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The presence of a late Quaternary ice sheet/ice shelf over the East Siberian Sea has been proposed in several papers.
Here, we further document its duration/resilience based on the sedimentary, bulk mineralogical, and geochemical
(organic matter content and its stable isotopic composition, U-Th series) properties of a core raised from the
southernmost Mendeleev Ridge. The chronostratigraphy of the studied core was mainly built from the 230Th excess
(230Thxs) distribution and decay downcore. At the core-top, peaking 230Thxs values during the earlyMIS 3 and mid-
MIS1 encompassinganMIS2hiatuswereobserved.Asdocumented in several papers, these peaks suggest seasonally
openiceconditionsoverproximalcontinental shelves.Below, the interval spanningMIS4andpossiblyMIS5drecords
major ice-rafting events illustrated byoverall high coarse-fraction contents.UnderlyingMIS 5e, down toMIS 11, the
sediment depicts relatively low sand (1.7�2.5 dw%), high clay (33.5�4.7 dw%), and very low organic carbon
(0.10�0.06 dw%) contents, and low d13Corg values (�24.3�0.9&). This section is interpreted as recording fine
sediment transport by deep currents and/or meltwater plumes below a resilient ice cover, only interrupted by a few
short-duration events. These events include (i) detrital carbonate pulses assigned to deglacial events along the NW
Laurentide Ice Sheet margin (Termination (T) III), and (ii) intervals with some planktonic foraminifer occurrences,
likely relating to their advection fromopenareasof theArcticOcean (MIS5e, 9 and11).AllTerminations, butTII and
the earlyMIS 3, show peakingMn/Al values linked to the submergence of Arctic shelves under a rising sea level. We
concludethat theresilient icecover, likelyan iceshelf,hasbeenpresentover thesouthernMendeleevRidgeduringmost
of the interval after theMid-PleistoceneTransitionandwas favouredbythe lowsummer insolationof theMIS14 to10
interval.
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The existence of ice shelves in the Arctic Ocean has been
proposed for more than one century (e.g. Thomson
1888). Based on the observations of glacial scouring and
glacigenic landforms on the sea floor of the Lomonosov
Ridge, Northwind Ridge, Chukchi Plateau, and Chuk-
chi Rise, Polyak et al. (2001) proposed that a 1-km-thick
ice shelf covered theArctic Ocean during the Pleistocene
glaciations. This finding was supported by the sea floor
mapping at the Arlis Plateau and southern Mendeleev
Ridge (e.g. Jakobsson et al. 2010, 2016). Recently, the
presence of an ice sheet anchored over the East
Siberian shelves was further proposed based on the
observations of glacial scourswithmultiple orientations
(e.g. Niessen et al. 2013; Dove et al. 2014) and a glacial
trough on the East Siberian–Chukchi seas margin
(O’Regan et al. 2017), with supporting ice model
simulations (Gasson et al. 2018; Batchelor et al. 2019).
Using a 3D thermo-mechanical ice-sheet model, Col-
leoni et al. (2016) suggested that the hypothesized ice
body that expanded over the East Siberian continental
margin might have been an ice shelf. Although the East
Siberian Ice Sheet scenario has been adopted in several
studies to decipher the environmental and sedimenta-
tion changes in the western Arctic Ocean (e.g. Dong
et al. 2017, 2020; Ye et al. 2020; Wang et al. 2021;
Alatarvas et al. 2022;Zhao et al. 2022), arguments against

thepresenceof agrounded ice sheet over theEastSiberian
shelves have been posed in several studies (e.g. Sher 1995;
Brigham-Grette 2013) and have been supported by field
investigations (Gualtieri et al. 2003;Nørgaard et al. 2023).
Considering the low precipitation rate over the Arctic
during glacials (Kageyama et al. 2021), which did not
allow the formation of an ice sheet over the areas around
the East Siberian Sea (Brigham-Grette 2013), the East
Siberian Ice Shelf (henceforth ESIS) scenario appears
more likely and is accepted in this study. The presence of
an ESIS, either as an extension of the Beringia ice cap
(Colleoni et al. 2016) or an ice body fed by the ice floes
from the Laurentide Ice Sheet (LIS) (Engels et al. 2008;
Jakobsson et al. 2008), could have led to the glacial
scouring over the Northwind Ridge and Chukchi Sea
Borderland areas (Polyak et al. 2001; Niessen et al. 2013).

Theageanddurationof theESIS,withorwithoutbeing
related to an ice sheet, have not been determined with
certainty yet. Its prevalent assignment to Marine Isotope
Stage (MIS) 6 and/or MIS 4 (e.g. O’Regan et al. 2017;
Alatarvas et al. 2022) was mainly based on equivocal
ecostratigraphical inferences (e.g. Jakobsson et al. 2001;
Backman et al. 2009). One of the ecostratigraphical
markers is the coccolith Emiliania huxleyi, used with an
MIS 5e assignment (Backman et al. 2009; Jakobsson
et al. 2010, 2016), although the first appearance of this
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species dates from MIS 8 (Thierstein et al. 1977), and
probably earlier (Guballa & Peleo-Alampay 2020). The
other ecostratigraphical marker is the benthic foraminifer
Bulimina aculeata used as the datum for the MIS 5a in
several studies (e.g. Baumann 1990; Jakobsson et al. 2001;
Backman et al. 2004; Polyak et al. 2004; Nørgaard-
Pedersen et al. 2007), despite the common occurrence of
the species since the Miocene (Hayward et al. 2004;
Tzevahirtzian et al. 2023). Besides, discontinuous micro-
fossil records (Backman et al. 2009) and potential benthic
mixing processes (Hillaire-Marcel et al. 2022b) can lead to
some biases in the interpretation of microfossil records.
The usage of microfossils as stratigraphical tools in
the central Arctic Ocean is then questionable.

Recent geophysical investigations from the East
Siberian Sea, Chukchi Sea Rise, and the Northwind
Ridge have documented the existence of several glacial
erosion phases during the Quaternary (Dove et al. 2014;
Kim et al. 2021). The latest deep ice grounding event
was assumed to date back to the MIS 4/3 transition
based on the Mn-based cyclostratigraphy time frame
and the identification of Pink-White (PW) layers
(Schreck et al. 2018; Joe et al. 2020). With a similar
age model, clay mineral and geochemical studies of
sedimentary sequences from the Mendeleev and North-
wind ridges, and the Canada Basin also illustrated the
development of the ESIS during the last two glacial
episodes (e.g. Dong et al. 2017, 2020; Ye et al. 2020).
However, radiometric-based chronostratigraphies (Not
& Hillaire-Marcel 2010; Dipre et al. 2018; Geibert
et al. 2021) led to considering a drastically distinct time
frame for the Arctic Ocean events beyond the radiocar-
bon time scale (see Hillaire-Marcel & de Vernal 2022).
Therefore, the question about the resilience or recur-
rence of the ESIS during the glaciations after the Mid-
Pleistocene Transition is still open.

In thepresent study,we intend todocument further the
ESIS history, mostly based on the study of a core raised
from the southernmost Mendeleev Ridge (Arc7-E25;
hereafter referred to as E25). Its location at the northern
edgeof theESIS, slightlybelow ice-scouring features,was
seen as suitable for this purpose. This core was analysed
by Zhao et al. (2022) who used theMn-cyclostratigraphy
with ages constrained based on a palaeomagnetic
inclination reversal/excursion at ~285 cm interpreted as
the Biwa II event, thus leading to the assignment of the
base of the core to MIS 7 (Jakobsson et al. 2000).
However, the interpretation of the palaeomagnetic
inclination reversal/excursion stratigraphy in the Arctic
Ocean is under discussion (e.g. Liu et al. 2019; Dong
et al. 2022) and the chronological assignments of Zhao
et al. (2022) are subject to debate. Herein, we revised the
chronostratigraphyof coreE25mainlybasedonuranium
(U)-series measurements and, for the lower part of the
core, on the tentative assignment of the inclination
reversal at the core bottom to the Brunhes/Matuyama
boundary. Whenever needed, we complemented the

existing sedimentological, mineralogical, and geochem-
ical datawithnewmeasurements.Ourkeyobjectiveswere
(i) to outline the history of the ESIS, within the frame of
the thorium-230 excess (230Thxs)-based stratigraphy,with
special attention paid to its age and duration, (ii) to
document the palaeoceanography at the southern tip of
Mendeleev Ridge, and (iii) to identify remote sedimen-
tary signals from the northwestern LIS.

Background setting

The shallow continental shelves of the Arctic Ocean
represent more than 50% of its total area (Jakobsson
et al. 2003; Fig. 1). The shelves act as a major source of
dissolved elements (e.g.Mn,Fe) anddetrital particles for
the deeper central Arctic Ocean (Macdonald &
Gobeil 2012; Rogalla et al. 2022). Under high sea levels,
i.e. during interglacials and/or interstadials, the shelves
are submerged; coastal erosion and tidal and wind
mixing result in theuploadofparticles byseasonal sea ice
(Charette et al. 2020). Sediments are then redistributed
by currents and slope processes, and through sea-ice
rafting deposition along theTranspolarDrift (TPD) and
Beaufort Gyre (BG) routes (Fig. 1). During glacials,
marked by low sea levels and glaciated shelves,
streaming pulses from surrounding ice sheets released
iceberg fleets, dispersing ice-rafted debris (IRD) with a
high content in sand and coarser fractions (see Polyak
et al. 2010) as far as the Nordic seas (Dowdeswell
et al. 1999). In comparison, IRD transported by sea ice
is generally composed of finer detrital particles, with a
smaller fraction of sand (see Polyak et al. 2010). Lastly,
during deglaciations, major drainage events of glacial
lakes in the northwestern LIS sector (e.g. Not &
Hillaire-Marcel 2012) result in sedimentary pulses of
deposition of fine dolomite-rich detrital material
(Vogt 1997) throughout most of the Arctic Ocean (e.g.
Hanslik et al. 2013), often referred to as ‘PW layers’ in
the literature (cf. Polyak & Jakobsson 2011).

During glacial periods, two major ice sheets directly
influenced theArcticOcean: the Eurasian Ice Sheet, and
theLIS on theNorthAmerican side (Stein et al. 2017).A
hypothesized ESIS was thought to be present over the
East Siberian Shelf–Chukchi Sea Borderland (Colleoni
et al. 2016). Unlike the relatively well-known Eurasian
and Laurentide ice sheets, the formation of the ESIS
anchored over the East Siberianmargin is far from clear.
It could have resulted from the extension of the Eurasian
Ice Sheet (Gasson et al. 2018) or of the Beringia ice cap
(Colleoni et al. 2016), or from ice stream feedings by the
LIS (Engels et al. 2008; Jakobsson etal. 2008).Recently, a
glacially scoured trough discovered on the outer
continental shelf of the East Siberian Sea (O’Regan
et al. 2017) and the absence of large Late Pleistocene ice
masses in northeastern Siberia (Nørgaard et al. 2023)
make the first assumption more likely. However, the
presenceofa local icecap,aEurasianIceSheetextension,
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or a very thick ice shelf (Grosswald & Hughes 1999;
Colleoni et al. 2016; Gasson et al. 2018) cannot be
deciphered based on the core collected above a water
depth of ~1 km, which is the depth from where ice-
scouring traceswere documented (e.g. Polyak et al. 2001;
Niessen et al. 2013; Dove et al. 2014; Kim et al. 2021).
Besides, in respectof the fact thatour studycore is located
at the northern tip of the hypothesized ESIS, where ice
thickness was only ~200 m during MIS 6 according to
model simulations (Colleoni et al. 2016), we will thus
refer to the presence of an ESIS complex, likely an ice
shelf, when evidence for perennial and thick ice cover is
found at the area of the studied site.

Material and methods

Material

Gravity core E25 (latitude 78°5703300N, longitude
179°2601100W; water depth of ~1200 m) was retrieved
from the southernmostMendeleev Ridge during the 7th
cruise of the Chinese Arctic expedition on the RV ‘Xue
Long’ in 2016. After splitting into two sections, no
obvious unconformity was observed in the 320-cm-long
core (Zhao et al. 2022). The core was continuously
subsampled at 1-cm intervals and analysed for colour
reflectance, dry bulk density, XRF element content,
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Fig. 1. Bathymetricmapof theArcticOcean.A.Ocean circulation and site location.Thewhite arrows = surface circulationpaths; red star = the
locationof the studycoreE25; black squares = other sitesmentioned in the text (fromVogt 1997; Strobl 1998;Behrends et al. 1999;Not&Hillaire-
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represents the maximum ice sheet-covered areas during glaciations, as simulated by Batchelor et al. (2019). The red star = location of core E25.
AR = Alpha Ridge; BG = Beaufort Gyre; CAA = Canadian Arctic Archipelago; CIS = Cordilleran Ice Sheet; CP = Chukchi Plateau;
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coarse sediment fraction (>63 lm), planktonic forami-
nifera abundance (>154 lm), and their stable isotopic
composition (d18O), palaeomagnetic inclination, and
mineralogy, at the First Institute of Oceanography
(FIO), MNR, China and other laboratories mentioned
in Zhao et al. (2022).

As 230Thxs records cannot provide any robust stratig-
raphy beyond the last four climatic cycles due to its decay
within this time frame, complementary measurements
were undertaken at Geotop-UQAM, initially down to
163 cm, i.e. at the depth expected to reachMIS 11 based
on our initial stratigraphical estimate from FIO data. To
assess any potential surface sediment loss, 210Pb and
226Ra measurements were performed in the upper 10 cm
of the core. Below, subsampling at variable intervals
ranging from2 to16 cmwas carriedout toobtainabetter
resolution for critical intervals. Our initial data sets were
obtained from the sampling interval of 0–163 cm for
U-Th series measurements. TheMn/Al ratio, planktonic
foraminifera (>154 lm) abundance, and three AMS 14C
dates are from Zhao et al. (2022). In addition, AMS
14C measurements on a fish otolith recovered from the
surface sample (0–1 cm), and on a planktonic foraminif-
eraassemblagebetween2and3 cmwere conductedat the
Alfred Wegener Institute (Bremerhaven, Germany), and
theAndreE.LalondeAMSLaboratoryof theUniversity
of Ottawa (Ottawa, Canada), respectively. They yielded
conventional 14Cagesof~3.28�0.08 and~6.58�0.03 ka,
respectively. Contrary to Zhao et al. (2022), we only used
the top five 14C ages to estimate recent (MIS 1 toMIS 3)
sedimentation rates, as 14C activities in foraminifera
shells from deep-sea sediments are not reliable beyond
~35 ka (e.g. Broecker et al. 2006; Haynert et al. 2011).
Examples of 14C-chronological inversions in Arctic
Ocean cores can be found in many papers (e.g. Clark
et al. 1986; Darby et al. 1997; Adler et al. 2009). See
Hillaire-Marcel et al. (2022b) for a deeper examinationof
14C-based chronologies in low sedimentation rate sites of
the Arctic Ocean.

Methods

All methods described below refer to measurements
performed at Geotop-UQAM. The methods used for
measurements by Zhao et al. (2022) are described in the
original paper.

Grain-size analysis. – A total of 36 subsamples of ~0.3 g
each subsampled at intervals of 2–20 cm in the upper
167 cmof the corewere selected to conduct the grain size
measurement using laser-diffraction equipment. The
uneven sampling depths are due to insufficient sample
quantity for thegrain-sizemeasurements.Below167 cm,
the grain-size measurements were taken at 4-cm inter-
vals.Thesubsampleswere treatedwith30%H2O2and3%
HCl to remove organic matter and calcite, in particular
foraminifera shells. After drying and rinsing, Na-

hexametaphosphate was then added to disperse the
sediments for more than 24 h. Subsamples were treated
in an ultrasound bath for 30 s, followed by rotated
agitation.Thedisaggregated sediment sampleswere then
analysed with a laser-diffraction particle-size analyser
(LS13320; Beckman-CoulterTM) for the fractions smaller
than 2000 lm. The grain size data and granulometric
statistics were processed using GRADISTAT software
(Blott & Pye 2001). The analytical reproducibility is
better than 1%, according to Daubois et al. (2015).

X-raydiffractionmeasurement. – About 0.2 g of ground
bulk sediments was used for X-ray diffraction measure-
ment with a Siemens D-5000TM diffractometer (CoKa 1,
2 radiation and a silicon detector). Semi-quantitative
estimates of themainmineral specieswere based on their
main diffraction peak height (in counts per second) with
automatically applied correction factors using the
Bruker DIFFRAC-EVATM software. The percentage of
each mineral was estimated from its relative peak height
corrected for quartz andnormalized to 100%.Analytical
errors are estimated to be below 5% (Not & Hillaire-
Marcel 2010).

Organic carbon and 13Corg measurements. – Bulk sedi-
ments were dried in the oven at ~50 °C for more than
24 h. Two aliquots of ~15 mg dry ground subsamples
were acidified with concentrated HCl for more than
24 h to make sure that any detrital dolomite was
totally removed. The organic carbon (Corg) and

13Corg

measurements were performed using a Carlo ErbaTM

elemental analyser and an Isoprime-100TM mass
spectrometer, respectively. The results of 13Corg mea-
surements are expressed using the standard d notation
in comparison with the Vienna Pee Dee Belemnite
(VPDB). The analytical precision is estimated at
�0.05% for Corg and better than �0.1& for d13Corg

based on replicate analyses of the study samples.

U-series isotopes. – Lead-210 (210Pb): About 0.2 g-
aliquots of the core top samples was dried and ground
for 210Pb measurement at 1-cm intervals, excluding
between 6 and 8 cm (samples lost). Details related to the
210Pb extraction and analysis can be found in Song et al.
(2022). The standard deviation from alpha counting
statistics averages 3% of the value obtained.

Radium-226 (226Ra): 226Ra activity was measured by
gamma-ray using an EGG-Ortec gamma well detector
(pure germanium) spectrometer. Pre-weighed sediment
samples were sealed in 10-cm3 glass vials for at least
21 days to ensure the secular equilibrium between 226Ra
and 222Rn.Only five samples of the top 10 cmwere large
enough to allow for 226Ra measurements. The 226Ra-
activities were determined from the measurement of the
daughter 214Pb (295.2, and 351.9 keV) and 214Bi
(609.3 keV) decay products. Counting continued until
reaching an uncertainty of less than 10%.

4 Tengfei Song et al. BOREAS
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U-Th series: Analyses of 230Th, 234U and 238U were
performed on dried and ground bulk sediment
samples (~0.15 g). Powdered samples were spiked
using a mixed 233U-236U-229Th solution of known
ratios and dissolved by a series of concentrated acids
(HF-HNO3-HCl-H3BO4). Digested samples were
loaded onto AG® 1-X8 anionic exchange resin for
U-Th separation. Th and U were further purified
through AG® 1-X8 and UTEVA® resins, respectively.
Both Th and U fractions were then analysed on a Nu
PlasmaTM multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS) by peak jumping on
a filtered ion counter. Mass bias was corrected by the
exponential law using the 236U/233U ratio. All results
were quoted at �2r standard deviation uncertainty
level. The HU-1 solution was used as a standard
solution to monitor analytical sessions. Duplicated
analyses of the HU-1 solution yielded a mean activity
ratio of 234U vs. 238U of 1.0022�0.0049 (�1r; n = 7).
For the present study, estimates of the excess in 230Th
(230Thxs) activity were obtained from the equation:
A230Thxs = A230Th � A234Umean, where A is the
activity in disintegrations per minute and per gram
(dpm g�1). Details about the calculation of 230Thxs
can be found in Purcell et al. (2022) and the
discussion below.

Analytical data are reported with one standard
deviation except for U and Th isotope data which are
reported with two standard deviations. All mean
estimates are reportedwith one standard deviation.

Results

Sedimentological properties

Laser-based grain-size measurements indicate that core
E25 ismostly composed of silty clay, with some intervals
containing up to~14.2 dryweight per cent (dw%)of sand
(Fig. 2). The bottom layer, from 55 to 167 cm, shows a
low sand content (1.7�2.5 dw%), lowmeangrain size (Φ)
values (6.2�2.8 lm), and a high clay fraction content
(33.5�4.7 dw%). The intermediate layer, from 38 to
55 cm, depictsmuch higher sand content (7.1�5.1 dw%)
and higher Φ-values (15.8�5.8 lm), but a lower clay
content (20.7�3.2 dw%). The upper layer is character-
ized by a low sand content (0.6�0.9 dw%), lowΦ-values
(6.0�2.4 lm), and an intermediate clay content
(29.5�6.7 dw%).

Major mineralogical features

Mineralogical data from bulk sediments indicate that
quartz (45�4%), albite (18�3%), and illite (12�2%) are
the three dominant minerals. Dolomite shows peaking
values from ~118 to 94 cm (up to ~9%) and from ~34 to
18 cm (up to ~13%) and does not show any significant
relationships with the sand content, thus suggesting

distinct depositional mechanisms. Three major calcite
peaks are observed. They correlate with the foraminifer
abundance (R2 = 0.59; seeFig.S1). In these intervals, the
calcite/dolomite ratio averages 2.9�0.8 vs. 1.7�0.4 in
other intervals. Smectite,which is oftenusedasatracerof
the Laptev Sea and/or the Bering Sea sediment sources
(Wahsner et al. 1999; Viscosi-Shirley et al. 2003; Song
et al. 2022), records low abundance. It does not exceed
0.5% in the upper 115 cm and rises to ~1.5% below
122 cm. Due to the uncertainties in semi-quantitative
estimates of clay minerals through bulk X-ray mineral-
ogy measurement, this difference must be interpreted
with caution.

Organic carbon content and its isotopic composition

The Corg content in core E25 is very low, less than
0.33 dw%. It shows an overall decreasing trend
downcore (Fig. 2). From the core top to 29 cm, it
averages 0.29�0.02 dw% with two excursions toward
lower values, notably one at ~9 cm, where it falls
below 0.09 dw%. Deeper downcore, down to ~71 cm,
it averages 0.19�0.02%. Below, from 71 to 163 cm, it
averages 0.07�0.02 dw%.

d13Corg values vary from�25.3 to�22.3&. A similar
range was reported for the Chukchi Sea Rise (Park
et al. 2017). From the core top to ~71 cm, the mean
d13Corg value is �23.2�0.5&. Below, it decreases to
�24.3�0.9&. Worthy of mention is the fact that the
upper two samples from the core top record
the maximum d13Corg values (~ �22.4&), pointing to a
prominent contribution of marine carbon (Schubert &
Calvert 2001). Downcore, slight oscillations toward
higher d13Corg values characterize several intervals.
They may similarly relate to enhanced marine carbon
supplies.

Radiocarbon ages

The radiocarbon ages range from ~3.3 to ~34.5 ka from
the core top to 26 cm (Fig. 2; Table 1). However, such
ages should be used with caution as mixing by benthic
fauna may result in smoothing. This is particularly
critical at sites characterized by low sedimentation rates
(e.g.Adleret al. 2009),where themixingofHoloceneand
pre-LGM populations may occur (Hillaire-Marcel
et al. 2022b).

U-series isotopes

There is no measurable excess in 210Pb (210Pbxs) at the
core top vs. its parent 226Ra isotope (see Table S1).Most
Arctic Ocean sites show some 210Pbxs at the sediment
surface, even those with very low sedimentation rates
(i.e. <1 cm ka�1; e.g. Not et al. 2008; Not & Hillaire-
Marcel 2010). However, some other sites, notably from
theLomonosovRidge, seemalso deprivedof any 210Pbxs

BOREAS Ice cover over the southernmost Mendeleev Ridge, late Quaternary 5
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at the very surface of the sediment (e.g. PS87/023-2; Le
Duc 2018).

The 238U and 232Th contents vary between 1.38–
1.98 ppmand7.81–12.21 ppm, respectively (Fig. 2).The
AR(238U/232Th) value averages 0.53�0.05, a value in

the lower range of those reported elsewhere in the Arctic
Ocean (e.g. Not & Hillaire-Marcel 2010; Gusev
et al. 2013; Hillaire-Marcel et al. 2017). The AR
(234U/238U) has a mean value of 1.00�0.04, suggesting
anear-secular equilibriumbetween these two isotopes.A

Table 1. Radiocarbon ages of core E25. The 14C ages are uncalibrated as they are in partmixed between populations of distinct ages (seeHillaire-
Marcel, et al. 2022b).

Interval (cm) Depth (cm) Material Conventional
age (year)

Error (�2r) Source

0–1 0.5 Fish otolith 3277 76 This study
2–3 2.5 Planktonic foraminifer 6578 29 This study
6–8 7.0 Planktonic foraminifer 8670 30 Zhao et al. (2022)
18–20 19.0 Planktonic foraminifer 12540 40 Zhao et al. (2022)
24–26 25.0 Planktonic foraminifer 34500 260 Zhao et al. (2022)

Fig. 2. Major sedimentological,mineralogical (left), and geochemical (right) features of the 0 to~167 cmsectionof coreE25 (seeTablesS2–S4 for
details).Thedasheddarkgrey lines correspondto theLastGlacialMaximum(LGM)sedimentarygap (see text); lightgreyshadowshighlight layers
assigned to early/middle interglacial/interstadial (odd MIS numbers) or late Termination (T) intervals; red question marks point to intervals of
insufficient sedimentological data. Photographs of the studied core section,Mn/Al ratio and foraminifer abundance are fromZhao et al. (2022); all
other measurements are from the present study.
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high AR(234U/238U) value (~1.12) is observed at the
interval of 162–163 cm, which may relate to the U
relocation driven by late diagenetic processes (Purcell
et al. 2022), but as it concerns an insignificant U
concentration change, its impact on the 230Thxs estimate
should remain within error bars.

The 230Thxs profile of core E25 follows closely those
reported for most Arctic Ocean sites (Not & Hillaire-
Marcel 2010; Hillaire-Marcel et al. 2017; Geibert
et al. 2021). Peaking 230Thxs values were thus assigned
to specific marine isotope stages (MIS 1, 3, 5e, 7, 9, 11)
and their corresponding Ts, as shown in Fig. 2.

Discussion

The 230Thxs-based chronostratigraphy of core E25

U-Th series isotopes in core E25. – All parameters that
couldaffect a reliable estimateof 230Thxs, i.e.of the

230Th-
fraction strictly inherited from the 230Th produced in the
water column and accumulated in sediments through
scavenging processes, were summarized by Purcell
et al. (2022). These parameters include (i) any potential
marine U-uptake in surface sediments, (ii) any late
diagenetic U-mobility driven by redox gradients in the
sedimentary column. In both cases, the Corg concentra-
tion is critical for the development of low Eh horizons
drivingU-precipitation, either from thewater column or
fromdetritalminerals ofover/underlying oxidized layers
in the U4+ state, with preferential uptake of 234U in the
case of diagenetic processes (Gari�epy et al. 1994;McMa-
nus et al. 2005; Wall & Krumholz 2006; Purcell
et al. 2022).

Here, core E25 is featured in low Corg content and
oxidizing conditions, unlikely to result in early or late
diagenetic U uptake. If any, U losses from the
sedimentary column toward the water column should
have been modest as indicated by the near secular
equilibrium between 230Th and 234U in layers deprived
of any 230Thxs.

Similarly, any significant enrichment in 234U (vs. 238U)
can be discarded as indicated by the mean d234U value
observed (0�4&). Any uptake ofmarineU at the water/
sediment interface or any late diagenetic U-relocation
downcore should result in excesses vs. deficits in 234U as,
in the first case, the marine U shows a d234U value of
~114& (e.g. Chen et al. 1986; Not et al. 2012); in the
second case, even greater excesses in 234U could be
expected (e.g. d234U of ~149& in Corg-rich layers of
Lomonosov Ridge core PS2757-8; Purcell et al. 2022).

At last, U concentrations in the cored sequence (mean
[U] = 1.72�0.13 ppm)aremuch less variable than those
of Th ([Th] = 9.94�1.13 ppm) and the overall variabil-
ity of the 238U/232Thmass ratio ismostly driven by 232Th
variability (Fig. S2). Altogether, this suggests that the
minor changes in U concentrations observed are linked
to variable detrital sediment sources.

The correlations between AR(238U/232Th), and sedi-
mentological and mineralogical properties indicate that
the AR(238U/232Th) value is relatively high in intervals
with enhanced IRD supplies and high quartz contents
(Fig. S3).HighAR(238U/232Th) seems to be linked either
to high coastal erosion and sea-ice rafting under high sea
levels (i.e. interglacials andMIS 3) or to glacial advances
during stadials (cf. Purcell et al. 2022).

Calculation of the 230Thxs extinction depth. – In the
present study, we followed the approach of Purcell
et al. (2022) for the calculation of the extinction depth
and age of 230Th vs. its parent 234U. Even under the
sporadic sedimentation regime of the Arctic Ocean (e.g.
Hillaire-Marcel et al. 2017, 2022a), 230Thxs broadly
follows a negative exponential decay downcore. As
illustrated in Fig. 3, the linear trend of ln(A230Th)
downcore illustrates an R2 value of 0.57. Its intercept
with themeanA234Uvalueyields a 230Th ‘extinction’age
of 402�20 ka, at a depth of 166+64/�45 cm, taking into
consideration the uncertainties on the slope of the ln
(A230Th) line and mean 234U activity.

The 230Thxs-based stratigraphy. – As documented previ-
ously by Huh et al. (1997), 230Thxs profiles in the Arctic
Ocean depict a strong ‘sub-surface’ peak. It has been
assigned to the early MIS 3, based on sequences with
sedimentation rates high enough to decipher the MIS 3
peak from that ofMIS 1 (see Hillaire-Marcel et al. 2017;
Purcell et al. 2022). These two peaks sometimes overlap
at sites with very low sediment accumulation, often
characterized byanMIS 2 hiatus (Fig. 4;Not&Hillaire-
Marcel 2010; Hillaire-Marcel et al. 2017). So far, there is
nowell-documented explanation for the peaking 230Thxs
values ofMIS 3. Hillaire-Marcel et al. (2022a) proposed

y x 

Fig. 3. Linear correlation of ln(A230Th) value vs. core depth. Blue
dots = ln(A234U); light blue area = the uncertainty envelopes are
�1r; red dots = ln(A230Th). The intercept of ln(A230Th) vs. ln(A234U)
corresponds to a 230Thxs extinction age of 402�20 ka, reached at a
depth of 166+64/�45 cm.

BOREAS Ice cover over the southernmost Mendeleev Ridge, late Quaternary 7
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that this 230Thxs peak results from its build-up in the
water column during the preceding MIS 5d–4 interval,
followed by its rapid scavenging during the early MIS 3
sea level rise (e.g. Siddall et al. 2008). The highMIS 3 sea
level likely led to theopeningof theBeringStrait (Farmer
et al. 2023) and the submergence of the Arctic Ocean
shelves, possibly accompanied by seasonal sea-ice
openings and sea-ice rafting deposition of 230Thxs
scavenging compounds (organic matter and clays; cf.
Purcell et al. 2022). Note that Geibert et al. (2022)
associated thehigh 230Thxs valuesof samples in theMIS3
interval with continuous but low sedimentary fluxes,
considering that ‘even a short particle pulse would be
enough to remove 230Th from the water column’.

Below the MIS 3 230Thxs peak, two intervals with
measurable peaking 230Thxs values are identified. They
are usually assigned to the MIS 5 and 7 and their
correspondingTs(TII,TIII;Not&Hillaire-Marcel2010;
Hillaire-Marcel et al. 2017; Purcell et al. 2022). As
documented by Geibert et al. (2021), reduced 230Thxs

values mark the MIS 4 and MIS 6, possibly pointing to
very low sediment accumulation rates, and even to a
sedimentary hiatus in some areas of the central Arctic
Ocean during MIS 6 (Fig. 4), not unlike those of MIS 2
(see also Hillaire-Marcel et al. 2017). Regardless of the
consensus about the assignment to MIS 6, the identifi-
cation of the MIS 4 layer is still under debate. Purcell
et al. (2022) suggested that the low 230Thxs interval
between the last interglacial (MIS 5e) andMIS 3 230Thxs
peaking layers should be assigned to MIS 5d–4
considering the overall low summer season insolation
and sea level conditions during this period (Hillaire-
Marcel et al. 2021). As shown in Fig. 4, 230Thxs peaks
duringMIS5aand5c couldnotbe recognized, leadingus
to adopt the advanced stratigraphy proposed by Purcell
et al. (2022) for this study.

Following Not & Hillaire-Marcel (2010) and Purcell
et al. (2022), the two lower minor peaks of measurable
excesses in 230Th illustrated inFig. 4 could be assigned to
MIS 9 (~120 to 145 cm) and 11 (~163 cm). This

Fig. 4. 230Thxs distributions in a few sites from theArcticOcean ridges. The grey shadowarea = sedimentations during glacials, including theLGM
and possible MIS 6 hiatuses; red question marks = equivocal depth of LGM hiatus and interval of MIS 8. The raw U-Th series data are from the
present study (E25), Not & Hillaire-Marcel (2010) for MC11, Hillaire-Marcel et al. (2017) for M030, and Geibert et al. (2021) for PS51/038-4.
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stratigraphy would support the assignment of the major
long-duration magnetic reversal observed at a depth of
~285 cm (Zhao et al. 2022) to the Brunhes/Matuyama
boundary (~780 ka; deMenocal et al. 1990), thus fitting
with the magnetostratigraphy proposed in early papers
(e.g. Herman 1970; Clark et al. 1980; Aksu &
Mudie 1985), and supporting the concept of a ‘sediment
starved’ glacial Arctic Ocean.

Sedimentary regimes

Sedimentological features: sea-ice vs. iceberg rafting. –
Coarse particles in the sediments are often used to track
the ice-rafting events in the Arctic Ocean (Polyak
et al. 2010), as they are delivered by either sea ice or
icebergs. To recognize these two distinct transport
processes from grain-size measurements, several
approaches have been applied (Lisitzin 2002). For
example, Spielhagen et al. (2004) proposed that icebergs
were the predominant carrier of particles larger than
63 lm, whereas Dowdeswell et al. (1999) considered the
fractions larger than 250 lm as being transported by
icebergs. Adler et al. (2009) and Polyak et al. (2009)
considered that larger than 63 lm fractions were
compatible with sea-ice rafting. However, sea ice
anchored over the continental shelf could entrain all
particle-size materials and transport them toward the
deep sea (Reimnitz et al. 1987). Later on, Polyak
et al. (2010) suggested that sediments with a high sand
content, larger than 10–20 dw%, were more likely
transported by icebergs, whereas sediments with less
than 5–10 dw% of sandswere rather delivered by sea ice.
In addition, dry weight data should be used with care
as one single gravel- or pebble-sized particle could
significantly bias the content of coarse fractions. At
last, other processes, such as current winnowing,
turbidity, etc., could also affect the grain-size distribu-
tion (see Stein 2008).

In core E25, the sand content is low, varying
between 0 and ~14 dw% with a median below 2 dw%.
In opposition, the clay content varies between ~17 to
~44 dw% with a median of about 31 dw%. These data
point to the unlikeness of any long-duration IRD
deposition by icebergs except possibly for the ~14 and
~10 dw% peaking sand contents at ~50 and ~105 cm,
respectively. The corresponding intervals could be
assigned here to the late MIS 4 and MIS 8 glacial
stages. However, the grain size data fit better with sea
ice or deep current transport mechanisms throughout
most of the recorded interval of core E25, except for
the MIS 4/3 transition. Indeed, grain-size measure-
ments in ‘dirty’ seasonal sea ice and shelf sediments
from the Laptev Sea by Dethleff (2005) depict a
distribution similar to that generally characterizing
core E25 (~30 dw% of clay; ~63 dw% of silt; ~7 dw%
of sand). Worthy of mention here is the fact that 14C
ages of surface sediments from sites that are presently

covered by perennial sea ice vary from ~8 to 5 ka (e.g.
Spielhagen et al. 2004; Not & Hillaire-Marcel 2010;
Hillaire-Marcel et al. 2017; de Vernal et al. 2020;
Xiao et al. 2020), implying very little sedimentation in
the central Arctic Ocean under perennial sea ice,
which is almost sediment free.

During glacial intervals, with the development of ice
shelves (e.g. Dowdeswell & Jeffries 2017), sedimentation
was mostly linked to meltwater plumes (e.g. Reilly
et al. 2016), resulting in a high content of fine silt-clay
particles (<11 lm; ~82 dw%) and almost nil sand
deposition (~1 dw%; cf. Jennings et al. 2022).

Whenever ice advance or retreat occurred, sporadic
coarse particle depositionby icebergswouldbe expected.
According to Clark & Hanson (1983), it should be
characterized by low clay (~7 dw%) and high sand (up to
27 dw%) contents. On these grounds, using both coarse
and fine fractions seems an appropriate means to assess
the ice-rafting transport process. The Φ-value, whose
variation has been associated with the coarse fraction
content (e.g. Not &Hillaire-Marcel 2010), can addition-
ally be used to reflect ice condition changes in the Arctic
Ocean.

As illustrated in Fig. 2, two intervals depict Φ-values
>10: the MIS 8/7 and MIS 4/3 transitions, the latter
being the most important. The Φ-values may suggest
some ice streaming or open sea-ice conditions, possibly
related to the dislocation of the ESIS (Dove et al. 2014;
O’Regan et al. 2017; Schreck et al. 2018; Kim
et al. 2021). With the exception of the above intervals
marked by coarser sediment, the interval encompassing
the MIS 11 to MIS 4/3 transition is characterized by
low sand (0.7�0.5 dw%), high clay (34.4�4.7 dw%) and
fine silt-clay (84.8�5.6 dw%) contents, and a low
Φ-value (5.0�1.1 lm), suggesting lateral transport of
fine sediments, possibly through subglacial drainage
systems (Jennings et al. 2022).

Sediment fluxes. – Sediment accumulation in the central
Arctic Ocean was low during glacials, almost nil during
MIS 2 (Not&Hillaire-Marcel 2010), andpossiblyMIS 6
(Hillaire-Marcel et al. 2017; Geibert et al. 2021). More-
over, during glacial stages or transitions, coarse sedi-
mentswere depositedwhenever ice retreat or ice advance
occurred as suggested by Purcell et al. (2022). Thus,
inferences about effective sedimentation rates for such
sequences would be misleading.

In core E25, sediment accumulation mostly occurred
during depositional windows of early/middle intergla-
cial (or interstadial in the case of MIS 3) intervals.
These accumulations cannot be assigned to a specific
time-span, as they were linked to high sea-ice rafting
rates and/or lateral transportation, thus to intervals
with submerged shelves, and high summer insolation
values (Hillaire-Marcel et al. 2021). For example,
during the present interglacial, sedimentation resumed
at ~8 ka in the central Arctic but decreased rapidly

BOREAS Ice cover over the southernmost Mendeleev Ridge, late Quaternary 9
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during the Neoglacial starting at about 4 ka (e.g. Darby
et al. 1997; Adler et al. 2009; de Vernal et al. 2020).
Thus, the few cm of ‘interglacial/interstadial’ sediment
accumulated at sites, such as the one of core E25, were
deposited within a few thousand years. Nonetheless, we
have tentatively outlined a stratigraphical scheme for
core E25 in Fig. 5, with possible depositional time
windows. Except for the interval assigned to MIS 3, the
sedimentary regime would have led to an overall near-
linear age-depth trend for these time windows through-
out the whole record. The outlined stratigraphy based
on 230Thxs distribution and decay downcore is of course
different from that proposed by Zhao et al. (2022),
mainly set from the Mn-based cyclostratigraphy and
the PW layer depths, pointing to a significantly lower
overall sediment accumulation during relatively short
time windows in opposition to the higher sedimentation
rates proposed by Zhao et al. (2022) (see Hillaire-
Marcel & de Vernal 2022).

Terrestrial supplies during the late Quaternary

Detrital carbonate pulses from the Canadian Arctic
Archipelago. – Dolomite in sediments from the

Arctic Ocean represents supplies from the Canadian
Arctic Archipelago (CAA) and northern Greenland,
where source rocks outcrop. Dolomite is thus a tracer of
ice-rafting (Bischof et al. 1996; Vogt 1997) and/or
glacial lake drainage events (Not & Hillaire-
Marcel 2012; Sw€ard et al. 2022) from the Mackenzie
region. At site E25, dolomite peaks at about 13%
during MIS 7/late TIII and MIS 3, when it reaches up
to ~40% at two sites from the northern Mendeleev
Ridge investigated by Not & Hillaire-Marcel (2010),
about 250 nautical miles northward (Figs 1, 6). Another
distinct feature of the dolomite record from core E25 is
that the MIS 5e/late TII pulse is missing whereas the
northernmost Mendeleev sites recorded systematically
such pulses for all deglaciations including the MIS
5e/late TII interval (Fig. 6;Not&Hillaire-Marcel 2010).
The sheltered situation of coring site E25 and/or its
isolation from the western Arctic Ocean margin due to
the existence of the ESIS (Ye et al. 2020), could explain
these discrepancies. However, the fact that sites from
the central Lomonosov Ridge and the Morris Jesup
Rise (PS2185-3/6 and PS2200-5; Fig. 6), as well as
Amerasian Basin (PS72/396-3/5) and Alpha Ridge
(PS51/038-4), also recorded a reduced, even negligible,
dolomite pulse during MIS 5e/late TII (Geibert
et al. 2021), suggests a weak discharge/drainage event
from the northwestern LIS toward the Arctic Ocean
(Dalton et al. 2022).

The detrital carbonate layers referred to as ‘PW III’
and ‘PW II’ were tentatively assigned to MIS 3 and 5d,
respectively, based on the records of stable carbon and
oxygen isotopes of planktonic foraminifer and plank-
tonic foraminifer abundances (e.g. Polyak et al. 2004;
Spielhagen et al. 2004; Stein 2008). However, the ‘PW
II’ should be re-assigned to the early MIS 7/late TIII
(Fig. 6), following the present 230Thxs-based stratigra-
phy and the chronostratigraphy proposed initially by
Spielhagen et al. (1997). Different from Spielhagen
et al. (1997), who assigned the three 10Be peaks at
the interval of ~120–200 cm of core PS2185-3/6 to MIS
7, 9 and 11, we interpret the corresponding 230Thxs
peaks to MIS 7 following Hillaire-Marcel et al. (2021)
(Fig. 6) as 230Thxs could not be detected at MIS 11,
even MIS 9, layer using the low-precision alpha
counting analyses.

The fine-detrital dolomite peaks of MIS 7/late TIII
and early MIS 3, i.e. the so-called ‘PW II’ and ‘PW III’,
observed systematically in deepArcticOcean sequences,
likely relate to some importantmeltwateroutbursts from
the northwestern LIS (Not & Hillaire-Marcel 2012;
Fagel et al. 2014; Dalton et al. 2019; Sw€ard et al. 2022).
Such outbursts rarely lasted more than a few hundred
years (e.g. Clarke et al. 2004, 2009; Kleman &
Applegate 2014). The spreading of detrital dolomite
over relatively thick layers (up to about 20 cmat siteE25;
Fig. 6) suggests mixing by physical or biological
processes as illustrated by the dating of biogenic

Fig. 5. Outline of a tentative chronostratigraphy in core E25 based on
230Thxs distribution. The effective duration of sedimentary pulses is
open todiscussion, but probable sedimentarywindows are indicatedby
thick lines, blue for sea-ice rafting deposition during ‘warm’ intervals
(i.e. with a high sea level/high insolation for sea-ice rafting deposition;
see text), and red dashed for sediments deposited during late or early
transitions. Grey dashed line: chronostratigraphy proposed by Zhao
et al. (2022) using theMn-based cyclostratigraphy. Shadowareasmark
the maximum duration of the intervals.
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carbonate from low sedimentation rate sites of the
Lomonosov Ridge (Hillaire-Marcel et al. 2022b).

Silicate supplies from the East Siberian Shelf. – Amphi-
boles and pyroxenes are two common heavy minerals of
the East Siberian Shelf (Behrends et al. 1999). Their
abundances in sedimentary sequences from the Lomo-
nosovRidge havebeen considered as supporting anEast
Siberian Ice Sheet advance hypothesis (e.g. Alatarvas
et al. 2022). However, these two minerals are undetect-
able incoreE25(seealsoZhaoetal. 2022),possiblydueto

the overall low sand content downcore (Fig. 2). The
occurrence of quartz grains has been proposed as an
alternative indicator of glacial activity over the East
Siberian Shelf (Bazhenova 2012; Dong et al. 2020).
Quartz is abundant in core E25, but mostly in fine
fractions. Its variations might be compatible with some
deglacial pulses in the critical area (Fig. 2).

Illite, the most abundant clay mineral of the
sequence, has been proposed as a primary indicator of
sea-ice rafting deposition and meltwater plumes and
current transportations at the Chukchi–Alaskan

Fig. 6. Dolomite content distributions in the Arctic Ocean using the 230Thxs-based chronostratigraphy. Core MA01 from Xu et al. (2021); core
MC11 fromNot&Hillaire-Marcel (2010); coresPS2185-3/6andPS2200-5 fromVogt (1997), Strobl (1998) andBehrends et al. (1999).Dashed lines
correspond to the inception of MIS 7/T III, 5e/late T II, and 3, respectively. The age model of core MA01 was revised here based on the 230Thxs
extinction age using our method (Fig. S4). The re-interpretation of 230Thxs profiles of cores PS2185-3/6 and PS2200-5 was according to Not &
Hillaire-Marcel (2010)andGeibertetal. (2021).Theassignmentof thebottomdepthof theMIS7/TIII layer incorePS2200-5wasbasedonthe 10Be
profile (Strobl 1998).

BOREAS Ice cover over the southernmost Mendeleev Ridge, late Quaternary 11
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margin (Ye et al. 2020; Koo et al. 2021; Wang
et al. 2021). At site E25, the illite/quartz ratio records
peak values during glacial intervals of MIS 5d–4, 8, 10
(Fig. 2), thus fitting better with deep current transpor-
tation at the site than with sea-ice rafting. As the illite/
quartz ratio is proportional to illite abundance
(R2 = 0.90; Fig. S5), it seems likely that variations in
illite fluxes throughout the studied interval are effective
tracers of deep-current transported fine particles from
the East Siberian Sea (Wang et al. 2021).

Resilient ice cover off the East Siberian Shelf during the
late Quaternary

Several sedimentological features of core E25 can help
document further the nature and resilience of the ice
overlying the site during a substantial part of the
recorded interval. They include (i) the relative thick-
nesses of sedimentary layers depositedwithin discontin-
uous time windows; (ii) the grain-size properties of the
sediment; (iii) the Corg content; (iv) the geochemical and
isotopic properties (230Thxs in particular); (v) the
microfaunal content.

In the first step, we used high clay low sand, and low
Corg contentsasmajordiscriminants todefineconditions
pointing to thepresenceof aperennial and thick ice cover
at the study site, i.e. a situation when sedimentation was
mainly governed by deep currents and/or meltwater
plumes beneath the ESIS, a situation when primary
productivity was extremely low. Unfortunately, aside
from our study core E25, only two sites (MC11 and
MA01;Not&Hillaire-Marcel 2010;Xiao et al. 2020;Xu

et al. 2021;Parket al. 2022) fromthenorthernMendeleev
Ridge provide information about sedimentological and
organic matter properties, in addition to 230Thxs profiles
allowing for the set up of similar chronostratigraphies.
As illustrated inFig. 7,most coreE25 data fallwithin the
domainofperennial and thick ice, thus the resilientESIS.
The five outliers correspond to the coarse pulses we
assigned to the MIS 8/7 and 4/3 transitions, with a
retreating ESIS, leading to intervals with open sea-ice
conditions during MIS 7 and the early MIS 3. Other
northern sites from the Mendeleev Ridge area (sites
MA01 and MC11), likely far from the ESIS margin
(Fig. 1) andwith a thinner ice cover (Colleoni et al. 2016),
record overall coarser sedimentation and higher organic
carbon fluxes linked to either iceberg-rafting events or
seasonally open sea-ice conditions. Hence, a resilient
ESIScover likelyprevailed in theE25corearea fromMIS
11 toMIS 4, with some opening duringMIS 7, while the
northern sites (e.g. site MA01) show distinct features
pointing to alternations of ice-streaming to sea-ice
rafting events.

We should mention here that using different strati-
graphical tools, distinct age models were proposed for
some of the cores mentioned above (see Fig. 5). For core
MA01, using the Mn-based cyclostratigraphy and the
interpretation of the first palaeomagnetic inclination
event to the boundary of MIS 8/7, Xiao et al. (2020)
assigned the interval from core top to ~240 cm to the
MIS 1–7 period. As this layer is characterized by a
relatively high abundance of foraminifer shells, this
feature was assigned to enhanced biogenic preservation
under extensive sea ice cover conditions (Xiao et al.

A B

Fig. 7. Ternary analysis of clay, sand, and Corg contents in cores from the Mendeleev Ridge area (A) and zoom-in on the perennial ice
cover cluster (B). These three components were plotted as relative percentages. Red data from the study core E25; blue data from core
MA01 (Xu et al. 2021; Park et al. 2022); olive data from core MC11 (Not & Hillaire-Marcel 2010). For site E25, the perennial and thick ice
cover (resilient ESIS) domain includes data from MIS 11 to MIS 4 (cross symbols), MIS 8/7 transition excluded, whereas data from the
MIS 4/3 transition to the present (square symbols) and MIS 8/7 fall into the seasonal sea-ice domain. It seems that perennial and thick ice
extended northward to the area of site MA01 during MIS 6 and 5d–4.
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2020). Of course, based on the 230Thxs stratigraphy, the
MIS 7 layer of coreMA01 should be strictly assigned to
the interval of 35–50 cm (Fig. 6).Within this framework,
the prevalent severe ice conditions hypothesized byXiao
et al. (2020) should then persist for a much longer time
and are not inconsistent with our findings.

Basedon the stratigraphyconstrained fromthe 230Thxs
profiles, data from earlier studies of core E25 (Zhao
etal. 2022)providecluesaboutconditionsbeforeMIS11.
As illustrated in Fig. 8, the resilient ESIS covermay have
been initiated during the late Quaternary after the Mid-
Pleistocene Transition (Bischof & Darby 1997; Dipre
et al. 2018) following the abrupt orbital forcing changes
(Tziperman & Gildor 2003), thus the low summer
insolation interval that makes unlikely any major ice
cover opening in the Arctic Ocean (Hillaire-Marcel
et al. 2021).

Resilient ESIS conditions at the study site probably
persisted throughout MIS 5e as there is no evidence of
sea-ice rafting deposition.We hypothesize that the short
duration of the high summer insolation peak of MIS 5e
(Hillaire-Marcel et al. 2021) failed to lead to the full melt
of the ESIS inherited fromMIS 6 (Colleoni et al. 2016).
The low Mn/Al ratio observed during this interval
(Figs 2, 8) could relate to thepresenceof some iceover the
East Siberian–Chukchi seas shelves, preventing
the formation of Mn-oxides or their transportation
toward the deep Arctic Ocean, or to complex diagenetic
processes (Sundby et al. 2015). Furthermore, the stable
isotopic composition (d18O, dD) and pollen records of a
layered ice/peat complex on the southern coast of the
Bol’shoy Lyakhovsky Island, led Wetterich et al. (2016)
to conclude that winter conditions during MIS 5 were
colder than during MIS 3 while summer conditions

Fig. 8. Sedimentology, geochemistry, foraminiferabundance, andmagnetic inclinationprofiles incoreE25 (Corg in red:S.Zhao,pers. comm.2022;
other data: Zhao et al. 2022). Upper horizontal dashed line = mean summer insolation at the middle Holocene Thermal Maximum; left vertical
dashed line = LGMhiatus; right vertical dotted line = our interpretation of theBrunhes/Matuyama reversal boundary in the core. Excursions in
the Brunhes epoch are interpreted here in relation to redox-driven diagenetic processes at the edge ofMn-rich layers (see Xuan &Channell 2010;
Wiers et al. 2020). Light grey shadowed layers correspond to interglacial/interstadials and/or late Ts likely covered by seasonal sea ice.

BOREAS Ice cover over the southernmost Mendeleev Ridge, late Quaternary 13
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during MIS 5 were harsher than during MIS 3. As the
Bol’shoy Lyakhovsky Island is adjacent to the postu-
lated ESIS area (Fig. 1B), cold ‘glacial’ conditions over
the island linked to some residual ESIS would make
sense. Such cold climate conditions might have been
limited to the East Siberian continental margin area, as
several studies suggest summer temperatures in other
areas of the Arctic Ocean are up to ~5 °C higher than at
present (e.g. Miller et al. 2010).

Harsh conditions duringMIS 5e are also suggested by
the low foraminiferal abundance in the corresponding
interval (less than32 g�1;Figs2,8), adding that these few
tests might have been carried along the lower halocline
from open sea-ice settings off the ESIS potential area
(Zamelczyk et al. 2021).

During glacial stages MIS 5d–4 and earlier stadials
of the Quaternary, one can hypothesize (i) a ≥800-m-
thick ice shelf (Jakobsson et al. 2010, 2016; Geibert
et al. 2021); (ii) an underlying freshwater layer of a few
hundred metres (Hillaire-Marcel et al. 2022a) or
possibly deeper (Geibert et al. 2021); (iii) a thinner
but normal salinity layer below (Hillaire-Marcel
et al. 2022a); and (iv) rare and coarse detrital fluxes
linked to iceberg rafting, thus a lesser supply of fine
particles (Hillaire-Marcel et al. 2022a). During such
intervals, 230Th scavenging and deposition at the sea
floor were likely very low (Fig. 4; Geibert et al. 2021;
Hillaire-Marcel et al. 2022a).

During the late Ts/early interglacials preceding the
MIS5d–4 cold spell andwithin the 230Thxs time-span (i.e.
MIS 5e/TII, MIS 9/TIV, possibly MIS 11 in core E25),
more significant 230Thxs scavenging and deposition
occurred. However, this does not necessarily imply open
sea-ice conditions in the area. Fine particle supplies by
mesoscale eddies, deep currents, and down-slope nephe-
loid processes (e.g.Darbyet al. 2009;Xiang&Lam2020;
Schulz et al. 2021;Watanabe et al. 2022) could have been
responsible for 230Thxs advection at the study site.

Resuspended sediment could have also adsorbedMn-
oxides from the shelves, leading to the high Mn/Al ratio
characterizing the early interglacial/late T transitions
(Figs 2, 8). This process has already been reported in
cores from the Lomonosov Ridge and Yermak Plateau,
where large amounts of reworked materials rich in
terrestrial organic matter, were recovered (Kremer
et al. 2018; Purcell et al. 2022).

Conclusions

Using 230Thxs distribution and decay downcore, a
distinct chronostratigraphy of core E25 emerges out
from the earlier one which was based on the Mn-
cyclostratigraphy and PW layers age assignments
(cf. Zhao et al. 2022). It leads to inferring palaeoceano-
graphic changes compatible with those proposed
recently by Hillaire-Marcel et al. (2017), Geibert
et al. (2021) and Purcell et al. (2022). It is also consistent

with the orbitally tuned parameters governing sea-ice
dynamics in the Arctic Ocean, which are the summer
cumulative insolation and the sea level (Hillaire-Marcel
et al. 2021).

As in earlier studies proposing the advance of a thick
ice shelf or an ice sheet over the East Siberian Sea, our
data from core E25 are in line with the presence of a
resilient ice shelf extending slightly beyond the East
Siberian Sea slope. Its northern tip did not extend much
beyond 79.0°N (the latitude of site E25), as the northern
core MA01 located at 82.0°N suggests seasonal sea-ice
activity during intervals that could be assigned to
interglacials or interstadials (Xiao et al. 2020; Xu
et al. 2021). The inception of such a resilient ice shelf could
have been linked to theMIS 14–10 low insolation interval,
thus possibly marking the MIS 14 glacial inception. This
thick ice seems to have been a resilient feature in the area
untilMIS2witha fewepisodesof ice retreat.Among those,
the earlyMIS 3 andMIS 7, in particular, are characterized
by high 230Thxs and foraminiferal counts suggesting some
open ice conditions in the western Arctic. However, both
tracers could have been linked to advective processes along
slopes and do not ascertain the full disappearance of
resilient ice over the study area.
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Fig. S1. Correlation between calcite content and
foraminifera abundance in core E25.

Fig. S2. 238U/232Th ratio vs. 232Th content. Red
dots = our studied core E25; blue squares = site
HU2008-029-016PC from Nuttin & Hillaire-Marcel
(2015); black cross = mean continental lithosphere
fromWedepohl (1995).

Fig. S3. AR(238U/232Th) value vs. IRD and quartz
contents.

Fig. S4. Linear correlation of ln(A230Th) and core depth
of site MA01 from Xu et al. (2021). Red dots = ln
(A230Th); blue dots = ln(A234U). The calculation of
extinction depth and age of 230Thxs can be found in the
main text. The 230Thxs decay downcore illustrates an
age of ~422�58 ka at the core depth of ~89�23 cm,
suggesting that the 230Thxs peak at ~80 cm should be
assigned toMIS 11 (Fig. 6).

Fig. S5. Quartz content vs. illite/quartz ratio (left) and
illite content vs. illite/quartz ratio (right).

Table S1. Summary of 226Ra and 210Pbmeasurements in
core E25.

Table S2. Bulk mineralogy data of core E25.

Table S3. Sedimentology data of core E25.

Table S4. Geochemistry data of core E25.
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