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Abstract

Glacigenic bedforms such as multiple glacial lineations and moraines on the Chukchi and East Siberian margins reveal recurrent
waxing and waning by voluminous ice masses. Despite their paleoclimatic significance, the timing, geographic distribution,
and mechanisms of these glaciations remain inadequately understood. To enhance our understanding of the Quaternary Arctic
glacial history, we study high-resolution swath bathymetry and subbottom profiling data with lithostratigraphy and provenance
of four sediment cores. These data characterize deposits of the last two glaciations at the Chukchi margin and adjacent basins. In
all cores, multiple peaks of plagioclase are prominent in both glacial intervals, probably reflecting predominant glacigenic input
from the East Siberian Ice Sheet (ESIS). Peaks of dolomite and quartz for tracing the Laurentide Ice Sheet sources occur around
the last glacial/deglacial interval and in sediment preceding the penultimate glaciation. By integrating seismostratigraphy with
sediment cores, we constrain the formation of mid-slope moraines on the western side of the Chukchi Rise to the penultimate
glaciation (estimated age range MIS 4 to 6). Considering the coeval glacial erosion off the East Siberian margin, our results
confirm that the ESIS at that time extended to water depths of “650/950 m on the Chukchi Rise/East Siberian margin. In
comparison, the last ESIS (MIS 2 to possibly 4) was smaller, with the identified seafloor imprint limited to water depths of

“450 m on the Chukchi Borderland, while its extent on the East Siberian margin remains to be determined.
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Key Points:

e The core-seismic integration provides stratigraphic constraints for the glacigenic
submarine bedforms on the Chukchi Rise.

e Spatial variability in sediment composition among the studied cores represents glaciation
centers on the Chukchi and East Siberian margins.

e The penultimate East Siberian Ice Sheet had an especially strong impact on seafloor
erosion and deposition into the western Arctic Ocean.
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Abstract

Glacigenic bedforms such as multiple glacial lineations and moraines on the Chukchi and East
Siberian margins reveal recurrent waxing and waning by voluminous ice masses. Despite their
paleoclimatic significance, the timing, geographic distribution, and mechanisms of these
glaciations remain inadequately understood. To enhance our understanding of the Quaternary
Acrctic glacial history, we study high-resolution swath bathymetry and subbottom profiling data
with lithostratigraphy and provenance of four sediment cores. These data characterize deposits of
the last two glaciations at the Chukchi margin and adjacent basins. In all cores, multiple peaks of
plagioclase are prominent in both glacial intervals, probably reflecting predominant glacigenic
input from the East Siberian Ice Sheet (ESIS). Peaks of dolomite and quartz for tracing the
Laurentide Ice Sheet sources occur around the last glacial/deglacial interval and in sediment
preceding the penultimate glaciation. By integrating seismostratigraphy with sediment cores, we
constrain the formation of mid-slope moraines on the western side of the Chukchi Rise to the
penultimate glaciation (estimated age range MIS 4 to 6). Considering the coeval glacial erosion
off the East Siberian margin, our results confirm that the ESIS at that time extended to water
depths of ~650/950 m on the Chukchi Rise/East Siberian margin. In comparison, the last ESIS
(MIS 2 to possibly 4) was smaller, with the identified seafloor imprint limited to water depths of
~450 m on the Chukchi Borderland, while its extent on the East Siberian margin remains to be
determined.

1 Introduction

The Arctic ice sheets, which were partially marine-based, played an important role in the
Earth’s climate system throughout the Quaternary glacial-interglacial cycles [Hu et al., 2010;
Peltier, 2007]. The growth and retreat of ice sheets at the Arctic perimeter resulted in reshaping
seafloor on the adjacent shelves and borderlands [Jakobsson et al., 2014 and references therein; S
Kim et al., 2021; O'Regan et al., 2017] along with shifts in sediment inputs and ocean circulation
in the Arctic Ocean [Clark et al., 1980; Dong et al., 2020; Jakobsson et al., 2016; Jang et al.,
2013; Stein et al., 2010; Xiao et al., 2021]. In this context, the Arctic Ocean sedimentary records
provide valuable geological evidence for reconstructing the glacial history and related
oceanographic changes.

Investigations of the impact of Quaternary glaciations on the Arctic Ocean have been
focused mainly on the large continental Eurasian and Laurentide ice sheets (EAIS, LIS) [Dalton
et al., 2019; Dalton et al., 2022; Gasson et al., 2018; Stein et al., 2010; Svendsen et al., 2004].
However, seismostratigraphic and swath bathymetry records from the Chukchi/East Siberian
margin provide increasing evidence for the past presence of a mostly marine-based East Siberian
ice sheet (ESIS) (Fig. 1a) [Dove et al., 2014; Jakobsson et al., 2008; S Kim et al., 2021; Niessen
et al., 2013]. The repeated occurrence of this voluminous ice sheet occupying a large portion of
the East Siberian and Chukchi shelves constitutes a previously overlooked, important component
of the Arctic glacial system. Recently collected geophysical and sediment core records suggest
that the major ESIS expansion into the Arctic Ocean eroded the Arliss Plateau off the East
Siberian margin (Fig. 1b) at water depths of ~950 m (mwd) during the late Quaternary [Joe et
al., 2020; Schreck et al., 2018]. A set of glacigenic bedforms, including contour-parallel
recessional moraines on the Chukchi Rise, an extension of the Chukchi margin (Fig. 1b), were
probably coeval with the glacial erosion on the Arliss Plateau [S Kim et al., 2021]. Furthermore,
geological fingerprints of the younger glaciation have been found in multiple sediment cores
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from the East Siberian/Chukchi margin and the adjacent Chukchi basin [Joe et al., 2020; Schreck
et al., 2018; Rujian Wang et al., 2013; Xiao et al., 2024; Ye et al., 2020]. Despite these advances,
the timing, geographic distribution, and mechanisms of these glacial events are poorly
understood.

In this study, we investigate high-resolution swath bathymetry and subbottom profiling
data and sediment cores from the Chukchi Rise and the adjacent Chukchi and Northwind basins
(Fig. 1b). Our goal is to develop an integrated regional seismo- and lithostratigraphy and to
identify depositional processes and sediment sources from the glaciated areas. Results will
provide new insights into the Late Pleistocene glacial history at the perimeter of the western
Arctic Ocean.2 Materials and Methods
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Figure 1. Physiographic maps of the Arctic Ocean (a) and study area (b) from IBCAQO v4
[Jakobsson et al., 2020]. In Fig. 1a, ice-sheet outlines from Batchelor et al. [2019]. GIS, LIS,
I1S, EAIS, and ESIS - Greenland, Laurentide, Innuitian, Eurasian, and East Siberian ice sheets.
Black, purple, and green arrows indicate inputs of quartz, detrital carbonate including dolomite,
and plagioclase from source regions, respectively. Fig. 1b presents sediment cores, survey track
lines, and glacigenic bedforms. Yellow and white circles show cores from this study and
references, respectively. For regional distributions of glacigenic bedforms, we used a shapefile
from Streuff et al. [2021]. MSGL and GZWs — mega-scale glacial lineations and grounding zone
wedges.
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2 Regional background

2.1 Sedimentation in the western Arctic Ocean

The Arctic Ocean is surrounded by the Eurasian and North American land masses, which
comprise complex terrains and associated lithologies [Fagel et al., 2014]. The peripheral geology
of Eurasia and North America has been used to infer the sediment provenances in the Arctic
Ocean [e.g., Dong et al., 2017; Phillips and Grantz, 2001; Zhang et al., 2021]. The Arctic marine
sediments are Quartz-dominant, which reflect variable quartz-bearing bedrock geologies of the
Acrctic peripheries. [Phillips and Grantz, 2001]. These ubiquitous provenances of quartz hamper
determining their origins in the western Arctic Ocean. However, feldspar is relatively abundant
in the East Siberian and Laptev seas compared to quartz [Darby et al., 2011; Vogt, 1997]. In this
regard, the quartz/feldspar ratio (Q/F) in the western Arctic Ocean presents a decreasing trend
from the North American margin (>2.5) to the East Siberian margin (<1.0), hence utilizing as an
effective index to distinguish the origin of the quartz source [Darby et al., 2011; Kobayashi et al.,
2016; Yamamoto et al., 2017; Zhao et al., 2022; Zou, 2016]. In the East Siberian and western
Chukchi seas, marine sediments present increases in igneous rock fragments and plagioclase
[Zhang et al., 2021; Zou, 2016]. Their distribution possibly indicates that coastal erosion and
river runoff from the northeast Siberian continent, including the Okhotsk-Chukotka volcanic belt,
contributes sediment input to the East Siberian and Chukchi margins (Fig. 1) [Dong et al., 2017;
Viscosi-Shirley et al., 2003; Zhang et al., 2021]. Detrital carbonates, including dolomite, are
common in the western Arctic Ocean compared to the eastern Arctic Ocean [Phillips and Grantz,
2001]. Radiogenic isotope studies indicate that the Paleozoic carbonate platform in CAA is the
main source of detrital carbonates in the western Arctic Ocean [Bazhenova et al., 2017; Dong et
al., 2020; Fagel et al., 2014]. In particular, the deposition of detrital carbonates is mainly
identified as pinkish coarse sediment layers in the Holocene and earlier sediment records from
the western Arctic Ocean, which indicates the collapse events of the Laurentide Ice Sheet in
Northern America (Fig. 1) [Dong et al., 2017; Jang et al., 2013; Phillips and Grantz, 2001; Stein
et al., 2010; Rujian Wang et al., 2013; Xiao et al., 2020].

2.2 Glacigenic submarine landforms and seismostratigraphy

Distinct, multiple glacigenic submarine landforms (bedforms) have been observed on the
seafloor of the East Siberian/Chukchi margin and the adjacent borderland (Fig. 1b). These
features include mega-scale glacial lineations (MSGLSs), morainic ridges, grounding zone wedges
(GZWs), subglacial till deposits, as well as pervasive iceberg scours [Dove et al., 2014;
Jakobsson et al., 2008; S Kim et al., 2021; Niessen et al., 2013; O'Regan et al., 2017; Polyak et
al., 2007; Polyak et al., 2001]. On the Chukchi side, the deepest MSGL fields are found at depths
exceeding 900 mwd. At shallower depths (600-700 mwd), contour-parallel, nested recessional
moraines, and grounding zone wedges characterize the seafloor of the Chukchi Rise and Plateau.
The shallowest bedform clusters are found at ~350-460 mwd of the Chukchi Rise and the
southern Northwind Ridge, comprising MSGLs and subglacial till deposits [Dove et al., 2014; S
Kim et al., 2021]. On the East Siberian side, several sets of MSGLs are identified between 900
and 1,200 mwd, including the MSGL set on top of the Arliss Plateau at 950 mwd [Niessen et al.,
2013]. The shallowest glacigenic feature is identified on the East Siberian slope at ~650-700
mwd [Niessen et al., 2013].
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Seismic reflection and acoustic investigations reveal that glacigenic sedimentary units
truncate pre-glacial strata on the outer shelf and upper slope of the Chukchi/East Siberian margin
[Dove et al., 2014; Jakobsson et al., 2008; S Kim et al., 2021; Lehmann and Jokat, 2022;
Lehmann et al., 2022; Niessen et al., 2013]. Stacked debris lobes on the middle to lower slopes
indicate voluminous sediment transport towards the adjacent basins, associated with the advance
and retreat of marine-based ice sheets [Dove et al., 2014; Joe et al., 2020; S Kim et al., 2021].
The deep basins off the Chukchi and East Siberian shelves act as depocenters for sediments
originating from ice-sheet margins and associated debris flows.

3 Materials and Methods
3.1 Data collection

3.1.1 Geophysical survey data

Multi-beam echo sounding (MBES) and high-resolution CHIRP subbottom profiling
(SBP) data were collected on the western Chukchi Rise during several expeditions of the RV
Araon in 2012-2019 (ARA03B-ARA10C) [S Kim et al., 2021]. In this study, we use the MBES
data recorded in a setting with a wide beam angle (-65° to 65°) and ARA09C SBP data with a
frequency range of 2.5-7.0 kHz. Mapped swath bathymetry with a 20-m grid resolution was
superimposed on the International Bathymetric Chart of the Arctic Ocean [IBCAO v. 4;
Jakobsson et al., 2020].

3.1.2 Sediment cores

This study uses four sediment cores from the Chukchi Rise and adjacent Chukchi and
Northwind basins (Fig. 1b and Table 1). Two gravity sediment cores, ARA09C/ST13-GC and
ARAQ9C/ST03-GC (hereafter ST13 and ST03), from the western flank of the Chukchi Rise,
were taken in front of a recessional moraine and from a sediment drape on the MSGL field,
respectively (Fig. 2B). ARA06C/04JPC (hereafter 04JPC) was taken with a jumbo piston corer
near a previously studied core 03MO03 from the Chukchi Basin [Rujian Wang et al., 2013].
ARAO03B/08GC (hereafter 8GC) was obtained from the Northwind Basin, which was reported by
Schreck et al. [2018]. In this study, only the upper parts of two cores, 04JPC and 8GC, are
presented for stratigraphic comparison with the Chukchi Rise cores (ST13 and ST03).

Table 1. Information on studied and reference cores.

Cruise Station Long. (E°) Lat. (N°) Water References
depth (m)
ARA06C 04JPC -172.68 76.43 2292 This study
ARA09C STO03 -170.32 75.92 829 This study
Koo et al. (2021)
ARA09C ST13 -169.74 75.67 624 This study
Koo et al. (2022)
ARAO03B 8GC -160.78 76.60 2160 This study
Schreck et al. (2018)
ARAO02B 16B-GC -175.97 76.40 1841 Joe et al. (2020)
ARC2 MO03 -171.93 76.54 2300 Wang et al. (2013)
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3.2 Sediment core analyses

3.2.1 Surface image, sediment color, and X-ray fluorescence (XRF) measurements

To provide a general characterization of lithostratigraphy, we employed core surface
images, sediment color indices L* (black-white) and a* (green-red), and X-ray fluorescence
(XRF) elemental composition. For two Chukchi Rise cores, ST13 and ST03, sediment color
indices were measured with a Minolta CM 2500d spectrophotometer on board during the Araon
expedition in 2018 (ARAQ9C). Surface images and elemental compositions of these cores were
obtained using an ITRAX scanner at the Korea Polar Research Institute (KOPRI). The ITRAX
scanner was equipped with a molybdenum (Mo) X-ray source operating at 30 kV and 30 mA
with a measurement time of 10 seconds. For the other two cores (04JPC and 8GC), sediment
color indices, surface images, and elemental compositions were measured with the Avaatech
XRF core scanner at the Korea Institute of Geoscience and Mineral Resources (KIGAM) [see
Schreck et al., 2018, for detailed measurement settings]. Manganese (Mn) and calcium (Ca)
contents defined major lithostratigraphic markers, such as Mn-enriched brown layers and detrital
carbonate interlayers. The down-core content of Mn was normalized to iron (Fe) to eliminate the
potential dilution effect of background sedimentation [Ferrat et al., 2012]. Normalization did not
include aluminum (Al) due to the possibility of unstable measurements when using a Mo X-ray
source. To determine the deposition of detrital carbonates, Ca values were normalized to
strontium (Sr) [Hodell et al., 2008].

3.2.2 Grain size analysis

To analyze grain size, this study used approximately 130 mg of freeze-dried bulk
sediment. Sediment samples were treated with 35% for 24 hours to decompose the organic
matter and then rinsed with deionized water. Each sample was sonicated with an ultrasonic
vibrator before the analysis. For cores ST13, ST03, and 8GC, the grain size was measured with a
Malvern Mastersizer 3000 Laser Diffraction Particle Size Analyzer at KOPRI. The grain size
analysis of core 04JPC was conducted using a Mastersizer 2000 at KIGAM.

3.2.3 X-ray diffraction (XRD) measurement

The bulk mineral composition of core sediments was measured by X-ray diffraction
(XRD) analysis. For two cores, 04JPC and 8GC, the XRD analysis was conducted using a
Philips X Pert Pro diffractometer equipped with a Cu-tube and Monochromator at the
Crystallography & Geomaterials Research Faculty of Geosciences of the University of Bremen,
Germany. Before the analysis, dried bulk sediment samples were ground to a fine powder
(particle size <20 um) and prepared using the Philips backloading system. Detailed measurement
settings are described in Vogt [2009]. Quantitative determination of Mineral contents was
conducted using the QUAX full-pattern analysis software [cf. Vogt et al., 2002]. For other cores
(ST13 and STO03), the bulk mineral composition was taken from earlier published data [H-J Koo
etal., 2021; H J Koo et al., 2022].

3.2.4 AMS *C age dating

For *C dating, we used carbonate tests of planktic foraminifers, mainly
Neogloboquadrina pachyderma (sin.), from two cores, ST03 and 04JPC (Table 2). Accelerator
mass spectrometry “*C analysis was performed at the MICADAS laboratory of the Alfred-
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Wegener Institute, Germany. For *C age calibration, we used the Calib 8.20 program
(http://calib.org) with the Marine 20 dataset [Heaton et al., 2020]. Calendar years were
calculated by applying marine reservoir ages of 800 and 1400 years as carbonate reservoir
correction for Holocene and pre-LGM Arctic Ocean sediments, respectively [Coulthard et al.,
2010; Hanslik et al., 2010].

Table 2. AMS *C ages and calibrated ages for planktic species N. pachyderma in two cores

04JPC and ST03 by Calibration program CALIB 8.20 and Marine20 dataset.
1 Reservoir Calib age median
Lab ID Core Depth (cm) C age (yr BP) (yr) probability (ka BP)
AWI 4253.1.1 | ARAD6C/04JPC 5-6 7,835+94 800 7.3
AWI 4254.1.1 | ARA06C/04JPC | 113-114 31,294+568 1400 335
AWI 12110.1.1 | ARA09C/ST03 151-152 >37,723 1400
AWI 12111.1.1 | ARA09C/ST03 159-160 >37,723 1400
AWI 12112.1.1 | ARA09C/ST03 166-167 >37,723 1400 >40.4
AWI 12113.1.1 | ARA09C/ST03 181-182 >37,723 1400
AWI 12114.1.1 | ARA09C/ST03 186-187 >37,723 1400
4 Results

4.1 Echo sounding records

4.1.1 Acoustic characteristics

The western flank of the Chukchi rise can be divided into three sectors based on the
seafloor geometry (Fig. 2): 1) the inner sector with high relief (~10-30 m high), 2) the depressed
middle sector with a smooth geometry, and 3) the outer sector with low relief (~5-10 m high)
(Fig. 2b). In the inner sector, the subseafloor records are characterized by well-stratified
sediments among the acoustically transparent materials (Fig. 2c). An acoustically transparent
material at ~620 mwd is wedge-shaped with an erosive basal contact, which coincides with the
outermost part of contour-parallel recessional moraines (Fig. 2a) [S Kim et al., 2021]. The
outermost moraine is up to 45 m thick, and its distal flank is covered by stratified sediments
(Figs. 2c, 3a). Downslope from the moraine, at least six acoustically (semi)transparent materials
with 10-30 m highs are observed without distinct lower boundary (Fig. 2c). There is also no
identifiable acoustic stratification even at their top. These bathymetric highs are identified as
mound-type morphologies [Fig. 2 in Y-G Kim et al., 2020]. Beyond the mound area, subseafloor
records present overall well-stratified reflection throughout the middle to outer sectors. The well-
stratified sedimentary succession thins outward. Despite the thinning of the sedimentary
succession, the internal reflection patterns remain well, which allows us to trace reflectors with
variable acoustic amplitudes from the middle sector to the outer sector. The outer sector with low
relief corresponds to a field of SSW-NNE trending MSGLs (Fig. 2A) [S Kim et al., 2021].
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Figure 2. (a) Multibeam bathymetry and (b-d) subbottom profiling data from the western
Chukchi Rise. See Fig. 1 for area location. MSGL - megascale glacial lineations.

4.1.2 Seismostratigraphy

In the well-stratified sedimentary succession, three prominent reflectors (R1, R2, and Ry)
can be defined on the basis of their strong reflectivity, lateral continuity, and stratigraphic
position with the recessional moraine (Figs. 3a, b). R1 represents the seafloor surface. A laterally
continuous, strong reflector between R1 and the top of the recessional moraine is defined as R2.
Rm is closely related to the erosive lower boundary of the recessional moraine (Fig. 3a). The
acoustically (semi)transparent mounds downslope from the recessional moraine hinder tracking
reflectors. However, the three defined reflectors on the MSGL field could be determined based
on consistent reflection patterns in the stratified succession beyond the mound area. As a result,
the top of the buried MSGLs lies stratigraphically below Ry, (Fig. 3b). R1 and R2 correspond to
the high-amplitude seismic reflections H1 and H2 defined by S Kim et al. [2021], respectively.
Rm has the same stratigraphic position with a lower boundary of unit T2, interpreted as a
grounding zone wedge and/or glacigenic debris flow deposits on the Chukchi Rise and its
western slope in S Kim et al. [2021].

A sedimentary layer bounded by R1 and R2 is designed as a seismostratigraphic unit 1
(SSU 1). The SSU 1 consists of parallel, laterally continuous reflectors with moderate to strong
amplitudes. Near the outermost recessional moraine, this unit is about 3 m thick and thins to
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about 1.5 m on the MSGL field (Figs. 3a, b). Below SSU 1, SSU 2, which is bounded by R2 and
Rm, can be further divided into two subunits by a reflector indicating the top of the moraine (Fig.
3a). Near the moraine, the upper subunit is characterized by subparallel, discontinuous reflectors
with weak to moderate amplitudes. The lower subunit, related to the moraine formation, presents
somewhat chaotic echo characters. In particular, this subunit has an unconformable contact with
the slightly folded older sediments. On the MSGL field, SSU 2 is characterized by laterally
continuous reflectors with moderate to strong amplitudes parallel to the geometry of the MSGL
top (Fig. 3b). This reflection pattern blurs downward, becoming more transparent. SSU 2 is
about 3.5-4 m thick in front of the moraine and thins to about 3 m on the MSGL field.

SSU1 A
Parallel 3m
stratification |
R2
5T SSuU 2 4
v 3. "’j 4 .. ¥
‘Recessional Sub-parallel
i stratification
moraine 3.5~4m
Moraine v
Rm
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"~§‘~- = R1
SSU 1
I1.5~2 m
R2
SSuU 2
Parallel to the
geometry of
MSGLs A
Rm
MSGLs

770 mwd

Figure 3. Zoom in on subbottom profiles characterized by glacigenic bedforms on the western
Chukchi Rise with a seismostratigraphic explanation. (a) Recessional moraine on the western
slope of Chukchi Rise. (b) Buried MSGLs on the lower slope.
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4.2 Sediment core records

4.2.1 Lithostratigraphy

Four sediment cores from the Chukchi Rise and adjacent Chukchi and Northwind basins
are mainly characterized by alternations of brownish and grayish layers, similar to many Arctic
Ocean sediment records [e.g., Jakobsson et al., 2000; Polyak et al., 2009; Stein et al., 2010] (Fig.
4). In addition, the transition zones between the brown and gray layers may be composed of
yellowish and/or olive sediments. Several peaks of Mn content (expressed as Mn/Fe ratio) are
observed in each core (Fig. 4). The increase in Mn content is matched with relatively low L*
(darker) and high a* (reddish) values. Most brown, Mn-enriched layers have a relatively sharp
and even upper boundary and a bioturbated lower boundary with brown mottles (red box in Fig.
4). In this study, these explicitly Mn-enriched intervals are defined as the B units (B1-4) (Fig. 4).
Some of the transitional intervals, such as at 240-280 cm in core 8GC (blue box in Fig. 4), have
interlaminated high- and low-Mn layers, apparently without bioturbation. Similar interlamination
has been reported for other cores off the Chukchi/East Siberian margin [Rujian Wang et al., 2013;
Xiao et al., 2024].

Grayish units (G) are more variable in color and are overall thicker than the brown units
(Fig. 4). The upper gray unit (G1) between B1 and B2 generally thins out from the Chukchi Rise
(cores ST13 and ST03) toward the basins. However, the second gray unit (G2) between B2 and
B3 is thicker in the Chukchi Basin (core 04JPC) than on the Chukchi Rise. The Mn content of
grayish units is overall low. In cores 8GC, ST13, and ST03 from the Northwind Ridge and
Chukchi Rise, the upper part of G1 consists of dark gray sediment containing pinkish particles
with an increase in Ca expressed as the Ca/Sr ratio (Fig. 4). This gray interval is massive at its
bottom but becomes more stratified toward the top with alternating lighter and darker layers. In
this study, we define this interval as a dark gray (DG) unit. Below this unit, a prominent Ca peak
is identified above B2 in all cores. This interval generally consists of pinkish-white sediments
with relatively high L* and a* values. Another pinkish layer with an abrupt increase in Ca
content is observed near B3. The stratigraphic positions of these two intervals are consistent with
the peaks of pinkish-white detrital carbonates in cores from the western Arctic Ocean, where the
upper peak has been designated as W3 [Clark et al., 1980; Jang et al., 2023; Polyak et al., 2009;
Schreck et al., 2018; Stein et al., 2010].
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Figure 4. Lithostratigraphy of study cores based on core images, color indices (L*, a*), and XRF
Mn/Fe and Ca/Sr ratios. See Fig. 1 for the core location. Light brown, pink, and yellow
horizontal bars indicate the intervals of brown units B1-B3, pinkish-white layers with detrital
carbonates (including layer W3), and dark gray interval (DG), respectively. Gray units G1-G2
are not highlighted. Red and blue boxes show zoomed-in images of the homogenous and
laminated brownish intervals. Calibrated **C ages are shown for cores ST03 and 04JPC (see
Table 2). Two alternative age models (MIS for Marine Isotope Stages; H for Holocene) are
shown on the right; see text for more explanation.

4.2.2 Grain size

The brown units B1-B4 generally consist of mud to sandy mud, containing approximately
5-20% coarse particles larger than 63 pm. The overall content of clay and silt ranges from ~30%
to 60% (Fig. 5). The gray units G1-G2 exhibit geographic variability in grain size. In cores 8GC,
ST13, and STO3 from the Chukchi Borderland and Rise, G units are composed of silty to sandy
mud and some coarse particles. In contrast, G units in core 04JPC from the Chukchi Basin are
finer-grained without coarse particles. On the Chukchi Borderland, the G1 unit is characterized
by increased silt and coarse particle content at the bottom of the DG unit. In the Chukchi Basin,
the G1 unit of core 04JPC exhibits an up-core increase in the silt content while the clay content
decreases upward. In core 8GC (Northwind Basin), the G2 unit shows an increase in the silt
content in the lower part, followed by a decrease above ~220 cm of the core depth (Fig. 5). The
up-core variations in clay and coarse particle contents are opposite to the silt content. In core
STO03 (western Chukchi Rise), the silt content is relatively low in the lower part (328-375 cm). In
the upper part, the silt content increases upward and decreases above 245 cm. The up-core
variations in clay and coarse particle contents anti-correlate with the silt content. Similar
characteristics are present in core 04JPC. Pinkish layers mainly consist of sandy mud. Their silt
content is lower (~35-58%) than the DG unit (Fig. 5). The pink-white layer W3, identified above
the B2 unit, gradually increases the clay content from the Northwind Basin to the Chukchi Basin.
Another pinkish layer near the B3 unit shows no apparent geographic variation in grain size.
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Figure 5. Down-core variation in major grain size fractions. Lithology and age interpretation as
in Fig. 4.

4.2.3 Quartz, Plagioclase, and dolomite contents

The major minerals in the investigated sediment cores are quartz and plagioclase, which range
from 16.4% to 25.2% and from 10.8% to 13.3% in average values, respectively (Fig. 6).
Dolomite is relatively minor (1.4-5.0% on average), but increasing (up to ~32.6%) prominently
in specific lithostratigraphies. Increases (up to ~40%) in quartz content are identified within and
above the DG unit. In the upper part of the G1 unit, including the DG unit, variations in
plagioclase are anti-correlated with those in quartz. Below the DG unit, the content of
plagioclase is relatively high with small fluctuations similar to quartz variations. Dolomite
increases slightly in the B units, while its abundance is very low in the G units. Pronounced
dolomite peaks are identified in the DG unit and pinkish layers, corresponding to decreases in
plagioclase. In all cores, the Q/F ratio generally co-varies with dolomite. In core 04JPC (Chukchi
Basin), the Q/F ratio ranges from 0.2 to 0.9, with an average value of 0.4. In comparison, cores
ST13 and ST03 (Chukchi Rise) have a higher Q/F ratio (>1). The spatial variation in the Q/F
ratio in our cores is generally consistent with its increase from the East Siberian margin to the
Alaska margin [Darby et al., 2011; Kobayashi et al., 2016; Yamamoto et al., 2017; Zou, 2016].
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Figure 6. Down-core variation in bulk mineral composition (quartz, plagioclase/K-feldspar
(Plg/KFS), dolomite, quartz/feldspar (Q/F)). Lithology and age interpretation as in Fig. 4.

4.2.4 AMS *C ages

In core 04JPC, the **C ages of 7.3 cal. ka and 33.5 ka were obtained at 5-6 cm in the B1
unit and 113-114 cm in the B2 unit, respectively (Fig. 4). In core STO03, three *C ages measured
in intervals from 151 cm to 187 cm, including the W3 layer and B2 unit, are older than 40 ka

(Fig. 4).
5 Discussion

5.1 Lithostratigraphic chronology

The chronology of the Arctic Ocean sediments is a matter of prolonged debate. Some
studies propose chronostratigraphic constraints based primarily on the radiogenic isotope
chronology [Song et al., 2024 and references therein] or paleomagnetic inclination pattern
[Frederichs, 1995; Steuerwald et al., 1968]. Other authors focus on the cyclic lithostratigraphic
alternation interpreted as a succession of glacial and interglacial/interstadial periods [e.g.,
Jakobsson et al., 2000; Polyak et al., 2009; Stein et al., 2010]. While the chronostratigraphic
methods arguably provide geochronological constraints for specific tie points, the
litho/cyclostratigraphic approach offers a more comprehensive linkage to the climatic history.
This linkage is especially evident in areas affected by glaciations, such as the Chukchi-East
Siberian margin [Joe et al., 2020; Polyak et al., 2007; Xiao et al., 2024]. However, establishing
the age framework for glacial events requires calibration of the lithostratigraphy by independent
age constraints, which is problematic for deposits older than the last deglaciation. While multiple
14C ages have been generated for sediments underlying the last apparent glacial interval, such as
in unit B2 (Fig. 4), these ages are uniformly older than ~35 ka and cannot be definitively
interpreted. Considering these uncertainties, we do not define the absolute age model for the
recovered stratigraphy but refer to the main lithostratigraphic units as the last and penultimate
glacial/interglacial(interstadial) deposits with a discussion of the possible age range. This
approach is adequate for coupling glacial dynamics imprinted in glacigenic bedforms with
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368  depositional environments and provenance indicated by sediment cores, thus reconstructing the
369  regional glacial history.

370 Lithostratigraphic units identified in cores under study based on lithological

371 characteristics, including sediment color and structure, grain size, and Mn and Ca variations (Fig.
372 4), are correlative to the previously investigated sediment cores from the western Arctic Ocean
373  [e.g., Adler et al., 2009; Joe et al., 2020; Polyak et al., 2009; Schreck et al., 2018; Stein et al.,
374  2010; Zhang et al., 2019]. Dark brown units represent interglacial/major interstadial

375  environments, consistent with **C ages from the uppermost interval B1 corresponding to the
376  Holocene (Fig. 4). The previous brown unit B2 has been attributed in most studies to the MIS 3
377  interstadial (between ca. 25 and 60 ka). However, considering the uncertainty with the

378 consistently old **C ages in this interval, we cannot exclude its older age, such as the last

379  interglacial (ca. 115-130 ka), i.e., Eemian. Until independent chronostratigraphic tools resolve
380  the age model, we refer to this unit as a penultimate interglacial/interstadial interval.

381  Accordingly, the grayish glacial units G1 and G2 may correspond to MIS 2/4 and MIS 4/6,

382  respectively (Fig. 5). The dark gray (DG) unit is consistently observed in sediment cores from
383  the Chukchi Rise and Northwind Basin in the upper part of G1. A correlative interval in cores
384  from the Chukchi margin characterized by abundant coal particles was constrained to the early
385  part of the last deglaciation, around 12-15 ka [Zhang et al., 2019]. Intervals with high/low-Mn
386 interlamination, such as below the B2 unit, have also been attributed in cores off the

387  Chukchi/East Siberian margin to deglacial processes [Rujian Wang et al., 2013; Xiao et al.,

388 2024].

389 5.2 Stratigraphic constraints for glacigenic submarine landforms

390 In the seismic record from the western Chukchi Rise, the sub-seafloor reflector R2

391  correlates with the pinkish-white detrital carbonate layer W3 (Figs. 7A, B). This reflection

392  pattern might be comparable to the East Siberian margin data, including the adjacent Arliss

393  Plateau [Fig. 6 in Joe et al., 2020]. However, in the Chukchi Rise records, the SSU 1 above R2 is
394  characterized by a distinct stratification with moderate to strong amplitudes, differing from a

395  transparent to slightly fuzzy SSU 1 signature on the eastern slope of the Arliss Plateau [Joe et al.,
396  2020]. This stratification is apparently related to the deposition of the DG unit localized on the
397  Chukchi Rise and adjacent areas (Figs 7A, B). The next significant reflector, Rm, corresponds to
398  the lower boundary of the outermost recessional moraine on the Chukchi Rise (Fig. 7A), marking
399 the ice grounding event [S Kim et al., 2021]. A stratigraphically short core ST13 does not recover
400  sediments corresponding to Rm. However, in the deeper MSGL field, the reflector corresponding
401 to Rm correlates with the sandy interval in the lower part of the G2 unit in core ST03 (Fig. 7B).
402  This sandy sediment probably indicates that the deposition of the G2 unit is related to the

403  formation of the outermost moraine on the western Chukchi Rise. Based on these

404  seismostratigraphic constraints, SSU 1 and SSU 2, bound by the reflectors R1-R2 and R2-Rm,
405  correspond to the last two glacial cycles affecting the Chukchi/East Siberian margin. The MSGL
406  mapped at deeper water depths is buried or draped by well-stratified sediments with a more

407  extended stratigraphy (Fig. 7B) and thus represents an older glaciation, consistent with the

408 interpretation of S Kim et al. [2021].

409
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Figure 7. Core-seismic correlations on the western Chukchi Rise. (a) Subbottom profiling data
(SBP) and core ST13 collected near a recessional moraine on the slope of the Chukchi Rise. (b)
SBP and core ST13 record from deposits on top of MSGLs on the lower slope. See Figs. 2 and 3
for location and seismostratigraphic explanation, respectively. LG and PG — last glacial/deglacial
and penultimate glacial/deglcial.

5.3 Sediment deposition and provenance

The elemental composition of sediments in the Arctic Ocean can provide initial clues to
their origin. In particular, Ca peaks in the Arctic Ocean sediments generally correspond to the
enhanced input of detrital carbonates, indicating primarily glacier-derived products of carbonate
rocks from the Paleozoic platform in the Canadian Arctic Archipelago (CAA) [Bazhenova et al.,
2017; Dong et al., 2017; Polyak et al., 2009; Stokes et al., 2005]. This affinity is supported by a
good correspondence of the XRF Ca/Sr ratio (Fig. 4) and XRD dolomite peaks (Fig. 6). The
prominent peaks in both proxies co-occur with the pinkish-white layers or lenses used as markers
of iceberg discharge events from the western CAA area of the LIS [e.g., Clark et al., 1980;
Polyak et al., 2009; Stein et al., 2010]. These dolomite-rich intervals at the B3 unit, the W3 layer,
the DG unit (the last deglaciation), and the bottom of the B1 unit (early Holocene) in the studied
cores are consistent with the lithostratigraphy of other western Arctic Ocean records [Dong et al.,
2017; Joe et al., 2020; Schreck et al., 2018; Xiao et al., 2024].

In addition to dolomite, other minerals can provide further insight into sediment
provenance. The abundant presence of quartz is contributed by multiple Arctic sources, including
much of the Siberian margin and parts of the Canadian Arctic [Phillips and Grantz, 2001]. High
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values of quartz/feldspar (Q/F) ratio, such as in and above the DG unit (Fig. 6), have been
associated with inputs to the Chukchi margin from Alaska and the Mackenzie River area
[Kobayashi et al., 2016; Vogt, 1997; Zou, 2016]. In comparison, the G1 and G2 units exhibit an
increased plagioclase content (Fig. 6), more indicative of the Siberian margin [Zhang et al., 2021;
Zou, 2016].

Abundant coarse particles (>63 um) are primarily associated with detrital carbonate
layers (Fig. 5), consistent with their iceberg-rafted origin. However, the size of iceberg-rafted
debris (IRD) depends on the type of deposits eroded by glaciers. While the LIS-eroded Paleozoic
platform produces large amounts of coarse fragments [Dong et al., 2017; Dong et al., 2020;
England et al., 2009; Polyak et al., 2009], this is not the case for unconsolidated clay-rich
sediments of the Siberian shelves. As a result, glacial stratigraphic intervals with Siberian
provenance in western Arctic cores are commonly fine-grained [Dong et al., 2017; Dong et al.,
2020; Rong Wang et al., 2021; Xiao et al., 2024, Ye et al., 2020]. This pattern is consistent with
the clay-rich G units in core 04JPC from the Chukchi Basin (Fig. 5). Notably, the G2 unit in this
and a nearby core 03MO03 [Rujian Wang et al., 2013] shows an expanded thickness. This
sedimentary environment likely represents the deposition of glacial turbidites from the adjacent
glaciated Chukchi/East Siberian margin to the Chukchi Basin as under- and/or overflows [Dove
et al., 2014; Joe et al., 2020]. In comparison, the younger glacigenic unit G1 shows the highest
thickness in core ST13 from the upper slope of the Chukchi Rise, possibly indicating its
proximity to the marine-based ice sheet sourced from the Chukchi shelf.

5.4 Glaciation impacts on the Chukchi Borderland

Based on the developed provenance and litho/seismostratigraphic constraints combined
with previously investigated seismic and sediment core records from adjacent areas [Dong et al.,
2017; Dong et al., 2020; Joe et al., 2020; S Kim et al., 2021; Polyak et al., 2007; Rong Wang et
al., 2021; Xiao et al., 2024; Zhang et al., 2019], we reconstruct major glacial events that affected
the Chukchi margin during the Late Quaternary. The investigated sediment cores did not recover
glacial deposits referred to as the deeper MSGL field on the lower slope of the Chukchi margin,
based on geophysical data (Figs. 2, 3) [S Kim et al., 2021]. In our records, the oldest iceberg
discharge event in the studied cores may correspond to MIS 5.1, as suggested by several studies
from the adjacent areas [Dong et al., 2017; Dong et al., 2020; Joe et al., 2020; Schreck et al.,
2018; Rong Wang et al., 2021]. However, studies using a different chronostratigraphic approach
based on the uranium-series radiogenic isotopes infer an older age, possibly as old as MIS 7
[Song et al., 2024].

The G2 unit is associated with the ice grounding event resulting in the deposition of the
outermost recessional moraine on the western Chukchi Rise [S Kim et al., 2021]. This glaciation
corresponds to the last glacier erosion on the Arliss Plateau (core 16B-GC; Fig. 1) [Joe et al.,
2020]. The sediment composition of the G2 unit, characterized by high plagioclase content and
the absence of dolomite/detrital carbonate (Fig. 6), indicates inputs from the East
Siberian/Chukchi margin. A similar provenance has been shown for a correlative interval in
cores from the adjacent areas, including the Northwind Ridge [Dong et al., 2017; Dong et al.,
2020; Rong Wang et al., 2021; Ye et al., 2020]. This depositional pattern, with little to no input
of CAA-sourced material, means that the Chukchi Rise and at least part of the Northwind Ridge
were probably covered by the grounded ice from the East Siberian/Chukchi margin and/or its
ice-shelf extension, which prevented the inflow of icebergs from the LIS (Fig. 8a). This
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conclusion is consistent with evidence from seismostratigraphy and seafloor morphology
indicating that the grounded ice mass spread from the Chukchi shelf onto the Chukchi Rise
[Dove et al., 2014; S Kim et al., 2021]. Based on the distribution of glacigenic bedforms, such as
morainic ridges and MSGL [Dove et al., 2014; Jakobsson et al., 2008; S Kim et al., 2021;
Niessen et al., 2013], the ice grounding line extended to 600~700 mwad on the Chukchi Rise and
nearly 950 mwd on the East Siberian margin (Fig. 8a). This configuration suggests that the major
ice center was likely located on the East Siberian shelf. Nevertheless, a smaller Chukchi ice
center (dome) was sufficiently large to control ice flow to the outer Chukchi margin, probably
coalescing with ice from the East Siberian margin into one large ice sheet [Jakobsson et al., 2014;
Lehmann and Jokat, 2022]. Multiple directional bedforms, such as MSGL, indicate that a
significant part of the Chukchi Borderland, especially the Northwind Ridge, was overridden by
an ice shelf extending from the LIS at some point [Dove et al., 2014; Jakobsson et al., 2014;
Polyak et al., 2007]. MSGLs at the base of the Northwind Ridge with the LIS-sourced trajectory
have been constrained to a pre-LGM, possibly MIS 4 glaciation [Polyak et al., 2007], but older
MIS 6 age cannot be excluded, as discussed above. This morphological configuration indicates
potentially complex interactions of the LIS and Chukchi/East Siberian ice masses in this region,
which is critical for comprehending the overall dynamics of Arctic marine-based ice sheets
during the Late Quaternary. Further coupled geophysical and geological studies of the Chukchi
Borderland are needed to understand these interactions.

The G1 unit, including the last deglacial deposits, differs considerably from the G2 unit.
The characteristic feature of G1 is the abundance of detrital carbonate peaks, expressed by XRF
Ca (Ca/Sr ratio) and dolomite content (Figs. 4, 6). In the upper part of the B2 unit, the deposition
of the W3 layer is indicative of the LIS iceberg discharge event(s). This stratigraphic position
could correspond to the onset of the Late Wisconsinian glaciation in the last MIS 3, soon after
about 40 ka BP [Dalton et al., 2019], or to MIS 4. Younger carbonate peaks are prominent in the
DG unit (last deglaciation) and at the base of the B1 unit (Holocene), correlative with the post-
LGM deglacial records from the Chukchi and East Siberian margins [Schreck et al., 2018; Xiao
et al., 2024; Ye et al., 2020; Zhang et al., 2019]. This pattern can be explained by short-term
deglacial surges of the CAA and Mackenzie lobes of the northwestern LIS, recorded in several
higher-resolution sediment cores collected from the Chukchi-Alaskan margin [Klotsko et al.,
2019; Zhang et al., 2019]. In the last deglaciation interval, the maxima in quartz and dolomite are
interrupted by increases in plagioclase (Fig. 6). This composition indicates a discharge event
from the Chukchi/East Siberian side. Previous studies show the impact of the Chukchi ice center
during the LGM, based on geophysical data from the Chukchi Rise and southern Northwind
Ridge, as well as sediment cores from the latter area and the adjacent Chukchi-Alaskan margin
[S Kim et al., 2021; Polyak et al., 2007; Zhang et al., 2019]. The LGM ice grounding on the
southern Northwind Ridge was initially attributed to an ice mass extending from the LIS [Polyak
et al., 2007]. However, the MSGL pattern at the nearby margin of the Chukchi Rise indicates a
more likely direction of the LGM ice movement from the Chukchi shelf [S Kim et al., 2021]. The
southern boundaries of this grounded ice mass have not been defined thus far due to intense
seafloor erosion and sediment accumulation on the shallow shelf [Dove et al., 2014].
Nevertheless, based on the available data, it can be estimated that the ice extent during the last
glaciation was more restricted than during the previous glaciation of the Chukchi margin, with
the LGM grounding line constrained to less than 450 mwd (Fig. 8b) [S Kim et al., 2021; Polyak
et al., 2007].
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Figure 8. Inferred major glacial inputs to the Chukchi/East Siberian margin and ESIS grounding
lines (yellow lines) during the last two glaciations. (a) The penultimate glaciation; note the
grounding line change from ~950 mwd at the East Siberian margin to ~650 mwd at the Chukchi
margin. (b) The last glaciation (grounding line shown for the Chukchi margin only). White and
pinkish arrows for grounded ice movement and major iceberg events, respectively. The overall
ESIS outline (white-dashed line) is adapted from Lehmann and Jokat [2022] and Lehmann et al.
[2022].

Based on variations in bulk mineral composition of core 04JPC (Fig. 6), the deglacial LIS
signature does not extend to the Chukchi Basin except for the lower part of the B1 unit, probably
corresponding to the late deglacial stage ca. 9.5 ka BP [Stokes et al., 2009]. This pattern,
consistent with other cores west of the Chukchi Rise [Schreck et al., 2018; Zhang et al., 2019],
could be related to a lingering ice shelf in this area, which blocked access to icebergs drifting
from the LIS. Instead of the L1S-sourced material, an increased plagioclase content in the lower
part of the G1 unit (Fig. 6) and a correlative clay mineral assemblage in core 03MO03 [Ye et al.,
2020] indicate the predominance of Siberian inputs. However, it remains to be determined
whether this composition is related to the East Siberian or Chukchi shelves. More seafloor data
from the East Siberian margin are needed to verify the potential presence of the ESIS during the
LGM.

6. Conclusions

To gain insight into the complex glacial history of the Chukchi/East Siberian Arctic
margin, we investigated high-resolution swath bathymetry and subsurface seismostratigraphic
records and sediment cores from the Chukchi Rise and the adjacent Chukchi and Northwind
basins with a focus on the last two glaciations.

The penultimate glacial/deglacial interval has an estimated age range from MIS 6 to MIS
4/early MIS 3. For this period, the sediment records are predominantly characterized by
Siberian—sourced material with high plagioclase content and rare or absent dolomite. This
composition suggests that there were either minimal or no sediment inputs from icebergs
originating from the Laurentide Ice Sheet. In comparison, peaks of iceberg-rafted debris
(dolomite combined with high quartz content) from the Canadian Arctic Archipelago provenance
were prominent above and below this interval. These variations in mineral composition indicate
the extension of the East Siberian/Chukchi ice masses (marine-based glacier/ice shelf) to the
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Chukchi Rise, which prevented iceberg transport from the LIS. By integrating
seismostratigraphy with sediment core lithostratigraphy, we constrain the moraine formation at
~600-650 mwad on the western slope of the Chukchi Rise to this glaciation. Considering the ~950
mwd of the correlative glacial erosion on the Arliss Plateau, our results confirm that the ESIS
extended to water depths of ~650 m on the Chukchi Rise and about 300 m deeper on the East
Siberian margin. This distribution of the ESIS extent indicates that its major ice spreading center
was likely located on the East Siberian margin, with a considerably large additional center on the
Chukchi shelf.

In comparison, sediments of the last glaciation and deglaciation (MIS 2 to possibly MIS
4) have multiple peaks of dolomite and quartz, indicating prominent inputs of the LIS material.
The upper part of this glacial unit in cores from the Chukchi Rise and the Northwind Basin
contains a characteristic dark gray sediment. This interval likely represents early deglacial input
from the Mackenzie area, as previously identified in multiple cores from the Chukchi margin
[Xiao et al., 2024; Zhang et al., 2019]. An intermittent deglacial interval with the Siberian
provenance indicates inputs from the Chukchi/East Siberian shelf areas. In the Chukchi Basin,
the corresponding glacial to deglacial interval is mainly characterized by the Siberian provenance
except for peaks of the LIS material at the onset of the last glacial unit and late deglaciation,
which is consistent with clay mineral data in the correlative records. This Siberian signature
indicates the potential presence of a grounded LGM ice at the East Siberian margin during MIS
2. However, further geophysical/geological investigations are needed to verify this glacial
advance.
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