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Abstract

High-resolution seafloor mapping provides insights into the dynamics of past ice-sheets/ice-shelves on high-latitude continental
margins. Geological/geophysical studies in the Arctic Ocean suggest widespread Pleistocene ice grounding on the Chukchi-
East Siberian continental margin. However, flow directions, timing, and behavior of these ice masses are not yet clear due
to insufficient data. We present a combined seismostratigraphic and morphobathymetric analysis of the Chukchi Rise off the
northwestern Chukchi margin using the densely acquired sub-bottom profiler (SBP) and multibeam echosounder (MBES) data.
Comparison with deeper airgun seismic records shows that the SBP data cover most of the glaciogenic stratigraphy possibly
spanning ca. 0.5-1 Ma. Based on the stratigraphic distribution and geometry of acoustically transparent glaciogenic diamictons,
the lateral and vertical extent of southern-sourced grounded ice became smaller over time. The older deposits are abundant
as debris lobes on the slope contributing to a large trough mouth fan, whereas younger till wedges are found at shallower
depths. MBES data show two sets of mega-scale lineations indicating at least two fast ice-streaming events of different ages.
Contour-parallel recessional morainic ridges mark a stepwise retreat of the grounded ice margin, likely controlled by rising
sea levels during deglaciation(s). The different inferred directions of ice advances and retreats reflect complex geomorphic
settings on the borderland. The overall picture shows that the Chukchi Rise was an area of intense interaction(s) of different
ice-sheets/ice-shelves. In addition to glaciogenic deposits, we identify a number of related or preceding seabed features including

mounds, gullies/channels, and sediment waves.
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Key Points:

e Detailed sub-bottom profiler and multibeam echosounder data were acquired at the
northwestern Chukchi margin.

e The new geophysical data grid reveals a three-dimensional geometry and distribution of
glaciogenic sediments and geomorphic features.

e Seafloor mapping results indicate four major glacial events with variable grounded ice
extent and flow direction.
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Abstract

High-resolution seafloor mapping provides insights into the dynamics of past ice-sheets/ice-
shelves on high-latitude continental margins. Geological/geophysical studies in the Arctic Ocean
suggest widespread Pleistocene ice grounding on the Chukchi—East Siberian continental margin.
However, flow directions, timing, and behavior of these ice masses are not yet clear due to
insufficient data. We present a combined seismostratigraphic and morphobathymetric analysis of
the Chukchi Rise off the northwestern Chukchi margin using the densely acquired sub-bottom
profiler (SBP) and multibeam echosounder (MBES) data. Comparison with deeper airgun
seismic records shows that the SBP data cover most of the glaciogenic stratigraphy possibly
spanning ca. 0.5-1 Ma. Based on the stratigraphic distribution and geometry of acoustically
transparent glaciogenic diamictons, the lateral and vertical extent of southern-sourced grounded
ice became smaller over time. The older deposits are abundant as debris lobes on the slope
contributing to a large trough mouth fan, whereas younger till wedges are found at shallower
depths. MBES data show two sets of mega-scale lineations indicating at least two fast ice-
streaming events of different ages. Contour-parallel recessional morainic ridges mark a stepwise
retreat of the grounded ice margin, likely controlled by rising sea levels during deglaciation(s).
The different inferred directions of ice advances and retreats reflect complex geomorphic settings
on the borderland. The overall picture shows that the Chukchi Rise was an area of intense
interaction(s) of different ice-sheets/ice-shelves. In addition to glaciogenic deposits, we identify
a number of related or preceding seabed features including mounds, gullies/channels, and
sediment waves.

1 Introduction

Understanding the dynamics of marine-based ice sheets is a critical prerequisite for
predicting the responses of modern glacial systems to the warming climate and rising sea levels
(e.g., DeConto & Pollard, 2016; Howat et al., 2007). This task requires thorough geological and
geophysical investigation of high-latitude continental margins and adjacent borderlands for
understanding the build-up and decay mechanisms of the past ice sheets (Dowdeswell et al.,
2016 and references therein). While comprehensive data have been collected from the Polar
North Atlantic margins since the late 20th century (Elverhgi et al., 1998), the Quaternary glacial
history of the Arctic Ocean remained largely speculative until the last two decades. Recent
marine geophysical data employing high-resolution seafloor mapping technologies indicate the
extensive impact of grounded ice-sheets/ice-shelves on the continental margins, as well as
bathymetric highs in the central Arctic Ocean (Dove et al., 2014; Jakobsson, 1999; Jakobsson et
al., 2008, 2014, 2016; Niessen et al., 2013; Polyak et al., 2001). In particular, a wealth of new
data has been collected from the Chukchi—East Siberian margin and the adjacent borderland in
the western Arctic Ocean since the late 2000s due to the rapid retreat of sea-ice cover (Coakley
etal., 2011; Darby et al., 2005; Jokat, 2009; SWERUS Scientific Party, 2016). The acquired data
demonstrate a complex pattern of grounded-ice impact on the seafloor interpreted as recurring
glacial flows from the Laurentide, East Siberian, and Chukchi ice centers (Dove et al., 2014;
Jakobsson et al., 2005, 2008, 2014; Niessen et al., 2013; Polyak et al., 2007). This picture
indicates a critical role of this region for understanding the overall Arctic glacial history, while
the timing, extent, and provenance of glacial events remain poorly known.
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In this paper, we focus on the western side of the Chukchi Rise, a geological structure
extending north from the Chukchi continental shelf (Figure 1). The Chukchi Rise and adjacent
seafloor structures were shown to have multiple glaciogenic bedforms indicative of glacial flows
potentially originating from the Laurentide, East Siberian, and Chukchi ice-spreading centers
(Dove et al., 2014; Jakobsson et al., 2008, 2014; Polyak et al., 2001, 2007) (Figure 1a). The
western Chukchi Rise facing the East Siberian margin is a key but poorly constrained area for
understanding these glacial interactions. We analyze new, detailed seismostratigraphic and
geomorphic data from this area for empirical constraints on past ice-sheet dynamics and related
sedimentary processes. Our analysis is based on the combined high-resolution sub-bottom
profiler (SBP) and multibeam echosounder (MBES) data revealing previously unexplored
sedimentary structures, stratigraphy, and submarine landforms. These densely collected
geophysical data (Figure 1b) allow for tracing the three-dimensional geometry of individual
seafloor and subsurface formations, which provide clues for spatio-temporal distribution of the
depositional/erosional glaciogenic features and related seabed forming processes (Dowdeswell et
al., 2004, 2016; C. H. Eyles & Eyles, 2010; Rebesco et al., 2016). This empirical evidence
augments sediment-core stratigraphy from neighboring areas (Joe et al., 2020; Polyak et al.,
2007; Schreck et al., 2018) and ice sheet modeling studies (Colleoni et al., 2016; Gasson et al.,
2018), and thus sheds new light on the glacial history of the Chukchi—East Siberian continental
margin. The generated data also provide valuable context for potential scientific drilling projects
in the western Arctic Ocean.
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Figure 1. (a) Location map of the Chukchi Borderland in the Arctic Ocean (upper right inset)
and a bathymetric map of the Chukchi Borderland (IBCAOQ version 4.0; Jakobsson et al., 2020).
Color-coded arrows indicate ice flow directions inferred in prior studies (Dove et al., 2014;
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Jakobsson et al., 2008, 2014; Niessen et al., 2013; Polyak et al., 2001); from the East Siberian
(black), Chukchi margin (white), and Laurentide source (red); dashed arrows indicate more
tentative interpretations. A black fan-shaped rectangle outlines the study area shown in panel 1b.
(b) Data location map of the western side of the Chukchi Rise subdivided into the northwestern
and southwestern margins and the western spur. Multibeam bathymetry data collected by the
IBRV Araon (bright-colored) is overlaid on the regional bathymetry (dim-colored) with 100-m
contour intervals. Thick white lines are the key SBP data shown in Figures 4 to 7. Labeled thick
red segments are locations of the SBP data columns a—f in Figure 2. The black rectangle outlines
the detailed survey area shown in Figures 9a and S5. Other rectangles show the location of
additional ARAO3B data (green, Figures 9b and 9c) and the study areas from Polyak et al. (2007)
on the Northwind Ridge and Joe et al. (2020) on the Arliss Plateau (red). White numbers show
the upper slope gradients. Blue and purple lines are regional geophysical data grids of MGL1112
(Coakley et al., 2011; Dove et al., 2014) and ARK-XXI11/3 (Hegewald & Jokat, 2013; Jokat,
2009), respectively. A thick yellow line crossing the outer shelf to the upper-mid slope is a
multichannel seismic profile along the trough mouth fan at the southwestern margin (Figure S3).
Dark gray and blue dashed lines are 600-mwd and 350-mwd isolines marking the shelf edge and
the limit of iceberg plowmarks, respectively.

2 Background

The Chukchi Borderland in the western Arctic Ocean is comprised of the north—south
trending bathymetric highs and troughs (Hall, 1990) (Figure 1a). The Chukchi Rise is an
immediate extension of the Chukchi Shelf separated by a saddle-like depression from the
Chukchi Cap to the north (Hegewald & Jokat, 2013; Shaver & Hunkins, 1964). The Chukchi
Basin to the west and the Northwind Basin to the east separate the Chukchi Rise from the East
Siberian margin and the Northwind Ridge, respectively. The relatively flat top shelf of the
Chukchi Rise has ~200 m water depth (mwd) and less than 0.1° of slope gradient measured along
a ~100 km north-south transect (Jakobsson et al., 2020). The western side of the Chukchi Rise
shelf has a generally steeper inclination (ca. 0.5-0.7%) from the crest to the shelf break at ~500-
600 mwd than the eastern side (ca. 0.3°). The slope gradient from the shelf break to middle slope
at ~1000-1100 mwd varies from gentler (ca. 2.6-3.3) in the southwestern Chukchi Rise to
steeper (ca. 4.6°) in the northwestern Chukchi Rise (white numbers in Figure 1b). The mid-lower
slope gradient (from ~1100 to 2200 mwd) on the southwestern margin is ~0.6°. A triangular-
shaped bathymetric high, named the western spur in this study, protrudes westward from the
middle of the Chukchi Rise ~20 km into the Chukchi Basin (Figure 1b). A broad, seaward-
dipping (ca. 0.3%) bathymetric depression (Western Bathymetric Trough) associated with the
Herald Canyon on the Chukchi Shelf separates the western slope of the Chukchi Rise from the
continental margin (Figure 1b). A similar bathymetric feature on the eastern side of the Chukchi
Rise has been named the Broad Bathymetric Trough by Dove et al. (2014). Both troughs are
characteristically short and wide (Western Bathymetric Trough ~20-60 km long and 150 km
wide) unlike the well-developed cross-shelf troughs on the Arctic continental margins (e.g., Bear
Island and M’Clure Strait troughs in Batchelor & Dowdeswell, 2014).

Multiple glaciogenic sediment accumulations and submarine landforms, such as mega-
scale glacial lineations (MSGL), moraine ridges, and iceberg plowmarks, were identified by the
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recent geophysical surveys on the Chukchi Borderland (Dove et al., 2014; Hegewald & Jokat,
2013; llhan & Coakley, 2018; Jakobsson et al., 2005, 2008; Polyak et al., 2001, 2007) and the
East Siberian margin (Joe et al., 2020; Niessen et al., 2013). These seafloor features were
interpreted to have been formed by grounding of several-hundred-meters thick ice caps and/or
ice shelves that impacted the Chukchi—East Siberian margin during several Quaternary
glaciations. The grounded ice masses on the Chukchi Borderland may have originated from the
Laurentide Ice Sheet to the east, the East Siberian margin to the west, and the Chukchi Shelf to
the south, possibly with the local ice-cap/ice-sheet covering the shallowest areas such as the
Chukchi Plateau (Dove et al., 2014; Jakobsson et al., 2005, 2008, 2014, Polyak et al., 2001,
2007) (Figure 1a). The deep-penetrating airgun seismic profiles across the shelf edge of the
Chukchi—East Siberian continental margin including the Chukchi Rise (purple and blue lines in
Figure 1b) show that the marine Neogene deposits on the outer shelf and slope are truncated by
glaciogenic sedimentary units downlapping on the pre-glacial strata (Dove et al., 2014;
Hegewald & Jokat, 2013; llhan & Coakley, 2018; Niessen et al., 2013). These stratigraphic
features indicate that large amounts of sediment were eroded by the grounded ice from the shelf
and transported to the slope. Based on the stratigraphic position of the resulting regional
unconformity within the Plio-Pleistocene deposits, the Chukchi continental margin has a long
glacial history (Hegewald & Jokat, 2013), but its timeline, patterns, and mechanisms involved
are still poorly understood.

3 Materials and methods

All of the new geophysical data used in this study were acquired by the 2015-2019 IBRV
Araon Arctic Expeditions ARA06B/06C, ARAO7C, ARA09C, and ARAL0C. These data fill a
coverage gap between regional geophysical data of the prior expeditions MGL1112 (Coakley et
al., 2011) and ARK-XXI11-3 (Jokat, 2009) (Figure 1b). For a broader regional coverage, we also
utilized the 2012 ARAO3B data from the more northern and eastern parts of the Chukchi Rise
(Figure 1b). This paper is based primarily on the SBP and MBES data, with some of the airgun
seismic records used for verifying the identification of the major stratigraphic boundaries. The
frequency range of SBP data was set to 2.5-7.0 kHz with the ping rates of 1-2 s depending on
the water depth and recording window length (400-500 ms). These settings provided a sediment
penetration of tens of meters to less than 100 m, depending on the seabed morphology and
geological conditions, with a vertical resolution of ~0.5 m or better. During the ARA10C
SBP/MBES survey, the airgun seismic data were simultaneously collected using two Sercel
Generator-Injector (G.1.) guns (each 355 in® volume; 250 in® for generator and 105 in® for
injector) and a 1.5-km-long Sercel Sentinel solid-type streamer (120 channels). The MBES
system recorded travel times and amplitudes of reflected signals with a wide beam angle (-65° to
+65°). The swath width of MBES data is ~4.3 times the water depth. The MBES bathymetry data
were frequently calibrated using the sound velocity profiles of the conductivity-temperature-
depth (CTD) castings. The MBES backscatter intensities were recorded simultaneously with the
bathymetry data acquisition. The quality of all data varied with the weather, sea ice conditions,
and ship speed.

The processing procedure applied to the SBP data includes delay-time shifting,
resampling, signal enveloping, spherical divergence correction using Seismic Unix. The
coordinates of each ping point number (PN) were extracted from the SBP data header. The
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airgun seismic data were processed through conventional processing steps, including setup of the
geometry, debubble, velocity analysis, multiple attenuation, pre-stack time migration, common
mid-point stack, and seafloor muting using Schlumberger Omega 2017. The processed SBP and
airgun seismic data were imported into the seismic data interpretation software SeisWare
Geophysics for acoustic facies analysis, horizon picking, seismic correlation, and isopach
mapping. The sediment depths were estimated from the two-way travel time using 1500 m/s
sound speed. The resolved stratigraphic boundaries were traced on the SBP and airgun seismic
data (Figures 2 and S1-S3). The identified seismostratigraphic units/subunits were gridded to a
resolution of 100 m using a minimum curvature interpolation and were presented in the sediment
thickness maps (Figure 3 and S4). The new, high-resolution MBES bathymetry and backscatter
data were processed using CARIS HIPS&SIPS. The processed MBES results were gridded to a
resolution of 20 m and were superimposed on the regional bathymetry grid (IBCAO V4;
Jakobsson et al., 2020) using the QGIS software.

Outer shelf of Upper to middle slope of Middle to lower slope of Lower slope of Upper to middle slope of Outer shelf of
southwestern margin southwestern margin the western spur the southwestern margin northwestern margin northwestern margin
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Figure 2. (a)—(f) The SBP data columns summarizing the seismic stratigraphy of the western
Chukchi Rise margin. Seismostratigraphic units U4 to U1 are defined by the laterally continuous
reflectors marked by thick gray solid lines. Depositional bodies (lenses) T4 to T1 are the
acoustically transparent subunits (facies) within units U4 to U1. The location of the SBP
columns a—f is shown in Figure 1b.
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Figure 3. Sediment thickness maps of the acoustically stratified subunits S4 to S1 (a, c, e, g) and
the acoustically transparent subunits T4 to T1 (b, d, f, h) on the outer shelf and slope of the
western Chukchi Rise. The hillshaded multibeam bathymetry data is shown in gray-tones on the
regional bathymetry. The sediment thickness was converted from milliseconds to meters at 1500
m/s sound velocity. The lower boundaries of S4 and T4 on the mid-lower southwestern slope
were partially defined in the SBP data (Figure 4), the thickness of S4/T4 is tentatively plotted in
Figures 3a and 3b.

4 Results

4.1 Seismostratigraphy

The SBP data show the stratal geometries, internal structures, stacking patterns, and
stratigraphic relationships in the uppermost, mostly ~20-40-m-thick deposits. The covered
sedimentary succession was divided into four major seismostratigraphic units designated as U4
to U1 from the oldest to the youngest (Figures 2 and S4). The unit boundaries were identified by
erosional unconformities and/or otherwise laterally sub-continuous, high-amplitude seismic
reflections H1-H5 (where H1 is a seafloor) in both of the SBP and accompanying airgun seismic
records (Figures 2 and S1-S3). These reflectors have the best expression at the foot of the
western Chukchi Rise slope, from where they were traced up-slope using the key SBP lines
(Figure S1). Although the SBP grid in the northwestern area is relatively sparse, a consistent
stacking pattern of the identified units and their mostly continuous boundaries enable the
seismostratigraphic interpretation for most of the western Chukchi Rise margin (Figures 2, 3, and
S1).

Each major unit is composed of two seismostratigraphic facies (subunits). One is
acoustically stratified and shows parallel to subparallel internal configuration, high-to-medium
lateral continuity, and low-to-medium amplitude reflections (Figure 2). The stratified subunits,
S4-S1, mimic a smooth or undulated geometry of the underlying unit boundaries in most of the
study area (Figures 2b, 2c, and 2e). The other facies type is distinguished in lens- or sheet-shaped
deposits with a transparent/semi-transparent acoustic signature (Figure 2). The lower boundary
of the transparent subunits, T4-T1, typically truncates the internal reflections or the underlying
units (Figure 2a—2e and 2f). These boundaries correspond to the main reflectors between the
units, otherwise the upper and lower boundaries of the transparent subunits pinch out and
continue as internal reflections (Figures 2b, 2d, and 2f). The constructed isopach maps show the
distribution of sediment thickness of the identified stratified subunits S4 to S1 and transparent
subunits T4 to T1 (Figure 3). Below we describe these stratigraphic divisions from bottom to top.

4.1.1 Unresolved strata

The oldest deposits captured by the SBP records are represented by the stratigraphically
unresolved strata with subparallel internal reflections. At the mid-lower slope of the
southwestern Chukchi Rise, the unresolved strata show a stacking pattern similar to the overlying
units U4-U1 (PN 5300-6000 in Figure 4 and PN 3000-6000 in Figure 5). In contrast, on the
outer shelf of the western Chukchi Rise, the SBP data show that wavy, subparallel internal
reflections of stratigraphically unresolved lower strata are truncated by the base of the major
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245  units and subunits (PN 3500-4500 in Figure 6 and PN 2000-12000 in Figure 7). These records
246  are similar to the wavy, continuous reflections that are overlain by the thick package of

247  glaciogenic sediments along the slope of the Chukchi margin as shown by the prior and

248  ARAILOC airgun seismic data (Dove et al., 2014; Hegewald & Jokat, 2013; Ilhan & Coakley,
249  2018) (Figures 1 and S3).
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debris lobes of acoustically transparent subunits T4 and T3 interbedded with acoustically
stratified subunits S4-S1. Vertical axes are two-way travel time in the left and depth in meter at
1500 m/s sound speed in the right.
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Figure 5. Uninterpreted (a) and interpreted (b) sub-bottom profile ARA06C-SBP-AI showing

acoustically transparent T4 and T3 lenses within acoustically stratified sediments of S4 to S1 on
the middle to lower southwestern slope (see Figure 1b for location).
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SBP-CT at the northwestern shelf (see Figure 1b for location). The surface of the acoustically
transparent deposit T1 features pro- or subglacial channels and iceberg plowmarks at water
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depths below and above 350 m, respectively. (¢) MBES backscatter intensity on the top of T1.
Red to blue colors show higher to lower backscatter intensity, respectively.

4.1.2 Seismostratigraphic unit U4

The mapped distribution of U4 shows that a thick (>10 m) stratified portion of the major
unit, S4, is widely developed along the upper-mid slope of the western spur and the northwestern
margin of the Chukchi Rise (white dashed outlines in Figure 3a). The transparent subunit T4 is
characterized by ~5 km wide, 10-20-m-thick accumulations along the upper-mid slope of the
margin at water depths of 600-1700 m (Figure 3b). These transparent sediment bodies are
intercalated with acoustically stratified sediments (Figure 3b and PN 4800-5800 in Figure 5).
Defining the full thickness of the S4 and T4 deposits on the mid-lower southwestern slope is
mostly not possible because most of the lower unit boundaries here are not reached by the SBP
data (Figure 2d and PN 2300-5300 in Figure 4). Based on the partially observed lower
boundaries of S4 and T4 (PN 1800-2300 and 5400-5500 in Figure 4), we determine the
thickness of the S4 and T4 deposits as <10 and ~20—70 m, respectively (Figures 3a and 3b). The
upper part of U4 in this area shows a distinct lens-shaped, transparent deposit of T4 (Figures 2d
and 4). The overall distribution of U4 is restricted to water depths deeper than 600 m (black
dashed line in Figures 3a, 3b, and S4a), being possibly eroded at shallower depths, where
younger deposits of U2/U1 rest directly on the erosional surface of the unresolved older strata
(Figures 6 and 7).

4.1.3 Seismostratigraphic unit U3

The stratified subunit S3 are mostly observed on the continental slope of the northwestern
margin and the western spur (Figure 3c), whereas the transparent subunit T3 occupies the
southwestern margin at water depths of 550-2100 m (Figure 3d). A 10-20-m-thick accumulation
of S3 (white dashed outline in Figure 3c) partially intercalated with transparent lenses of T3
occurs beyond the present-day shelf break (Figure 3d and PN 4800-5000 in Figure 5), similar to
the underlying U4 deposits. T3 shows the highest accumulation (>30 m thick, ~70 km wide,
white dashed outline in Figure 3d) on the lower slope of the southwestern margin at water depths
of 1800-2100 m (Figures 2d and 4). This depocenter can be divided into two depositional bodies
interbedded with stratified sediments (Figures 2d and 4b). The upper subunit T3a shows a lens-
shaped external geometry and a relatively restricted distribution, whereas, the lower subunit T3b
is larger both laterally and vertically and has irregular or sheet-like external geometry (Figure 4).
This distinctive stacking pattern of T3 can be observed from the upper to the lower slope of the
southwestern Chukchi Rise. T3b is separated from irregularly shaped T4 deposits by a
discontinuous, weak reflection (PN 2000-5000 in Figure 4). This faint reflection correlates with
the U4/U3 unit boundary in the Chukchi Basin (PN 2000 in Figure 4) and on the lower slope of
the western spur (PN 5500 in Figure 4), where acoustic facies are well stratified. On the
southwestern outer shelf and upper slope, T3 has a high-amplitude, sub-continuous upper
boundary, and a less distinct lower boundary (PN 500-2000 in Figure 6).

4.1.4 Seismostratigraphic unit U2

A thick (>10 m) stratified subunit S2 is widely developed along the slope of the
northwestern margin and the western spur and extends to the southwestern margin of the
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Chukchi Rise (white dashed outline in Figure 3e). S2 thins out in a basinward direction and
reaches a thickness of <10 m in the lower slope (Figure 3e). The internal S2 reflections are
generally subparallel to the lower unit boundary of U2 on the mid-lower slope of the
southwestern margin and most of the slope at the northwestern margin and the spur (Figure 5).

The main distribution of T2 shows a >20-m-thick, elongated sediment wedge (Figure 6)
extending to >80 km along the shelf edge at water depths of 520-640 m (white dashed outline at
the shelf edge in Figure 3f) with a downslope extension of debris lobes to 800 mwd (Figure 8a).
The wedge at the shelf edge has an uneven lower boundary truncating the stratified internal
reflections of the underlying sediments (PN 1700-3000 in Figure 6). The wedge surface is
irregular, and the boundary with the overlying stratified sediments of S2/S1 is distinct on the
upper slope and shelf edge but gets disturbed further shelfward (PN 4200-5000 in Figure 6 and
Figure 8b). Another >20-m-thick, elongated wedge of a similar deposit occurs further shelfward
at 300-450 m depths (white dashed outline at the inner shelf in Figure 3f). The stratigraphic
relationship between these adjacent deposits is not completely clear, but the presence of an
inclined internal reflector (PN 3300-4000 in Figure 8c) indicates that the wedges probably
belong to separate depositional events.

A spatially smaller but comparably thick depocenter attributed to T2 is observed on the
middle southwestern slope at water depths of 1200-1450 m (Figure 3f). Minor portions of T2 are
also distributed on the outer shelf and upper slope of the western spur and the northwestern
margin (Figure 3f).

4.1.5 Seismostratigraphic unit Ul

The uppermost seismostratigraphic unit U1 features an overall thin (<10 m) stratified
subunit S1 along most of the western Chukchi Rise margin (Figure 3g). U1 thins from 5-10 m on
the outer shelf to just a couple of meters on the lower slope of the western margin (Figures 2a,
2¢, 3¢, and S4d). On the outer northwestern shelf, U1 directly overlies the eroded unresolved
strata (Figure 7). Transparent facies of T1 cannot be identified in the thin U1 deposits on the
mid-lower slope and rise (Figures 3h, 4, and 5), but show a >20-m-thick and >40-km-long
sediment wedge at the northwestern shelf edge at water depths of 310-420 m (Figure 3h). This
deposit overlies the unresolved strata with an uneven, erosional unconformity, whereas its
surface features high-amplitude incisions and furrows, and is covered by a thin (<1-2 m),
conformable sedimentary layer (PN 6200-13000 in Figure 7). Minor amounts of transparent
deposits occurring on top of the inner T2 wedge on the southwestern margin likely also belong to
T1 (PN 2600-4000 in Figure 8c). Thin S1 deposits are observed at <350-mwd throughout the
entire study area (PN 1850-2700 and 11000-13000 in Figure 7). The MBES backscatter data on
the U1 surface show a sharp intensity variation from —34 to —28 dB on the unresolved, old strata
to —42 to —38 dB on the subunit T1 (Figure 7c).
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Figure 8. SBP data on the outer shelf to lower slope of the western Chukchi Rise (see Figure 9a
for location). (a) Gullies on top of the transparent subunit T2 on the upper southwestern slope.
(b) Mounds and hummocky moraines on the outer southwestern shelf. (c) T2 deposits on the
southwestern shelf. A faint inclined internal reflector separates two till wedges (Figure 3f). (d)
Morainic ridges and mega-scale glacial lineations (MSGL) on the outer shelf to upper slope of
the western spur. (e) Buried MSGLs on the middle slope of the western spur. (f) Buried gullies
on the northwestern upper-mid slope. Simultaneously acquired airgun seismic data is shown in
Figure S2. (g) Buried sediment waves on the middle slope of the western spur.
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4.2 Geomorphic features

The MBES bathymetry data provide three-dimensional geometry and detailed
morphological characteristics of submarine landforms related to various subglacial, ice-marginal,
glaciomarine, and open marine environments (Figures 9 and S5). In addition, the MBES
backscatter data can provide indirect characteristics of seabed such as grain-size composition,
sediment compaction, and seafloor roughness and hardness (Fransner et al., 2017; Huang et al.,
2018; Todd et al., 2007). As the hull-mounted MBES systems have a lower frequency range (12
kHz) than usual side-scan sonar systems (550 kHz to 1 MHz), the MBES backscatter data in this
study are more suitable for detecting differences in bulk density between young, soft muds and
older, consolidated sediments rather than grain size effects (Wille, 2005; Zaragosi et al., 2000).

Two sets of streamlined linear landforms are observed in the MBES bathymetry data on
the outer shelf and middle slope of the western spur (Figures 8d, 8e, and sky-blue lines in Figure
9a). The S—N trending, 5 to 12-km-long and 100 to 200-m-wide lineations on the outer shelf are
distributed across a 6-km-wide field at water depths of ~350 to 460 m (Figures 8d and 9a). At the
350-mwd limit, lineations are overprinted by the randomly oriented, curvilinear to sinuous
furrows 50 to 250-m-wide and <10-m-deep (short black lines in Figure 9a). Both the lineated and
furrowed areas have a rough relief appearing in the SBP data as diffraction hyperbolas (e.g., PN
11000-13000 in Figure 7a and PN 7200-8700 in Figure 8d). These areas also feature relatively
high MBES backscatter of —32 to —28 dB (red-colored field in Figure 9a) and only very thin
sediment cover on top (PN 7200-8700 in Figure 8d). The other lineation set features SSW-NNE
trending linear features 4 to 7-km-long and 180 to 400-m-wide at water depths of 780 to 940 m
on the middle slope (PN 1910020300 in Figure 8e and Figure 9a). These lineations are formed
on top of the transparent subunits T3/T4 and are overlain by 10 to 15-m-thick acoustically
stratified sediments S1/S2 with low backscatter intensities of —42 to —34 dB (Figures 8e and 9a).

Mostly bathymetry-parallel, nested, curvilinear to sinuous ridges are observed along the
shelf edge between 410 and 550-mwd of the western spur and the southwestern Chukchi Rise
margin (Figure 8d and blue lines in Figure 9a). Potentially similar, but shorter and sparser
features occur on the outer shelf of the southwestern margin, in the area of a >3-km-wide
bathymetric terrace (Figure 9a). The ridges on the western spur are 3—6-m-high and >50-km-long
along the shelf edge (Figure 9a). The deepest ridge on the western spur shows an asymmetric
geometry and is covered by a ~3-m-thick stratified sediments of S1 (inset in Figure 8d). The
sparser ridges on the southwestern outer shelf are ~3-5-m-high and ~3-7-km-long (Figure 9a).
They are positioned on top of the undulated surface of T2 and are overlain by the stratified
sediments of S1 (PN 2200-2700 in Figure 6).

Mound-shaped bedforms with transparent acoustic facies are observed on the upper slope
and the outer shelf terrace of the southwestern margin at water depths of 600—700-m (inside
white dashed outlines in Figure 9a). The mounds are aligned subparallel to the boundary between
the western spur and the shelf edge terrace (Figure 9a). Eight mounds surveyed on the upper
slope have widths of 200-700 m and are ~10 m higher than the surrounding seafloor (Kim et al.,
2020). Larger scale mounds observed on the shelf edge terrace extend stratigraphically to the
U2/U1 unit boundary (PN 2100-2500 in Figure 8b and Figure 9a).

A field of slightly elongated to nearly circular small mounds (hummocks) is located ~5
km shelfward from the shelf break at the southwestern margin at water depths of 440-540 m
(inside orange-dashed outline and lower right inset in Figure 9a). This hummocky terrain shows
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gentle undulations (<10 m high) and a low-to-moderate linearity. The sediments composing
these bedforms belong to the transparent subunit T2 covered by stratified sediments of S1 (PN
3000-4500 in Figure 8b).

Narrow, ~100 m wide, depressions (incisions) in a dip direction are observed along the
western Chukchi Rise margin beyond the present-day shelf break at water depths of 600-1600 m
(red lines in Figure 9a). The incisions on the southwestern margin are developed on top of the
transparent subunit T2 and are covered by ~6-m-thick sedimentary layer S1 (Figure 8a). The
depths of these features decrease from ~10-20 m on the shelf break to <10 m on the mid-lower
slope. The upper slope incisions disappear on the western spur and are observed again on the
northwestern margin (Figure 9a). The latter features of ~20—30-m deep and ~400-500-m wide
show a more apparent, less sinuous geometry than on the southwestern slope. A thick (~50 m)
acoustically stratified sediment with diffraction hyperbolae covers the area with these incisions
(PN 700-800 and 15002400 in Figure 8f and Figure S2). Some dip incisions ~7—15-m deep and
~500-1000-m wide were found on the outer shelf of the northwestern margin at 370-400-mwd
by the narrow stripes of the MBES data (Figure 7c). The SBP data show that these incisions are
developed on top of the transparent subunit T1 (PN 6200-11000 in Figures 7).

Distinctive undulated seafloor features elongated parallel to the bathymetry are observed
in the unresolved strata on the middle slope (1300-1600 mwd) at the western spur and the
northwestern Chukchi Rise margin (yellow lines in Figures 9a). On the northern slope, these
undulated features are cut by downslope incisions (Figures 8f and 9a). A thick (>20 m) stratified
sedimentary succession of U4 to U1 conformably overlies the undulating surface (Figure 8g).
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Figure 9. (a) Interpreted submarine landforms drawn on the MBES backscatter map overlapping
the hillshaded MBES bathymetry map (see Figure S5 for uninterpreted MBES bathymetry
image). The interpreted morphological features, which were formed under subglacial, ice-
marginal, and glacimarine sub-environments, are marked by differently colored lines and labeled
for the explanation. Inset in the lower right corner shows an enlarged view of the hummocky
terrain (black box). Labeled white lines show the location of the SBP data in Figures 8a to 8g.
Ancillary MBES bathymetry data (ARAQ03B) from the northern (b) and eastern (c) parts of the
Chukchi Rise (see Figure 1b for location).

5 Discussion
5.1 Origin of identified sedimentary/geomorphic features

5.1.1 Seismostratigraphic units and facies

The major seismostratigraphic boundaries usually indicate either pronounced change in
sedimentary environments or depositional unconformities (Veeken & van Moerkerken, 2013).
On the glaciated shelves, including the study region (e.g., Dove et al., 2014; Hegewald & Jokat,
2013; Niessen et al., 2013), these features were shown to be characteristically related to the ice-
sheet dynamics and associated sedimentary/geomorphic processes. In addition to the direct
erosion and deposition by grounded ice, high-amplitude, continuous reflectors commonly occur
in glaciomarine environments in connection with massive deposition of iceberg-rafted debris
(IRD) during glacial events (Gulick et al., 2017; Joe et al., 2020). In particular, a sediment core—
seismic correlation in the western part of the Chukchi Basin indicates that strong reflectors in the
SBP data correspond to the prominent, IRD-rich, detrital carbonate layers related to pulses of
iceberg discharge from the Laurentide Ice Sheet (Joe et al., 2020).

Seismostratigraphic units/subunits encompassed by the resolved boundaries can be
discriminated by the acoustic signature, such as stratified vs. transparent facies (Figure 2).
According to previous lithostratigraphic studies, the Quaternary sediments in the western Arctic
Ocean outside of the glacially impacted areas mainly consist of fine-grained to sandy muds with
cyclic interlamination of brown and yellow to greyish intervals (e.g., Matthiessen et al., 2010;
Schreck et al., 2018; Stein et al., 2010). This stratigraphy has been correlated with acoustically
stratified facies similar to subunits S4-S1 in areas adjacent to this study area (Dove et al., 2014;
Joe et al., 2020; Polyak et al., 2007). A detailed sedimentologic analysis in the western part of
the Chukchi Basin indicated that the stratified facies had been formed by suspension settling of
turbid meltwater plumes and detached turbid layers during glaciation/deglaciation and by
hemipelagic settling during the interglacial periods (Joe et al., 2020). The interpretation is
consistent with multiple studies of ice distal glaciomarine sediments (e.g., C. H. Eyles et al.,
1991; O Cofaigh et al., 2003). In comparison, the transparent deposits (e.g., subunits T4-T1 in
Figure 2) indicate lenses of acoustically homogenous sediments without internal bedding due to
fast deposition or internal deformation, which is especially common under pro- or subglacial
conditions (Alley et al., 1986; Dowdeswell et al., 2004; Gulick et al., 2017). Resulting deposits
are seen in the seismic profiles as sheet- or wedge-shaped, acoustically transparent bodies
usually interpreted as deformation tills (e.g., Dove et al., 2014; O Cofaigh et al., 2005). A similar
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acoustic signature may also characterize deposits formed by episodic events like ice-sheet
bulldozing, debris flows, submarine landslides, or subglacial underwater flows during the ice-
sheet advances or early deglaciations (e.g., Donda et al., 2008; C. H. Eyles & Eyles, 2010; Gales
et al., 2016; Joe et al., 2020; O Cofaigh et al., 2003; Vorren & Laberg, 1997). However, these
short-lived events can hardly account for major, spatially continuous units.

Overall, sediment depocenters and stratal geometries of the acoustically transparent and
stratified sediments (Figures 3—7 and 10a) characterize glaciogenic sedimentary processes and
provide useful insights into past ice-sheet dynamics. The seismic stratigraphy of the transparent
deposits T4-T2 identified at the southwestern margin (Figures 4 to 7) corresponds to the
prograding foreset beds with an oblique tangential geometry reported for this area based on the
airgun seismic data (Dove et al., 2014; Hegewald & Jokat, 2013; Ilhan & Coakley, 2018) (purple
and blue lines in Figure 1b). The outer shelf to slope location, erosional bottom boundary,
wedge-shaped stacking pattern, and moderate lateral continuity of these foresets are consistent
with seismostratigraphic characteristics of glacial trough mouth fans (TMFs), diamicton-
dominated sediment accumulations typically formed at the cross-shelf glacial trough mouth
(Batchelor & Dowdeswell, 2014; Dowdeswell et al., 1996; Dowdeswell & Siegert, 1999; Laberg
et al., 2000; O Cofaigh et al., 2003; Vorren & Laberg, 1997). The occurrence of TMFs at the
southwestern Chukchi Rise margin indicates a large amount of sediment transferred by ice sheets
to the shelf edge and further down the slope over several glacial cycles. This depositional
environment reflects an extensive ice drainage from local or transiting grounded ice-sheets/ice-
shelves.

The location of the T4/T3 lens- or sheet-shaped depocenters on the mid-lower slope in
the TMF area (Figure 10a) suggests that they have been primarily formed by the glacially-fed
debris flows, whereas intercalated stratified facies likely indicate suspension settling from turbid
meltwater plumes (Figures 4 and 5). A similar picture has been reported for the East Siberian
slope across the Chukchi Basin from the study area (Joe et al., 2020; Niessen et al., 2013). Two
T3 subunits separated by the stratified sediments (Figure 4) indicate two depositional events
probably reflecting two glacial advances or deglacial pulses.

The T2 depocenter with an erosional basal boundary observed at the outer shelf to upper
slope of the Chukchi Rise is interpreted as a till wedge (Figures 6 and 10a). Similar deposits
composed of diamictons are typically formed at the stable grounding zones of ice sheets with
subglacial sediment transportation and deformation (e.g., Batchelor et al., 2018; Dove et al.,
2014; C. H. Eyles & Eyles, 2010; O Cofaigh et al., 2016). Based on the position of the large T2
till wedge, during the peak glaciation, the grounding zone was stretched along the shelf break at
the modern depths of 550 to 580 mwd (Figure 6; Figure 5 in Dove et al., 2014). A smaller till
wedge at depths of ~300-450 m on the southwestern inner shelf (Figures 8c and 10a) possibly
indicates another glacial event. The existing data, however, cannot resolve whether this deposit
corresponds to T2 or a younger transparent subunit T1. The distribution of the T1 depocenter
further north is limited to similar water depths not exceeding ~450 m (Figures 7 and 10a), which
suggests that this glaciogenic feature may correspond to the same glaciation. A more detailed
characterization of this deposit is not yet available due to a sparse data coverage at the
northwestern margin (Figure 1b), notably lacking the shelf-to-slope lines crossing the
depocenter.
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Figure 10. (a) Spatial distribution of the acoustically transparent deposits T4 to T1 thicker than
20 m. White arrows show major ice-flow trajectories inferred from the distribution of
glaciogenic deposits T4 to T1 and related geomorphic features. The black rectangle indicates
panel b. (b) Distribution of MSGL (purple lines with yellow arrows for the inferred direction),
recessional morainic ridges (blue lines), and proglacial gullies (red lines). The orange dashed line
indicates the inferred maximum extent of the grounded ice. Blue, sky blue, and black dashed
lines are projected grounding lines at the present shelf break, 550 mwd, and 500 mwd,
respectively. See also schematic cross-sections for grounding lines projections in Figure S6.
Black arrows indicate retreats of grounding-line from the shelf break.

5.1.2 Submarine landforms

The randomly distributed, curvilinear to sinuous furrows abundant at water depths
shallower than ~350 m (Figures 9a and 9c) are widely interpreted as iceberg plowmarks
generated by the keels of free-floating icebergs under the glaciomarine environment (e.g.,
Batchelor et al., 2018 and references therein). These features are ubiquitous at <~350-m depths
at the outer continental margin from the Canadian Archipelago to East Siberia and the adjacent
borderlands (e.g., Dove et al., 2014; Hunkins et al., 1962; Jakobsson et al., 2005, 2008, 2014;
Polyak et al., 2001, 2007).

The long, streamlined landforms mapped in two areas of the western Chukchi Rise
margin and the ancillary data (Figures 9a and 9c) are identified as mega-scale glacial lineations
(MSGL), consistent with the interpretation in multiple studies from the glaciated margins
(Dowdeswell et al., 2004; Ottesen et al., 2005). MSGL sets have been reported from multiple
sites across the western Arctic Ocean margins and borderlands (Dove et al., 2014; Engels et al.,
2008; Jakobsson et al., 2008, 2014, 2016; Niessen et al., 2013; Polyak et al., 2001, 2007). In
general, these distinct directional features track the fast ice-stream flows, typically remained
during ice-sheet collapses (e.g., Batchelor et al., 2018 and references therein).

By comparison with other glaciated seafloor areas, the bathymetry-parallel ridges at the
shelf edge (Figure 9) can be interpreted as recessional moraines formed by the stepwise retreat of
a grounded ice margin (Batchelor et al., 2017, 2018; Dove et al., 2014; Niessen et al., 2013,;
Ottesen & Dowdeswell, 2006; Polyak et al., 1997). The acoustically transparent facies of the
identified ridges (inset in Figure 8d) indicate poorly sorted deposits, consistent with the diamict
material typical for similar features (Bennett et al., 1996; Bradwell et al., 2008).

The mounds mapped on the southwestern upper slope (Figures 8b and 9a) are thought to
be formed by the upward migration of gas/fluids, such as free gas from beneath the gas-hydrate
stability zone (Kim et al., 2020). Such processes can be generated or reactivated by pressure and
temperature changes in the deep strata caused by glacial isostatic rebounds during the grounded
ice-sheet advances and retreats (e.g., Himmler et al., 2019).

The field of small mounds on the southwestern outer shelf has geomorphic and
stratigraphic characteristics similar to hummocky moraines (Elvenes & Dowdeswell, 2016;
Ottesen & Dowdeswell, 2009) (Figures 8b and 9a). Such landforms can be formed by stagnant
ice pressing onto the soft deformable bed over large areas of sub-marginal and proximal
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proglacial areas, including submarine environments (e.g., Batchelor et al., 2018 and references
therein; Boone & Eyles, 2001; N. Eyles et al., 1999).

The narrow dip incisions at the shelf edge and on the upper-mid slope (Figures 8a, 8f, and
9a) can be interpreted as gullies, which are commonly developed in front of the past ice
grounding lines (e.g., Engels et al., 2008; Gales, 2013; Rydningen et al., 2015). On the polar
continental margin, slope gullies can result from sustained cascading of cold waters (brines)
and/or sediment-laden subglacial meltwater flows (e.g., Anderson, 1999; lvanov et al., 2004;
Lowe & Anderson, 2002; Noormets et al., 2009; O Cofaigh et al., 2018; Pope et al., 2018).
Broader incisions on top of the youngest transparent deposit T1 on the outer shelf (Figure 7c)
may represent valleys formed by the pro- or subglacial drainage during deglaciation (e.g.,
Stewart & Lonergan, 2011).

The regular undulations elongated along the slope in pre-glacial deposits (Figures 8g and
9a) appear like sediment waves formed by persistent along-slope bottom current (e.g.,
Miramontes et al., 2016). Similar features can also be identified in the airgun seismic records
from the Chukchi margin slopes in the pre-glacial deposits above the upper Miocene
unconformity (Hegewald, 2012; Hegewald & Jokat, 2013). A sandy composition of pre-glacial
sediments recovered on the northern Northwind Ridge corroborates a strong current activity at
the intermediate water depths (Dipre et al., 2018). In comparison, the subparallel stacking pattern
of the stratified facies S4 to S1 on top of the sediment waves (Figure 8g) indicates sedimentation
in quieter environments less affected by bottom currents (Veeken & van Moerkerken, 2013).

5.2 Development of glaciogenic deposits

5.2.1 Trough mouth fan contributions

Glaciogenic TMFs are typically formed in front of the cross-shelf glacial troughs -
elongated, landward deepening bathymetric depressions on the broad continental margins (e.g.,
Batchelor & Dowdeswell, 2014; O Cofaigh et al., 2003). The relatively narrow Chukchi Rise
extending offshore from the continental margin makes for a different geomorphic and
depositional environment. A slope gradient is considered as one of the principal factors that
control the development of TMFs (Batchelor & Dowdeswell, 2014; O Cofaigh et al., 2003). The
upper slope gradient of the southwestern Chukchi Rise margin is less than 4° (2-3° average)
(Figure 1b), which is suggested to be close to a limit of an effective accumulation of glaciogenic
material on the slope (e.g., Batchelor & Dowdeswell, 2014; Piper et al., 2012). Nevertheless, this
gradient is considerably higher than 1°, which allows for well-developed TMFs such as on the
Polar North Atlantic margins (e.g., O Cofaigh et al., 2003; Piper & Normark, 2009; Rydningen et
al., 2015). The acoustically transparent sediment depocenters of subunits T4 and T3 on the
southwestern middle to lower slope (Figures 3b, 3d, and 10a) indicate that the gravity-driven
mass flow deposits (e.g., submarine landslides and debris flows) largely contributed to the TMF
formation by filling the sediment accommodation space in the middle to lower slope, where the
slope gradient is less than 1° (1100 to 1700 mwd: 0.9°; 1700 to 2200 mwd: 0.8°). This infilling
may have led to a gradual decrease of the overall slope gradient (e.g., Faleide et al., 1996;
O’Grady & Syvitski, 2002), which enabled the accumulation of glaciogenic debris lobes on the
gentler slope of the southwestern Chukchi Rise margin. In contrast, a relatively high upper slope
gradient (>4°) of the northwestern Chukchi Rise margin could be a reason for the poorly
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developed TMF (e.g., Batchelor & Dowdeswell, 2014; O Cofaigh et al., 2003; O’Grady &
Syvitski, 2002; Piper & Normark, 2009).

Sediment supply for the TMF formation is also controlled by the subglacial geology of
the continental shelf (Batchelor & Dowdeswell, 2014; Halberstadt et al., 2016; O Cofaigh et al.,
2003, 2004; Solheim et al., 1998; Winsborrow et al., 2010). Prior deep seismostratigraphic data
(Figure 1b) show that the pre-glacial strata with laterally continuous internal reflections are
widely developed and completely cover high-standing crustal blocks of the Chukchi Rise (Dove
et al., 2014; Hegewald & Jokat, 2013; Ilhan & Coakley, 2018). Weakly compacted marine
sediment can be much easier eroded by grounded ice rather than crystalline rock or glaciogenic
diamicton (e.g., Halberstadt et al., 2016; Moore, 1964; O Cofaigh et al., 2003; Wellner et al.,
2001; Winsborrow et al., 2010). With respect to TMF development, the seaward-dipping
bathymetric trough on the southwestern Chukchi Rise margin (Figure 1b) is relatively less
developed than landward-dipping glacial troughs (Batchelor & Dowdeswell, 2014). A seaward-
dipping trough can be easily eroded by repeated glacial advances despite a relatively short glacial
history, as exemplified by the Mackenzie Trough at the Canadian Arctic margin (Batchelor et al.,
2013). We infer that large quantities of sediment on the wide outer shelf of the southwestern
Chukchi Rise margin were eroded by the fast-flowing grounded ice and remobilized downslope.
This inference is consistent with the occurrence of large-scale glacial sediment T4/T3
depocenters on the mid-lower slope (Figures 4 and 10a).

Suspension settling from turbid meltwater plumes released from an ice-stream front can
also contribute to the TMF growth and form gullies on the slope (Gales et al., 2013; O Cofaigh et
al., 2003; Shipp et al., 1999). The development of gullies varies depending on the upper slope
gradient (Klages et al., 2015; O Cofaigh et al., 2003). Gullies are weakly developed on the gentle
(2 to 3°) southwestern slope of the Chukchi Rise, whereas deeply incised gullies occur on the
steep (>4°) northwestern slope (Figures 9a and 10b). This distribution implies that the TMF at
the southwestern Chukchi Rise margin has been formed by complex sedimentary processes
including debris flows and turbid meltwater plumes. Sedimentary deposits from turbid meltwater
are characterized by acoustically stratified facies (Joe et al., 2020; Taylor et al., 2002), such as
observed in our data between the debris flow packages (e.g., between T3b and T3a in Figure 4).

5.2.2 Glaciogenic facies

Based on the mapped distribution of glaciogenic deposits, major contributions to the
TMF at the southwestern Chukchi Rise margin can be attributed to the glacially-fed debris flows
of subunits T4/T3 and suspension settling from turbid meltwater plumes forming intercalated
stratified facies (Figures 2 to 5). Contributions of T2 are much smaller, although the T2
grounding zone wedge developed on the upper slope and outer shelf, while evidence from older
glaciations has not been preserved (Figures 3f and 6). This distribution indicates that the ice
sheet that formed T2 had the same or even larger extent than the previous glaciations in this area
so that changes in the glaciogenic inputs to the TMF had other controls. In general, the basal
thermal condition of an ice-sheet is a major control for sediment transport within a glacial system
(Frederick et al., 2016; MacGregor et al., 2016; Menzies & Shilts, 2002). Larger quantities of
sediment can be transported under temperate, wet than under cold polar/subpolar basal
conditions (Alley et al., 1997; Benn & Evans, 2014; Davis et al., 2006; Kirkbride, 2002; Ottesen
et al., 2005; Schomacker et al., 2010; Vorren & Laberg, 1997). In addition, proglacial
sedimentation is strongly affected by the volume of meltwater and its proximity to the ice margin
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(C. H. Eyles & Eyles, 2010; Menzies & van der Meer, 2018). As a result, faster-flowing ice-
sheets with wet-based basal conditions could support more extensive sediment transportation and
deposition at larger water depths. Another factor is that during the formation of T4/T3, large
volumes of sediments were probably accumulated at the shelf break by subglacial transport of
the readily erodible pre-glacial or ice-distal sediments, and subsequently remobilized downslope.
In comparison, by the time of the T2 formation, most of the sediment on the outer shelf and
upper slope may have been already consumed by the downslope transport. Furthermore, the
older strata exposed on the shelf possibly became more compacted by ice-sheet loading (e.g.,
Bohm et al., 2009).

The continental slope of the western spur and the northwestern Chukchi Rise margin is
mainly covered by well-developed stratified sediment layers (S4 to S1) with insignificant lateral
variation (Figures 3a, 3c, 3e, and 3g), except for the T1 accumulation at the northwestern outer
shelf (Figures 3h and 7). This pattern indicates that gravity-driven mass flow processes were less
active here than at the southwestern margin, probably due to colder basal conditions and/or lower
sediment fluxes at a more northern location further away from the continental margin. The
delivery of sediment to the western spur and the northwestern slope likely occurred mainly by
iceberg-rafting and hemipelagic sedimentation, as common for proglacial glaciomarine
environments (O Cofaigh et al., 2003). The stratified deposits of S4 (or S3 at some sites) to S1 in
this area drape the pre-glacial slope features, such as sediment waves and gullies (Figures 8f, 8g,
and 9a). This stratigraphy indicates that the active marine down- and along-slope sedimentary
processes were diminished since the onset of glaciations when depositional environments
became predominantly glaciomarine.

The location of the major T1 glaciogenic depocenter on the outer shelf at relatively
shallow water depths of <450 m (Figures 3h and 10a), suggests that T1 was deposited by a
smaller and younger ice sheet than T2. Seismostratigraphic correlation of the boundary between
U1 and U2 (Figure 2) further indicates that the formation of T1 postdated T2. This evidence is
consistent with a lower thickness of acoustically stratified sediment on top of T1 at the
northwestern margin (<1 m) than on T2 further south (>5 m) (Figures 3g, 6, and 7), resulting in
well-expressed channels on top of T1 (Figures 7c and 10a). In comparison, the T2 surface
features a hummocky proglacial moraine and well-developed gas seepage mounds indicative of a
stronger glacial impact and/or longer post-glacial period. We note, however, that the thickness of
post-glacial sediments depends not only on the time of deposition but also on sediment
dynamics. It has been shown for the study region that sedimentation rates since the last major
glaciation overall decrease northwards indicating sediment sources further south (Schreck et al.,
2018).

5.3 Past ice-sheet dynamics and related processes

The fast-flowing ice streams marked in suitable seafloor sediments by the MSGL are
primarily constrained by the ice sheet’s mass balance, subglacial topography, and geology (e.g.,
Halberstadt et al., 2016). In general, the preserved MSGL indicates the latest grounded ice flow
just before a final ice retreat, typically by floatation and breakup (e.g., Dowdeswell et al., 2008).
The combined MBES and SBP data from the Chukchi Rise indicate that the deeper located (780
to 940 mwd), SSW-NNE oriented MSGL on the middle slope of the western spur were formed
prior to the U2 deposits (Figures 8e and 9a). In comparison, N-S oriented MSGL overriding T2
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on the outer shelf were clearly formed by a younger and thinner ice mass (Figures 8d and 9a).
This interpretation is consistent with the accumulation of acoustically stratified sediments with
low backscatter intensity on top of the deeper MSGL, but only a thin sediment cover with higher
backscatter intensity on top of the outer shelf MSGL (Figures 8d, 8e, and 9a).

Both MSGL sets occur on a relatively elevated topography, with their general orientation
subparallel to the local shelf edge (Figures 9a and 10b), unlike typical MSGL in the cross-shelf
glacial troughs (e.g., Batchelor & Dowdeswell, 2014; Dowdeswell et al., 2008; Halberstadt et al.,
2016; Shipp et al., 1999). In addition to the lack of a pronounced topographic depression, the
distribution of T4 and T3 deposits does not indicate any grounded ice in the MSGL area. This
pattern suggests that the MSGL were probably formed by a relatively short-lived, passing ice
flow from a thicker ice sheet, potentially formed on the continental margin. The episodic nature
of such an ice flow may have been beneficial for MSGL preservation. There is also a possibility
that these MSGL could be “plane furrows” produced by huge, tilted tabular icebergs derived
from a collapsing ice shelf (Dowdeswell & Bamber, 2007; Wellner et al., 2006). Such furrows
are relatively sparse in comparison with the MSGL fields but extend longer with high linearity
than typical iceberg plowmarks observed on the Chukchi margin at water depths shallower than
~350 m (Dove et al., 2014) (Figure 9). We note that MSGL and “plane furrows” may co-occur in
areas of the past ice-flow/ice-shelf break-up (Wellner et al., 2006).

The sets of laterally extended, isobath-parallel recessional moraines on the outer shelf to
upper slope of the western margin are apparently associated mostly with the T2 deposits (Figures
8d and 9a). A prominent stand-alone ridge at shallower water depths of ~400-420 m might
indicate a younger glacial event (Figure 9a). This ridge overrides the MSGL in this area and thus
was formed after the ice streaming event marked by the MSGL. Overall the ridges likely indicate
a stepwise up-slope retreat of the ice-sheet grounding line controlled by the rising sea levels
during deglaciation(s) (Batchelor et al., 2018; Jakobsson et al., 2008; Ottesen & Dowdeswell,
2006; Polyak et al., 2001). This pattern contrasts with the bathymetry independent MSGL
controlled by the ice-sheet mass balance and topography during ice-sheet collapsing events. The
ice-sheet collapses and retreats on the Chukchi Rise may have been triggered by the instability of
an ice shelf (shelves) over the adjacent basins in the absence of pinning points (e.g., Halberstadt
et al., 2016; Jakobsson et al., 2016; Wellner et al., 2001). Different patterns of the recessional
ridge fields on the western spur and the southwestern margin may reflect a lateral variability in
the retreat rapidity (Figures 9a and 10b). The western spur features multiple recessional ridges
with a high lateral continuity, indicating a relatively gradual, stepwise retreat (e.g., Dowdeswell
et al., 2008) (Figures 9a and 10b). The sparser, less developed recessional moraines on the outer-
shelf terrace of the southwestern margin possibly indicate a more abrupt retreat of the grounding
line from the shelf edge to the inner shelf (Figures 6, 9a, and 10b). The faster retreat may have
been facilitated by a deeper shelf break and a flatter gradient of the shelf-edge terrace in the
southwestern area (Figures 9a and 10b).

The area of hummocky moraines and mounds developed on the southwestern outer shelf
and upper slope is covered by a moderately thick acoustically stratified sediment of S1 with
relatively low backscatter intensity (Figures 8b and 9a). This pattern indicates a farther/earlier
shelfward retreat of the grounded ice sheet in this area than further north on the western spur and
the northwestern margin featuring thinner overlying stratified sediments and higher backscatter
intensity (Figures 9a and 10b). The seepage-related mound structures preserved on the outer
shelf and upper slope of the southwestern margin also pre-date the U1 deposits (Kim et al., 2020)
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(Figure 8Db), thus indicating no ice-sheet re-advance in this area after the T2 formation (Figure
10Db).

Based on the stratigraphic position of the buried incised surface and the thickness of the
overlying acoustically stratified sediments, the gullies on the northwestern slope (Figures 8f and
9a) are probably older (pre-U3) than at the southwestern margin (U2; Figures 8a and 9a). The
gully formation can be explained by a grounded ice advance to the shelf edge that provided
turbid meltwater pulses capable of incising canyons on the steep slope (Lowe & Anderson, 2003;
O Cofaigh et al., 2003). After the gully formation event at the northwestern slope, no sufficient
sediment-laden meltwater was generated in this area, possibly due to a change in the basal
thermal condition from the temperate-wet to the polar-cold (Rebesco & Camerlenghi, 2008). The
younger and smaller gullies on the southwestern slope indicate overall lower amounts of
subglacial meltwater discharged during the T2 glacial event. In comparison to the deeper located
slope gullies, the fresh-looking, relatively shallow but broad (up to 1000 m) channels on top of
the T1 wedge on the northwestern shelf likely have a different nature. Considering their
geometry and the position on a gently dipping surface of the youngest glacial deposit, they may
be related to the subglacial drainage at the final deglacial stages. On the other hand, low
backscatter intensities of the T1 wedge surface (Figure 7c¢) are more common for proglacial
rather than subglacial deposits. Clarifying the nature of this glaciogenic accumulation requires
denser data coverage, including shelf-to-slope lines. Buried valleys reaching considerably larger
dimensions are widely distributed across the Chukchi margin (Dove et al., 2014; Hill et al., 2007;
Hill & Driscoll, 2008). Their common occurrence on the Chukchi Rise at water depths of >300
m indicates their subglacial rather than river-born origin (Dove et al., 2014).

The pre-glacial sediment waves expressed in bathymetry-parallel, undulating morphology
are well preserved on the slope of the western spur and the northwestern margin due to the
conformable geometry of the overlying acoustically stratified deposits of S4-S1 (Figure 8g). The
absence of similar undulations on the southwestern slope (Figure 9a) can be explained by the
burial of pre-glacial sediment waves by the thick TMF deposits (Dove et al., 2014; Hegewald &
Jokat, 2013; Ilhan & Coakley, 2018).

5.4 Glaciation history

5.4.1 Ice-sheet distribution and provenance

The overall distribution of glaciogenic seafloor morphology and sediment stratigraphy in
the study area is consistent with the notion that Arctic ice sheets advanced from the continental
margins toward the central Arctic Ocean and retreated upslope back to the margins and shallow
bathymetric areas (Dove et al., 2014; Engels et al., 2008; Jakobsson et al., 2008, 2010, 2014;
Polyak et al., 2001, 2007). If the entire Arctic Ocean was covered by a thick ice shelf during
some of the peak glaciations, it likely behaved as a single large ice mass outflowing into the
North Atlantic (Hughes et al., 1977; Jakobsson et al., 2016). Due to these changes in ice flow and
a lack of major topographic constraints, such as cross-shelf troughs or inter-island channels, the
directions of ice advances and retreats at the western Chukchi Rise margin are more complex
than on the well-developed glaciated margins around the Antarctic, Polar North Atlantic, and the
Canadian Arctic Archipelago (Batchelor et al., 2014; Batchelor & Dowdeswell, 2014;
Halberstadt et al., 2016; O Cofaigh et al., 2003; Winsborrow et al., 2010).
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Prior MBES data from the Chukchi Borderland collected mostly east of the study area
indicate a prevalent SE-NW to ESE-WNW trending impact of grounded ice mass(es) projected
to originate from the northwestern sector of the Laurentide Ice Sheet (Figure 1a) (Dove et al.,
2014; Engels et al., 2008; Jakobsson et al., 2008, 2014; Polyak et al., 2001, 2007). Another
distinct set of directional seafloor features on the eastern side of the Chukchi Rise appears to
irradiate from the Chukchi Shelf (Dove et al., 2014; Jakobsson et al., 2014), as also observed in
our ancillary data (Figure 9c). The co-occurrence of these major flowline trends makes a
complex picture reflecting the interaction of different ice flows. The evidence for ice provenance
in our seismostratigraphic and geomorphic data from the western side of the Chukchi Rise
provides another important piece for this puzzle picture.

Based on the TMF location in the seaward-dipping bathymetric trough at the
southwestern Chukchi Rise margin and the distribution of glaciogenic deposits T4/T3 preserved
on the slope, the general ice flow direction in this area was probably northwestward from the
Chukchi Shelf toward the Chukchi Basin (Figure 10a). A similar, more S—N orientation of an
MSGL set on the outer shelf formed apparently on top of T2 (Figure 9a) also suggests an ice
flow from the Chukchi margin. The prominent grounding zone till wedges on the western margin
at the shelf edge and further shelfward probably mark standstill positions of the grounded ice
margins (Figure 10b). The up-slope deglacial retreat of the ice margins is marked by sets of
recessional moraines (Figure 8d, 9a, and 10b), also observed at the northern Chukchi Rise tip
(Figure 9b) and in prior data from the Chukchi Rise and Cap further east and north (Dove et al.,
2014; Jakobsson et al., 2008). In our data, these ridges appear to be primarily associated with T2.
Similar grounding zone standstill and retreat features for T4/T3 apparently have not been
preserved.

The overall picture emerging from these data indicates that ice coming from the
Laurentide Ice Sheet may have been deflected northwards (i.e., towards the Canada Basin) by the
ice sheet(s) irradiating from the Chukchi margin. Alternatively, it can also be inferred that the
younger Chukchi-centered ice sheets overprinted the depositional/geomorphic evidence of the
older ice masses with different flow trajectories. Considering that our data cover four glacial
intervals with a long glacial history, it is more likely that coeval ice masses with different
provenance actually interacted on the Chukchi Rise. We note that while multiple seafloor
features indicate ice flow(s) from the Chukchi continental margin, they cannot be confirmed by
data from the shelf itself (Dove et al., 2014; Jakobsson et al., 2014). The obvious reason for this
lack of evidence is that sedimentary bedforms cannot preserve on the shallow, current-swept
Chukchi Shelf. Deeper geophysical records and drilling boreholes are needed to resolve this
gaping blind spot.

On the western side of the Chukchi Rise, the ice-flow interactions can also be envisaged
with the East Siberian Ice Sheet. While still sketchily understood, this ice sheet is corroborated
by multiple seafloor data (Jakobsson et al., 2016; Joe et al., 2020; Niessen et al., 2013; O’Regan
etal., 2017; Schreck et al., 2018) and paleoclimatic modeling studies (Colleoni et al., 2016;
Gasson et al., 2018). If the ice shelves extending from the East Siberian and Chukchi margins
consequently coalesced and started to behave like a single large ice mass (Hughes et al., 1977;
Jakobsson et al., 2016), the flow direction would have been re-oriented towards the central
Arctic Ocean, orthogonally to the Chukchi—East Siberian margin. This orientation may have
accounted for the SSW-NNE trending, deep-sited MSGL on top of the T3 deposits on the
western spur (Figure 10b). The large water depth of these features (>900 m) is similar to the ice
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grounding on the Lomonosov Ridge in the center of the Arctic Ocean (Jakobsson et al., 2001,
2008, 2010, 2014, Polyak et al., 2001). Elaborating these mechanisms is important for
understanding the behavior of the Arctic glaciations and, more generally, the large marine-based
ice complexes.

5.4.2 Age framework

While there are no direct constraints for the age of the mapped glaciogenic deposits, a
tentative age framework can be outlined from stratigraphic data available from the adjacent areas
(Dipre et al., 2018; Joe et al., 2020; Polyak et al., 2007; Schreck et al., 2018; Wang et al., 2013).
In particular, combined geological/geophysical data from the southeastern part of the Chukchi
Borderland (ramp to the Northwind Ridge; Figure 1b) provide age constraints for the last two
glacial events impacting this seafloor area (Polyak et al., 2007). Glacial diamicton dated to the
Last Glacial Maximum (LGM) of the Marine Isotope Stage (MIS) 2, ca. 15-25 Ka, is associated
with the W-E trending MSGL at modern water depths to ~420-430 m. A nearby MSGL field
mapped at the southeastern side of the Chukchi Rise and presented in this study has similar
bathymetric and geomorphic characteristics (Figures 1b and 9c¢). The MSGL orientations in these
two fields indicate ice streaming from the Chukchi margin. This picture is consistent with the
distribution of the T1 deposits at the western Chukchi Rise, which is restricted to water depths of
<450 m and are covered with only thin post-glacial sediments (Figures 3h, 7, and 10a). Well-
expressed channels on top of the T1 deposit at the northwestern shelf possibly represent the pro-
or subglacial drainage during deglaciation, similar to, but younger than buried valleys reported
for the Chukchi Rise by Dove et al. (2014). These characteristics of the T1 deposits allow for
attribution of their formation to the LGM. This interpretation is also consistent with sediment-
core evidence from the Chukchi Basin that suggests the presence of the LGM grounded ice
masses at shallower depths in this region (Joe et al., 2020; Schreck et al., 2018; Wang et al.,
2013).

Glacial deposits attributed to MIS 4 (ca. 60—70 ka) appear to be widely distributed in the
study region, including tills on the bathymetric highs, debris lobes on the slopes, and thick
glaciomarine deposits in the basins (Joe et al., 2020; Polyak et al., 2007; Schreck et al., 2018;
Wang et al., 2013). The corresponding glaciogenic bedforms such as MSGL and morainic ridges
extend to the shelf edge at ~600—700 mwd (Dove et al., 2014; Jakobsson et al., 2008; Polyak et
al., 2007). At the southern Northwind Ridge, these deposits feature the SE-NW trending MSGL
indicative of an ice flow from the Laurentide Ice Sheet (Polyak et al., 2007). MSGL with a
similar orientation and depth range are also widely reported elsewhere from the Northwind
Ridge, Chukchi Cap, and Alaskan margin (Dove et al., 2014; Engels et al., 2008; Jakobsson et
al., 2005, 2008). The seismostratigraphic and bathymetric position of the T2 deposits indicates
their probable relation to the co-eval glacial event. The seismostratigraphic boundaries of U2,
including T2 (H2/H3, Figure 2a), apparently correspond to reflectors R2/R3 defined for the East
Siberian (Arliss Plateau) slope across the Chukchi Basin (Joe et al., 2020). These reflectors were
related to prominent IRD layers formed by the iceberg discharge pulses from the Laurentide Ice
Sheet during the deglaciations following and preceding MIS 4. Despite probable synchronicity
with a Laurentide-sourced ice advance inferred for more eastern areas, this glaciation on the
western Chukchi Rise apparently had a different provenance based on the S—N-trending
orientation of the MSGL on top of T2. According to this orientation, the main grounded ice was
located south of the Chukchi Rise at least at the late glacial stages. This inference is consistent
with the formation of a hummocky moraine south of the MSGL field (Figure 9a).
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The age controls for the older glacial deposits T4/T3 preserved in the study area only as
debris lobes on the slope are more speculative. The potentially largest glacial impact in the
Acrctic has been inferred for MIS 6 (late Middle Pleistocene, ca. 130-190 ka) based on a very
deep (>1 km) ice grounding on the Lomonosov Ridge in the center of the Arctic Ocean
constrained to this glacial interval (Jakobsson et al., 2001, 2010, 2014, 2016; Polyak et al.,
2001). Reconstructed circum-Arctic ice-sheet limits also show a very large extent for the
northern North America and the largest for the northern Eurasia (Batchelor et al., 2019 and
references therein). Glacial diamicton probably of this age has been recovered on top of the
northern part of the Northwind Ridge in front of a prominent morainic ridge (Dipre et al., 2018;
Jakobsson et al., 2010). A large pre-MIS 4 debris lobe on the East Siberian slope (Arliss Plateau:
Joe et al., 2020) may also belong to the MIS 6. A possible attribution of the glaciogenic T3
deposits to this glaciation is indirectly supported by the MSGL set formed at water depths to
>900 m on top of T3 and aligned with the direction towards the central Arctic Ocean (Figures 9a
and 10). Two glaciogenic lobes identified as subunits of T3 (Figure 4) indicate two glacial
events, possibly stages of the same glaciation.

The age of the oldest glaciogenic unit T4 can be considered in relation to the history of a
large-scale glacial erosion on the Chukchi margin/borderland. Based on regional airgun seismic
data, the glaciogenic erosional boundary occurs on top of deposits overlying the late Miocene
unconformity and is broadly attributed to Plio-Pleistocene (Hegewald, 2012; Hegewald & Jokat,
2013; Ilhan & Coakley, 2018). In sediment cores from the northern Northwind Ridge the contact
between pre-glacial and glaciogenic strata is constrained by cyclostratigraphy and strontium
isotope dating to MIS 16/20, ca. 0.7-0.9 Ma (Dipre et al., 2018; Polyak et al., 2013). This timing
corresponds to a prominent change in paleoclimatic conditions (Mid-Pleistocene Transition)
related to a shift in the prevailing orbital cyclicities and the development of huge ice sheets in the
Northern Hemisphere in the Middle Pleistocene starting with MIS 16 (Clark et al., 2006; Lisiecki
& Raymo, 2005).

Based on the airgun seismic data, there is one glaciogenic sedimentary package between
the reflector H5 (lower boundary of unit U4) and the initial glaciogenic unconformity (Dove et
al., 2014) (H6; Figure S3). This stratigraphy indicates that T4 was formed during the second
regional glacial event. If the first glacial expansion occurred in MIS 16 or somewhat earlier, the
T4 age can be placed somewhere in the lower part of the Middle Pleistocene, such as MIS 12
that was a prominent glaciation based on a sedimentary record from the Canada Basin (Dong et
al., 2017).

Constraining the outlined stratigraphic estimates more conclusively requires more
sediment cores, preferably with long records such as pursued by the International Ocean
Discovery Program (IODP). Our data may contribute useful information for developing an IODP
project in the Chukchi region.

6 Summary and conclusions

This study presents the detailed, high-resolution sub-bottom profiler (SBP) and
multibeam echosounder (MBES) data from the Chukchi Rise in the western Arctic Ocean. The
combined seismostratigraphic and morphobathymetric analysis sheds new light on the past ice-
sheet/ice-shelf distribution and dynamics and related sedimentary/geomorphic processes. Results
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of this study provide important empirical constraints for reconstructing Quaternary glaciations in
and around the Arctic Ocean.

Based on the acoustic character of sediments revealed by the SBP data, we identify four
seismostratigraphic units, U4-U1, each including acoustically stratified and transparent facies
classified as subunits S4-S1 and T4-T1, respectively. The transparent facies are interpreted as
glaciogenic sediments deposited during glacial events probably spanning most of the Middle to
Late Pleistocene (ca. 0.5-1 Ma). The older transparent deposits (T4/T3) are preserved on the
southwestern mid-lower slope of the Chukchi Rise as debris lobes contributing to a large trough
mouth fan identified on the regional airgun seismic records. On the upper slope to outer shelf,
these features are replaced by a younger, wedge- to sheet-shaped deposit (T2) with an erosional
lower boundary and glaciogenic bedforms at the surface, such as mega-scale glacial lineations
(MSGL), recessional morainic ridges, and hummocky moraines. The main T2 deposit at the shelf
break is interpreted as a glacial grounding zone wedge possibly formed during MIS 4 (ca. 60-70
ka). The youngest transparent deposit (T1), attributed to the Last Glacial Maximum (MIS 2, ca.
15-25 ka), occurs on the outer shelf at shallower water depths.

Two mapped sets of MSGL trending SSW-NNE on top of T3 on the middle slope and S—
N on T2 on the outer shelf demonstrate at least two fast ice-streaming events of different ages.
The older, deeper sited (ca 780-940 mwd) MSGL may be related to a passage of a large ice shelf
formed over the western Arctic Ocean. Contour-parallel, nested recessional-moraine ridges are
identified along the outer shelf to upper slope on top of the grounding zone deposits. Correlative
ridges are also mapped north of the main study area, thus indicating their distribution along the
entire Chukchi Rise margin. The well-developed ridges mark a stepwise retreat of the grounded
ice margin, likely controlled by rising sea levels during deglaciation(s). More random ridges at a
flatter bathymetric bench on the southwestern margin may indicate a faster retreat. The different
orientations of ice advances and retreats reflect a complex geomorphic setting of the borderland
that lacks major topographic controls typical for glaciated continental margins, such as cross-
shelf glacial troughs.

The seismostratigraphic and geomorphic data suggest that ice flow directions for all of
the identified glacial events were principally from the Chukchi continental margin south of the
study area. Based on the additional mapping and prior data, the same ice-sheet origin can be
projected for glaciogenic bedforms on the eastern side of the Chukchi Rise, along with the
evidence of ice flow(s) apparently originating from the northwestern Laurentide Ice Sheet. This
complex picture shows that the Chukchi Rise was an area of intense interaction(s) of different
ice-sheets/ice-shelves that affected the overall glaciation development in the Arctic Ocean.

In addition to glaciogenic deposits and bedforms, our data identify a number of related or
independent seabed features including mounds, gullies/channels, and sediment waves. Mounds,
presumably formed by gas seepage, grow from the surface of the T2 deposit, possibly triggered
by glaciogenic pressure effects. Buried gullies on the upper slope were likely incised by
proglacial turbid water flows, while fresh-looking, broad channels on top of the T1 deposit on
the shelf may be related to the pro- or subglacial drainage during the last deglaciation. Sediment
waves are characteristic for pre-glacial sediments on the middle slope, thus indicating active
hydrodynamic conditions at the intermediate water depths before the onset of major glaciations.
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