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Cryospheric events in the Arctic Ocean have been largely studied through the imprints of ice sheets, ice shelves
and icebergs in the seafloor morphology and sediment stratigraphy. Subglacial morphologies have been identi-
fied in the shallowest regions of the Arctic Ocean, up to 1200 m water depth, revealing the extent and dynamics
of Arctic ice sheets during the last glacial periods. However, less attention has been given to sedimentary features
imaged in the vicinity of the ice-grounded areas. Detailed interpretation of the sparse available swath bathymetry
and sub-bottom profiles from the Lomonosov Ridge and the Amundsen Basin shows the occurrence of mass
transport deposits (MTDs) and sediment waves in the central Arctic Ocean. The waxing and waning ice sheets
and shelves in the Arctic Ocean have influenced the distribution of MTDs in the vicinity of grounding-ice areas,
i.e. along the crest of Lomonosov Ridge. Due to the potential of Arctic sediments to hold gas hydrates, their desta-
bilization should not be ruled out as trigger for sediment instability. Sediment waves formed by the interaction of
internal waves that propagate along water mass interfaces with the bathymetric barrier of Lomonosov Ridge. This
work describes the distribution and formation mechanisms of MTDs and sediment waves in the central Arctic
Ocean in relation to grounding ice and internal waves between water masses, respectively. The distribution of
these features provides new insight into past cryospheric and oceanographic conditions of the central Arctic

Ocean.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Many factors control patterns of sedimentation and influence the
seafloor morphology and sediment stratigraphy of continental margins,
submarine ridges and oceanic basins, from initial continental break-up
and major movements of tectonic plates to sea-level oscillations (e.g.
Potter and Szatmari, 2009; Lovell, 2010). In polar regions, seafloor mor-
phology and stratigraphy are heavily influenced by the cryosphere. The
variability of sea-ice, ice sheets, ice shelves and glaciers on seasonal,
inter-annual and longer glacial-interglacial time scales have left im-
prints in the sedimentary record (e.g., Jakobsson et al., 2011; Bijl et al.,
2018). Glacial induced morphologies on bathymetric highs in the Arctic
Ocean were first mapped in the 1990s. First down to a water depth of
850 m on the Yermak Plateau north of Svalbard (Vogt et al., 1994) and
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subsequently close to the North Pole on the Lomonosov Ridge at
water depths between 600 and 1000 m (Jakobsson, 1999). Glacial mor-
phologies formed by scouring of deep-draft icebergs and ice shelves
have since been extensively described in many studies (e.g. Polyak
et al., 2001; Kristoffersen et al., 2004a; Dowdeswell et al., 2016;
Jakobsson et al., 2014, 2016). The diversity of glacial morphologies on
the Lomonosov Ridge indicates the grounding and flow of glacial ice
across the ridge (e.g., Jakobsson et al., 2016; Stein et al., 2016). However,
only a few studies describe the morphological seafloor and sub-bottom
features located in the surroundings of the ice-grounded areas and adja-
cent deep abyssal plains (e.g. Kristoffersen et al., 2007; Mosher et al.,
2010; Geissler et al., 2011; Polyak and Jakobsson, 2011; Castro et al.,
2019). These features provide additional information on the processes
occurring at the Arctic seafloor in relation to the grounding ice and the
oceanographic pattern.

Here we focus on the late Quaternary processes that shaped the sea-
floor morphology and sub-bottom stratigraphy of the central Arctic
Ocean, i.e. the Lomonosov Ridge and the Amundsen Basin. Mass trans-
port deposits (MTDs) and sediment waves are discussed as sedimentary
features, which reveal post-sedimentary instability or transport of
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sediments in relation to recent tectonic, oceanographic or cryospheric
influence in the central Arctic Ocean.

2. Background

Below, we introduce the regional context of the main sedimentary
control factors of the Arctic Ocean.

2.1. Regional tectonic and sedimentary context

The Arctic Ocean consists of two main basins, the Amerasian and
Eurasian basins. They are separated by the Lomonosov Ridge, which is
an 1800 km long continental fragment that rifted from the Eurasian
continental margin (e.g. Jokat et al., 1992; Brozena et al., 2003;
Dgssing et al., 2013). Following rifting, the Lomonosov Ridge experi-
enced several phases of subsidence (Moran et al., 2006; O'Regan et al.,
2008; Sangiorgi et al., 2008). At present, it is the most prominent bathy-
metric high of the Arctic Ocean (Fig. 1A), constituting a double-sided
passive continental margin (e.g. Jokat et al., 1992; Cochran et al,,
2006). The sedimentary record covering the Lomonosov Ridge is highly
variable encompassing the past ~55 Myrs, but holding several hiatuses
(Backman et al., 2006; Stevenson et al., 2015).

Seafloor spreading in the Eurasian Basin is still active at ultraslow
spreading rates along the Gakkel Ridge (e.g. Brozena et al., 2003;
Engen et al., 2003; Sohn et al., 2008; Pease et al., 2014; Nikishin et al.,
2017). Enclosed between the Gakkel Ridge and the Lomonosov Ridge
(Fig. 1), the Amundsen Basin hosts up to 4.5 km of sediments mainly de-
rived from the Eurasian margin (Sekretov, 2002). Turbidity currents and
hemipelagic sedimentation are the dominant depositional processes in
the formation of the sedimentary record (Svindland and Vorren,
2002). At the base of the Lomonosov Ridge, the Amundsen Basin is
partly occupied by a channel-fan system that has been referred to as
the North Pole Submarine Fan (Kristoffersen et al., 2004b). Gravity driven
flows have brought sediments from the Canadian and Greenland mar-
gins (Lincoln Sea) to the surroundings of the North Pole (Fig. 1A), fol-
lowing different trajectories since the fan formed in the Plio-
Pleistocene (Kristoffersen et al., 2004b).

Mass transport deposits (MTDs) are additional products of gravity
mass movements, and are frequent along continental margins (e.g.
Mienert and Weaver, 2002; Shipp et al., 2011). MTDs form bodies of
transparent or semi-transparent acoustic facies embedded in the strati-
fied record (Reading, 1996). Their singular demarcation is highly depen-
dent on the vertical resolution of the sub-bottom record. Many
recognised MTDs in sub-bottom profiles could encompass several
events, and therefore, they could be considered as mass transport com-
plexes as defined by Pickering and Hiscot (2016). Globally, MTDs are as-
sociated with downslope transport due to the instability of sediments
that can arise from several causes. Earthquakes and tectonic deforma-
tion are the most common triggers of slope instability resulting in the
formation of MTDs (e.g. Masson et al., 2006). Destabilization of gas hy-
drates embedded in the sedimentary record can result in formation of
MTDs (e.g. Mulder and Cochonat, 1996). On glaciated margins, MTDs
may form in response to direct erosion by glacial ice, over-steepening
of continental slopes due to high subglacial sediment supply, and iso-
static rebound during rapid melting of ice sheets (e.g. Maslin et al.,
2004; Masson et al., 2010; Mosher et al., 2010; Nelson et al., 2011).
MTD triggers in the Arctic Ocean are generally unknown (e.g. Mosher
et al., 2010), and likely vary substantially, but the seismicity due to iso-
static rebound is potentially higher during deglacial phases (Mosher
etal, 2012).

2.2. Regional oceanographic context
The oceanographic pattern of the Arctic Ocean changed from an es-

tuarine circulation to an open-ocean setting during early Miocene, after
the opening and deepening of the Fram Strait between Greenland and

Svalbard (e.g. Jakobsson et al., 2007). Under the modern ventilated
oceanographic circulation pattern, Atlantic Water enters from the
northern North Atlantic Ocean and the Barents Sea, while Pacific
Water flows in through the shallow Bering Strait (Fig. 1A) (Rudels,
2009). The Lomonosov Ridge separates the deep waters in the Amer-
asian and Eurasian basins and represents a threshold for intermediate
water exchange (Anderson et al., 1994; Woodgate et al., 2001;
Aksenov et al., 2011). However, there are several passages along the
Lomonosov Ridge that allow throughflow of deep and intermediate wa-
ters (Bjork et al., 2007, 2018; Rudels, 2009).

The water column of the Arctic Ocean is strongly stratified (e.g.
Aksenov et al., 2011). The relatively warm (>0 °C) Atlantic Water oc-
cupies the water column between about 200 and 1000 m (e.g. Rudels
et al., 2000). Below, the Arctic Intermediate Water spans the depth
range from 1000 to 1500 m (Supplementary Fig. 1). The abyssal plains
of the Eurasian Basin are occupied by the coldest Arctic Deep Water
below 2000 m (Somavilla et al., 2013; Gemery et al., 2017). The ocean-
ographic flow is characterized by a weak interior circulation and inten-
sified boundary currents in the whole water column (Bjork et al., 2018).
Thus, the water masses flow from Siberia towards Greenland along the
Lomonosov Ridge flank facing the Amundsen Basin (Fig. 1A) (Jones
et al.,, 1995).

Current-related features such as contourite depositional systems can
be formed under specific morphological and oceanographic conditions
(e.g. Rebesco et al., 2014). One of the sedimentary products formed be-
neath water masses flowing along the seafloor are sediment waves (e.g.
Wynn and Stow, 2002). Sediment waves are transverse, asymmetric
bedforms of variable dimensions from tens of meters to a few
kilometres wavelength and several meters high (Wynn et al., 2000).
They are globally represented in continental margins (Wynn and
Stow, 2002; Wynn and Masson, 2008). A combination of along-slope-
flowing bottom currents and downslope-flowing turbidity currents
are the most common processes invoked to explain the origin of sedi-
ment wave fields (Wynn and Stow, 2002). However, sediment waves
can also form by internal waves between different water masses
interacting with sloping seafloors and causing up-slope energy propa-
gation and shear instability (Faugéres et al., 2002; Pomar et al., 2012).
The sedimentation patterns forming sediment waves are altered by in-
creasing shear stresses due to the rise of near-bottom water velocities
caused by internal waves (Cacchione et al., 2002).

2.3. Regional cryospheric context

The Arctic Ocean hosts the largest sea-ice extension in the Northern
Hemisphere, which over time has been highly influenced by oceano-
graphic conditions (e.g. Gladenkov et al., 2002; Marincovich and
Gladenkov, 1999, 2001; Jakobsson et al., 2007; Stein et al., 2016), and
climate (Polyak et al., 2010; Stein et al., 2012; Jakobsson et al., 2014).
The late Miocene - early Pliocene change of tectonic boundary condi-
tions may have made it possible for sea-ice over the central Arctic
Ocean to reach near present-day summer extensions at 3.9 Ma (Knies
et al., 2014). Furthermore, there is evidence that the Arctic sea-ice
may have reached its modern winter extension at about 2.6 Ma
(Raymo, 1994; Knies et al., 2014), coeval with the ramping up of large
Northern Hemisphere glaciations. Since then, the sea-ice cover has
evolved across the glacial-interglacial cycles of the Quaternary (e.g.
Sarnthein et al., 2009), with 100 ka orbital cycles dominating for the
last million years. At present, the seasonal oscillation of the sea-ice
edge results in an ice coverage of ~15 million km? during winter and ~
7 million km? remaining at the end of the summer melting (Fig. 1A) ac-
cording to the records of the National Snow and Ice Data Center (NSIDC;
https://nsidc.org/data/search/#keywords=sea-+ice).

While traces of sea-ice are difficult to identify in the seafloor mor-
phology, ridges and bathymetric highs in the central Arctic Ocean with
crests shallower than ~1000 m have consistently been scoured by
deep-draft glacier ice from icebergs calved from ice sheets and thick
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ice shelves (Jakobsson, 1999; Kristoffersen et al., 2007; Polyak et al.,
2001; Jakobsson et al., 2014). The extension and thickness of ice sheets
and ice shelves in the Arctic Ocean during past glacial periods has been a
widely discussed topic over several decades (Mercer, 1970; Hughes
et al,, 1977; Grosswald and Hughes, 2008; Hebbeln et al., 1994; Sher,
1995; Polyak et al., 2001; De Vernal et al., 2005; Colleoni et al., 2009;
Niessen et al., 2013; Jakobsson et al., 2014). Results from geophysical
mapping and sediment coring show that the seafloor morphology of
the Lomonosov Ridge, Chukchi Plateau, Arlis Plateau, Yermak Plateau
and Morris Jesup Rise have been imprinted by grounding ice. The wide-
spread evidence of glacial erosion in the Arctic Ocean has been
interpreted in terms of the existence of a kilometre-thick ice shelf in
the central Arctic Ocean at Marine Isotope Stage 6 (MIS 6) and possibly
also during older glaciations (Jakobsson et al.,, 2016). However, ice bio-
marker proxies and climate simulations suggest open water areas along
the Siberian margin during some intervals of MIS 6 (Stein et al., 2017).
During the Last Glacial Maximum (LGM), corresponding to MIS 2,
there are no clear signs of a thick and extensive ice shelf over the central
Arctic Ocean (Jakobsson et al., 2014; Xiao et al., 2015; North Atlantic/
Arctic Ocean Sea Ice Model) and open areas appear to have existed,
judging from biologic productivity at several locations (Xiao et al.,
2015; Gasson et al., 2018).

3. Methods

This work is based on the analysis of an extensive dataset of swath-
bathymetry and sub-bottom profiles collected from the Lomonosov
Ridge and adjoining Amundsen Basin (Fig. 1B, Fig. 2). The bulk of the
data were acquired by Canada and the Kingdom of Denmark, as part
of the mapping of the extended continental shelf within the framework
of the United Nations Convention on the Law of the Sea (UNCLOS), in
collaboration with the Swedish Polar Research Secretariat using the ice-
breaker (IB) Oden (Marcussen and the LOMROG Il Scientific Party, 2009;
Marcussen and the LOMROG III Scientific Party, 2012; Jakobsson et al.,
2008). In addition, data from the SWERUS-C3 Expedition 2014
(Jakobsson et al., 2016) onboard IB Oden; and from the Healy-Oden
Trans-Arctic Expedition (HOTRAX) 2005 with IB Healy and Oden
(Darby et al., 2009) are included (Fig. 1B, Fig. 2). IB Healy has a Knudsen
320 3.5 kHz sub-bottom profiler that was used on the HOTRAX expedi-
tion. IB Oden is equipped with a Kongsberg SBP120 3° x 3° 2.5-7 kHz
high-resolution chirp sub-bottom profiler. The penetration of the
SBP120 into the sedimentary record is highly variable, but locally it ex-
ceeds 130 ms two-way travel-time (TWTT) below the seafloor, i.e.
about 100 m of the sub-bottom sedimentary record are imaged. Inter-
pretation of sub-bottom horizons has been performed in Petrel software
(Schlumberger) and follows the basic interpretation criteria of seismo-
stratigraphy (e.g. Payton, 1977). On the sub-bottom data, MTDs and
sediment waves are identified on individual sub-bottom profiles. Sedi-
ment wave fields are mapped by visual correlation of these features
on adjoining sub-bottom profiles. Depth and thickness maps in TWTT
of key sub-bottom surfaces and layers have been produced in Petrel
software using standard kriging interpolation on a 50 x 50 m grid. The
multibeam echosounder is a Kongsberg EM122 1° x 1° 12 kHz. The
transmitting transducer arrays for both the multibeam and sub-
bottom profiler are protected from ice using polyurethane titanium re-
inforced windows. This limits the maximum multibeam swath width to

~60° coverage. On the multibeam grids, the swaths overlapped between
50 and 100%. The swath bathymetry has been gridded to a cell size of 20
m in ArcGIS software. Expendable bathythermograph (XBTs; Sippican)
casts and conductivity-temperature-depth (CTD; SeaBird911 sensor
suite) profiles were used for sound speed correction of the multibeam
data. The multibeam data were processed using CARIS and
Fledermaus-QPS software as described in Jakobsson et al. (2016) and
Bjork et al. (2018). Time-depth conversions of the sub-bottom profiles
have been done using an average sound speed of 1600 m/s in the sedi-
ments as calculated by O'Regan et al. (2017) from the SWERUS cores lo-
cated on the East Siberian continental margin. Ocean Data View (ODV)
software has been used to visualize the hydrographic and oceano-
graphic properties of the targeted areas (Supplementary Fig. 1).

4. Results

Due to the broad extension of the study area, the description of the
identified sedimentary features is divided into four areas along the
Lomonosov Ridge in addition to the Amundsen Basin (Fig. 1B, Fig. 2).
The four areas at the Lomonosov Ridge are named after prominent
nearby morphological features identified on the International Bathy-
metric Chart of the Arctic Ocean (IBCAO) Version 3.0 (Jakobsson et al.,
2012). Moving from Greenland to Siberia, these four regions are:
Gordienko Valley, Belov Trough, Oden Trough and Siberian End (refer-
ring to the Siberian End of Lomonosov Ridge).

In the Gordienko Valley and the Belov Trough, the imaged sedimen-
tary record is relatively homogeneous, whereas three acoustic units can
be distinguished on the sedimentary record of the Oden Trough and the
Siberian End (Fig. 3, Fig. 4). The upper acoustic unit is relatively thin and
formed of stratified sediments. It is referred to as the ‘stratified-layer’
and has an average thickness of 4 m in the Oden Trough area and 12
m at the Siberian End (Fig. 3B, Fig. 4B). It is located over an acoustically
transparent unit referred to as the ‘blank-layer’ (Fig. 3, Fig. 4). The blank-
layer has a maximum thickness of 48 m and an average thickness of 8 m
in the surroundings of Oden Trough, and an average thickness of 24 m at
the Siberian End reaching a maximum of 120 m (Fig. 3C, Fig. 4C). A third
acoustic unit characterized by lateral continuous reflections can be
identified in the sedimentary record above the attenuation of the acous-
tic signal. The reflections of this unit are commonly tilted and truncated
at the top (Fig. 3A, Fig. 4A). The average burial depth of this truncation
surface is roughly 12 m and 40 m in the Oden Trough and at the Siberian
End, respectively (Fig. 3D, Fig. 4D). The sedimentary record of the
Lomonosov Ridge and the Amundsen Basin is locally disturbed by nu-
merous sedimentary features (Fig. 2, Fig. 5), including MTDs and sedi-
ment waves.

4.1. Mass transport deposits

MTDs are represented by local bodies of transparent to semi-
transparent acoustic facies. They present lenticular shapes of a wide
range of sizes and are found either embedded in the stratified pattern
or outcropping at the seafloor (Fig. 2, Fig. 5B, Fig. 6, Fig. 7). In this
study, a total of 123 MTDs are identified within the upper sedimentary
record of the Lomonosov Ridge. Only a few of them (8) are located on
the deep flank facing the Amundsen Basin, at average water depths of
2800 m (Fig. 8B). In the surroundings of the Gordienko Valley, the

Fig. 1. A) Overview of the Arctic Ocean based on the International Bathymetric Chart of the Arctic Ocean (IBCAO Version 3.0; Jakobsson et al., 2012). Dots show the location of earthquakes
(catalogue of the International Seismological Centre, ISC). The light pink line indicates the average summer sea-ice boundary for the time period from 1981 to 2010 while the dark pink line
represents the minimum sea-ice boundary in 2007 according to the National Snow and Ice Data Center (NSIDC). The yellow line represents the extension of the Bottom Simulator Reflector
(BSR) identified in several multichannel seismic reflection profiles by Jokat (2005). The shaded area with the brown outline marks the North Pole Submarine Fan as interpreted by
Kristoffersen et al. (2004a, 2004b). White arrows show the general intermediate oceanographic circulation from Rudels (2009). The red square indicates the study area shown in Fig.
1B. YP, Yermak Plateau; MJR, Morris Jesup Rise. B) Database of this study shown together with the bathymetry of the Lomonosov Ridge and Amundsen Basin based on the
International Bathymetric Chart of the Arctic Ocean (IBCAO; Jakobsson et al., 2012), the contour interval is 1000 m (2000 and 4000 m in bold). The frames mark the location of the
four main areas discussed in the manuscript (Gordienko Valley, Belov Trough, Oden Trough and Siberian End). Black line indicates the location of the sub-bottom profiles shown in Fig.
9A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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identified MTDs have maximum lengths of 4.3 km and 12 m maximum
thickness (Fig. 6A, Fig. 8A). Adjacent to the Belov Trough, the MTDs have
maximum lengths of 7.7 km and 23 m maximum thickness (Fig. 6B,
Fig. 8A). The burial depths of the MTDs are on average 11 m in the
Gordienko Valley, and 3.8 m in the Belov Trough, where a single out-
cropping MTD is also identified (Fig. 8C).

MTDs are more abundant along the crest of the Lomonosov Ridge
(115), where they are prolific in the vicinity of the Oden Trough (54)
and on the Siberian End (61). The MTDs located in the Oden Trough
area are found at an average water depth of 1463 m (Fig. 8B). They
have a maximum length of 11 km and a maximum thickness of 44 m,
but in average, they are 2.7 km long and 12 m thick (Fig. 6C, Fig. 8A).
The burial depths of the MTDs in the Oden Trough are 8.3 m in average
(Fig. 8C). However, outcropping MTDs are particularly abundant in this
area (18 out of 54). Some of the MTDs identified in Oden Trough are

adjacent to mound-like formations placed at water depths of ~1500 m
(Fig. 5A, Fig. 7). On the Siberian End, the MTDs are located in areas of av-
erage water depth of 1127 m, where the largest MTDs are 3.7 km long
and 80 m thick, but the average is a length of 2 km and a thickness of
13 m (Fig. 6D, Fig. 8A, B). None of the identified MTDs in the Siberian
End are outcropping at the seafloor; their average burial depth is 14 m
(Fig. 8C).

In the upper sedimentary record of the Amundsen Basin, a total of 13
MTDs are identified. They have a lenticular shape and are concentrated
near Gakkel Ridge (Fig. 5B, Fig. 9A). The largest body is over 47 km long
and 12 m thick, but in average they are 11.7 km long and 4.6 m thick
(Fig. 8A). Four of the MTDs are outcropping at the seafloor, but in gen-
eral, they are placed within the upper most 10 m of the sedimentary re-
cord, buried at 2.9 m in average (Fig. 8C, Fig. 9A). An acoustic unit of
transparent facies occupies the flat abyssal plain of the Amundsen
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Fig. 7. Sub-bottom profile examples of mass transport deposits (MTDs) in the vicinity of
mound morphologies in Oden Trough. Data from expedition SWERUS2014. For location
see Fig. 2B. TWTT, two-way travel-time.

Fig. 9. A) Sub-bottom profile from the expedition AO16 across Amundsen Basin showing
mass transport deposits (MTDs) and the transparent layer. For location see Fig. 1B and
Fig. 9B. B) Thickness distribution of the transparent layer in Amundsen Basin in ms two-
way travel-time (TWTT). The thin grey lines represent the track lines of the ship
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Fig. 8. Properties of the identified mass transport deposits (MTDs) by location area. A) Thickness vs. length; B) water depth vs. size (length x thickness); c) burial depth vs. size.
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Fig. 10. Sub-bottom profile examples of sediment waves: A) Siberian End from the
expedition SWERUS2014; B) Oden Trough from the expedition SWERUS2014;
C) Gordienko Valley from the expedition AO16. For location see Fig. 2B. TWTT, two-way
travel-time.

Basin adjacent to the Gakkel Ridge (Fig. 5B). It is referred to as the ‘trans-
parent layer’ and presents acoustic facies similar to the ones forming the
MTDs (Fig. 9A). The transparent layer has a thickness of 5-7 m and thins
towards the southwest (Fig. 9B). It is buried below 8-12 m of stratified
sediments.

4.2. Sediment waves

The upper sedimentary record is locally undulated along the flank of
Lomonosov Ridge facing Amundsen Basin (Fig. 5A). These undulations
become more prominent in restricted areas forming a wavy pattern
alike sediment waves (Fig. 5A, Fig. 10). The morphology of the sediment

Table 1
Average properties of the identified sediment waves.
Area Depth range (m) | Length (km) | Height (m)
Siberian End 1000-1500 10 30
Oden Trough 1000-1500 2 20
1500-2000 2-3 20
Belov Trough 1000-1500 >4 40
Gordienko Valley | 1500-2000 >1 4
- >2 6
Amundsen Basin ! 12 6

The table colors allow to visualise the sediment waves at equivalent depth. The blue scale
goes from light blue =shallow to dark blue=deep.

waves is variable, from relatively symmetric to asymmetric. The length
of the waves varies from 1 to 10 km and their height from 4 to 40 m
(Table 1). Generally, their crests appear to run parallel to the slope
with the short flank holding the thicker layers and facing up-slope.
The identified sediment waves are distributed over three depth ranges
(Fig. 5A, Table 1): 1000-1500 m in the Belov Trough, Oden Trough
and Siberian End; 1500-2000 m in the Gordienko Valley and Oden
Trough; 2500-3000 m in the Gordienko Valley.

In addition, the stratified sedimentary record of the Amundsen Basin
forms local sediment wave fields in the proximity to the Lomonosov
Ridge at water depths over 4000 m (Fig. 5A, Table 1). The sediment
waves in the Amundsen Basin are slightly asymmetric and about 12
km long and 6 m high. Their crests appear to be parallel to the slope
with the short flank facing the ridge. Interleaved with the sediment
waves, channel-like morphologies are identified at the base of
Lomonosov Ridge (Fig. 5A). The channels are about 40 m deep relative
to the surrounding seafloor and show levees that are more prominent
on the abyssal plain side (Fig. 11).

e N T

i

Fig. 11. Sub-bottom profile example from the expedition AO16 showing the interpreted
channel at the base of Lomonosov Ridge. For location see Fig. 1B. TWTT, two-way travel-
time.
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5. Discussion

Stratified sediments form the uppermost sedimentary record of the
Lomonosov Ridge and the Amundsen Basin. The late Quaternary sedi-
ment input is related to hemipelagic, biogenic, and/or ice-rafted pro-
cesses (Sellén et al, 2008; O'Regan et al, 2019). A stratified
sedimentary record is also identified in older deposits documented by
multichannel seismic reflection data (e.g. Jokat, 2005; Castro et al.,
2019). Within the late Quaternary stratified record, several sedimentary
features are interleaved as a result of post-depositional processes that
disturbed the original configuration (Fig. 5). These post-depositional
processes are related to variations in the tectonic, oceanographic and
cryospheric settings, determining the final product revealed in the
present-day morphology and stratigraphy. Below we discuss potential
processes involved in the formation of the distinguished sedimentary
features and their implications.

5.1. Trigger processes of MTDs

Several studies focussing on the shallowest subsurface (Kristoffersen
et al., 2007; Stein et al., 2017) and the stratigraphy of the central Arctic
Ocean as presented in this study, show an abundance of MTDs formed
during the late Quaternary along the Lomonosov Ridge and the adjoin-
ing Amundsen Basin (Fig. 5B). Here we discuss the main possible trig-
gers of the instabilities generating MTDs in the central Arctic Ocean.

5.1.1. Cryospheric processes

The identified MTDs on the Lomonosov Ridge are particularly abun-
dant in the Oden Trough and the Siberian End (Fig. 5B, Fig. 8). Multi-
beam bathymetry has shown that the seafloor in these areas has been
scoured by glacial ice (Jakobsson et al., 2016). The three distinct acoustic
units in the sedimentary record of these areas document a critical part of
the glacial history of the Arctic Ocean (Fig. 3, Fig. 4). The blank-layer has
been interpreted to consist of reworked sediments beneath relatively
fast-moving grounded ice (Jakobsson et al., 2016). It is located above
the truncation surface that is deeper at the Siberian End compared to
at the ridge crest around Oden Trough (Fig. 3D, Fig. 4D). The truncation
surface has been previously interpreted to be caused by grounding ice
during MIS 6 (Jakobsson et al., 2016). It is likely that the base of the
blank-layer, representing the truncation surface, marks the maximum
depth of deformation in the sediments in response to the grounding

&
%?)

Oden Trough

Lineations Subglacial

features

~)Plough-marks

©Outcropping MTDs
®Subsurface MTDs

\Bottom-water flow

and scouring of glacial ice. A pan-Arctic ice shelf has been proposed
based on the intense ice scouring and related glacial morphology
along the crest of the Lomonosov Ridge (Fig. 5A) (Jakobsson et al.,
2016). The size and thickness of this ice shelf, as well as its pan-Arctic
extent, are still under discussion (Jakobsson et al., 2016; Stein et al.,
2017). However, the grounded ice on the Lomonosov Ridge and its
later retreat may have triggered the formation of glaciogenic debris
flows as suggested by Pickering and Hiscot (2016), which fall within
the general definition of MTDs used here. Extended circum-Arctic ice
sheets and shelves were present during MIS 6 or earlier glacial periods
(Polyak et al., 2001; Jakobsson et al., 2010, 2014, 2016; Niessen et al.,
2013; Stein et al., 2017) when the bathymetric highs of the Lomonosov
Ridge acted as pinning points (Polyak et al., 2001; Jakobsson et al., 2010,
2016; Nilsson et al., 2017; Gasson et al., 2018). The inferred position of
the ice-shelf edge derived from these publications suggests that the
Oden Trough and the Siberian End were covered under a thick ice
shelf during the penultimate glacial stage MIS 6. Thus, ice scouring dur-
ing MIS 6 and the retreat of the ice shelf from both areas during the sub-
sequent interglacial are suggested to have triggered the formation of the
subsurface MTDs identified along the crest of the Lomonosov Ridge
(Fig. 5B, Fig. 12).

While subsurface MTDs related to redeposition of sediments eroded
by glacial ice (presumably during MIS 6) are widespread along the
Lomonosov Ridge, outcropping MTDs are more common in the Oden
Trough, i.e. at 84°-85°N (Fig. 5B, Fig. 8C) and suggest more recent trig-
gers. During the last glacial cycles, including MIS 4 and the LGM, the cen-
tral Arctic Ocean may have been covered by thick perennial sea ice or
even a more limited ice shelf with rare breakups north of 84°N
(Jakobsson et al., 2014; Xiao et al., 2015; North Atlantic/Arctic Ocean
Sea Ice Model). However, biologic productivity around 80°N supports
occasional formation of open areas (Xiao et al., 2015; Gasson et al.,
2018). The extent of ice shelves during the last glacial cycle was more
restricted than during the penultimate glaciation (MIS 6). The outcrop-
ping MTDs suggest some additional scouring of the Lomonosov Ridge
during the last glacial cycles (MIS 4 and 2). The development of an ice
shelf in the Amerasian Basin has been suggested based on a widespread
hiatus in radiocarbon dated sediments during the LGM (Jakobsson et al.,
2014), and by geophysical evidence for ice scouring on the Chukchi Pla-
teau, Arlis Plateau and Mendeleev Ridge that is provisionally dated to
MIS 4 (Jakobsson et al., 2014; Joe et al., 2020). The scouring of highs
close to the Oden Through by shelf ice or large icebergs calved from it,

Ngs

Siberian End

Siberian Shelf

Fig. 12. Sketch of the identified sedimentary features at the Siberian End and in Oden Trough in relation to the ice sheet. Note that the estimated location of the ice sheet edge during Last
Glacial Maximum (LGM) —— Marine Isotope Stage, MIS 2—— is marked, whereas a pan-Arctic ice sheet would occupy the area represented in the figure during MIS 6 according to

Jakobsson et al. (2016) or at least the bathymetric highs (Stein et al., 2017).
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may have triggered the formation of the outcropping MTDs in this area
(Fig. 5B, Fig. 8C). Thus, the higher occurrence of outcropping MTDs in
the Oden Trough, and their absence on the Siberian end, potentially in-
dicates a more northerly position of the ice shelf edge in the central Arc-
tic Ocean, or a different trajectory of large floating icebergs, compared to
MIS 6 (Fig. 12). Both the blank-layer and the stratified-layer are thicker
at the Siberian End than in Oden Trough (Fig. 3, Fig. 4) which may be ei-
ther an artefact of increasing sedimentation rates as one approaches the
Siberian shelf, or an indication that the seafloor close to the Siberian
margin was less influenced by ice scouring during the last glacial cycle
(Fig. 12).

5.1.2. Gas-hydrates destabilization

The distribution of MTDs over the central Arctic Ocean as described
in the present work (Fig. 5B) may also reveal local destabilization of
gas hydrates that were potentially embedded in the sedimentary re-
cord. Gas hydrates are stable in marine sediments at adequate
pressure-temperature conditions and at the presence of a certain
amount of organic carbon for microbial or thermogenic degradation
(Xu and Ruppel, 1999; Tréhu et al., 2006). They are present globally
on continental margins and slopes (e.g. Buffett and Archer, 2004;
Klauda and Sandler, 2005), even though their amount and distribution
remains poorly constrained (Beaudoin et al., 2014). The cold bottom
water of the Arctic Ocean as well as its low geothermal gradient result
in a relatively large volume of sediments with appropriate gas hydrate
stability conditions (Stranne et al., 2016). The potential of large quanti-
ties of gas hydrates in the Arctic Ocean has been discussed in several
studies (e.g. Kvenvolden and Grantz, 1990; Max and Lowrie, 1993;
Max and Johnson, 2012).

An extensive Bottom Simulator Reflector (BSR) was previously iden-
tified in several multichannel seismic reflection profiles in a broad area
of the central Arctic Ocean (Jokat, 2005), including the Oden Trough and
the Siberian End (Fig. 1A). These two regions hold 83% of all MTDs iden-
tified in our study (Fig. 8). The identified BSR has a reversed polarity and
is discordant with stratigraphic reflectors. Thus, it is tentatively consid-
ered as indirect evidence for the presence of gas hydrates (Jokat, 2005).
The local destabilization of these hydrates could potentially result in the
formation of the MTDs identified in our study (Fig. 5B, Fig. 6, Fig. 7).
However, the nature of the BSR has been questioned after the develop-
ment of a petrophysical model to calculate the pressure and tempera-
ture at the depth of the BSR (O'Regan and Moran, 2010). The model-
inferred surface heat-flow is too high compared to regional data for
the identified BSR to mark the base of the hydrate stability zone
(O'Regan and Moran, 2010), i.e. the pressure-temperature phase
boundary between the hydrate and free gas (e.g. Holbrook et al.,
1996). Moreover, the constant depth of the identified BSR (2400 m)
across a large geographic area (100,000 km?; Jokat, 2005) argues
against its relation to a geochemical front within hydrate bearing sedi-
ments (O'Regan and Moran, 2010).

Pore water chemistry studies along the Siberian margin also show a
low potential for the presence of methane; with the exception of the
Lomonosov Ridge (Miller et al., 2017). The estimated depth of the
sulphate-methane transition, alkalinity and 8'3C of dissolved inorganic
carbon of Lomonosov Ridge in the proximity of the Siberian End are
close to the typical values of areas where methane is present in the sed-
iments (Miller et al., 2017). Pockmarks related to gas migration have
been identified previously on the Lomonosov Ridge and adjacent areas
(Jakobsson et al., 2016; Jakobsson and O'Regan, 2016). In case of gas hy-
drate presence at the Oden Trough and the Siberian End, several fresh-
water events and inflow of warm Atlantic Water occurring since MIS 6
(Spielhagen, 2004), could have triggered the destabilization of the hy-
drates and the subsequent formation of MTDs. Therefore, although evi-
dence for a hydrate-related BSR in this area is controversial, other
evidence supports the possible presence of methane hydrates (Miller
et al,, 2017) and active fluid flow systems (i.e., pockmarks near Oden
Trough (Jakobsson and O'Regan, 2016)), suggesting that a number of

the MTDs identified at the Siberian End and in Oden Trough could be re-
lated to gas hydrate destabilization or fluid flow in the sediments.

5.1.3. Tectonics and other processes

Other sedimentary control factors, such as sea-level changes or high
sediment accumulation are also important for the generation of MTDs
(e.g. Maslin et al., 2004; Masson et al., 2010). Particularly along the
flank of the Lomonosov Ridge such control factors are likely to have var-
ied significantly, hence making the area prone for sediment instability
(Fig. 5B, Fig. 8). High sediment accumulation and gravitational sliding
could trigger the MTDs attached to the mound-like features at the flanks
of Oden Trough (Fig. 7). Earthquakes and tectonic deformation are
recognised worldwide as causes of MTD formation (e.g. Masson et al.,
2006). However, the Lomonosov Ridge seems seismologically inactive
since no earthquakes have been registered by the current circum-
Arctic net of seismometers of the International Seismological Centre
(ISC; Fig. 1A). Yet, due to the remote location of the ridge, earthquakes
of magnitude below 4 are unlikely to be detected. The occurrence of
MTDs on the Lomonosov Ridge could therefore be associated with re-
cent tectonic activity that cannot be detected with the current distribu-
tion of seismometers around the Arctic Ocean. No evidence of such
activity has been identified in the analysed data. Only a few fractures
have been recognised in the Oden Trough (Supplementary Fig. 2). At
the flank facing the Amundsen Basin, the fractures are located between
930 and 970 m water depth and at the flank facing Makarov Basin at
water depths between 1015 and 1070 m. These fractures are therefore
not geographically related to the MTDs (Fig. 1B, Fig. 5B).

The identified MTDs in Amundsen Basin are located in vicinity of the
Gakkel Ridge that constitutes an active oceanic spreading centre, where
a high number of earthquakes occur (Fig. 1A). Based on the mapped
MTDs from the sparse data in the Amundsen Basin (Fig. 5B, Fig. 9A),
the MTDs and the transparent layer identified in its recent sedimentary
record are potentially related to the active seismicity along the Gakkel
Ridge, i.e. the tectonic movement derived from the oceanic spreading
of the ridge possibly triggers the formation of MTDs from unconsoli-
dated sediments.

5.2. Sediment waves and oceanographic patterns

The sediment waves identified in the upper sedimentary record of
the central Arctic Ocean respond to different potential processes of for-
mation, i.e. turbidity currents, bottom currents and internal waves. Tidal
processes have been previously suggested as a formation process
(Polyak and Jakobsson, 2011). However, the low resolution of the avail-
able records has prevented a more detailed interpretation. The orienta-
tion of the identified sediment waves in the study area, parallel to the
slope of the Lomonosov Ridge, suggests that they may have formed by
turbidity currents flowing down-slope (Fig. 5A, Fig. 10). The dimensions
of the identified sediment waves and in particular those within the
Gordienko Valley are similar to those of sediment waves formed by tur-
bidity currents in fine-grained sediments (Fig. 10, Table 1), i.e. a length
under 7 km and a height up to 80 m (Wynn and Stow, 2002). The crests
of the identified sediment waves are commonly aligned perpendicular
to the flow direction and form on the right-hand levee relative to the
current flow (Wynn and Stow, 2002). The channels identified at the
base of the Lomonosov Ridge can be interpreted as turbidity channels
originating at the Greenland margin (Fig. 11). They present a more
prominent levee towards the abyssal plain similar to what is observed
in the North Pole Submarine Fan (Fig. 1A) (Kristoffersen et al., 2004b).
The dimensions of the sediment waves in the abyssal plain of the
Amundsen Basin (Table 1) classify them as formed by soft sediment de-
formation (Wynn and Stow, 2002). They may relate to the flows passing
through the turbidity channels towards the North Pole.

The morphology and internal structure of most of the identified sed-
iment waves at the Lomonosov Ridge classify them as slightly migrating
waves according to Hiineke and Mulder (2011), even though some of
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them could be standing sediment waves. Turbidity current sediment
waves involve active wave migration up-slope (Wynn and Stow,
2002; Faugéres and Mulder, 2011). However, the dimensions of the sed-
iment waves described along the slope of Lomonosov Ridge also fall
within the classification of waves formed by bottom currents in fine-
grained sediments (Wynn and Stow, 2002), i.e. a length under 10 km
and a height up to 150 m. The sediment waves identified at the Siberian
End and in Belov Trough fit particularly well with this type (Fig. 10,
Table 1). Therefore, the formation of the identified sediment waves in
the central Arctic Ocean should be most probably attributed to multi-
process origin.

Up-slope migrating sediment waves have also been associated with
the propagation of internal waves formed along the interfaces of the
water masses (Faugeres et al., 2002; Pomar et al., 2012; Rib¢ et al.,
2016). Due to an orientation parallel to the slope, there are several ex-
amples of sediment waves associated with near-inertial internal
waves, which were previously attributed to gravitational slope failure
(e.g. Ribd et al., 2016).

The interface between the Atlantic Water and the Arctic Intermedi-
ate Water is placed at an approximate depth of 1000 m, while the inter-
face between the Arctic Intermediate Water and the Arctic Ocean Deep
Water varies between 1500 and 2000 m (Supplementary Fig. 1) (e.g.
Gemery et al,, 2017). The identified sediment waves at the flank of the
Lomonosov Ridge facing the Amundsen Basin lie at the depth level of
the water mass interfaces (Fig. 5A, Table 1). Thus, the identified sedi-
ment waves in this area could have been generated by interaction of
the bathymetry with solitary internal waves that propagate and amplify
along the interfaces between the Atlantic Water, the Arctic Intermediate
Water and the Arctic Deep Water. In the Gordienko Valley, sediment
waves at the flank of the Lomonosov Ridge occur at depths below
2000 m (Table 1), which may relate to a different circulation pattern
of intermediate and deep waters in the Amundsen Basin. Below 2000
m, the deep water flows parallel to the Lomonosov Ridge reaching the
vicinity of the Greenland Shelf (Fig. 1). In contrast, the flow of the inter-
mediate water follows the Lomonosov Ridge up to the area of the North
Pole, where it detaches and turns southeastwards towards the Fram
Strait (Jones et al., 1995). The Gordienko Valley would be located to
the south of the area of high interaction between the interfaces of inter-
mediate waters and the morphology of the Lomonosov Ridge flank.

Based on the variety of processes that could explain the formation of
the sediment waves in the central Arctic Ocean, and their occurrence at
depths matching the water mass interfaces, we suggest internal waves
as potential processes behind the formation of some of the sediment
waves of the central Arctic Ocean. However, further research on the re-
lation between sedimentary features and the flow of water masses in
the Arctic Ocean is needed to constrain these interactions.

6. Conclusions

The morphology and stratigraphy of the central Arctic Ocean reveal
sedimentary features that are related to post-depositional processes.
The upper sedimentary record of the Lomonosov Ridge and Amundsen
Basin has been influenced by the tectonic, oceanographic and
cryospheric variability of the area during the late Quaternary. Seabed
erosion associated with an oscillating ice sheet over the Arctic Ocean
would generate mass transport deposits (MTDs) in the vicinity of
areas subjected to ice grounding. The location of these sedimentary fea-
tures along the Lomonosov Ridge denotes a progressive northward mi-
gration of the ice shelf edge during the last glacial cycles, from the
Siberian margin towards the North Pole. The majority of these
glaciogenic MTDs are buried in acoustically stratified sediments, and
are consistent with glacial erosion during the penultimate glaciation.
However, the recognition of outcropping MTDs in northern locations,
may indicate more recent ice-scouring events during the last glacial
cycle. The destabilization of gas hydrates cannot be ruled out as poten-
tial trigger of the MTDs. A tectonic triggering mechanism is suggested

for the sparse MTDs identified in the abyssal plain of the Amundsen
Basin, based on the proximity to the tectonically active Gakkel Ridge.

The presence of sediment waves along the flank of the Lomonosov
Ridge facing the Amundsen Basin could be related to gravity driven
downslope transport of sediments. Alternatively, the sediment waves
may relate to internal waves occurring at the interfaces between the At-
lantic Water and the Arctic Intermediate Water, and between the Arctic
Intermediate Water and the Arctic Deep Water. The depth-match be-
tween these interfaces and the identified fields of sediment waves, to-
gether with the internal structure of the sediment waves, point to
water mass interface-slope morphology interaction in the sediment
wave formation. However, further research is needed to constrain this
relation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2020.1073009.
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