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Abstract

A compilation of seismic data has been used to characterize the Neogene — Quaternary
sedimentary succession of the northwestern Barents Sea continental margin to better
understand the paleoenvironmental evolution and the sedimentary processes involved. The
Neogene strata are dominated by contourites related to the ocean circulation established from
the opening of the Fram Strait connecting the Atlantic and the Arctic Oceans (< ~17.5 Ma).
The _upper Plio—Pleistocene strata (< ~2.7 Ma) are dominated by stacked gravity-driven
deposits forming trough-mouth fans that were sourced from paleo-ice streams. Within the
inter-fan areas, contouritic sedimentation prevailed. Thus, this margin provides an example of
interaction of glacigenic debris flows, contour currents, and hemipelagic/glacimarine
sedimentary processes. A total of ~29,000 km?® of sediments with an average sedimentation
rate of about 0.24 m/Kyr were estimated. These numbers reflect the sediment input to this
part of the Arctic Ocean from the northwestern Barents Sea shelf and adjacent land areas. For
the first time, the average erosion and erosion rates for this source area are estimated using a
mass_balance approach. Approximately 410 — 650 m of erosion has on average occurred,
corresponding to an average erosion rate of ~0.15 — 0.24 m/Kyr. These rates are comparable
to those reported from other glaciated margins, including the western Svalbard and mid-
Norway margin, but up to only half the rates reported from the western Barents Sea margin.
This variation is interpreted due to the size and bedrock types of the drainage area, ice
dynamics, and the continental slope gradient.
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1. Introduction

The Arctic Ocean and its constituent seas following the definition of the International
Hydrographic Organization (2002) are in several aspects different from the other major
oceans of the world. It is the shallowest ocean and has significantly larger continental shelves
including the shelves of the Barents, Kara, and Laptev Seas. In total, the continental shelf
area, from the coasts out to the shelf break, make up as much as ~52.9% of the total area in
the Arctic Ocean (Jakobsson, 2002).

The Barents Sea mean depth is ca. 200 m and its largest seafloor area is located
between 150 and 300 m. Shallow banks and overdeepened troughs ending at the shelf break
dominate its seafloor morphology. A few large trough-mouth fans (TMFs) are located off the
northern Barents Sea shelf including the Franz Victoria TMF (Figure 1). The present
maorphology and depth are mainly related to glacial erosion from ice streams within a
grounded ice sheet repeatedly covering the continental shelf (e.g. Laberg et al., 2010). So far,
no-attempts have been made to quantify this erosion affecting the northern Barents Sea shelf
and adjacent land areas.

Fast-flowing paleo-ice streams that occupied continental shelf troughs are identified
as effective agents in eroding and transporting sediments to the shelf break, which have been
documented from many formerly glaciated continental margins (e.g. Kuvaas & Kristoffersen,
1991; Faleide et al., 1996; King et al., 1996; Laberg & Vorren, 1996; Andreassen et al., 2008;
Laberg et al., 2009; Vorren et al., 2011; Batchelor et al., 2013; Jakobsson et al., 2014;
Dowdeswell et al., 2016; Rydningen et al., 2016). A slower-moving or sluggish ice is
commonly present on the adjacent shallower banks delivering less sediments to the
continental slope (Dowdeswell & Cofaigh, 2002; Ottesen et al., 2005; Dowdeswell et al.,
2008; Rydningen et al., 2013). These slope areas, instead, may be dominated by contourites
or contourite drifts (Eiken & Hinz, 1993; Laberg et al., 1999, 2001, 2005; Rebesco et al.,
2014).

The glacigenic sediment accumulation in front of the troughs record massive, episodic
sedimentation from ice streams through debris flows and their associated mass-wasting
processes (e.g. Laberg & Vorren, 1995; Faleide et al., 1996; King et al., 1998; Vorren et al.,
1998; Batchelor & Dowdeswell, 2014). The glacigenic debris flows are considered as the
most important processes in TMF development. Sediments are transported by ice streams to
the shelf break during full-glacial conditions, where they are deposited as a till-delta/diamict
apron on the upper slope (e.g. Laberg & Vorren, 1995; King et al., 1996). These sediments
are prone to instability and may collapse and travel downslope as debris flows. The deposits
within TMFs have been regarded as palaeoclimatic archives that can be used to reconstruct
the paleoenvironmental evolution and the Quaternary glacial history (e.g. Vorren & Laberg,
1997; Dahlgren et al., 2005; Laberg et al., 2010). In addition, they reflect the amount of
glacial erosion in the drainage area (e.g. Laberg et al., 2012; Rydningen et al., 2016).

Contourite drifts deposited from along-slope ocean currents hold the potential to
record the history of ocean circulation (Jakobsson et al., 2007). Also, their sedimentary
succession is often prone to submarine failure (e.g. Vanneste et al., 2006; Winkelmann et al.,
2008), and contourites seem to play a role in affecting the stability of the slope due to their
composition, preferential location, and typical high water content (Canals et al., 2004; Laberg
& Camerlenghi, 2008). Together, glacial-related mass-wasting processes and contour
currents have contributed to the spatial variation and temporal evolution of formerly glaciated
continental margins, forming their present-day morphology (e.g. Mosher et al., 2017; Pérez &
Nielsen, 2017).

Medium to good quality seismic data of regional coverage have allowed us to better
study the northwestern Barents Sea continental margin, including its glacigenic strata and
sedimentary style that so far had not been studied in detail beyond the Last Glacial Maximum

© 2018 American Geophysical Union. All rights reserved.



(LGM). We use recently acquired multi-channel seismic data from various sources (Geissler
& Jokat, 2004; Engen et al., 2009; Geissler et al., 2014; Berglar et al., 2016) to investigate the
distribution of the Neogene — Quaternary deposits within the continental shelf, slope, and the
adjacent deep-sea basin. The sedimentary processes are discussed based on seismic facies
analysis focusing on the TMF development and a buried mega slide. For the first time in this
area, average net glacial erosion and glacial erosion rates are estimated using the mass
balance approach. The results are compared to similar studies from other glaciated margins to
better understand the late Cenozoic uplift and erosion of the greater Barents Sea area (Nyland
etal., 1992; Riis & Fjeldskaar, 1992; Lasabuda, 2018).

2. Geological setting

2.1. Structural elements and geodynamic evolution

The Arctic Ocean consists of two major depocenters, the Amerasia and Eurasia
basins, separated by the Lomonosov Ridge (Figure 1). The basin configuration of the Arctic
Ocean has evolved since the Mesozoic (Karasik, 1968; Vogt & Avery, 1974; Srivastava,
1985). The Eurasia Basin, comprising the Amundsen and Nansen basins is associated with
continental breakup and subsequent seafloor spreading approximately at the Paleocene—
Eocene transition (~55 Ma) (Talwani & Eldholm, 1977; Srivastava & Tapscott, 1986),
although-an earlier start of spreading, around magnetic anomaly 25 (~57 Ma) is proposed by
Brozena et al. (2003). This event involved separation of the Lomonosov Ridge from the
northern Barents Sea shelf, which was initiated by right-lateral movement (Minakov et al.,
2013; Berglar et al., 2016). The Gakkel Ridge, which separates the Amundsen and Nansen
basins, is characterized as an ultraslow spreading ridge (0.63-1.3 cm/yr) (Jokat & Micksch,
2004). The Yermak Plateau is located in the western part of the Arctic Ocean off northern
Svalbard-and is likely a stretched piece of continental crust of non-volcanic origin (Geissler
et al., 2011). The conjugate Morris Jesup Rise on the northern Greenland margin was
separated from the Yermak Plateau in the Oligocene (Jackson et al., 1984; Jokat et al., 2008).
Initially, the Yermak Plateau and the Morris Jesup Rise formed a continuous feature prior to
the plate reorganization at anomaly 13 time from which Greenland moved in the same
direction as the North American plate (Talwani & Eldholm, 1977; Jackson et al., 1984).

The opening of the Fram Strait during the Miocene allowed deep-water exchange
between the Atlantic and the Arctic oceans (Kristoffersen, 1990; Jakobsson et al., 2007,
Engen et al., 2008; Jokat et al., 2016; Hein et al., 2017). The present-day West Spitsbergen
Current continues eastwards into the Arctic Ocean (Manley et al., 1992). Contourite drifts
deposited from these ocean currents are well-developed along the western Svalbard margin,
the western slope of the Yermak Plateau (Geissler et al., 2011; Gebhardt et al., 2014), and
further north in the central Arctic Ocean (Jokat, 2005; Jakobsson et al., 2007).

2.2. Glaciations and Barents Sea uplift and erosion

The greater Barents Sea area experienced extensive glaciations in the Plio—
Pleistocene resulting in sediment transport towards the surrounding oceanic basins including
the Nansen Basin (e.g. Elverhgi et al., 1998; Vorren et al., 2011). The term late Cenozoic in
this study refers to the glacial period of this area from ~2.7 Ma to the Present, although recent
results indicate the initial presence of local ice over Svalbard already from ~6.5 Ma (Solheim
et al., 1998; Knies et al., 2009, 2014).

For the area northwest of Svalbard, Mattingsdal et al. (2014) established a seismic
correlation using academic and industry seismic data tied to Ocean Drilling Program (ODP)
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Leg 151 boreholes. Their results show intensified ocean current development from ~11 to
~2.7 Ma, increased sediment contribution from an ice sheet from ~2.7, and extensive
glaciation from ~1.5 Ma in the Yermak Plateau area coinciding with major ice advances in
the western Barents Sea (Laberg et al., 2010). These results were supported by Knies et al.
(2014) who suggested that pre-glacial uplift was an important precursor for the initiation of
the early glaciations in the Svalbard — Barents Sea area. The final glaciation phase occurred
after ~1.0 Ma with repeated glaciations of Fennoscandia and the Barents Sea including
Svalbard, Franz Josef Land, and Novaya Zemlya (e.g. Svendsen et al., 2004). The
southwestern Barents Sea was dominated by large ice streams during glaciations of longer
duration separated by more pronounced interglacials from ~0.7 Ma (Laberg et al., 2010).

The understanding of the Cenozoic paleoenvironment of the Arctic Ocean has
increased. substantially following the International Ocean Drilling Program Arctic Coring
Expedition (IODP ACEX) (Moran et al., 2006; Backman & Moran, 2009). The main findings
include the middle Eocene glacial influence in the Arctic Ocean (the presence of sea ice) and
a major hiatus ranging from 44.4 Ma to 18.2 Ma (St John, 2008; Backman & Moran, 2009).
The presence of large icebergs covering the Arctic Ocean is suggested in the Pleistocene
(Jokat, 2005). Greenland continental margin appears as the most important source area for
sediment accumulation in the Amundsen Basin (Svindland & Vorren, 2002). Kristoffersen et
al: (2004) supported this view based on their studies of submarine fan development in the
Amundsen Basin.

A significant post-breakup sediment accumulation, with a thickness of up to 7 km is
found along the northern Barents Sea continental margin (Vagnes, 1996; Geissler & Jokat,
2004; Engen et al., 2008). However, due to the lack of well data and sparse seismic data
coverage, the erosion estimate and the chronology of this margin are poorly constrained.
Much of the sediments within the Nansen Basin have likely been supplied from the Barents
Sea shelf and adjacent land areas, as the wider Barents Sea has suffered severe erosion in the
Cenozoic. (e.g. Nyland et al., 1992; Rasmussen & Fjeldskaar, 1996; Henriksen et al., 2011,
Laberg et al., 2012; Lasabuda et al., 2018a). A number of methods, both well-based and
seismic-based techniques, have been used to quantify uplift and erosion (e.g. apatite fission
track, vitrinite reflectance, mass balance, see review by Corcoran & Doré, 2005). The net
erosion has been generally estimated of up to 3 km on Svalbard. These Cenozoic uplift and
erosion events are suggested to be synchronous along the North East Atlantic margin (Anell
et al., 2009; Green & Duddy, 2010), which are related to the early Cenozoic sea-floor
opening and late Cenozoic glaciations.

2.3. Continental shelf and slope system in the northern Barents Sea

There are at least eleven trough systems present at the northern Barents Sea
continental margin (Batchelor & Dowdeswell, 2014). The major systems are St. Anna, Franz
Victoria, and Voronin troughs (Figure 1). The seismic data coverage in the present study only
allows analysis on three of them; the Kvitgya, Albertini, and Nordenskjold troughs (Figure
2A). The trough systems are variable in size and dimension, but most of them show a
widening trend towards the shelf break. The Kvitgya, Albertini, and Nordenskjold troughs
show an upper-slope gradient of 5.5°, 1.7°, and 2.9°, respectively (Batchelor & Dowdeswell,
2014). The dimension and the drainage area of the Kvitgya Trough are larger than Albertini
and Nordenskjold troughs. The Nordenskjold Trough (Cherkis et al., 1999) is the
westernmost trough system in this study and shows a relatively similar dimension with
Albertini-Trough. The paleo-ice stream drainage area is also inferred to be similar for both
troughs.
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Glacial landforms resulting from ice sheet advance and retreat during the last glacial
period characterize the northern Barents Sea continental shelf (Dowdeswell et al., 2010a;
Hogan et al., 2010; Batchelor et al., 2011; Fransner et al., 2017a). These include megaflutes,
drumlins, and iceberg ploughmarks, with various orientations and scales. Based on shallow
cores, the lithology of the shelf consists of a range of deposits from clay to sand, diamicton,
bioturbated strata, and mud with occasional dropstones (e.g. Kleiber et al., 2000; Batchelor et
al., 2011; Fransner et al., 2017b; 2018).

2.4. Seafloor morphology

The bathymetry at the lower slope of the northern Barents Sea continental margin
shows an irregular topography with a series of angular features (Figure 3A). These features
are interpreted as canyons and gullies resulting from erosion by flows and/or currents from
small-scale slope failures remobilizing sediment from the upper slope towards the basin
(Figure 3B). The canyon dimensions are up to 20 km in length, 6 km in width, and ~1 km in
depth (Figs 3B and C). The width of the gulies are typically from 100 to 500 m with a depth
of about 150 m.

The morphology of the canyons includes slide scars, indicating sediment
remobilization towards the deep basin (Figure 3C). The dominating processes are inferred to
be debris flows and slumps on the upper slope, which may have transformed into partly
erosive turbidity currents downslope. Thus, this part of the northern Barents Sea continental
margin was dominated by erosion. Some of the areas flanking the canyon or gullies show
smooth morphology, which may have been smoothened by contour currents (Figure 3B). In
the Nansen Basin, the seafloor has a rough morphology interpreted as megablocks, probably
formed as part of the Hinlopen slope failure.

3. Data and methods

Multi-channel seismic data were provided by the Alfred Wegener Institute (AWI),
Norwegian Petroleum Directorate (NPD), and Federal Institute for Geosciences and Natural
Resources (BGR) (Figure 2A). The multibeam bathymetry data were provided by AWI, and
this was acquired in the period of 1998 — 2013, while the seismic data were acquired in the
period of 1990 — 2013. The overall quality of the bathymetric and seismic data is good. The
seismic interval velocity for depth conversion was derived from Geissler & Jokat (2004). The
velocity range is 2.1 — 2.7 km/s for the deeper strata (NB-2; Figure 4), resulting in an average
velocity -of 2.3 km/s (Geissler & Jokat, 2004). Assuming a dominant frequency of 20 — 50
Hz, the wavelength range is from 40 to 250 m, giving a vertical resolution of ca. 10 m for the
shallow and ca. 60 m for the deep strata. The closest wellbores are the ODP sites 910, 911,
and 912 at the Yermak Plateau (Figure 2A).

In this study, we aim to separate the glacial and pre-glacial strata (Figure 4). The
deposited glacial sediments in the basin are mapped and the corresponding volumes are
estimated as an input for the mass balance (source-to-sink) approach. Then, the most likely
source area (drainage) is delineated. The volume of the deposited sediments in the basin is
assumed to be equal to the eroded sediment in the source area with some corrections (e.g.
Laberg et-al., 2012; Lasabuda et al., 2018b). The first correction is related to the sedimentary
processes involved, as some of the sediments deposited along the continental margin may not
be derived from the delineated source area (e.g. the parts comprising contourites). Therefore,
these need to be excluded from the deposited sediment volume before converting to the
eroded sediment volume. Secondly, correction related to sediment compaction. This study is
focused on the uppermost part of the sedimentary succession along the continental margin,
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meaning that the source of this succession was probably more compacted due to source area
overburden. Lastly, correction related to the bedrock composition is needed if the source area
consists of higher density crystalline bedrock (Dowdeswell et al., 2010b).

Another uncertainty is the delineation of the source area. The mass balance method is
dependent on the relative size of the source area, which may also vary for each period of
glaciation. We consider the glaciation model by Knies et al. (2009) and various LGM ice
sheet reconstructions (e.g. Lambeck, 1995,1996; Dowdeswell et al., 2010a; Patton et al.,
2015) to better constrain the size of the source area.

4. Results

In_this section, the seismic stratigraphy analysis is presented. This includes a seismic
facies description based on Mitchum Jr et al. (1977), followed by a description of the seismic
units from east to west and from shelf to basin. Subsequently, the seafloor morphology, a
revised chronology, and the volumetric mass balance are presented.

4.1. Seismic facies
4:1.1. SFla: Chaotic

Description—-Medium to high amplitude reflections and chaotic internal seismic
signature with an irregular base and top characterize this seismic facies (Figure 5).

Interpretation—SF1a is interpreted as deposits from gravity-driven processes (e.g.
debrites, slumps, and slides). These deposits are often jointly classified as a mass-transport
deposit (MTD). The high amplitude reflections may represent sub-angular/rotated blocks of
coarser lithology and/or more compacted deposits (e.g. Alves, 2010). The irregular base
indicates an erosive surface.

4.1.2. SF1b: Semi-transparent

Description—Low amplitude discontinuous reflections, and internally semi-transparent
to structureless with an irregular base characterize this seismic facies (Figure 5).

Interpretation—-SF1b is also interpreted as debrites, and/or deposits from slumping and
sliding, jointly categorized as MTDs, but interpreted to be more thoroughly remolded
deposits as compared to facies SFla. An erosive basal surface is indicated by the irregular
base.

4.1.3. SF2: Tangential/oblique.

Description—Low to medium amplitude and relatively continuous inclined reflections
characterize this seismic facies (Figure 5).

Interpretation—SF2 represents a prograding sediment wedge and is interpreted as a
high-gradient TMF following Rydningen et al. (2016). Other terms have previously been
used for similar deposits including glacigenic prograding wedge (Dahlgren et al., 2005),
glacial delta (Nielsen et al., 2005), and glacial-sedimentary prism (Batchelor & Dowdeswell,
2014).

4.1.4. SF3: Parallel to sub-parallel.

Description—Low to medium amplitude, continuous to semi-continuous reflections
with often conformable top and base characterize this seismic facies (Figure 5).
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Interpretation—SF3 represents deposition through hemipelagic processes. This facies
is often interpreted as glacimarine sediments in a high-latitude setting resulting from slow
sedimentation by iceberg/sea ice including ice-rafted debris (IRD) (e.g. Larsen et al., 1994;
King et al., 1996). Similar packages are commonly found at the distal part of TMFs and may
represent turbidite sheets/fans of sand-shale interlayers (Laberg & Vorren, 1996; Batchelor &
Dowdeswell, 2014; Laberg et al., 2018). This seismic facies can also be interpreted as
sediment drifts in the area where contour currents are dominating (e.g. Rebesco et al., 2014).

4.1.5. SF4: Contorted.

Description—Low to high amplitude, semi-continuous reflections, with mounded
geometry characterize this seismic facies (Figure 5).

Interpretation—SF4 is interpreted as contourite drifts, which are developed under the
influence of ocean currents (Stow & Lovell, 1979). Contourite drifts are typically seen as
imbricated asymmetrical sediment layers, representing deposition on one side (often
described as elongated and mounded drift) and erosion on to the other (Hernandez-Molina et
al., 2008). The lithology is typically dominated by mudstone and the higher amplitude in the
seismic may be associated with the presence of coarser sediments (Rebesco et al., 2014).

4.2. Seismic units and chronology

The Cenozoic succession of the respective areas of the northwestern Barents Sea
continental margin has previously been divided into three seismic units by Geissler & Jokat
(2004), i.e. the Nansen Basin (NB) has been divided into NB-1 (oldest), NB-2, and NB-3. A
similar naming style has been applied for the area of Kvitaya (KV) and Nordaustlandet (NA).

For simplicity, we unify the naming for KV, NA, and NB into one (NB) as the focus
in this study is on the glacial strata, which is then further subdivided into NB-3A, NB-3B,
and NB-3C (Figure 6). We also name the upper unit of the pre-glacial strata in Kvitgya,
Nordaustlandet, and Nansen Basin as NB-2. A submarine slide, called “Body A” by Engen et
al..(2009).in the Nansen Basin is described in more detail in this sub-chapter.

No academic or commercial wells are available from the study area, thus the age of
the sediments relies on the age model from ODP drilling in northwest and west of Svalbard.
A revised chronology by Knies et al. (2014) for these cores implies that the base of NB-3A is
correlated to the base of YP3 in the Yermak Plateau, which is dated to ~2.7 Ma. This age
marked the first shelf edge glaciation in the Yermak Plateau and likely in the northern
Barents Sea according to Knies et al. (2014). Mattingsdal et al. (2014) reported buried
iceberg plough marks indicating a major glacial expansion in the Yermark Plateau at ~1.5
Ma, which is correlated to the base of unit NB-3B. This age slightly revised the ~1.6 Ma age
estimate of Butt et al. (2000). The next important glaciations phase is indicated after ~1.0 Ma
(Knies et al., 2009), here tentatively set to ~0.7 Ma, corresponding to the base of unit NB-3C.
This is following the paleoenvironmental reconstruction for the southwestern Barents Sea
part of the Svalbard-Barents Sea Ice Sheet (SBSIS), implying more polar ice conditions from
~0.7 Ma (Laberg et al., 2010).

This age model implies that the sediments of NB-3A was deposited in the period from
~2.7 to ~1.5 Ma, followed by NB-3B from ~1.5 to ~0.7 Ma, and NB-3C for the last ~0.7 Ma
(Figure 6). This age model, thus, slightly revises the age model from Geissler & Jokat (2004)
and Engen et al. (2009). However, stratigraphically, we have picked the same seismic
horizons.as these previous works also tied to the ODP sites in the Yermak Plateau.

The exact age at the base of NB-2 is presently not known. As we interpret NB-2 to
mainly comprise contouritic sediments, it is here tentatively suggested to comprise sediments
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< ~17.5 Ma, from which a gradual increase in intensity of the ocean circulation has been
inferred (Jakobsson et al., 2007).

4.2.1. -Unit NB-2

Description—This unit is dominated by SF3 (Figures 7B and 8) and SF4 (Figures 8, 9,
and 10), i.e. a parallel to sub-parallel and contorted internal seismic signature. On the upper
slope, NB-2 also includes acoustically chaotic to transparent intervals (SF1b) (Figure 7).
There is-an increasing amplitude from the base towards the top (e.g. Figure 10). Further
downslope, the base of NB-2 is not easy to define as the amplitude of the reflections are
generally weak, but an apparent onlapping sequence towards the basement high is observed
(Figure 7B). The thickness is up to 1080 m in the proximity of the boundary fault and fairly
uniform, ca. 700 m, towards the Nansen Basin (Figures 4 and 9).

Interpretation—-The seismic facies analysis indicates predominantly hemipelagic
sedimentation and/or contouritic deposits suggesting that this unit was influenced by ocean
currents. On the upper slope, the occurrence of facies SF1b indicates that mass-wasting
processes have affected the unit NB-2 deposits. The contact between NB-2 and the basement
high is likely an erosional surface considering the onlapping stratal pattern.

4.2.2. Sub-unit NB-3A

Description-NB-3A is dominated by SF2 (tangential/oblique facies) above a
prominent unconformity truncating underlying reflections below the Kvitaya TMF (Figure
7B) and in front of the Albertini Trough (Figure 8). At least six major bedsets are observed in
this sub-unit forming the lower part of the Kvitgya TMF (Figure 7B). SF3 and SF4 dominate
to the west along the continental slope (e.g. Figures 8, 9, and 10). In the Nordenskjold
Trough, NB-3A rests conformably on NB-2. A prominent truncation of SF3 is observed west
of the Nordenskjold Trough, and sediments dominated by SF1 rests on this unconformity. In
the Nansen Basin, SFla (e.g. Figure 8) and SF1b (Figure 11) dominates. The thickness of this
unit is up to 740 m (Figure 12A) in the Kvitgaya TMF. The isopach map shows sediment
thinning towards the upper shelf and locally in the proximity of seamounts (Figure 12A).

Interpretation—The prominent clinoforms in the Kvitgya and Albertini TMFs are
interpreted as stacked glacigenic debrites, recording repeated advances of grounded ice sheets
to the shelf break. The sediment input was most pronounced through the Kvitgya Trough. At
the mouth of the Nordenskjold Trough, this influence was less pronounced, instead the
seismic facies indicate contourite drifts, hemipelagic and/or glacimarine deposit. NB-3A is
here locally including headwall failures, indicating instability of NB-3A (Figure 10A). West
of the Nordenskjold Trough, sediment waves occur, suggesting that ocean currents dominated
here (Figure 10B). In the Nansen Basin, the Body A is stratigraphically located within NB-
3A and shows an erosive base (Figure 11B). A series of rotated blocks are interpreted in the
proximal part of the body (Figure 11B). From our dataset, it is now possible to better
constrain.the western extent of this slide deposit (Figure 11C). However, the eastern extent of
this body remains uncertain due to limited seismic data coverage.

4.2.3. Sub-unit NB-3B

Description— NB-3B predominantly comprise facies SF2 (tangential/oblique) on the
upper continental slope across the Kvitgya Trough. Here, NB-3B shows more steeply dipping
and discontinuous reflections as compared to the underlying sub-unit (Figure 7). At the
mouth of the Albertini Trough, the internal reflections of SF2 are more continuous and
steeply dipping compared to the underlying sub-unit (Figure 8). The NB-3B of the Kvitgya
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Trough shows at least eight densely spaced bedsets (Figure 7A). SF3 and SF4 still dominate
further to the west along the continental slope at the Nordenskjold Trough (Figures 9 and 10).
In the Nansen Basin, NB-3B is dominated by SFla and SF1b (Figure 11B). Here, this sub-
unit subcrops the bathymetry. The thickness of NB-3B is up to 500 m in the footwall of to the
boundary fault. The major depocenters include the Kvitgya TMF to the Nansen Basin (Figure
12B).

Interpretation—The seismic facies analysis suggests a high-gradient TMF in the outer
parts of the Kvitgya and Albertini troughs. The sediment input was still most distinct in the
Kvitgya Trough, but less so in the Albertini Trough. An unconformity separates NB-3A and
NB-3B in the Albertini Trough, but this is less obvious in the Kvitgya Trough (Figures 7 and
8)! The seismic facies composition suggests sheeted drifts, hemipelagic and/or glacimarine
deposits as well as debris lobes in the Nordenskjold Trough (Figure 9). No obvious high-
gradient TMF developed in this trough (Figure 9). Seismic data indicate that this area still
was influenced by along-slope flowing ocean currents (Figure 10B). In the Nansen Basin,
NB-3B contains predominantly stacked glacigenic debris lobes (Figure 11B).

4.2.4. Sub-unit NB-3C

Description—NB-3C is dominated by SF1 and SF3 at the shelf, and SF2 in the upper
slope of Kvitgya and Albertini troughs (Figures 7 and 8). Here, it appears as an aggradational
unit with an irregular upper boundary. NB-3C is thin or even absent in the Nordenskjold
Trough (Figure 9). Towards the Nansen Basin, this sub-unit wedges out (Figure 12C). The
thickness is up to 170 m at the shelf break and shows limited distribution basinwards (Figure
12C).

Interpretation—The seismic facies composition suggests that NB-3C is dominated by
debrites (Figures 7 and 8). In the Kvitgya and Albertini troughs, the morphology of NB-3C is
interpreted to be formed by subglacial till affected by iceberg ploughing, which can be
followed to the continental slope (Figures 7 and 8). At the Kvitgya TMF, NB-3C forms the
topset and the outermost part of the foreset of the glacial-sedimentary strata and thins out
downslope. (Figure 7A). Downslope of the Albertini Trough, an irregular slope morphology
is-attributed to a slump deposit (Figure 8).

4.3. VVolumetric mass balance

The isopach maps show the total sediment volume and its distribution. The
corresponding volumes are used to calculate the average sedimentation rates and from this,
average erosion rates in the source area are estimated. A few corrections are applied, as
detailed in the mass balance flowchart by Lasabuda et al. (2018b).

4.3.1. - Depositional volume, area, and sedimentation rates

The total volume of Plio—Pleistocene sediments is estimated to be 29,000 km?®, which
gives an average sedimentation rate of about 0.24 m/Kyr over the last ~2.7 Ma (Table 1). The
estimated sedimentation rates for NB-3A and NB-3B are ca. 0.2 m/Kyr and ca. 0.77 m/Kyr,
respectively. The size of the depositional area is up to ~44,000 km® (Table 1). A lower
sedimentation rate of about 0.12 m/Kyr is found for the period corresponding to NB-3C
(Table 1). Body A is excluded from these calculations; this volume is estimated to be ~6700
km?, and covers an area of ca. 27,000 km?.

4.3.2. Volume correction due to deposition of contourites
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Our seismic mapping shows that NB-3A appears to contain contourites on the upper
slope outside and between the areas in front of the shelf troughs (Figures 7 — 10). A large
portion of contourites consist of sediment deposits commonly fed by down-slope sediment
processes i.e. turbidity currents, which have a local provenance (e.g. Stow et al., 2008).
Contour currents may also bring sediments from outside the considered source area and these
sediments need to be excluded from the sediment budget calculations before converting to
erosional volume. Thus, we tentatively applied a 10% reduction to the NB-3A volume,
reducing it from ~11,000 to ~10,000 km? before other corrections are applied (Table 2).

We also excluded the western part of the Franz Victoria TMF from our sediment
budgeting as these deposits were mainly sourced from outside the considered drainage area
(Figure 11A). The bathymetry data shows a pronounced outward bulge of the continental rise
off the Franz Victoria Trough (Figure 2A) comprising glacigenic debris lobes. This stack of
glacigenic debris lobes is interpreted to be part of the Franz Victoria TMF (Figure 11B). A
similar spatial correction is applied to exclude deposits of the Hinlopen Slide.

4.3.3. Drainage area delineation

For the source area, we have considered a minimum and maximum alternative (Figure
12D). The minimum source area is based on the LGM ice divides south of the Hinlopen
Trough and over Nordaustlandet (Dowdeswell et al., 2010a; Hogan et al., 2010; Hormes et
al., 2011;Patton et al., 2015; Figure 12D). The maximum estimate of the source area is based
on LGM ice divides over Storbanken, southeast of Kong Karls Land (Lambeck, 1995, 1996;
Ottesen et al., 2005; Patton et al., 2015; Figure 12D). We also consider lateral ice sheet extent
for each glaciation (Svendsen et al., 2004; Knies et al., 2009) as we will discuss below.

The minimum source area is considered similar for all seismic units, which
corresponds to ~32,000 km? (Table 2). The maximum source area is also identical for all
units (~63,000 km?), except for NB-3A, which is estimated to be ~49,000 km? (Table 2). This
difference is due to the ice coverage during the period of deposition of NB-3A, which is
inferred to be rather small (Knies et al., 2009; Figure 12A).

4.3.4. Volume correction due to compaction and bedrock composition

It'is more likely that the rocks in the source area with the highest porosity were eroded
first, i.e. in the early Cenozoic. Then the rocks eroded later in the late Cenozoic, had the
deepest burial and the lowest porosity (highly compacted). Therefore, the depositional
volume of the upper Cenozoic strata will likely be more than their erosional volume. From
Figure 4, the lowest base of the pre-glacial strata are at ~7 km and the depth of glacial strata
are at average of ~4 km. This means ~3 km overburden for the lowest pre-glacial strata.
Based on porosity-effective stress diagram (Bjgrlykke et al., 2015), a ~3 km overburden
would give about 5% decompaction factor for a fine-grained sediments (e.g. Lasabuda et al.,
2018a). Similarly, the depositional volume of glacial strata need to be subtracted by 5%
compaction factor in order to estimate the erosional volume.

The last correction is related to bedrock lithology differences. The minimum drainage
area includes the northern part of Nordauslandet that is dominated by Precambrian bedrock
including intrusive rocks as well as gneisses, amphibolites, and migmatites (Dallmann, 2015).
To compensate for a higher density of the crystalline bedrock (~2.7 g/cm®) compared to
sedimentary rocks in the basin (~2.2 g/cm®), we applied a correction of 20% (i.e. the
considered bedrock volume was 20% lower) (Table 2) in accordance with Dowdeswell et al.
(2010b).
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For the maximum drainage area, we tentatively applied half of the correction (10%),
as this alternative includes a larger shelf area composed of sedimentary rocks of Mesozoic
age (Dallmann, 2015; Table 3). These corrections give values ranging from ~21,000 to
~24,000 km?® for the total volume of the eroded bedrock during the Plio—Pleistocene (Table
2).

4.3.5. -Sediment discharge, sediment yield, net average erosion, and average erosion

rates

Assuming a sediment density of 2.2 g/cm?, we estimate a sediment discharge of 17 —
20.x 10° t/yr (Table 2). Sediment yield estimates are in the range of 310 — 540 t/km?/yr. The
average net erosion is calculated to be 410 — 650 m with average rates of erosion of 0.15 —
0.24 m/Kyr (Table 2). The average net erosion appears to be the highest for the NB-3B
period (=1.5 — ~0.7 Ma) and the lowest in the NB-3C period (< ~0.7 Ma) (Table 2).

5. Discussion
5.1. Late Cenozoic paleoenvironmental reconstruction
5.1.1. Period from ~17.5 to ~2.7 Ma (NB-2)

Qur seismic  stratigraphic and facies analysis show that marine
hemipelagic/glacimarine and contouritic sediments dominated the continental margin
succession from ~17.5 to ~2.7 Ma. Contour currents appear as the dominant processes as
seen from the amount of contourites deposited at the shelf and upper slope (Figure 13A).
Sediment supply from onshore and/or the shelf towards the shelf break may have been
relatively small. On the lower slope and in the Nansen Basin, hemipelagic/glacimarine and
mass-wasting processes controlled the sediment transport and deposition.

A similar observation of contourites has been presented for the Yermak Plateau
(Geissler et al., 2011) and the Fram Strait area (Gebhardt et al., 2014) further west, signifying
the importance of the contour currents for the development of the northwestern Barents Sea
sector of the Arctic Ocean. The opening of the Fram Strait connecting the northern North
Atlantic and the Arctic Ocean (Kristoffersen, 1990; Engen et al., 2008) initialized the ocean
current system responsible for this sedimentation pattern. This opening, which significantly
contributed to' deep-water exchange through the Fram Strait and oxygenating the Arctic
Ocean, is interpreted to have occurred from ~17.5 Ma after which the Arctic Ocean was no
longer a land-locked basin (Jakobsson et al., 2007).

Onlap of unit NB-2 onto the basement suggest that northeastern Svalbard was likely a
positive morphological feature some time before the Miocene (Figures 14A and B). The
upper Miocene strata in the Albertini Trough are truncated, indicating a hiatus in the late
Miocene (Figure 14C), before the deposition of the glacigenic wedge (Figure 14D). This
observation may suggest a pre-glacial uplift, possibly a rift-flank uplift. Similar observation
has been reported in the southwestern Barents Sea (Lasabuda et al., 2018a). This is in
agreement with the regional exhumation pattern along the margin of the North East Atlantic
realm (Anell et al., 2009; Green & Duddy, 2010). These uplift and erosion events may have
been controlling the initial location of the small-scale glaciations that likely affected Svalbard
and its northeastern continental margin (Knies & Gaina, 2008; Knies et al., 2014; Figure
15A).

In_the Arctic Ocean, the earliest NB-2 deposition probably marks the onset of
sedimentation following a major hiatus (44.4 Ma — 18.2 Ma) interpreted from a drill core at
the Lomonosov Ridge (Moran et al., 2006). The ACEX cores show the presence of IRD in
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the deposits younger than 18.2 Ma indicating glacimarine sediment deposition from icebergs
(Backman & Moran, 2009).

5.1.2. Period from ~2.7 to ~1.5 Ma (NB-3A)

The deposition of NB-3A reflects the first period of repeated large-scale coastline-
shelf edge glaciations. The Kvitgya TMF shows the most intense progradation, suggesting
the presence of fast-flowing ice streams feeding this TMF (Figure 13C). Whereas, the
Nordenskjold TMF appears to be less-developed indicating that this TMF was fed from a
slower-moving (a more sluggish) ice sheet. Moreover, a substantial increase in sediment drift
deposition is observed in front of the trough. This observation indicates a still important role
of sedimentation from contour currents in shaping the continental margin in the western part.

In the early development of the Kvitgya TMF, a large slope failure event resulted in
the deposition of Body A, transferring a large volume of contouritic and
hemipelagic/glacimarine sediments into the Nansen Basin (Figure 13B). This event is
probably occurred slightly prior to ~2.7 Ma based on the seismostratigraphic position of
Body A (see Figure 4).

The ice sheet extent and thereby the ice drainage have varied over the late Pliocene
period. From ~3.5 to 2.4 Ma, ice extent may have been limited in the Barents Sea (Knies et
al.,~.2009; Figure 12A) with first shelf edge glaciations occurred at ~2.7 Ma (Knies et al.,
2014). Globally, a dynamic transition from regionally restricted to more large-scale
glaciations occurred as a result of a complex interaction of tectonic, climatic, and
paleoceanographic factors (Mudelsee & Raymo, 2005; Matthiessen et al., 2009). In the
Nordic Seas, a continuous ~3.5 Ma old IRD record has been reported from ODP site 907
offshore Greenland and expansions of Greenland glaciers has been interpreted from ~3.3 Ma
(Jansen et al., 2000; Kleiven et al., 2002).

5.1.3. Period from ~1.5 to ~0.7 Ma (NB-3B)

Repeated advances of an ice stream towards the paleo-shelf break likely occurred in
the Kviteya Trough (Figure 13D). There were also ice streams in the Albertini and
Nordenskjold troughs, although they may have been smaller compared to the Kvitgya ice
streams. In the Nansen Basin, MTDs dominate the succession. Glaciomarine and hemipelagic
deposits are also present in the Arctic Ocean indicating the presence and absence of sea ice,
respectively (Jakobsson et al., 2014).

The IRD record from offshore western Svalbard shows a glacial intensification
occurred at ~1.5 Ma (Fronval & Jansen, 1996). From this time onwards, a more regional shelf
progradation is observed in front of many troughs in the polar region, testifying to the
importance of sediment erosion, transportation, and deposition from fast-flowing ice streams
(e.g. Dahlgren et al., 2005). During deposition of NB-3B, expanded ice sheets development is
inferred in the Barents Sea (Knies et al., 2009; Figure 12B). A seismic section from the Fram
Strait, tied to the ODP 910, 911, and 912 boreholes shows evidence of iceberg ploughmarks
indicating ice advance reaching the shelf break at ~1.5 Ma but the area of origin of these
icebergs is presently not known (Mattingsdal et al., 2014).

5.1.4. Period after ~0.7 Ma (NB-3C)

The erosion surface at the base of NB-3C (Figure 13E), which is particularly well
developed within the Kvitgya TMF, may reflect erosion from an expanded shelf edge
glaciation in the northern Barents Sea area. A comparable erosional surface is termed the

© 2018 American Geophysical Union. All rights reserved.



Upper Regional Unconformity (URU) in the western Barents Sea (e.g. Vorren et al., 1991) or
Glacial Unconformity (GU) in the UK margin (Stoker et al., 2005). Nielsen et al. (2005)
indicated that this surface varies in age across the polar region. They suggested that URU and
the change in sediment depositional style from progradation to aggradation might represent a
change in the ice sheet extent. The preserved topset of the TMF may also be due to, in part,
increasing subsidence due to loading-unloading processes (Dahlgren et al., 2005).

A series of canyons at the lower slope of the Nordenskjold Trough indicate that
smaller scale slope failure events dominated. In addition, gullies, channels, and sediment
lobes are documented from the Albertini and Kvitgya troughs by Fransner et al. (2017a;
2018) that is in agreement with slope instability. Some parts of the canyons are relatively
smooth, which may indicate the deposition by contour currents. In the eastern part of the
Hinlopen_scar, Geissler et al. (2016) also suggested sediment wave development. This
suggestion fits well with results from this study that indicate a western increase in the
influence of contour currents (Figure 15B).

Expanded glaciations have been reported from many parts of the North Atlantic realm
during the last 1 Ma (see Dahlgren et al., 2005), as seen from major increases of IRD content
that reflect the extent and magnitude of ice sheets (e.g. Mangerud et al., 1996). The NB-3C
was deposited during these periods of the largest ice sheet extent (Knies et al., 2009; Figure
12C).

5.2. Controlling factors of the trough-mouth fan development

A number of factors, ranging from the size and bedrock types of the drainage area, ice
dynamics, and continental slope gradient, likely controlled the sedimentary succession and its
variation across the study area.

The bedrock substrate appears to influence the amount of eroded sediments and
directly affects the sediment volume transported basinwards. An area consisting of
sedimentary rocks (e.g. central and western Barents Sea shelf) is more prone to glacial
erosion than a source area comprising crystalline bedrock (e.g. mainland Svalbard) (Table 3).
The bedrock composition of the drainage area feeding the Kvitoeya TMF is relatively ‘soft’
(dominated by sedimentary rocks) compared to the drainage area of the Nordenskjold and the
Albertini. troughs that composed of predominantly crystalline bedrock (Dallmann, 2015).
This hypothesis can, at least partly, explain the major sedimentary thickness increase in front
of the Kvitgya Trough (Figure 12B).

The dynamics of the SBSIS, including the location of the ice divides controlling the
ice drainage area and ice flow, also appears to be controlling the size of TMFs. Although the
ice drainage during the late Quaternary in the Barents Sea area is reasonably well defined
based on the present-day bathymetry (e.g. Landvik et al., 1998; Minakov et al., 2012), the
locations of the main ice divides are still debated (Dowdeswell et al., 2010a; Patton et al.,
2015). The position of ice divides is an important factor in determining the relative amount of
ice draining the area and thus the volume of sediments deposited along the margin. This is
confirmed by ice sheet modeling showing that the Bjgrngya TMF received sediment from a
significant portion of the Barents Sea shelf during the last glaciation (Patton et al., 2015). A
considerably smaller catchment area has been inferred for the Troms margin TMFs, a likely
analogue to the setting northeast of Svalbard, resulting in a much smaller volume of
sediments along this part of the margin (Rydningen et al., 2016).

Furthermore, the basal temperature conditions may have influenced the effectiveness
in eroding the substrate implying cold-based ice is less erosive in contrast to warm-based ice
(Elverhgi et al., 1998; Bierman et al., 2016). Therefore, in contrast to the Kvitgya Trough, we
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suggest that the Nordenskjold Trough may have been occupied by colder-based ice delivering
significantly less sediments off the margin.

Relatively lower sediment accumulation is found off the Kvitaya, Albertini, and
Nordenskjold troughs compared to the western Barents Sea. Their TMF styles are also
different compared to the Bjgrngya or Storfjorden TMF. The Kvitaya TMF is comparable in
size and morphology to TMFs located along the Troms margin (Rydningen et al., 2016) and
southeastern Greenland (Larsen et al., 1994). Slope gradient of the receiving basin seems to
play a role in controlling the presence, geometry, and dominating deposits of TMFs. Steeper
gradients often result in high-gradient TMFs or glacial-sedimentary prisms (e.g. Troms
margin TMF). Batchelor & Dowdeswell (2014) suggested that a steep slope-gradient (>4°) is
likely to prevent major/giant TMF development (e.g. Bjerngya TMF), which fits our
observation.

Fransner et al. (2017a) suggested that faulting in the underlying basement was the
primary cause for the less developed Albertini TMF. This contradicts our finding, which
shows no obvious fault growth penetrated the glacial strata, indicating that the down faulted
topography had likely little or no influence in controlling the deposition of glacial sediments
in this trough (Figure 14). To the west, in the Nordenskjold Trough, however, fault growth
may have influenced the development of sediment drifts (Figure 9A). This observation may
be attributed to slope instability due to abundance of contourites that are prone to slope
failure (e.g. Geissler et al., 2016; Elger et al., 2017).

5.3. Late Cenozoic average sedimentation rates, net erosion estimates, and erosion

rates — A comparison

The estimated average sedimentation rate for NB-3A to NB-3C over the last ~2.7 Ma
is 0.24 m/Kyr. A comparable number, 0.17 m/Kyr, was previously reported for the last ~2.6
Ma (Geissler & Jokat, 2004). We detailed this interval and found a trend of increasing
sedimentation rates from the period of NB-3A (0.2 m/Kyr) to NB-3B (0.77 m/Kyr). Although
using a different age model, a similar increasing trend was also reported by Engen et al.
(2009), from 0.27 m/Kyr for their NB-4A to 0.3 m/Kyr for their NB-4B. From the Troms
margin offshore northern Norway, a mass balance study of the glacial succession showed an
average sedimentation rate of 0.15 — 0.22 m/Kyr (Rydningen et al., 2016), i.e. very similar to
our numbers (Table 3).

Our sedimentation rate of NB-3B (0.77 m/Kyr) for the period of ~1.5 — ~0.7 Ma is in
agreement with 0.63 m/Kyr sedimentation rates from the Storfjorden TMF in the
northwestern Barents Sea (Hjelstuen et al., 1996). Moreover, comparable sedimentation rates
have also been documented from the southwestern Barents Sea margin showing
sedimentation rates varying between 0.22 and 0.64 m/Kyr for the Quaternary GI-GlIII units
(Faleide et al., 1996; Laberg et al., 2012). On the Yermak Plateau, average sedimentation
rates for the last 1 Ma at the three ODP sites 910, 911, and 912 are up to 0.1 m/Kyr
(Mattingsdal et al., 2014). This value is in agreement with our estimate for NB-3C, 0.12
m/Kyr.

Our numbers reflect the rate of sediment contribution towards the Arctic Ocean from
the northwestern Barents Sea shelf. Levitan (2015) compiled a map of sedimentation rates for
the Arctic showing that the study area has an average sedimentation rate of >0.03 m/Kyr for
the last 130 ka. Our numbers (0.12 m/Kyr) for the last ~0.7 Ma fit with this, which
correspond to the general pattern of average sedimentation rates for the Arctic Ocean.

For the first time, average net erosion and erosion rates are estimated for the drainage
area of the studied margin, showing an average erosion of 410 — 650 m. In comparison, the
late Cenozoic (glacial) erosion estimates from the western Barents Sea margin have been
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reported to be 1100 m and 1700 m for the southwestern (Laberg et al., 2012) and
northwestern margin (Hjelstuen et al., 1996), respectively (Table 3). These results show that
the western margin of the Barents Sea experienced more severe glacial erosion as compared
to its northern segment.

It has been suggested that half to two thirds of the deposits of the major TMFs along
the western Barents Sea margin were of glacial origin (Fiedler & Faleide, 1996; Hjelstuen et
al.,, 1996; Minakov et al., 2012). In contrast, the glacial to non-glacial ratio of the
northeastern Svalbard margin seems to be lower based on our observations. This is likely
because the major glacial drainage pattern is towards the western Barents Sea (Bjerngya
Trough). However, prominent trough systems are also present along the northern margin
(Franz Victoria and St. Anna troughs) suggesting high glacial erosion east of the study area.

Although similar in progradation style, our erosion rate is significantly higher than the
average rate of erosion of Troms margin TMF (Table 3). This discrepancy may be due to the
location of the Troms TMF in between two major ice sheets, the SBSIS and Fennoscandia Ice
Sheet (Rydningen et al., 2016). Our maximum erosion rate (0.24 m/Kyr) is comparable with
the 0.19 m/Kyr. reported from the mid-Norwegian margin (Dowdeswell et al., 2010b) and the
0.2 m/Kyr calculated for the western Svalbard margin (Elverhgi et al., 1998) (Table 3). These
similarities can partly be attributed to a similar bedrock composition in the drainage areas
(Elverhgi et al., 1998).

5.4. The Body A compared to other slides along the Norwegian continental margin

In terms of size (i.e. area affected), the Body A slide is smaller compared to the mega
slide deposits from the southwestern margin of the Barents Sea (Hjelstuen et al., 2007)
(Figure 16). The volume of sediments involved is comparable to the northwestern Barents
Slide reaching a volume of 4100 km?® (Safronova et al., 2015).The Body A is approximately
double the size of the Holocene Storegga Slide offshore mid-Norway (Haflidason et al.,
2004), but interestingly only less than half in terms of area affected. The reason for this is
presently not known. Assuming that our age estimate is correct (at about ~2.7 Ma), Body A is
likely to be one of the oldest described slides along the Norwegian continental margin.

The underlying unit (NB-2) which is dominated by contourites, may precondition the
development of glide planes for a submarine slope failure. There are several possible
triggering mechanism for Body A. The slope failure may have occurred due to the initial
loading of the pre-glacial margin by subglacially derived debris flows. This mechanism has
been observed elsewhere in high-latitude margins, including the Antarctic margin (Rebesco
& Camerlenghi, 2008). Another alternative is seismicity, a similar mechanism as the
neighboring Hinlopen Slide (Vanneste et al., 2006). Possible tectonic uplift prior to
glaciations may also be contributed to the initiation of such failure (Figure 14C). The
interplay of these factors reflects the slope instability of the northern Barents Sea margin.

6. Conclusions

e Analysis of multi-channel seismic data reveal the Neogene - Quaternary
paleoenvironmental development of the northeastern Svalbard — northern Barents Sea
margin in the area of the Kviteya, Albertini, and Nordenskjold troughs.

e The period from ~17.5 to ~2.7 Ma was characterized by intensified contour current
development related to the opening of the Fram Strait. The deposited succession
shows very little or missing influence from ice sheets. Ice advances to the shelf break
delivering glacigenic debrites dominated the subsequent period from ~2.7 to ~1.5 Ma,
while inter-trough areas were dominated by contourite deposition. The following
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period, from ~1.5 to ~0.7 Ma, marked more expansive glaciations. Glacigenic
debrites still dominated the succession off the Kvitgya and Albertini troughs. Finally,
the period after ~0.7 Ma was characterized by the deposition of overall aggrading
packages of the glacial-sedimentary wedges indicating the final advancing of the ice
streams particularly in the Kvitgya TMF.

e The lateral variation and temporal evolution of the margin show predominantly mass-
wasting processes to the east and contour current processes towards the west. This
variation is interpreted due to the size and bedrock types of the drainage area, ice
dynamics, and the continental slope gradient.

e The total sediment volume for the studied segment of the margin in the period from
~2.7 Ma to recent is ca. 29,000 km®, giving an average sedimentation rate of 0.24
m/Kyr. This rate is of the same order of magnitude as other glaciated margins,
including the western Svalbard and mid-Norway margins, but ~50% less than for the
western Barents Sea margin.

e The average net erosion is estimated to be 410 — 650 m, affecting a drainage area of
32,000 — 63,000 km? which covers the studied troughs and the northern part of
Nordaustlandet with average erosion rates of 0.15 — 0.24 m/Kyr for the glacial period.
Based on our results, the northeastern Nordaustlandet (both land and shelf) and the
area of Kvitgya have been subjected to glacial erosion delivering sediments to the
Nansen Basin.

e Body A is a large submarine slide with volume of ca. 6700 km® covering an area of at
least 27,000 km?. The pronounced unconformity underneath the Kvitaya TMF on the
upper slope could be the potential source area of the Body A. If correct, this slide
likely occurred prior to or at the onset of the glaciation in this margin.
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Table 1
Measurements for the Depositional Area

Velocity
Al . . o .
Uniit ranggee Age interval average Sediment volume Depositional s din':\evr?tation
km/s 3 km® 3 km?
[Ma] [Ma] [km/s] [10° km’] area [10° km?] rates [m/Kyr]
NB-3C 0-0.7 0.7 1.7 0.7 8 0.12
NB-3B 0.7-15 0.8 1.9 17 28 0.77
NB-3A 15-27 1.2 1.9 11 44 0.2
U 27 2.7 1.9 29 a4 0.24
Pleistocene

Note. Sediment volumes, depositional areas, and sedimentation rates for the glacial strata. Here, the NB-3A
sediment volume has not been reduced by 10% to account for contouritic deposits. The geologic timescale is
according to Cohen et al. (2016).
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Table 2
Measurements for the Source Area

Sediment
discharge
[10° tiyr] . . .
Volume of the source area  Source area with Sediment yield Avg. net Avg. erosion
3 3 31,2 2 ;
[10° km”] [10° km“] sediment [t/km</yr] erosion [m]  rates [m/Kyr]
density
Age 2.2glem®
Unit range
[Ma]
Min, Max,
with20%  with10% Min Max Min Max Min Max Min Max Min  Max
bedrock bedrock
composition composition
correction  correction
NB-3C 0-0.7 0.5 0.6 32 63 16 18 29 51 10 20 0.01 0.02
NB-3B  0.7-1.5 13 15 32 63 36 40 640 1120 230 400 029 051
NB-3A 15-2.7 7 8 32 49 13 15 310 420 170 230 0.14 0.19
g 0-2.7 21 24 32 63 17 20 310 540 410 650 0.15 0.24
Pleistocene

Note. Volume of the source area, source area, sediment discharge, sediment yield, average net erosion, and
average erosion rates. The NB-3A sediment volume has been reduced by 10% correction due to deposition of
contourites and another 5% due to compaction correction before applying the bedrock composition correction.
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Table 3

Comparison of Our Results to Other Formerly Glaciated Margins

. . Source Bedrock Volume of . Erosion
Sedimentation 3 . the source Erosion
Areas area [10°  types in the 3 Rates
rates [m/Kyr] 5 area [10 [m]
km-] source area 3 [m/Kyr]
km°]
Crystalline
Nigyineasgrn Svalbard 0.24 3263 ot 21-24 410650 0.15-0.24
(This study) sedimentary
rocks
Northwestgrn BarentsaSea 0.7 116 Sedimentary 69 1700 0.63
— Storfjorden Fan rocks
Southwe_stern Barents Sea 0.16 _ 0.64 576 Sedimentary 395 _ 464 1000 - 0.38 041
— Bjogrngya Fan rocks 1100
. Il
Troms,margin® 015-022  14-43 C”r’ztcaks'ne 2-22  50-140 0.02-0.05
Mld-Norwayd— NAUST 0.24 160 Crystalline 83.7 524 0.19
Em rocks
Crystalline
Western Svalbard — +
Isfjorden Fan® i 0.73 sedimentary 032 i 02
rocks

Hjelstuen et al. (1996). "Laberg et al. (2012). “Rydningen et al. (2016). “Dowdeswell et al. (2010b). *Elverhgi,

etal. (1998).
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Figure 1. Regional geological setting of the Barents Sea shelf and the surroundings. The location of the study
area is shown as red and yellow squares (inset figure). Bathymetry map is from International Bathymetry Chart
of the Arctic Ocean (IBCAO) dataset v. 3.0 (Jakobsson et al., 2012) with WGS84 Polar Stereographic
Projection. The location of Figure 4 is indicated by a black dashed line. AB=Amerasia Basin; EB=Eurasia
Basin; LR=Lomonosov Ridge; FVT= Franz Victoria Trough; KT= Kvitgya Trough; MJR= Morris Jesup Rise;
YP= Yermak Plateau.
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Figure 2. A) Seismic data distribution used in this study. Bathymetry map is taken from IBCAO dataset v. 3.0
(Jakobsson et al., 2012) with WGS84 Polar Stereographic Projection. Existing Ocean Drilling Program (ODP)
sites are marked by stars. The location of Figures 7 — 11 are indicated as bold lines. The location of Figure 3 is
shown as white rectangles. B) 3D visualization of the study area. Viewpoint is indicated at Figure 2A. Note the
convex-outward shape in front of Franz Victoria Trough suggest a major trough-mouth fan development. Extent
of Body A is uncertain to the east due to limited data coverage. WT=Woodfjorden Trough; HT=Hinlopen
Trough; NT=Nordenskjold Trough (Cherkis et al., 1999); AT=Albertini Trough; KT=Kvitgya Trough
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Figure 3. A) Seafloor bathymetry at the lower slope of the Nordenskjold Trough. In the Nansen Basin, a
number of megablocks are observed interpreted as a result of Hinlopen/Yermak megaslide (Vanneste et al.,
2006; Winkelmann et al., 2008). B) Seafloor profile along the lower slope morphology showing a number of
canyons and gullies. C) Seafloor profile example crossing one of the major canyons showing a slide scar. For

location, see Figure 2A.
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Figure 4. Geoseismic illustrating the general stratigraphy of the northeastern Svalbard / northern Barents Sea
continental margin (modified after Jokat and Micksch, 2004). The profile represents subdivision of glacial and
non/less-influenced glacial strata that will be used for sediment budgeting. The deposits from a large submarine
slide, Body A, is shown. COT=continent-oceanic crust transition. Seismic location at Figure 1.
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Seismic Facies

(SF) Description Interpretation Figure example
Medium to high amplitude
i . reflections, irregular top and base,
SF1la: Chaotic internally chaotic but in some Glacigenic/non-glacigenic debrites, slumps, slides, products of
areas show imbricated pattem mass-wasting events. Together, SFla and SF1b are termed
mass-transport deposit (MTD). SF1a has probably coarser
] Low amplitude reflections materials, meanwhile SF1b 1s mud-dominated deposit (see
E'Fa;::;x_ discontinuous, irregular top and Posamentier & Kolla, 2003).
P base, intemally structureless
SF2- Low to medium amplitude Prograding glacigenic sedimentary wedges or widely known as
Tan- entiall reflections, continuous. stacked of  glacial-sedimentary prism or trough-mouth fan (TMF). TMFs
obliﬁue parallel angular packages, often truncated  generally consist of variable lithologies representing glacigenic

to the upper layer debris flow processes (e.g. Laberg & Vorren, 1995).

Depending of the location and the strata, this facies can be
interpreted as the following:

LOW_ to high amp]_i.rude r.eflecﬁons, 1. Hemupelagic or glacimarine sediments. Glacimarine
SF3: Parallelto  continuous to semi-continuous, sediments formed as a result of slow-settling background
sub-parallel commonly conformable top and sedimentation from iceberg (e.g. King et al.. 1996).

base
2. Turbaditic sheets/fans of sand-shale mterlayers
3. Sheeted drifts deposited by contour currents

Low to lugh amplitude and

discontinuous reflections at the This facies 1s mterpreted as sediment waves or contourite
axial part. typical V- or U-shaped  dnifts. produced by contour currents as a result of ocean
morphology flanked by low to circulation. This package has typically a mud-rich lithology
medium amplitude and relatively  (see Rebesco et al., 2014).

continuous reflections package

SF4: Contorted

Figure 5. Seismic facies classification for the study area. The vertical and horizontal white bars represent 100
msand 1 km, respectively.
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Figure 6. Chronology of the strata focused in this study (modified from Engen et al., 2009). The base of unit
NB-3A (~2.7 Ma) is from Knies et al. (2014) and Mattingsdal et al. (2014). The base of unit NB-3B (~1.5 Ma)
is from Mattingsdal et al. (2014). The base of unit NB-3C is from the inferred age model of Laberg et al. (2010)
assuming that the base unit NB-3C in this study correlates to the base of unit Glll. The geologic timescale is
according to Cohen et al. (2016).
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. A) Notable truncation of NB-3B can be seen at the base of NB-3C. NB-3C shows a lower angle
pr consisting of glacigenic debrites. NB-3C is regarded as the topset part of the TMF. B) Debris lobes
at the of NB-3A suggest a sign for an early phase of intensified glaciations. NB-2 reflections are truncated
-3A. For location, see Figure 2A.
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contourite drift]

EMlsmlc profile AWI-99170 (modified from Geissler & Jokat, 2004) showing sedimentary style in the
Alb ough. A glacial-sedimentary prism appears to be less developed here compare to the Kvitgya

ediment progradations and development NB-3C suggest an episodic ice sheet advance in this
shows a development of sheeted drift overlain by MTDs of NB-3B. For location, see Figure

© 2018 American Geophysical Union. All rights reserved.



fault=controlled
drift

Figure 9. Seismic profile HAP0384 illustrating sedimentary development in Nordenskjold Trough. A) Upper
slope is_dominated by debris lobes in NB-3A and NB-3B. Meanwhile, pre-glacial strata shows a pronounced
contourites development. B) Sedimentary style for glacial strata is observed as low-angle progradation and
chaotic packages interpreted as MTDs. This area marks the western limits of NB-3C. For location, see Figure
2A.
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Fi ismic profile AWI1-99130 west of Nordenskjold Trough showing a domination of contourites and
sedi ves at NB-3A and older. A) NB-3A shows indication of headwall failures. B) NB-3A and NB-3B
show sediment waves. For location, see Figure 2A.
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Fi

|weismic profile BGR13-207 and BGR13-208 (figure originally appeared in Frontiers in Earth
Science, doi: 10.3389/feart.2016.00091, Berglar et al., 2016 with nomenclature following Engen et al., 2009).
A) iment progradation is interpreted as part of Franz Victoria TMF. B) Stacked debris lobes suggest a
dominatio mass-wasting processes. C) The extent of Body A and Hinlopen/Yermak Slide (Vanneste et al.,
20 mann et al., 2008) can be mapped. For location, see Figure 2A.
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Isopach maps for the glacial sub-units and their inferred drainage areas (minimum and maximum
athymetry map is from International Bathymetry Chart of the Arctic Ocean (IBCAO) dataset v.
et al. (2012) with WGS84 Polar Stereographic Projection. The extent of NB-3A, NB-3B, and NB-
imited by the major Franz Victoria TMF to the east. The alternative drainage areas in this study are

ing proposed ice divides in the literature as shown in Figure 12D. Minimum drainage area is

ing-ice dome suggested by Dowdeswell et al. (2010a), Hogan et al. (2010), Hormes et al. (2011), and
Pat . (2015). Drainage area maximum is based on ice dome inferred by by Lambeck (1995, 1996),
Ott etal. (2005), and Patton et al. (2015). A) NB-3A deposition during ~ 2.7 — ~1.5 Ma is dominated by ice
sh dvanced in the troughs area, particularly in the major troughs (e.g Kvitgya Trough). B) Ice sheet advance
co the period from ~1.5 to ~0.7 Ma delivering sediment of NB-3B. Kvitgya TMF shows a
development of steeply dipping debrites. C) From the last ~0.7 Ma, the Kvitgya Trough is inferred to be
occupie ast-flowing ice streams. The distribution of NB-3C is limited only in the axial part of the trough
west, Hinlopen/Yermak Slide restricted the deposition of this unit. D) The total isopach map from
sub-units (NB-3A, NB-3B, and NB-3C).
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Figure 13. Schematic drawings of Kvitaya TMF development during key phases in the late Cenozoic. A) The
deposition of NB-2, which is interpreted as less glacially-influenced contourites and debris materials. Land-
based ice might be present (Knies & Gaina, 2008). B) The deposition of Body A. This slope failure may have
been occurred just before the deposition of NB-3A. C) The deposition of NB-3A marks the ice sheet advance
reaching the shelf break. D) The deposition of NB-3B still represents the progressive seaward movement of ice
stream. E) The deposition of NB-3C marks the last stage of ice advance before it retreated during the
deglaciation phase.
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Figure ﬂ‘) Zoom-in profile from Figure 8 at Albertini Trough shows the tectonostratigraphy development
around the bathymetric high. B-D) Conceptual figures based on seismic profile (A) illustrating the pre-glacial
uplift and erosion in the northestern Svalbard.
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Figure 15. Conceptual model for the northeastern Svalbard — northern Barents Sea continental margin during
restricted glaciations and expansive glaciations (sensu Nielsen et al., 2005). The 3D view is referred to Figure
2B: A) Period of small-scale restricted glaciations. A land-based ice over the Nordaustlandet, North East
Svalbard.is inferred from (Solheim et al., 1998; Knies et al., 2009, 2014). B) Period of large-scale coast-shelf
edge glaciations. Ice stream is interpreted to be present in the Kvitgya Trough. Less active ice streams likely
occupied the Albertini and Nordenskjold troughs. In the inter-ice stream areas, the dominating processes are the
contour currents rather than mass-wasting processes.
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Body A comparison with other submarine slides
along the Nerwegian continental margin
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Figure 16. Volume and area comparison for Body A with other submarine slides along the Norwegian
continental margin.

Note: Safronova et al. (2015). "Hijelstuen et al. (2007). Elger et al. (2017). “Laberg & Vorren, (1996). °Osti et
al. (2017). f\/anneste et al. (2006) and Winkelmann et al. (2008). °Haflidason et al. (2004). "Laberg et al. (2002).
'Laberg et al. (2000).
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