water temperatures and
atmospheric warming, particularly at their ocean margins, thus it is essential to develop our
understanding of the processes and mechanisms that influence the spatial and temporal retreat

of ice streams.

During the Last Glacial Maximum (LGM; 18-21 cal ka BP) a large marine-based ice sheet
covered the Barents Sea, extending to the western continental shelf break (fig. 1; Svendsen et
al., 2004). The Barents Sea Ice Sheet (BSIS) is considered a good palaeo-analogue for marine-
based ice sheets (Siegert et al., 2002) such as the present-day West Antarctic Ice Sheet (WAIS).
They have many similarities, both are marine-based with their beds mostly below sea-level,
both are overlying sedimentary bedrock, and had similar sizes and extents during the LGM
(Andreassen and Winsborrow, 2009). However, unlike the WAIS, the BSIS completely
deglaciated following the LGM.

Details of its deglaciation history are preserved in the glacial sediments and landforms
imprinted onto the seafloor of the Barents Sea and have been extensively studied in southwest

Barents Sea and parts of the Svalbard margin (fig. 1; i.e. Vorren and Kristoffersen, 1986;
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Elverhgi et al., 1993; Solheim et al., 1996; Landvik et al., 1998; Dowdeswell et al., 2010;
Winsborrow et al., 2010; Rather et al., 2012; Ing6lfsson and Landvik, 2013; Andreassen et al.,
2014; Bjarnaddttir et al., 2014; Piasecka et al., 2016). In contrast, the central Barents Sea
remains poorly studied, despite it being the site of a major ice dome and ice divides for the

BSIS, as well as hosting several ice streams and their tributaries.

Ice streams leave a series of characteristic geomorphic imprints on the seafloor, which
document the spatial and temporal patterns of retreat. By studying these we can gain valuable
insights into the processes and mechanisms controlling ice stream behaviour (Stokes and Clark,
2001; Livingstone et al., 2012a).

Until recently, there has been a particular scarcity of bathymetric data available from the central
Barents Sea due to a political Norwegian-Russian border dispute. This is in contrast to that
available from the southwestern Barents Sea where several surveys have been undertaken. We
present a high-resolution dataset from the central Barents Sea, immediately west of the border
between Norway and Russia (fig. 1). Focusing on the Sentralbankrenna Ice Stream and its
glacial system, which encompasses the adjacent bank areas Sentralbanken and Thor
Iversenbanken. The Sentralbankrenna Ice Stream was a tributary to Bjgrngyrenna during the
LGM and an important area during the final stages of the central BSIS deglaciation. In this
paper, we present glacial geomorphological mapping from the bed of the Sentralbankrenna
palaeo-Ice Stream, which is then interpreted to determine ice flow patterns and ice dynamics
during deglaciation. We document rapid, episodic ice stream retreat associated with periods of
increased ice margin break up punctuated by margin stillstands or short readvances. Subglacial
meltwater was abundant in this area and is suggested to have significantly influenced the
overlying ice by facilitating fast flow both for the Sentralbankrenna and Bjgrngyrenna Ice
Stream.

2. Glacial and regional setting/Study area

The Barents Sea is the largest epi-continental sea in the world and is characterised by relatively
shallow banks (100-200 mbsl) and large, deep troughs (300-500 mbsl; fig. 1). Investigations
into the large trough mouth fans at the shelf break suggest that the Barents Sea has undergone
multiple glaciations during the Cenozoic (Vorren et al., 1988; VVorren and Laberg, 1997), with

the most recent having taken place in the Late Weichselian (Landvik et al., 1998; Svendsen et
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al., 2004). During this final glaciation, the BSIS reached the continental shelf break (fig. 1;
Svendsen et al., 1999), depositing sediments along the northern and western continental slopes
forming large trough mouth fans composed of glacigenic debris flow deposits (Laberg and
Vorren, 1995; Dowdeswell et al., 1996; Kleiber et al., 2000; Andreassen et al., 2004).

The BSIS was a multi-domed ice sheet, and the ice divides for the LGM and early phase of
deglaciation have been extensively studied and derived based on empirical data-sets (e.g.
Bondevik et al., 1995; Forman, 2004; Ottesen et al., 2005) and glacial-isostatic adjustment
modelling (e.g. Lambeck, 1995; 1996; Auriac et al., 2016). These studies indicate that one of
the ice domes was located over Storbanken, in the northern Barents Sea, and may have extended
over Sentralbanken (fig. 1; Bjarnadottir et al., 2014; Patton et al., 2015; Piasecka et al., 2016).
During the late phase of glaciation, the ice divide over Storbanken migrated northwest, into
separate ice domes over e.g. Hinlopenstretet (Dowdeswell et al., 2010) and Nordaustlandet
(Hormes et al., 2013).

During the LGM several ice streams occupied the cross shelf troughs; although not necessarily
active synchronously these transported ice and sediments from the inner sectors of the BSIS to
its margins (Ottesen et al., 2002; Andreassen et al., 2008; Bjarnadottir et al., 2014; Patton et al.,
2015; Vorren and Laberg, 1997). Empirical and modelling evidence suggest that during
maximum glacial extent these ice streams were not topographically constrained, with the
Bjagrngyrenna Ice Stream flowing straight from eastern Barents Sea where there was an ice
divide located over the south east Barents Sea (Bjarnadottir et al., 2014; Piasecka et al., 2016;
Patton et al., 2016). However, throughout deglaciation the BSIS underwent several changes in
flow regime, ice dynamics, and reorganisation of ice dome/divide and ice stream locations, as
well as, ice stream flow switching (Polyak et al., 1995; Andreassen et al., 2008; Winsborrow et
al., 2010, 2012; Bjarnadottir et al., 2014; Patton et al., 2015). Towards the end of the
deglaciation, as the ice sheet thinned, flow became more topographically controlled
(Andreassen et al., 2008; Winsborrow et al., 2010, 2012; Bjarnadottir et al., 2014; Patton et al.,
2015).

The largest Barents Sea palaeo-ice stream was the Bjgrngyrenna Ice Stream, a major outlet of
the BSIS with a catchment area in excess of 350,000 km?2, which occupied Bjgrngyrenna (fig.
1; Winsborrow et al., 2010; Andreassen et al., 2014; Bjarnaddttir et al., 2014). It is likely that
this ice stream had several tributaries, including the fast flowing ice coming from
Sentralbankrenna, within our study area (fig. 1; Bjarnadéttir et al., 2014). Given the area of
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Sentralbankrenna (>30,000 km?), the behaviour and flow patterns of this tributary likely played
a significant role in controlling ice dynamics and the flow regime of the Bjerngyrenna Ice

Stream.

The glacial imprints left by the Bjgrngyrenna Ice Stream have been extensively studied (e.g.
Vorren and Laberg, 1997; Andreassen et al., 2008; Andreassen and Winsborrow, 2009; Ruther
etal., 2011; Andreassen et al., 2014; Bjarnadottir et al., 2014; Piasecka et al., 2016), and suggest
dynamic ice margins and rapid, but episodic retreat patterns throughout the trough during
deglaciation since the LGM. Bjarnadottir et al. (2014) and Newton and Huuse (2017) suggest
a number of former ice margin positions throughout the central Barents Sea (fig. 1) based on
ice marginal features such as grounding zone wedges and retreat ridges. Several meltwater
features are also described in the central Barents Sea, including in Sentralbankrenna and Thor

Iversenbanken (Bjarnaddttir et al., 2017; Newton and Huuse, 2017).

Deglaciation in the western part of the Barents Sea initiated by 17.5 cal ka BP (Ruther et al.,
2011). Due to lack of data in the central Barents Sea, there are large uncertainties about the
timing of full deglacial conditions over this region. Hughes et al. (2015) provide estimates (min,
med, max) of ice margin extents, suggesting that the central Barents Sea became ice free
sometime between 16-12 cal ka BP. We suggest that our study area would have been
undergoing deglaciation after 16 cal ka BP, based on ice margin extents of Hughes et al. (2015)
and Winsborrow et al. (2010; fig. 1).

3. Datasets and method

The bathymetric data presented herein was provided by the MAREANO Programme
(www.mareano.no). The original dataset has a horizontal resolution of 5 m, with the multibeam
covering an area of approximately ~17,000 km? over Sentralbankrenna and the northwestern
flanks of Thor lversenbanken (fig. 1). The horizontal grid size was decreased during the
mapping stage to a resolution of 25 m to focus on the larger-scale glacial features. The
bathymetric dataset was used to carry out detailed mapping of the distribution and morphology
of glacial sediments and landforms on the seafloor (fig. 2 A). The landforms were mapped and
visualised using Esri ArcMap v10.1 and QPS Fledermaus. The International Bathymetric Chart

of the Arctic Ocean (IBCAO; version 3.0), with a grid size of 500 m, consisting of several
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bathymetric datasets of varying resolution (Jakobsson et al., 2012), was used to give a broader

overview of the seafloor bathymetry.

4. Results and interpretation

The key glacial landforms identified in the study area are described and interpreted below (fig.
2 A). The results are then synthesised (fig. 2 B and E), providing new insights into the spatial
and temporal variations of the ice margin and the distribution of fast and slow flowing ice within
the Sentralbankrenna glacial system during the final stages of BSIS deglaciation, as well as the

influence of this glacial system on the wider BSIS.

4.1. Sedimentary deposits: Large grounding zone features
4.1.1. Description

The most prominent, large-scale features identified in Sentralbankrenna are nine, trough-
transverse sediment ridges or wedges (fig. 2 A-G; table 1). The southernmost (farthest
downstream) sedimentary deposit 1 (labelled GZW 1 in fig. 2 B) is a large and prominent
wedge-shaped feature at a minimum 295 m water depth and extending across the mouth of
Sentralbankrenna (fig. 2 B and C). It is visible on both the high resolution multibeam and the
IBCAO data (fig. 2 A) and has a height of ~35 m relative to the seafloor downstream of the
feature. Sedimentary deposit 1 has a dome-like shape and a slightly steeper ice-distal,
downstream slope compared its ice-proximal, upstream slope (fig. 2 B and C; table 1). This
sedimentary deposit extends across 100 km of the trough in a NE-SW direction. It has a width
of ~35 km, at the widest point visible in the multibeam dataset; however, measurements taken
using IBCAO suggest that it extends beyond this high resolution dataset, having a width of ~60
km. Bjarnadéttir et al. (2014) discuss multibeam and subsurface data from this area and
conclude that this deposit is a composite landform, consisting of at least four generations of
grounding zone wedges, which have an acoustically transparent internal structure. Overprinting
the ice proximal side of sedimentary deposit 1, are several large elongated linear features
(previously described and interpreted in Bjarnadottir et al., 2014; cf. section 4.2.; fig. 2 A and
B). At its northern extent there is a deep erosional channel that cuts through the sedimentary
wedge (cf. section 4.3., fig. 2 A and B).
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Sedimentary deposit 2 (fig. 2 B; GZW 2) joins the first sedimentary deposit on its west but is
orientated in a more NW-SE direction and is not as large as sedimentary deposit 1. Deposit 2 is
less prominent in the bathymetric dataset, mainly due to a heavily scoured surface. With its
crest at a slightly deeper water depth (~305 m) than GZW 1, it extends for ~45 km. It has a
slightly asymmetric wedge-like shape, with an ice distal slope of ~0.20° that is ~10 m high from
the level of the seafloor, downstream of the wedge. At its widest part, sedimentary deposit 2 is
at least ~15 km (fig. 2 D). It lies directly upstream from the deep elongated linear features
overprinting the eastern side of grounding zone deposit 1 (previously described and interpreted
in Bjarnaddttir et al., 2014; cf. section 4.2.; fig. 2 A; GZW 1). In its western part several deep
channel-like features appear to have cut through the upstream part of the deposit (cf. section
4.3), giving this part of the deposit a steeper ice proximal slope, in contrast to the rest of
sedimentary deposit 2 (table 1).

Sedimentary deposit 3 (fig. 2 B and E; GZW 3) is located in mid-Sentralbankrenna at a
minimum water depth of ~265 m and, similar to sedimentary deposit 2, has a slightly
asymmetrical wedge-like profile, with a steeper downstream, ice distal slope (table 1). The
surface of the deposit is heavily grooved, having both been overprinted by and overprinting
many curvilinear furrows. The extent of the full deposit is unclear due to this heavy scouring,
however, it seems that it extends for at least ~80 km, with a NW-SE orientation in its western,
more prominent part, and more NE-SW orientation in its eastern part, which extends towards

sedimentary deposit 4. It is ~26 m high and up to ~15 km wide.

Adjacent to the eastern-most part of sedimentary deposit 3, is the much smaller yet pronounced
sedimentary deposit 4, which is located at a water depth of ~235 m (fig. 2 E; GZW 4). It is ~14
km long with a height of ~30 m in relation to the seafloor downstream (fig. 2 G; table 1). This
deposit has a W-E orientation and a large quantity of furrows overprint and possibly have
reworked its western side and thus, maybe concealing its full extent (fig. 2 E). Moreover, it has
been heavily overprinted by large elongated parallel linear features on the ice proximal side
(fig. 2 E; cf. section 4.2).

Sedimentary deposit 5 is located on the eastern part of Sentralbankrenna and has a distinct
asymmetrical wedge-like shape (figs. 2 E, G and 3 A; GZW 5). Based on its morphology and
seafloor expression the wedge can be divided into eastern and western sections (fig. 3 A). It
extends in a NW-SE direction for ~35 km, and is located in water depths of ~215 m at its eastern
side and ~250 m at its western side. The eastern side of the deposit has a clear asymmetric
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shape, with a width of ~30 km at its widest point, a height of ~31 m and a steeper ice distal
slope (figs. 2 G, 3 A and B; table 1). The eastern side of this deposit extends slightly north in
the middle of the feature (between the western and eastern side), forming a wedge-shaped ridge
dividing it from its western counterpart (fig. 2 A).

The western side of sedimentary deposit 5 is less pronounced than its eastern side and has a
radial, fan-like geometry, with a height of ~10 m, width of ~20 km and a less steep overall
profile (fig. 3 A and C; table 1). A clear break in slope can be traced along the whole of the ice
distal side of this western section of the wedge (indicated by the red arrow in fig. 3 A and C),
perhaps indicating a second wedge-like feature. The extent of the lower wedge is unclear,
although it has a similar overall profile to that which overlies it, with a steep ice distal slope
and a height and width of ~10 m and ~8 km, respectively (figs. 2 E, 3 A and C; table 1). This
western side of sedimentary deposit 5 is located in a deeper part of trough, and the fan-shaped
deposits are heavily overprinted by, and themselves overprint, many semi-parallel curvilinear
furrows (cf. section 4.6). In the middle section of sedimentary deposit 5, between the western
and eastern sides of the deposit, are several smaller fan-shaped deposits. These are greater in
height but smaller than the fan-shaped western margin of deposit 5 (heights ~20 m, widths ~1.5
km; fig. 3 A).

North of deposit 5 is a large and prominent sedimentary deposit 6 (figs. 2 E and 3 D; GZW 6).
It is located at a much shallower depth than sedimentary deposits 1-5, with the crest of the
sedimentary deposit at ~190 m water depth. This deposit appears to be well preserved with little
indications of overprinting from other features, except for a small number of elongated linear
features imprinted into its ice proximal slope (cf. section 4.3) and some randomly orientated
furrows on the crest (cf. section 4.6). The wedge extends in an ESE-WNW direction for ~37
km, is ~15 km at its widest point and has a clear asymmetrical shape (fig. 2 G; table 1) with
many lobate features making up its margin (fig. 3 D and E). The extent of the western-most part
of the wedge is a little unclear as it fades into an area dominated by smaller sedimentary ridges
(cf. section 4.4).

Sedimentary deposit 7 (fig. 2 E; GZD 7) is to the west of the sedimentary deposit 6, located in
the northwestern part of Sentralbankrenna at a water depth of ~160 m. Unlike the sedimentary
deposits previously described, it is more symmetrical, considerably higher and narrower (table

1), and height of ~50 m in relation to the seafloor downstream. It extends for ~20 km in a W-E
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direction and is ~4 km at its widest section. In the areas up and downstream of this large

sedimentary deposit there are many small, pronounced sedimentary ridges (cf. section 4.4).

Sedimentary deposit 8 (GZD 8; fig. 2 B), on the north-western flanks of Thor Iversenbanken at
a water depth of ~240 m, has similar morphological characteristics to sedimentary deposit 7
(table 1). This deposit is composed of three closely spaced, symmetrical sedimentary deposits,
orientated in a NE-SW direction, which have widths and heights ranging from 200-340 m and
3-11m, respectively. These have been previously described and interpreted by Bjarnadottir et
al., (2014).

On the northern flanks of Thor Iversenbanken, connecting with the mid-section of
Sentralbankrenna, is sedimentary deposit 9 (GZD 9; fig. 2 B and E), which is ~45 km long and
its surface has been heavily scoured by both curvilinear and randomly orientated furrows (fig.
2 B and E). At its widest point (in the northern most part of Thor Iversenbanken), it has a width
of ~8 km and height of ~25 m (table 1), however as it extends into the north-western part of

Thor Iversenbanken, its shape and seafloor expression becomes less pronounced.

4.1.2. Interpretation

We identified nine large sedimentary deposits (fig. 2 A-G; table 1) and interpret these to indicate
former grounding line positions. Based on their morphology and seafloor expression, two main
types of deposits are identified within the Sentralbankrenna glacial system. The first have clear
wedge-like forms and are interpreted to be grounding zone wedges (GZWs). In contrast, the
second type of deposits are smaller, narrower and lacking a pronounced wedge-like form and
so, while they are interpreted to also represent ice marginal deposits these will be referred to as
grounding zone deposits (GZDs). Of the mapped landforms sedimentary deposits 1-6 are
interpreted to be GZWs and will henceforth be referred to as GZW 1-6 (fig. 2 B and E, table
1). This interpretation is consistent with that of Bjarnadéttir et al. (2014) who previously
interpreted GZW 1-3 in our study. Sedimentary deposits 7-9 are interpreted to be GZD and
will henceforth be referred to as GZD 7-9 (fig. 2 B and E, table 1). We propose that the steep,
narrow GZDs 7, 8 and 9 (fig. 2 E) are large recessional moraines (GZD 8 previously described
and interpreted in Bjarnadottir et al., 2014). Such landforms typically form at tidewater ice cliffs
through a combination of processes, such as squeeze-push from under the ice mass and the
deformation of the sediment beneath (Powell, 1981; 1991; Powell and Domack, 1995; Powell
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and Alley, 1997) and are typical for inter-ice stream areas (Kirkbride and Warren, 1997; Ottesen
and Dowdeswell, 2009). There is a noticeable lack of scouring both downstream and upstream
of these features, and it is therefore likely that the ice here was slower moving, with little calving

occurring at the margin.

GZWs have been observed and extensively studied in many locations on high-latitude palaeo-
ice stream beds (e.g. Mosola and Anderson, 2006; O Cofaigh et al., 2008; Bjarnadattir et al.,
2013; 2014; Rydningen et al., 2013). These are ice-marginal landforms, formed at the
grounding zone of fast-flowing ice streams (Powell and Domack, 1995; Dowdeswell et al.,
2008) and are suggested to temporarily stabilise the ice stream grounding line to the effects of
sea-level rise (Alley et al., 2007; Anandakrishnan et al., 2007).

GZW 1-6 all have similar morphological and acoustic characteristics: slight-to-prominent
asymmetric profiles (steeper ice-distal slopes), a relatively high length-to-height ratio and are
acoustically transparent, which are typical of GZWs (Powell and Domack, 2002; Dowdeswell
and Fugelli, 2012; Batchelor and Dowdeswell, 2015). These wedge-like deposits are formed
through rapid deposition and deformation of subglacial sediment at the ice margin, and its
subsequent redistribution through gravity flow processes (Powell and Alley, 1997; Dowdeswell
and Fugelli, 2012). Their acoustic transparency reflects the unsorted nature of the diamictic
debris being deposited at the grounding zone (Batchelor and Dowdeswell, 2015). The presence
of GZWs in the palaeo-record enables identification of ice margin positions during stillstands
or re-advances (from decades to centuries), and their morphology and relation to other
geomorphological features can provide clues to the overlying ice dynamics and retreat patterns
(e.g. Mosola and Anderson, 2006; Alley et al., 2007; Anandakrishnan et al., 2007; Dowdeswell
et al., 2008; O Cofaigh et al., 2008; Dowdeswell and Fugelli, 2012; Livingstone et al., 2012a;
Livingstone et al., 2016a). Thus, the six GZWSs in Sentralbankrenna (GZW 1- 6) indicate that
ice streaming within this trough experienced periods of ice break up and rapid retreat,

punctuated by stabilisation during stillstands or readvances.

GZW 1 is the largest within this dataset and is composed of four generations of deposition
(Bjarnaddttir et al., 2014). From its position in relation to the rest of the features, we suggest
this to be the oldest ice marginal landform within the dataset, deposited by ice flowing in a
north-west to south-east direction. GZW 2 is not as prominent as the other GZW1-4, perhaps
indicating that the ice margin was stable in this position for a relatively short period, when the
ice stream was undergoing fast retreat and the grounding line only just grounded. Alternatively,

10
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it may represent changes in the flux of sediment to the grounding line. The northern sections of
GZW 1 and 2 have been breached by several channels (c.f. section 4.3), indicating that

meltwater was likely to have been present during the formation of these GZW.

GZW 3 is heavily scoured and overprinted by curvilinear furrows (fig. 2 B and E, c.f. section
4.6.). To the east, GZW 4 is overprinted by elongated linear features on its ice-proximal side
(fig. 2 E, c.f. section 4.2.), suggesting that this was formed under fast flowing ice (O Cofaigh
et al., 2005; Graham et al., 2010), and that the ice was still streaming during or after the final

stages of its formation.

The eastern side of GZW 5 (fig. 5A) represents a classic GZW, with an asymmetrical profile
and high length-to-height ratio. We suggest that the grounding line of the Sentralbankrenna Ice
Stream was stable in this area for some time allowing a large and clear GZW to develop. In
contrast, the western part of GZW 5 resembles a large radially shaped fan, with a clear slope
break at its downstream margin. The western side of GZW 5 may represent a large grounding
line fan (fig. 3 A), indicating that this part of the deposit was highly influenced by meltwater,
with sediment deposition either due to subglacial meltwater derived sediment plumes,
subaqueous debris flows, or a combination of the two. This is likely to be a composite feature,
formed and reshaped during two stillstand/readvance events, with the sediment fans having
been deposited by a relatively ice proximal meltwater plume from a subglacial meltwater
conduit ending at the ice margin. In between the western and eastern side of GZW 5 there are
many smaller grounding line fans along its ice distal slope (fig. 5 A). Similar features have been
described as part of GZWs in Kveithola, western Barents Sea (Bjarnadottir et al., 2013) and in
Storfjordrenna, NW Barents Sea (Shackleton et al., Submitted), and interpreted as intermediate
GZWs, heavily influenced by meltwater activity at the former ice margin. We propose that
GZW 5 also represents such an intermediate GZW. Whilst the eastern and western part of this
sedimentary wedge have been described as part of the same deposit, it is clear that the ice
margin experienced different ice dynamics along its front. It is possible that a large embayment
in the ice margin formed over the western part of GZW 5 due to its position within the deeper
section of the trough, enabling the formation of the GZW radial fan-shaped geometry.

Further north, GZW 6 is a large and very prominent feature on the seafloor, with a very clear
terminus on its ice distal side (fig. 3 D). Based on its location, we suggest that this GZW was
formed during the late stages of deglaciation in this trough. This is consistent with interpretation
from Newton and Huuse (2017).
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4.2. Linear elongated features: Mega-Scale Glacial Lineations
4.2.1. Description

Within Sentralbankrenna we identify five areas with differing orientations where assemblages
of broadly parallel linear elongated ridge-groove features can be seen on the seafloor (fig. 2 A,
B and E; MSGL 1-5). The first area (MSGL 1; figs. 2 B and 4 A) is located on the ice proximal
side of GZW 1 and is characterised by the largest amplitude ridge-groove features mapped in
Sentralbankrenna. Here the features have a predominant NE-SW orientation, with ridges ~880-
2680 m wide, ~25-42 km long, heights between ~2-3 m, and with elongation ratios
(width:length) ranging from 1:15 to 1:28 (fig. 4 B). The second area (MSGL 2) of pronounced
parallel elongate ridge-groove features is located between GZW 1 and GZW 2, slightly north
of area 1 (figs. 2 B and 4 A), and has been previously described and interpreted by Bjarnadottir
et al., 2014. These pronounced parallel elongate ridge-groove features extend in an ENE-WSW
direction with an individual length of ~11-14 km, ~350-1200 m wide, 2-8 m high, and
elongation ratios ranging from 1:12 to 1:32 (fig. 4 C). Both the first and second area of elongated
features are located in the deepest part of the study area (area 1 water depth is ~295 m; area 2
water depth is ~320 m).

The third area (MSGL 3; figs. 2 E and 4 D) is located in the eastern part of mid-
Sentralbankrenna, where very clear parallel linear ridge-groove features can be observed
overlying and terminating on top of GZW 5 (fig. 4 D). These landforms are orientated in a
NNE-SSW direction and are smaller than those in areas 1 and 2, ~5-10 km long, ~180-530 m
wide, heights ~2-7 m (fig. 4 E), with elongation ratios between 1:12 and 1:53. The fourth area
(MSGL 4; fig. 2 E) is located on the ice proximal slope of GZW 6, in the north-easternmost
part of Sentralbankrenna. Here, large ridge-groove linear features are imprinted onto the
seafloor, with lengths of ~4-8 km, widths of ~240-640 m, heights of ~1-6 m, and elongation
ratios between 1:12 and 1:32. These features are oriented in a NE-SW direction. The fifth area
(MSGL 5; fig. 2 E), is west of the fourth, just south of sedimentary deposit 7, in the northwestern
part of Sentralbankrenna. In this area, the ridge-groove features are oriented in an ENE-WSW
direction, extend ~2.7-3.1 km in length, are ~85-100 m wide, have heights between ~0.4-0.8 m,
and elongation ratios ranging from 1:28 to 1:33. The linear features in the fifth area are
relatively short and cover only a small area, unlike similar features found in other areas. This

area is also surrounded by many small sedimentary ridges (cf. section 4.4).
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4.2.2. Interpretation

The linear elongated ridge-groove features in areas 1-5 are interpreted to be mega-scale glacial
lineations (MSGLs; henceforth areas 1-5 are now referred to as MSGL 1-5). MSGLs are formed
beneath fast flowing ice (Clark 1993), and have been widely used to identify the location of
palaeo-ice streams in formerly glaciated areas (e.g. Stokes and Clark, 1999; 2001; Graham et
al., 2009).

The MSGLs within Sentralbankrenna show different scales and different positions in relation
to other glacial geomorphological features. MSGLs 1 to 4 are all located on the ice-proximal
slope of GZWs, thus indicating that the ice overlying these areas was fast flowing during or
after the deposition of the wedges (O Cofaigh et al., 2005; Dowdeswell et al., 2008; Graham et
al., 2010). MSGL 5, located downstream of GZD 7, is considerably smaller than the other
MSGLs, and has a differing orientation in comparison to the ridge features around it (cf. section
4.4). 1t is possible that MSGL 5 are older features that have been partially buried by younger

sedimentary ridge features.

MSGLs 1 are considerably larger than the other MSGLs, both in terms of the area that they
cover and also the amplitude of the features, and are likely related to a period when the
Sentralbankrenna Ice Stream was fast flowing and depositing GZW 1. MSGLs 2 immediately
upstream, have a slightly different orientation, suggesting a switching in ice stream flow
direction within the trough during ice stream retreat from GZW 1 to GZW 2. Subglacial
meltwater, in conjunction with easily deformable sediment (Fowler et al., 2010), may have
played a significant role in enabling the formation of the MSGLs in area 1 and 2. In support of
this, several meltwater channels have been previously identified in the areas adjacent to the
MSGLs (Bjarnaddttir et al., 2012; 2014; 2017; this study, c.f. section 4.3.), indicating that there
was abundant meltwater discharging into this area.

The formation of MSGLs 3 and 4 was likely to have occurred simultaneously to the formation
of GZW’s 4 and 6, respectively. Meanwhile, the timing of the formation of MSGL 5 and its
relationship with the surrounding landforms remains more uncertain. No further MSGLs within
Sentralbankrenna, or on the ice proximal sides of GZW 2 and 3, were observed during this

study. Rather than reflecting a lack of fast flowing ice in this area, we suggest that MSGLs may
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have been present but have been subsequently obscured by heavy scouring of the seafloor (fig.
2 A, BandE).

4.3. Seafloor channels and basins: Meltwater features
4.3.1. Description

Located between GZW 1 and GZW 3 are three areas with channel-like furrows and depressions
on the seafloor (fig. 2 A and B). The first area is located in the northern part of GZW 2, upstream
of GZW 1 (fig. 5 A). Here, several channels were identified, extending on the seafloor for ~7-
20 km in length, with an undulating long profile (fig. 5 B). The channels have varying widths
and depths, 80-155 m and 3-10 m, respectively (fig. 5 B and C). All the mapped channels in
this area are orientated NE-SW and are inter-linked in a large anastomosing system (fig. 5 A),
cutting through the northern part of GZW 2 and GZW 1 (fig. 2 B). These have been described
and interpreted by Bjarnaddttir et al. (2012; 2017).

In the western part of Thor Iversenbanken, adjacent and to the east of MSGLs 1, is a long single
channel (fig. 5 D), oriented SE-NW. This channel extends ~4 km on the seafloor, is ~60 m wide
and 3 m deep (fig. 5 E). There is also an elongated, relatively straight, ridge running parallel to
this channel (fig. 5 D and E), with the same length but with a width and height of ~92 m and
~2 m, respectively. To the west of this area is a large depression on the seafloor (fig. 2 A), ~3.5
km long, ~1.8 km wide, with a depth of ~40 m.

East of MSGLs 2, in the north-western flanks of Thor Iversenbanken, is a third channel and
basin area (figs. 2 B and 5 F). Here, several channels merge in a dendritic manner downstream
of three depressions, and cut through a number of small sedimentary ridges (c.f. section 4.4),
previously identified by Bjarnadottir et al. (2012; 2014; 2017). These channels are orientated
SE-NW towards the trough, where they end abruptly, close to the slope break. The main channel
in this area is ~310 m wide, ~32 m deep and ~50 km long (fig. 5 G and H). The northern-most
channel in the basin area splits into two, with one channel connecting to the depressions from
the northeast, subsequently feeding into the main channel and the other, a single meandering
channel, extending ~40 km, ~150 m wide, and ~7 m deep (fig. 5 I) towards the trough. The
depressions on the seafloor are situated upstream of the main channel and are relatively shallow,
< 20 m deep, with basin-like shapes and lengths/widths ranging from, 2.3-4 km and 1-1.5 km,
respectively.
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4.3.2. Interpretation

The meltwater channel network north of GZW 2 (fig. 5 A) is interpreted to be an extensive
system of tunnel valleys, which have been previously described by Bjarnadéttir et al. (2012;
2017). These features are erosionally formed by subglacial meltwater at the base of the ice sheet
(O Cofaigh, 1996; Kehew et al 2012; Greenwood et al 2016). The channels have breached
GZWs 1 and 2 (fig. 2 B), indicating that they may have been formed gradually over time and
have been active during the build-up of both GZWs 1 and 2.

The smaller channel on the western flanks of Thor Iversenbanken (fig. 5 D) is interpreted to
have formed subglacially under a channelised meltwater regime and the elongated ridge running
parallel to it is interpreted as an esker. It is possible that this esker may have formed during a
period when the ice was slower moving in this area or possibly even close to the ice margin,
during which the meltwater conduits remained stable for sufficient time for esker to form.
Similar formation processes have been suggested for the formation of eskers observed in
Canada (Storrar et al., 2014). We suggest that the large depression west of this channel and
esker (fig. 2 A) may have served as a subglacial basin once hosting a subglacial lake, however,
further subsurface and empirical data is required to verify this.

East of MSGL 2 a series of arborescent channels form a dendritic hydraulic network
downstream of three basins. These channels have been previously described and interpreted by
Bjarnadottir et al., (2012; 2017) and Newton and Huuse (2017) to be tunnel valleys formed
gradually over time and to have been active close to the ice margin. The main channel has an
undulating long profile (fig. 5 G), with a shallowing at the mouth of the channel, indicating that
there must have been significant pressure from overlying ice to cause subglacial water to be
driven uphill. The channel ends abruptly when it enters the trough, either indicating the channel
ending at the margin, or suggesting a possible boundary, or shear margin, between the slower
inter-ice stream ice on Thor lversenbanken and the streaming ice of the Sentralbankrenna Ice

Stream (c.f. section 5.1.2.).

The basins upstream of the dendritic channel network are inferred to have hosted palaeo-
subglacial lakes, based on their geomorphic properties (e.g. as described in Livingstone et al.,
2012b) and the presence of channels leading into and out of the basins, as well as evidence of
channels cutting through some of the basins. We suggest that these lakes would have discharged
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a large amount of meltwater into the channels and may have undergone several periods of
drainage and infilling, similar to those identified in Antarctica (Fricker and Scambos, 2009) and
Greenland (Palmer et al., 2013). Similar palaeo-subglacial lakes have been described elsewhere,
for example in Canada, by Christoffersen et al. (2008) and Livingstone et al. (2016b). While
these channels and basins are not located at the onset zone of the ice stream, we propose that
the presence of these channel areas at the sides of the trough may have played a significant role
for the development of MSGLs and/or in the facilitation of ice streaming in the trough (e.g.
King et al., 2009; Fowler et al., 2010), providing a mechanism for rapid discharge of meltwater
into the trough. Running perpendicular to the channels in this area are several sedimentary
ridges (cf. section 4.4; Bjarnadottir et al., 2014), which have been breached at several points,
suggesting that the channels in this area were active during a period of ice retreat in this area.
Furthermore, Bjarnadottir et al. (2012; 2017) suggested that the tunnel valleys in this basin and
channel area (fig. 5 F) may have undergone several outburst floods, which we suggest may have

been promoted by the presence of the palaeo-subglacial basins further upstream.

Meltwater plays an important role in ice sheet and ice stream dynamics, facilitating fast ice flow
for overlying ice (Hulbe and Fahnestock, 2004; Bell, 2008; Greenwood et al., 2016). The
channels observed in Sentralbankrenna and on Thor Iversenbanken must have formed

subglacially since the ice stream had a marine margin.

4.4. Sedimentary ridges: Retreat ridges
4.4.1. Description

Within the bathymetric dataset there are four distinct areas with small sedimentary ridges;
linear, parallel features, with a symmetrical shape. The first area is located in the channel and
basin area, east of GZW 2, where four large ridges are clearly visible running perpendicular to
the channels (fig. 5 F; Bjarnadottir et al., 2014), with widths ranging from 400-600 m and
heights between 8-17 m, they have a regular spacing between 1-3 km (Bjarnadottir et al., 2014;
2017). Between these larger ridges, there are many slightly smaller ridges, with widths and
heights ranging from 110-240 m and 3-14 m, respectively, as well as a regular spacing of 150-
350 m (fig. 5 J). The sedimentary ridges in this area occur 1-3 km upstream from a visible slope
break between Thor Iversenbanken and Sentralbankrenna, and at a water depth ranging between
260-300 m.
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The second area with several small sedimentary ridges is located in the northern-most flanks of
Thor lversenbanken, to the east of grounding zone deposit 9 (fig. 2 A and E) in water depths
ranging from 220-235m. Short and narrow ridges were also identified with a more north-south
orientation, with widths and heights ranging from 84-405 m and 4-12 m, respectively.

To the west of GZW 5, downstream of GZD 7, is sedimentary ridge area three, where there are
several ridges with an approximately W-E orientation, widths ranging from 95-155 m and
heights of 3.5-6 m, in water depths ranging from 245-270 m (fig. 6 A and B). North of this area,
both up- and down-stream of the GZD 7 is sedimentary ridges area four, which, in comparison
to the other areas, is located at a much shallower water depth between 180-230 m (fig. 2 E).
Here, many sedimentary ridges are observed with an approximate NE-SW direction, widths of
100-185 m and heights of 3.5-8 m.

4.4.2. Interpretation

The small, linear, semi-parallel sedimentary ridges identified in the study area have a semi-
regular spacing, and are interpreted to be retreat ridges. These features are indicative of
stabilisation of the ice margin during overall retreat (Ottesen and Dowdeswell, 2006). The
retreat ridges on Thor Iversenbanken are likely to have been formed by slow ice flowing from
the east, over Thor Iversenbanken. Those in the upper parts of Sentralbankrenna are more likely
to have been formed by ice flowing from Sentralbanken. The four larger retreat ridges in the
channel and basin area on Thor Iversenbanken, have previously been interpreted as recessional
moraines, indicative of a longer margin stillstand (Bjarnadottir et al., 2014). Based on their
geomorphic characteristics and setting we find it likely that the smaller ridges in this area also
represent recessional moraines or smaller push moraines, although without subsurface data,

their origin cannot been confirmed.

4.5. Short, flat imprints with sedimentary berms: Ice-fingerprints
4.5.1. Description

Along the north-western margin of Sentralbankrenna two areas have been mapped, to the west
of GZW 5 (fig. 6 C) and upstream of GZD 7 (fig. 2 A and E), where the seafloor is characterised
by elongate, semi-parallel, flat bottomed features that have lengths and widths ranging from
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150-2500 m and 180-700 m, respectively. Many of these features terminate in long crescentic,
asymmetric shaped berms, with heights between 1-6 m and widths of 100-450 m (fig. 6 C and
D). These features appear downstream of the mapped retreat ridges (cf. section 4.4) as short
and wide imprints, which overprint longer and narrower imprints that in some locations merge

or turn into with curvilinear furrows without berms (cf. section 4.6; fig. 6 C).

4.5.2. Interpretation

These semi-parallel, flat-bottomed features with sedimentary berms on their downstream end
are interpreted to be ice fingerprints, glacial features formed beneath an ice margin experiencing
transverse extensional flow (Bjarnadottir et al., 2014). The geomorphological sequence we
observe in this area is as follows, 1) retreat ridges, 2) ice fingerprints, 3) furrows (in a distal to
proximal order). This is similar to that observed in other locations within the Barents Sea
(Bjarnadottir et al., 2014) and in Iceland (Geirsdéttir et al., 2008). We suggest that these ice
fingerprints may have been formed by an advancing ice cliff margin or icebergs characterised
by fingers or sliver of ice, possibly during a period of extensive pervasive sea ice, which
provided the buttressing needed for the ice margin to not break up directly into icebergs. Such
a mechanism has been proposed for the formation of ice fingers in Iceland (Geirsdottir et al.,
2008).

4.6. Linear and curvilinear furrows: Iceberg ploughmarks
4.6.1. Description

The seafloor throughout much of Sentralbankrenna and the shallower bank areas is heavily
scoured with many furrows of varying shapes and sizes (figs. 2 A, B, E and 7 A). On the
shallower parts of Thor Iversenbanken and Sentralbanken, as well as on top of most of the large
sedimentary deposits, there are several relatively narrow, randomly orientated curvilinear
furrows, with a V-shaped cross-profile (fig. 7 B). Their widths range from ~65-210 m and their
depths from ~0.5-10 m. Downstream of GZW 1 are several uniform, relatively narrow U-
shaped furrows, with widths extending 70-125 m, depths between 0.75-6 m, and orientated
ESE-WNW. Between GZW 1 and GZW 2 the furrows are less common, with fewer features
mapped.
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In mid- to upper-Sentralbankrenna, between GZW 2 and GZW 5 there are many semi-parallel
curvilinear furrows orientated parallel to the troughs long-axis (fig. 2 A, B and E), many of the
furrows between GZW 3 and GZW 5 display one of two distinct orientations (fig 7 A). The
dominant orientation for the furrows in this area is NE-SW parallel to the trough long-axis,
however, coming from Sentralbanken downstream of the retreat ridges and ice fingerprints to
the west of GZW 5, there are several furrows orientated in a NW-SE direction. Both these sets
converge in the mid-section of Sentralbankrenna at a water depth of 260-290 m (fig. 7 A),
before following the dominant NE-SW orientation in a more uniform manner. Widths and
heights of these furrows vary from 100-1500 m and 1-8 m, respectively (fig. 7 B). A clear
downstream termination of furrows is, in most cases, not observed in the study area. Within
some of the furrows in upper Sentralbankrenna, in particular those downstream of and
overprinting GZW 5 (figs. 2 E), are several relatively regularly spaced (140-170 m), small
sedimentary ridges that appear roughly perpendicular to the furrow length orientation, and have

heights ranging from 0.5-2 m and widths from 150-300 m.

4.6.2. Interpretation

We interpret the furrows observed within the dataset to be iceberg ploughmarks, formed by the
scouring of seafloor sediments by grounded iceberg keels. Such features have been documented
extensively across formerly glaciated continental margins (e.g. Barnes and Lien, 1988; Kuijpers
et al., 2007; Dowdeswell et al., 2010; Andreassen et al., 2014; Bjarnadottir et al 2014,
Dowdeswell and Hogan, 2014), and can be used to infer the proximity to the ice margin, with
the assumption that more uniform scours suggest ice proximal icebergs and those randomly
orientated indicative of ice distal icebergs whose path is dictated by the wind or ocean currents
(Smith and Banke, 1983). Alternatively, it is possible that larger icebergs may be less sensitive

to wind or ocean currents than smaller icebergs.

There are fewer iceberg scours between GZW 1 and GZW 2, than within the rest of upper
Sentralbankrenna, possibly due to a deepening of the trough meaning that the calved icebergs
keels did not reach the seafloor, or otherwise due to surface sediment cover in this area burying
all but the deepest ploughmarks. The uniform ploughmarks visible on the seafloor between
GZW 3 and GZW 5 (fig. 7 A) show two main source directions. Less dominant ploughmarks
come from Sentralbanken in a NW-SE orientation and more dominant ploughmarks orientated

N-S following the axis of Sentralbankrenna. It is possible that the ploughmarks between GZW
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3 and GZW 5 may be obscuring older features, although this cannot be confirmed with the data
currently available. We propose that the ice margin at GZW 5 may have been highly dynamic
with a high calving rate based on the large quantity of ploughmarks downstream of the GZW,
or alternatively that there was a rapid break-up of the ice margin when it was at GZW 3, and
subsequent retreat from GZW 3 to GZW 5.

Within several of the furrows, in particular those present downstream and on top of GZW 5,
are many short and linear ridges that run perpendicular to the scour marks (fig. 7 A). We
interpret these to be corrugation ridges. Corrugation ridges have been identified in both palaeo-
and contemporary environments (Solheim and Pfirman, 1985; Jakobsson, 2011; Graham et al.,
2013; Andreassen et al., 2014). We infer that these features were formed by icebergs trapped in
a dense ice matrix, where their keels squeezed the seafloor sediment into small ridges under a

tidal regime (Jakobsson et al, 2011).

5. Discussion

5.1. The Sentralbankrenna glacial system

A complex assemblage of glacial landforms was mapped in the study area, composing of
multiple grounding zone deposits, MSGLs, meltwater features and retreat ridges. Based on this
geomorphological record we propose that the Sentralbankrenna glacial system experienced
several retreats and/or readvances, each marked by a GZW or GZD, during the period of overall
deglaciation since the LGM. The glacial system comprised of the fast flowing
Sentralbankrenna Ice Stream and slower moving inter-ice stream ice masses located over
northern Sentralbanken and northern Thor Iversenbanken (fig. 8A). In the southern part of
Sentralbankrenna there are a number of meltwater features, suggesting that subglacial
meltwater was abundant in this area and that basal hydrology may have played a key role in
determining the location of ice streaming by facilitating lubrication of the ice stream bed.

In the following sections, we present a 6-stage reconstruction of the deglaciation of the
Sentralbankrenna glacial system. Due to the poorly constrained chronology from the central
Barents Sea, we are only able to provide a relative chronology for stages 2 — 6, however it seems
plausible that the trough was deglaciated sometime after 16 cal ka BP (fig. 1; Winsborrow et
al., 2010; Hughes et al., 2015).
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5.1.1. Stage 1 — LGM and early deglaciation

Stage 1 relates to the LGM and early deglaciation, during which the BSIS was at its maximum
extent, reaching the shelf break. Several ice streams were active during this period (fig. 8 A);
the largest of these was the Bjgrngyrenna Ice Stream, which had tributaries of fast flowing ice
coming from Storbankrenna and Sentralbankrenna (fig. 8 A; Bjarnaddttir et al., 2014). During
maximum glacial conditions the Bjgrngyrenna Ice Stream was not topographically controlled,
as evidenced by the identification of east-west oriented MSGLs in central Bjgrngyrenna
(Piasecka et al., 2016) and supported by numerical modelling (Patton et al., 2016). The BSIS
was a multi-domed ice sheet, with a potential source for Sentralbankrenna being the ice dome
likely located over Storbanken, in the northern Barents Sea, and extending over Sentralbanken
towards the south-eastern Barents Sea (fig. 8 A; Patton et al., 2015; Piasecka et al., 2016).

5.1.2. Stage 2 — Post LGM

Stage 2 relates to an ice margin position associated with the deposition of GZW 1 (fig. 8 B).
During, or prior to, this stage Sentralbankrenna Ice Stream and Bjgrngyrenna Ice Stream
became separated by an inter-ice stream area overlying Sentralbanken, thus significantly
reducing the catchment area for Bjgrngyrenna Ice Stream. This separation was likely associated
with a northwesterly shift in source area for the Bjgrngyrenna Ice Stream (Andreassen et al.,
2014), potentially coinciding with an ice dome that has been suggested over Hinlopenstretet
(Dowdeswell et al., 2010; fig. 1), with the Sentralbankrenna Ice Stream likely still fed by an ice
divide located over Storbanken.

During this stage, the Sentralbankrenna Ice Stream flowed in an ENE-WSW direction, with its
ice margin marked by GZW 1 (figs. 1 and 8 B). Based on subsurface data, GZW 1 from this
study is a composite feature formed by four generations of GZW, indicating that this margin
may have been relatively stable during its initial retreat stage (Bjarnadottir et al., 2014). Fast
flowing ice occupied the whole trough and continued even during the last phases of GZW
development, as evidenced by large MSGLs 1 and 2 (fig. 4 A) on the ice proximal side of the
wedge. On the adjacent shallower area of Thor Iversenbanken the geomorphology indicates the

presence of slower flowing, less active ice, coming from the southeast Barents Sea. A large
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shear margin likely existed at the boundary between these two ice masses and this is marked by

a clear slope break and abrupt end to the channels east of MSGLs 2 (fig. 8 A).

Meltwater coming from the channels and subglacial basins in southern Sentralbankrenna may
have contributed to the location and dynamics of the Sentralbankrenna Ice Stream (fig. 8 B).
The subglacial basins east of MSGL 2 are likely to have been active, connected and undergoing
periods of rapid discharge and infilling, possibly on a seasonal timescale, similar to subglacial
lakes in Greenland (Palmer et al., 2013) and in Antarctica (Fricker and Scambos, 2009; Smith
et al., 2009). MSGL 1 are significantly larger than MSGL 2 (fig. 4 A) indicating that they may
have been formed during the peak period of GZW 1 deposition, whereas MSGL 2 may have
been formed as a product of ice stream flow switching. This could occur due to changes in water
supply to the trough, or during the final stage of GZW 1 deposition prior to rapid margin
breakdown and retreat back to GZW 2. Alternatively, MSGL 1 and 2 may represent a single ice
stream event, where the ice stream has a more arcuate shape and MSGL 1 was positioned closer
to the centre of the ice stream, where ice flow would have been faster.

5.1.3. Stage 3

The retreat from GZW 1 to GZW 2 was likely to have been relatively fast, prior to the ice
margin stabilising and coming to another stillstand and marking the initiation of stage 3 (fig. 8
C). Tunnel valleys near the northern extent of GZW 2 have eroded through the deposit,
indicating that these channels must have been active during the formation of the sedimentary
deposit and that meltwater continued to play a significant role in the facilitation of ice
streaming, contributing to the lubrication of the ice bed in the trough upstream of this margin.

During this stage, the channel areas on Thor Iversenbanken are unlikely to have contributed to
the facilitation of fast flow of the Sentralbankrenna Ice Stream, however, they will have still
played a role in the ice dynamics of the overlying Thor Iversenbanken inter-ice stream ice. It is
unclear where the ice margin on Thor lversenbanken was during this stage. However, based on
the retreat ridges and recessional moraines identified in the channel and basin area we suggest
periodic stillstands during the retreat across Thor Iversenbanken, and that the ice margin here
may have been more of an ice cliff, in contrast to the ice margins forming GZW 2. Furthermore,

we suggest that the subglacial basins would have continued to be active during this time,

22



681
682

683

684

685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708

709

710

undergoing periods of infilling and rapid discharge, however, probably at a much slower

discharge rate than during stage 2.

5.1.4. Stage 4

Sentralbankrenna Ice Stream may not have been stable at GZW 2 for a significant amount of
time before it retreated back to GZW 3, based on its less prominent morphology. The location
of GZW 3 marks the start of stage 4 (fig. 8 D). GZW 3 extends across the trough and is not
particularly prominent due to being heavily scoured and overprinted. Based on the eastern
extent of GZW 3, which extends almost to GZW 4, it is likely that it was formed during the
time when the Sentralbankrenna Ice Stream began to split away from the slower moving inter-
ice stream ice over Thor Iversenbanken and deposited GZD 9 (fig. 2 E). Due to the large amount
of scourmarks on the seafloor it is difficult to determine the ice flow direction for the deposition
of GZW 3. This makes it unclear whether: 1) ice came from the Sentralbankrenna ice stream
orientated ENE-WSW; or 2) the ice dynamics in the northeastern Sentralbanken, an area
previously inferred to be occupied by slower moving ice (Bjarnaddttir et al., 2014), underwent
a change in regime, from a slow-to-more active ice mass, thus causing it to rapidly readvance
in a NW-SE direction and almost reach the ice on Thor Iversenbanken (fig. 8 D). However,
based on the sequence of 1) retreat ridges, 2) ice fingerprints and 3) ploughmarks, as well as
the general positioning of GZW 3, we infer that this GZW was likely formed by ice flowing
from Sentralbanken, which may have buried and eroded older features (i.e. the possible
continuation of ice margin towards GZW 4). The sudden change in ice dynamics within the
inter-ice stream ice over Sentralbanken may be due to loss of buttressing from the
Sentralbankrenna Ice Stream, which by this stage could have retreated back to GZW 4 or even
GZW 5. Should this be the case, then we speculate that the ice from Sentralbanken had a
relatively fast readvance into the trough prior to retreating back to shallower ground, where the
ice margin stabilised and formed several retreat ridges at its front. Prior to its stabilisation, the
ice front may have experienced high calving rates and during periods of pervasive sea-ice,

sections of the ice front were able to extend forming ice-fingerprints before calving.

5.1.5. Stage 5
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Stage 5 (fig. 8 E) relates to the deposition of GZW 5 by the Sentralbankrenna Ice Stream and
to the retreat ridges seen in upper Sentralbankrenna downstream of GZD 7 deposited by inter-
ice stream ice coming from northern Sentralbanken. There are clear uncertainties in regards to
the overall ice margin position and extent in the trough during this stage. We suggest that ice
coming from the northern part of Sentralbanken, in the inferred inter-ice stream bank area, may
have had an ice cliff margin, been relatively stable and experiencing a slow retreat, based on
the deposition of the small retreat ridges and then the larger recessional moraine (GZD 7; Figs.
2 E and 8 E).

GZW 5 is suggested to be an intermediate GZW as defined by Bjarnadottir et al. (2013) and
Shackleton et al. (submitted). With a highly dynamic ice margin, this GZW will have been
deposited under different levels of margin stability across the ice front, with a distinct difference
between the west and eastern section. Differing water depths and the presence/lack of subglacial

meltwater may have led to the distinct character of deposits within these two areas.

GZW 5 clearly displays different morphologies from the east to the west, with the shallower
eastern extent having a more characteristic symmetric wedge like shape most likely formed
through a line source deposition and based on its size and morphology may have been stable
for a long period or had considerable and/or rapid sediment deposition. Whereas the western
extent of GZW 5, displays a radial fan-like shape located in the deeper part of the trough, formed
by point source deposition, such as from a subglacial meltwater conduit. This western extent
may have experienced periods of stability enabling the formation of such large ice proximal

fans.

While it is clear that subglacial meltwater played a significant role in the formation of these
fans, little indication for meltwater was observed in this area. However, since the western extent
of GZW 5 was located in a deeper section of the trough, it is possible that this section of the ice
margin had higher calving rates due to increased marginal buoyancy (e.g. processes suggested
by Pelto and Warren, 1991; Benn et al., 2007), as supported by the dense area of iceberg
ploughmarks downstream of this area (fig. 7 A). This area of the ice margin, in contrast to the
shallower areas adjacent, will therefore have had ice funnelled into it, providing a low-pressure
pathway for meltwater. Thus, the ice margin over the western part of GZW 5 is likely to have
been extremely sensitive to oceanographic changes (i.e. sea temperature and sea-level), since it
was located in the deeper section of the trough and thus, may have been the first area to have
responded to environmental changes during this stage, forming a large embayment.
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Overprinting the eastern side of GZW 5 are several large semi-linear iceberg ploughmarks
containing corrugation ridges. It is unclear whether the formation of these relates to an ice
margin break-up due to floatation caused by the infiltration and undercutting of warmer ocean
waters and/or to sea level rise into a subglacial margin cavity, or whether these ploughmarks
relate to a highly dynamic calving margin when the ice front was located at GZW 6 (c.f. section
5.1.6). In the case of the latter, large deep-keeled icebergs may have become stuck on the
shallower GZW 5 crest, possibly in conditions of pervasive sea ice, and been influenced by
tidal motion, forming the corrugation ridges through similar processes to that which are
suggested for similar observations in Greenland fjords (Amundson et al., 2010), on the northern
Svalbard shelf (Dowdeswell and Hogan, 2014) and in West Antarctica (Jakobsson et al, 2011,
Graham et al. 2013).

It is uncertain whether the ice margin over GZW 5 and the ice margin over the retreat ridges
downstream of GZD 7 were coeval. Although, we have inferred based on the direction and
density of iceberg ploughmarks downstream of GZW 5 that the ice margin may have extended
across the trough, with the ice front over the western part of GZW 5, having formed an active

calving bay (fig. 8 E).

5.1.6. Stage 6 — final retreat phase

Stage 6 is the final retreat phase in this reconstruction and relates to the northern-most mapped
GZW 6 and GZD 7 (fig. 8 F), which may have been active at the same time. During this stage,
the inter-ice stream ice was likely to have had a longer stillstand, enabling it to deposit a large
recessional moraine (GZD 7; Fig. 2 E). The narrow and high symmetric morphology of this
deposit indicates the possibility of an ice cliff as the ice margin, which underwent very little
calving, hence the clear preservation of the features downstream of this deposit. During a later
phase of deglaciation, this margin may have continued to retreat and migrate towards the
shallower bank areas, where it once again stabilised and began to exhibit slow retreat and

deposit retreat ridges.

GZW 6 is a very good example of a classic GZW (e.g. Dowdeswell and Fugelli, 2012; Batchelor
and Dowdeswell, 2015), with a dense area of MSGLs overprinting the ice proximal side of the
GZW, indicating that ice was very active and streaming until the final stages of the GZW
formation. Based on the asymmetric shape and large size of GZW 6, as well as the positioning
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of MSGL 4, we infer that this was formed by rapid deposition of sediment when the
Sentralbankrenna Ice Stream was undergoing a final advance/retreat cycle. It is likely that the

Sentralbankrenna Ice Stream continued to be fed by the ice divide over Storbanken.

5.2. Influence of the Sentralbankrenna glacial system on the BSIS

The glacial fluctuations occurring within Sentralbankrenna would have significantly
contributed to the overall dynamics of the BSIS, based on the large size (>30,000 km?) and
critical location within the central part of the former ice sheet. During the initial phase of
deglaciation following the LGM, Sentralbankrenna Ice Stream acted as a tributary to the
adjacent Bjarngyrenna Ice Stream, and therefore likely had a strong influence on its behaviour
(fig. 8A). However, this influence lessened as deglaciation continued into its later phases and
we suggest that the two ice streams were separated by non-streaming ice located over
Sentralbanken (fig. 8B), thus significantly reducing the catchment area for the Bjgrngyrenna

Ice Stream.

Following the identification of several large grounding zone deposits, studies have suggested
that the Bjerngyrenna Ice Stream experienced episodic retreat (Andreassen et al., 2008;
Winsborrow et al., 2010; Bjarnadottir et al., 2014). Similarly, during the later phases of
deglaciation in the central Barents Sea, when the ice was more topographically controlled,
Sentralbankrenna Ice Stream underwent a step-wise, episodic retreat as inferred from the
landform assemblages of large GZW in combination with MSGLs (fig. 8 B-F). This pattern of
rapid ice break-up punctuated by short stillstands or readvances is consistent with a general
model for marine ice stream retreat proposed by O Cofaigh et al. (2008) and Dowdeswell et al.
(2008).

In the adjacent bank areas, Sentralbanken and Thor Iversenbanken, the landform assemblage
observed is that of slower, non-streaming, inter-ice stream ice. The features observed in these
areas are similar to those identified in other high latitude palaeo-inter-ice stream areas, such as
in the northwestern Svalbard (Ottesen and Dowdeswell, 2009) and eastern Amundsen Sea
Embayment (Klages et al., 2013). Bjarnadottir et al. (2014) proposed the presence of a smaller,
local ice dome located over north Sentralbanken and based on the geomorphology in our study
area, we suggest that the ice flow direction is consistent with a persistent mass of ice over
Sentralbanken.
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The presence of meltwater features, such as tunnel valleys and subglacial basins, indicates that
there must have been an extensive and active subglacial hydrological system, which strongly
influenced the dynamics of the overlying ice by: 1) facilitating ice streaming through lubrication
of the bed; and 2) promoting dynamic ice margin conditions (i.e. formation of western part of
GZW 5). The presence of several large subglacial meltwater systems associated with high levels
of meltwater discharge, such as the tunnel valleys, in combination with highly dynamic calving
margins in the upper Sentralbankrenna, suggest that the ice was still dynamically active and

warm based.

6. Conclusions

Unlike the western Barents Sea which has been extensively investigated, the central Barents
Sea remains scarcely studied. Observations and insights gained in this study have contributed
to the overall knowledge of the BSIS deglaciation, particularly during the later stages. Analysis
of a new high resolution bathymetric dataset, presented in this study, revealed glacial landform
assemblages related to both the former Sentralbankrenna Ice Stream and the inter-ice stream
areas in the adjacent banks, Sentralbanken and Thor Iversenbanken, in the central Barents Sea.
Several large GZWs and MSGLs, as well as many smaller grounding zone deposits and
meltwater associated features were observed, forming the basis for a 6-stage reconstruction of
the deglaciation since the LGM (fig. 8 A-F).

While Sentralbankrenna Ice Stream underwent episodic retreat, with periods of rapid ice break
up punctuated by margin stillstands or short readvances, the bank areas underwent much slower
retreat rates, allowing numerous retreat ridges and recessional moraines to be formed. Further,
the observed glacial meltwater features (tunnel valleys and subglacial basins) suggest that
subglacial meltwater was abundant in this central part of the former ice sheet. The activity of
subglacial water is likely to have greatly influenced the dynamics of overlying ice, and we
suggest that periodical fill/release of water from subglacial lakes might have facilitated fast

flow both for the Sentralbankrenna and Bjerngyrenna Ice Stream.
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Figure 1. Map of the Barents Sea, showing the location of the study area (multibeam bathymetry: ©
Kartverket), the marine border between Norway and Russia, the Last Glacial Maximum (LGM;
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Svendsen et al., 2004) and 17- and 16-cal ka BP ice margin extents (Winsborrow et al., 2010; extents
north of Kveithola from Hughes et al., 2015), as well as the confirmed ice margin positions based on
geophysical investigations (Ruther et al., 2012; Andreassen et al., 2014; Bjarnadottir et al., 2014). The
general ice flow directions are indicated by the purple arrows. The locations for the Storbanken ice
divide (Bondevik et al., 1995 and Ottesen et al., 2005), its speculated extent over Sentralbanken/Thor
Iversenbanken/Spitsbergenbanken (Patton et al., 2015) and the Hinlopenstretet ice dome (Dowdeswell
et al., 2010) are also presented. Background bathymetry is from the International Bathymetric Chart of
the Arctic Ocean (IBCAO) version 3.0 (Jakobsson et al., 2012). Inset map shows the location of the

study area in relation to the whole Barents Sea.
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Figure 2 (previous page). Geomorphology of the Sentralbankrenna glacial system. A — Mapped glacial

landforms within the study area. B — Overview of the glacial landforms in the southern part of

Sentralbankrenna within the multibeam data set (GZW — Grounding Zone Wedge; GZD — Grounding
Zone Deposit; MSGL — Mega-Scale Glacial Lineation). C — Cross profile of GZW 1. D — Cross profile
of GZW 2. E — Overview of the glacial landforms in the northern part of Sentralbankrenna. F — Cross
profile of GZW 3. G — Cross profile over GZW 4, 5 and 6. Multibeam bathymetry: © Kartverket.
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Figure 3. Grounding zone wedges in upper Sentralbankrenna. A — High resolution multibeam of GZW
5 showing several sedimentary fans, iceberg ploughmarks and corrugation ridges. B — Cross profile of
the eastern side of GZW 5. C — Cross profile of the western side of GZW 5, with the red arrow pointing
at the slope break and possible overlap with a second phase of wedge formation. D — High resolution
multibeam of GZW 6, showing its lobate features on the ice distal side of the wedge, MSGL 4 and
iceberg ploughmarks. E — Cross profile of GZW 6. Multibeam bathymetry: © Kartverket.
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Figure 4. Mega-scale glacial lineations. A. Multibeam showing MSGL 1 and 2. B — Cross profile of
MSGL 1. C — Cross profile of MSGL 2. D - Multibeam of MSGL 3 overprinting the ice proximal side
of GZW 4. E — Cross profile of MSGL 3. The red arrows pointing to the positive feature of the MSGL.
Multibeam bathymetry: © Kartverket.
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Figure 5. Meltwater channels and subglacial basins. A — Channel area to the north of GZW 2 showing
linked tunnel valley system (highlighted channels in the location map). B — Long profile of a tunnel

valley. C — Cross section of the tunnel valley. D - Channel area in the western part of Thor
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Iversenbanken, showing a long sinuous channel with an esker running adjacent to it (highlighted
channels in the location map). E Cross section of the channel and esker. F - Channel and basin area to
the east of MSGL 2, showing a large tunnel valley (Bjarnadéttir et al., 2017) with several basins
upstream from the main channel (highlighted channels in the location map). G — Long profile through
the main central channel leading from the basins. H and | — Cross profiles of channels in the channel
and basin area. J — Cross profile through the retreat ridges cross cutting the channels. Multibeam
bathymetry: © Kartverket.
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Figure 6. Ice-marginal features indicating slow retreat. A — Retreat ridges located to the west of GZW
5 (highlighted ridges in the location map). B — Cross profile of the ridges. C — Ice fingerprints
downstream of the retreat ridges (highlighted features in the location map). D — Cross profile of the ice

fingerprints. Multibeam bathymetry: © Kartverket.
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Figure 7. Iceberg ploughmarks and corrugation ridges. A — Iceberg ploughmarks between GZW 3 and

GZW 5 (highlighted ploughmarks in the location map), showing the convergence between two different

ploughmarks orientations (Grey arrow). Multibeam acquisition artefacts are highlighted by the dashed

line. B - Cross profile of the ploughmarks. Multibeam bathymetry: © Kartverket.
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Figure 8. 6-stage reconstruction of the ice dynamics in the Sentralbankrenna glacial system based on
the glacial landforms mapped in the multibeam dataset. A — Stage 1, the BSIS LGM ice extent and ice
dynamics showing: the areas of suggested fast flow and its flow direction (modified from Patton et al.,
2015), LGM maximum ice extent (Svendsen et al., 2004), modelled ice divide (Patton et al., 2015), and
the empirically based ice divides (Bondevik et al., 1995; Ottesen et al., 2005; Andreassen et al., 2014;
Bjarnadottir et al., 2014); B-F — Stage 2 — 6 of the Sentralbankrenna glacial system reconstruction and
the mapped glacial features associated to each stage. Multibeam bathymetry: © Kartverket.
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Table 1. Overview and comparison of grounding zone deposits. C.f. section 4.1 and 4.2 for further details and interpretations. Height is in relation to seafloor

downstream of feature. Length relates to that visible in the high-resolution bathymetry dataset as well as IBCAO bathymetry.
Descriptive
. Water . . . . Present
name Location and Height | Width | Length | Distal/Proximal o . . . .
. ) . depth Key characteristics Interpretation | Described in: in
(c.f. section orientation (m) (km) (km) slope (°) .
(mbsl) figures:
4.1)
Bjarnadottir
Dome-like shape (slightly asymmetric)
Grounding ) ] . etal. (2014)
Sentralbankrenna Four generations of GZW (Bjarnaddttir et al., 2014) . .
Zone Grounding Figs. 2

. 295 ~35 ~35-60 ~100 0.20/0.15 Overprinted by MSGL 1 and 2 in proximal slope Newton and
Deposit 1 NE-SW Zone Wedge A-C
GZW 1) -S Breached by tunnel valley in its northern extent Huuse, 2017

(Bjarnadattir et al., submitted)
This study
Grounding Dome-like shape (slightly asymmetric) Bjarnadattir .
Sentralbankrenna ] ) Figs. 2
Zone Subdued feature due to heavily scoured surface Grounding etal. (2014)

. 305 ~10 ~15 ~45 0.20-0.79/0.15 A, Band
Deposit 2 NW-SE Breached by tunnel valley in its northern extent Zone Wedge b
(GZw 2) Bjarnadéttir et al. (2017) This study

Grounding Asymmetrical shape; steeper ice distal slope Bjarnadottir .
Zone Sentralbankrenna Heavily scoured surface; overprinting and overprinted Grounding 1. (20 Figs. 2

oot s 265 | -~26 | ~15 | ~80 0.30/0.10 _ A S Ved etal. (2014) | A g E
eposit NE-SW by iceberg ploughmarks one Wedge . and F

(Gzw 3) Uncertain extent (too dense scouring) This study

Grounding . .

Sentralbankrenna Asymmetric shape ) Figs. 2

Zone Grounding .

. 235 ~30 ~10 ~14 0.30/0.20 Overprinting many iceberg ploughmarks This study AE, G
Deposit 4 Zone Wedge

W-E Overprinted by MSGL 3 and 4D
(GZW 4)
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. Not a fully developed GZW, composed of several ice-
proximal fans, particularly in the mid-sections and in

the western side
Eastern side:

e Asymmetrical wedge-like shape

Eastern part

e  Overprinting MSGL 3 of GZW 5
Grounding 215 ~31 ~30 e Several high and prominent sedimentary fans where | i described in Figs. 2
ntermediate
Zone Sentralbankrenna (East) | (East) | (East) 0.30/0.10 (East) the feature extends west ) Newtonand | A E G
. ~35 Grounding H 2017
Deposit 5 250 ~10 ~20 0.20/0.10(West) uuse, and 3 A
NW-SE . Zone Wedge
Western side: 9
(GZW 5) (West) | (West) | (West) . -C
This study
. Located in deeper part of trough
. Radial fan-like deposit
. Break in slope indicates a composite feature of two
large fan-deposits
e  Steep ice distal side
. Heavily overprinting and overprinted by iceberg
ploughmarks
e Well preserved
. Prominent asymmetrical wedge-shaped feature
Grounding e Overprinted by MSGL 4 Newton and Figs. 2
Sentralbankrenna .
Zone . Overprinting several large iceberg ploughmarks Groundin A E G,
. 190 -60 15 37 0.30/0.05 p g 9 g ploug dg Huuse, 2017 i
Deposit ESE-WNW downstream of the GZW Zone Wedge . and 3D
(GZzw 6) o Several lobate features along its margin This study -E

e Western extent subdued due to overprinting by other

features
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Grounding Less prominent asymmetrical shape
Zone Sentralbankrenna Narrow feature in comparison to GZW 1-6 Recessional . Figs. 2
. 160 ~50 ~4 ~20 1.50/0.75 . This study
Deposit 7 W-E Several retreat ridges up and downstream of this Moraine Aand E
(GzD 7) moraine
Grounding Located on Thor Similar morphology to GZD 7 Bjarnadattir
Zone ~200- Composed of three closely spaced symmetrical Recessional Figs. 2
. Iversenbanken 240 311 25 1.90/1.20 p y sp Y . etal. (2014) g
Deposit 8 340 m sedimentary deposits Moraine Aand B
(GzZD 8) NE-SW This study
. Subdued feature due to being heavily scoured by
Grounding Located on Thor . Bjarnadéttir .
. iceberg ploughmarks G y Figs. 2
one rounding )
) Iversenbanken 220 ~25 ~8 ~45 0.30/0.15 Morphology is clearer in the northern-most part of . etal. (2014) A, Band
Deposit 9 Zone Deposit £
(GZD9) NE-SW Thor Iversenbanken This study

Uncertain extent and unclear shape
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