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Abstract. Sea ice in-plays a central role in the polar climate system--tnrecent decades;the, and its rapid decline of-in the Arctic
sea-iceover recent decades has triggered-altered cascading-effects-on-thesurface albedo effect-and gastheat-transfer-in-pelar
regiensthe exchange of heat and gases between the ocean and atmosphere. Investigations of earlier warming events, such as
the Preboreal/Early Holocene (PB/EH, 11-8 kyr B.P.), Balling-Allerad (B/A, 14.7-12.9 kyr B.P.), and Dansgaard Oeschger

event 3 (DO-3, 28-27.5 kyr B.P.), likely hold clues on climate system responses to changes in Arctic sea ice. This study
explores the history of sea ice over the Southern Lomonosov Ridge and its potential relation to permafrost carbon
remobilization. Sea ice conditions over the last 27 kyrs were reconstructed through a combination of the sea ice biomarker 1P2s
(Ice_-Pproxy 25) and marine phytoplankton biomarkers (brassicasterol and dinosterol) from the chronologically well-
constrained core 31-PC, sampled at the Southern Lomonosov Ridge during the SWERUS-C3 expedition in 2014. The
reconstruction allowed for a direct comparison with previously published terrestrial organic carbon (terrOC) remobilization
history from the same core. Our findings revealed a seasonal sea ice cover between 27-26 kyr B.P. after the DO-3 warm event,
which likely caused more heat and moisture transport from ocean to land and strengthened permafrost thawing along the
nearby coastline. A perennial sea ice cover then developed and persisted throughout the Last Glacial Maximum (LGM) to the
Younger Dryas (YD), including ever-the entire B/A warm period. Due to sea-level rise during Meltwater Pulse 1A (MWP 1A,
14.7-13.5 kyr B.P.), terrOC remobilization during B/A was rapid but its magnitude smaller when compared to PB and DO-3
in 31-PC, and other records from the Arctic. These records collectively suggest that sea-level rise, rather than sea ice conditions,
exerts the primary control on coastal erosion during B/A, while we propose that the perennial sea ice cover may have limited
wave-induced coastal erosion on the continental shelf bordering the southern Lomonosov Ridge. A sharp reduction and
breakup of the perennial sea ice was observed from the PB to the Early Holocene. Contrary to the B/A, Meltwater Pulse 1B
during PB triggered significant coastal erosion and massive-terrOC remobilization concurrent with the sea ice decline. The
absence of sea ice in parallel to larger coastal erosion compared to B/A implies the role of waning sea ice in enhancing
permafrost carbon mobilization along the coastline in this period. In accordance with sea ice records from other Arctic seas,
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the Holocene record exhibited a period of gradual sea ice expansion. Taken together, these findings highlight sea ice extent as
a possible factor regulating coastal permafrost carbon remobilization during the last deglaciation.

1 Introduction

Sea ice in polar regions engages in the global climate system through albedo effects and the regulation of heat/gas exchange
between the ocean and atmosphere (Solomon 2006; Taylor et al., 2013; Duan et al., 2019). Additionally, sea ice can influence
the Atlantic Meridional Overturning Circulation (AMOC) by contributing with meltwaters and regulateing the exposure of
ocean water to sunlight (Sévellec et al., 2017). Thereby, it can affect both regional and even global climate processes. Recently,
another coupling between sea ice extent and Arctic climate systems has been suggested. Observations and model simulations
suggest that declining sea ice extent can lead to increased wave-induced costal erosion due to a longer fetch and more frequent
open water conditions (Overeem et al., 2011; Barnhart et al., 2014; Nielsen et al., 2020; Nielsen et al., 2024). Paleoclimate
evidence implies that this could have been important in past climatesperiods-ef-abrupt-climate-change-with reduced sea ice

conditions, enhancing permafrost thawing and subsequent greenhouse gas releases (Vaks et al., 2020). An extended sea ice

cover can also reduce permafrost stability by reducing heat and moisture transport by shifting westerlies southward

(Vandenberghe et al., 2012). Taken together, Arctic sea ice exerts significant control over key processes in the current and past

climate, underscoring the need for further assessments of the role of sea ice in affecting climate-related processes.

Fundamentally, anthropogenic activities and associated greenhouse gas emissions are the main triggers for recent Arctic
warming and sea ice retreat. However, the Arctic sea ice history beyond instrumental records can provide further clues on
system functioning, including past effects and causes of Arctic climate change. Current paleoclimate evidence for Arctic sea
ice is usually temporally limited to the Holocene or does not cover the full deglaciation process from the Last Glacial Maximum
(LGM), particularly in the East Siberian Arctic (e.g, Fahl & Stein 2012; Xiao et al., 2015; Horner et al., 2016; Stein et al.,
2017; Lin et al., 20254). Consequently, the role of sea ice in the global climate during periods of abrupt climate change requires
further investigation. Specific molecular biomarkers of ice-associated phytoplankton, the highly branched isoprenoid alkenes
(HBI) can be used as proxies to trace sea ice in the past (Belt et al., 2007). A commonly used HBI for sea ice reconstructions
is IP2s (lice -Pproxy with a 25 carbon atom skeleton). Hewever-theThe application of IP2s is limited by two scenarios that
result in the absence of when-1P,s-: theis absence of an ice-cover (which serves as the habitat for the sea ice diatoms that
synthesise IPpst),_and the presence of a —ice-free—and-permanent_and thick sea ice eonditions—cover that limits the light
penetration through the ice and thereby the 1Pps production (Miiller et al., 2011Belt-et-ak—2018). To address this issue, the

PIP,5 index (phytoplankton-IP2s) was introduced, where phytoplankton biomarkers such as brassicasterol and dinosterol

indicate whether the absence of IPs is caused by ice-free or permanent sea ice conditions (e.g., Muller et al., 2011; Xiao et al.,
2013; Xiao et al., 2015; Stein et al., 2017). Applications of the PIP,s index can provide a more comprehensive understanding

of sea ice-climate interactions in the East Siberian Arctic during the last deglaciation.
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The East Siberian Arctic holds extensive quantities of organic carbon (OC) within permafrost. The destabilization of this
permafrost has historically, and continues to contribute to the significant remobilization of OC into the Arctic Ocean (e.g.,
Vonk et al., 2012; Kohler et al., 2014; Tesi et al., 2016; Martens et al., 2020, 2022; Wu et al., 2025; Vonk et al., 2025). The
key mechanisms driving permafrost OC remobilization during the last deglaciation primarily include coastal erosion of the
East Siberian Arctic Shelf due to sea level rise, active layer thawing, and subsequent riverine transport of OC (Tesi et al., 2016;
Martens et al., 2020; Lin et al., 2025; Nicolas et al., 2025). Given the substantial OC reservoirs in Arctic permafrost and their
potential impact on climate change, the understudied influence of sea ice dynamics on wave-induced coastal erosion warrants

further investigation to better define terrestrial OC (terrOC) remobilization processes.

Permafrost carbon exhibits distinct isotopic characteristics depending on its formation time, which provide valuable clues for
constraining carbon sources and their remobilization mechanisms. Ice Complex Deposits (ICD), also known as Yedoma,

formed during the_Llate Pleistocene,-ane- are characterized by huge ice wedges and old radiocarbon ages, and are usually

remobilized through thaw-induced coastal erosion (Vonk et al., 2012; Strauss et al., 2017). On the other hand, surficial
permafrost consists of comparatively young radiocarbon and can be remobilized through processes such as active layer thawing
and riverine erosion (Martens et al., 2020, 2022; Matsubara et al., 2022; Wu et al 2025). By deconvoluting the source
fingerprint of OC accumulating in the receptor sediments, it is possible to identify sources and mechanisms of permafrost
carbon remobilization. Specifically, the source contribution can be investigated by analysing stable carbon isotopes (§*3C) to
differentiate between marine and terrestrial OC (Semiletov et al., 2005; Martens et al., 2021). The relative contribution within
the terrOC pool (such as surficial permafrost and erosion of deeper permafrost layers) can be further resolved by combining
&%3C with radiocarbon dating (**C) given the age difference of the OC in these different permafrost pools (Gustafsson et al.
2011; Vonk et al., 2012; Karlsson et al.,2016; Wild et al., 2019; Martens et al., 2022). To further investigate mechanisms of
remobilization, terrigenous biomarkers (sterols, lignin etc) can trace the input of terrestrial OC (terrOC) and provide further
information about the origin of OC (Kremer et al., 2018; Tesi et al., 2016; Broder et al., 2018; Matsubara et al., 2022). In
summary, the carbon isotopic characteristics combined with terrigenous biomarkers enables source tracing of the sedimentary
OC input, and the potential mobilization mechanisms.

In this study, we aim to investigate the sea ice history around the Southern Lomonosov Ridge to better understand sea ice
changes during periods of abrupt climate change and their impacts on the remobilization of terrOC along permafrost coastlines.
We utilized the well-characterized sediment core 31-PC from the Southern Lomonosov Ridge, located off the Laptev and East
Siberian Seas (Fig. 1; Muschitiello et al., 2020; Martens et al., 2020). By reconstructing the sea ice history over the last 27
kyrs using IP2s and the PIP,s index, we provide a detailed temporal record. Additionally, we incorporate findings from aan
isotope-based carbon source apportionment study on the same core (Martens et al., 2020) to explore the connection between

sea ice and permafrost carbon remobilization.
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2 Methods
2.1 Material and study area

During the SWERUS-C3 expedition in 2014 on the Swedish icebreaker Oden, an eight-meter-long piston core (31-PC) was
obtained at 1120 m depth on the Southern Lomonosov Ridge (79.91°N, 143.23°E, Fig. 1). Due to disturbance of the surface
sediments during the piston coring processes, surface sediment, representing the top of the core was used from multicore 31-
MUC, sampled at the same location. The chronology of core 31-PC was established through a combination of bulk radiocarbon
dating and stratigraphic correlation with Greenland ice-core records-from-Greenland, encompassing-resulting in an age-model

covering— the last 27 kyr (Muschitiello et al., 2020; Martens et al., 2020). The age-model was developedestablished
throughusing a Markov Chain Monte Carlo algorithm andto probabilistically align variations in Bayesian—prebabilistic
aligamentof the sediment eereporosity andwith &80 records from Greenland ice cores, with eight bulk radiocarbon ages

providing maximum age constraints. The age-model development and-is described in detail in Muschitiello et al. (2020).

Sedimentation rates in 31-PC were on average 41+24 cm kyr;*, apart from the past 9 kyr where they were lower (15 cm kyr.;

Muschitiello et al., 2020). The sampling location on the intersection between the Siberian continental margin and the Southern

Lomonosov Ridge enabled sea ice reconstructions encompassing parts of the East Siberian- and Laptev Sea. Additionally, the
sampling location enabled quantification of fluvially transported inland PF-C from the Lena River throughout the last
deglaciation, including the Holocene. Notably, the core site was adjacent to ICD PF on the continental shelf, which formed
during low sea levels and exposed deposits that are now submerged as subsea permafrost. This makes the core site an important

receptor for terrOC from past shelf flooding and coastal erosion.
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Figure 1: Sampling location of 31-PC and 31-MUC are indicated with a star marker. Other paleorecords of sea ice reconstruction discussed
in this study are indicated with red rhombic markers. The current shelf seas of the Kara Sea (KS), Laptev Sea (LS), the East Siberian Sea
(ESS), Chukchi Sea (CS), and Beaufort Sea (BS) are clarified with abbreviations. Bathymetry was applied using IBCAO version 4.2
(Jakobsson et al., 2022). The light-gray areas indicate land during the last glacial maximum (LGM), which were flooded during the last
deglaciation. Yellow areas are contemporary land regions covered by ICD-permafrost (Strauss et al., 2022), and red lines display subsea
permafrost in the contemporary Arctic (Overduin et al., 2019). Contemporary Arctic rivers are displayed as light blue lines.

2.2 Lipid Biomarkers

The biomarker analyses were carried out following the method initiated by Belt et al. (2012), with minor modifications. Briefly,
freeze-dried sediment samples were homogenised and ground to fine powders, followed by additions of 20 pl of 7-
hexylnonadecane (0.00465 pg pl™), 9-octylheptadec-8-ene (0.00535 pg pl), and androstanol (0.45 pg pl?), respectively, as
internal standards to correct for analyte losses during the laboratory procedure. Lipid extraction was performed on the
sediments with saponification using KOH (5%, MeOH/H,0: 9/1, v/v; KOH > 85% purity; MeOH > 99,9% purity), heating for
1h at 70 °C. The saponified eentents-compounds were then extracted by repeated liquid-liquid extractions with hexane after
vortexing and centrifugating the samples. Condensed extracts were eluted into a non-polar (using 6 ml n-hexane) and a polar
fraction (using 6 ml DCM/MeOH, 1:1, v/v) through open-column chromatography with 1 % H,O deactivated silica gel (63-
200 pm; Supelco) as the stationary phase.



Before instrumental analyses, the polar fraction was derivatized with N, O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA) at
70°C for 1h. Both polar and non-polar fractions were analysed using gas chromatography-mass spectrometry (GC-MS) (GC-
MS 7820-A, Agilent Technologies USA). Non-polar compounds were analysed in splitless mode using single ion monitoring
mode (SIM), starting at a temperature of 40°C, ramping up 10°C per minute up to a maximum temperature of 300°C for 10
minutes. To minimize potential carryover, a one-minute post-run at 305°C was conducted for each sample. The polar fraction
was analysed in splitless mode using total ion current mode (TIC), with a starting temperature of 60°C held for one minute,
followed by a 10°C per minute temperature ramp to a maximum temperature of 310°C, maintained for 16 minutes.

Identification of 1P2s was based on the retention times of the compound in reference sediments provided by Professor Simon

Belt (University of Plymouth). To ensure accurate identification of IP2s, the reference sediment and subsamples of 31-PC were [ Formatted: Font: Not Italic ]

first analyzed in full scan mode before SIM analysis. The target sterol compounds were identified based on the mass

fragmentation pattern, and monitored through selective ion chromatograms, m/z 348, 470, 472, 486, 500 (androstanol,

brassicasterol, campesterol, B-sitosterol, and dinosterol). Quantifications of beth-1Ps fractiens-and sterols were based on the [ Formatted: Subscript J

differences in_instrumental mass spectral responses of the target compounds and the internal standards, following the method

of Belt et al., (2012). The response factors were determined using external calibration curves of HBI reference sediment, and

external standards of the target sterols (Sigma-Aldrich). Additionally, the PIP2s-indices (Egs. 1 & 2) were calculated according
to Maller et al., (2011).

— [1P3s]
PIPos = fiparepoe M
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following the approach of Martens et al. (2020). ,The limit of detection (LOD) for each biomarker was experimentally

determined for each biomarker through external calibration curves of reference sediments (IPs) and sterols (external standards)

LOD = 3.3 % SD, /D, 3) Formatted: Font: 10 pt
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Where SDy, represents the residual standard deviation of the calibration curve and b is the slope of the calibration curve. <
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2.3 Carbon characteristics

The stable carbon isotope ratio (8'*C-OC) in the surface sediment of 31-MUC was determined using an elemental analyser
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radiocarbon (AC) content of OC in in-the-surface sediment-of 31-MUC was analysed through accelerator mass spectrometry
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at the Tandem Laboratory, Uppsala University. The other carbon isotopic composition and radiocarbon ages of OC in 31-PC
were already published and re-used from Martens et al. (2020). However, new pre-depositional ages of the OC were employed
in this study, now with the ages further corrected for atmospheric AC changes, according to Intcal20 (Reimer et al., 2020).
The radiocarbon_of OC at the time of deposition (A%Ciniriaf) Was calculated through Eq. (43) (SchefuB et al. 2016).

A Ciniriar = (F¥*Ce?t — 1) * 1000%yo (43)
Where F**C is the fraction modern carbon, t is the time of deposition, and 4 the decay constant for radiocarbon. Furthermore,
the pre-depositional age (years) was subsequently corrected through Eq. (54) (SchefuR et al. 2016).
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(54)

Pre — depositional age = —8033 * In l1+

3 Results

In the core-bottom ~27 kyr B.P., high concentrations and fluxes of marine and terrestrial biomarkers were observed. After the
DO-3 (28-27.5 kyr B.P., Dansgaard et al., 1993) around ~26.6-27 kyr B.P., cere-31-PC-the concentrations of IPs (0.20-0.36
Hg gOC™), dinosterol (7.60-24.8 pug gOC™), and brassicasterol were relatively-elevated compared to the rest of 31-PC (23.5-
30.6 ug gOC™; Fig. 2 & 3). Concurrently, massive-high fluxes of dinosterol (52.2-170.9 pg m2 yr?) and brassicasterol (179.4-

270.6 ug m2 yrt; Fig. 23) were present. The PIP,s indices during this period ranged from approximately 0.2-0.4 (Fig. 23).
Moreover, the aftermath of DO-3 was marked by high fluxes and concentrations of campesterol (181.5-269.5 pg m2 yr?; 25.2-
43.7 ug gOC?) and p-sitosterol (462.6-579.8 pg m? yr; 66.7-84.5 pug gOC™). Around 26.5 kyr B.P., the fluxes and
concentrations of these biomarkers diminished toward the LGM, with a concurrent abrupt increase in PIP2s (Fig. 23, 4 & 5).

From the LGM to around 11 kyr BP., IP2s, dinosterol and brassicasterol declined to non-detectable levels, with only occasional
low concentrations of dinosterol and brassicasterol (Fig. 2 & 3). Consequently, no PIPs indices are reported for this period
(Fig. 23). Similarly, the fluxes and concentrations of campesterol and B-sitosterol remained relatively low from the LGM until
11 kyr BP, with only minor increases noted around ~17-21 kyr B.P., and during B/A (Fig.23).

Following a long period of non-detectable IP,s and extremely low concentrations of marine biomarkers extending between
~26-11 kyr B.P., the biomarker input abruptly shifted. In the PreBoreal and early Holocene (PB/EH) the highest concentrations
of 1P25 (0.19-0.39 pg gOC™), dinosterol (6.0-25.3 ug gOC™) and brassicasterol (20.7-37.0 ug gOC™) were observed (Fig. 2 &
3). The PIP2s indices during this period fluctuated between approximately 0.14 and 0.54 (Fig. 23). Moreover, the PB/EH
marked elevated fluxes of these phytoplankton tracing biomarkers (Fig 3). Parallel to the algal biomarker increases, the
terrestrial biomarker fluxes and concentrations of campesterol (6.86-338.3 g m2 yr?; 6.41-59.7 ug gOC™) and B-sitosterol
(61.2-976.9 pg m2 yr; 34.2-172.3 ug gOC*) were amplified during the PB/EH (Fig. 23).



As the Holocene progressed, the initially high fluxes and concentrations of 1P2s, dinosterol, and brassicasterol gradually
diminished, though a notable abrupt-increase occurred around ~7-8 kyr B.P., followed by a gradual decline until ~1 kyr B.P.
200 (Fig. 23). Correspondingly, the PIP.s indices gradually increased towards modern conditions (Fig. 23). In the mid-late
Holocene, both campesterol and B-sitosterol exhibited gradual decreases-in concentrations and fluxes, with the exception of

amplified levels around ~4 kyr B.P. and in the modern core-top sample (~0 kyr B.P.;Fig. 23).
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Figure 23: Biomarker fluxes and concentrations recorded in 31-PC (ug m2 yr?; ug gOC). Red filled markers indicate concentrations below
the limit of detection, and the shaded regions around datapoints represent the uncertainty range of biomarker concentrations, based on the
relative standard deviation of the internal standard recoveries. The black arrows at 27.2 kyr B.P. represent the age uncertainty (90 %
confidence) in the core-bottom (Muschitiello et al., 2020). a) B-sitosterol fluxes (dark brown), and concentrations (light blue-green). b)
campesterol fluxes (dark gray) and concentrations (turquoise). c) Brassicasterol fluxes (green), and concentrations (light blue). d) Dinosterol
fluxes (orange), and concentrations (light purple). e) IP2s concentrations (black). f) PIP25 indices, the darker shade of blue indicates PglP2s,
and the lighter shade PplP2s. The interval 11-26 kyr B.P., is not displayed due to IP2s and brassicasterol remaining below the limit of detection
or in extremely low concentrations, yielding unreliable PIP2s indices.
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4 Discussion
4.1 Seasonal sea ice and enhanced terrOC transport during the DO-3 interstadial

The Dansgaard-Oeschger (DO) events are characterized by rapid increases in atmospheric and sea surface temperatures, along
with significant changes in hydrology (Dansgaard et al., 1993; Jensen et al., 2018). Given the age model uncertainty, Fthe DO-

3 event (28-27.5 kyr B.P.), or the aftermaths of it, is-areis likely recorded-captured at the base ofin- 31-PC (spanning 27.2 +

2.3/-1.4 kyr B.P., 90 % confidence interval; Muschitiello et al., 2020; Fig.3). The relatively low PIPs during this time suggest

that the DO-3 likely led to approximately ~1 kyr of seasonal sea ice eenditionscover, persisting until the transition into the
LGM at 26 kyr B.P. This contrasts with earlier findings from the Southern Lomonosov Ridge (PS2767-4) that reported

10
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increased sea ice preceding the LGM (Xiao et al., 2015). However, this earlier study was based on a low-resolution core using
a less well-constrained age model that was subsequently re-interpreted based on the improved dating of 31-PC (Muschitiello
et al., 2020). Conclusively attributing seasonal sea ice conditiens-cover during/after DO-3 to increased temperatures is still
challenging, given that the onset of DO-3 is not captured in this record. Nevertheless, the amplified phytoplankton productivity
following DO-3 was likely associated with seasonal sea ice cover and/or marginal ice zones. Nutrient input from melting sea
ice may have contributed to the enhanced IP2s, dinosterol, and brassicasterol (Fig. 23: Belt et al., 2018), and the increased input
of marine OC to the core location (Fig. 5; Martens et al., 2020). However, nutrient supply from terrestrial sources could also

be an important contributor to the observation of increased productivity. As DO-3 progressed into its later stages, the increasing

P1P2s values indicate an expanding sea ice cover approaching the LGM (Fig. 23 & 4).

Succeeding the DO-3, 31-PC recorded an abrupt increase in terrestrial biomarkers, consistent with the high input of OC
observed in core 31-PC (Fig. 4 & 5; Martens et al., 2020). The terrestrial OC is characterized by young pre-depositional ages
of ~4-7 kyrs (Fig. 5). Accordingly, previous research attributed the significant input of terrestrial OC to active layer thawing,
caused by warming during DO-3 (Martens et al., 2020). However, our records of reduced sea ice may suggest additional
mechanisms causing active layer thawing, associated with heat and moisture transport during times of open water conditions.
Specifically due to the proximity of the core location to the paleo-shoreline at the time (Fig. 1). The reduced sea ice after DO-
3 may have led to higher air temperatures, which, combined with increased moisture sources, could result in heavy autumn
snowfall. This snow could insulate the permafrost from low winter temperatures, leading to further thawing, as was displayed
by Vaks et al., (2020). Consequently, the more frequent open water conditions observed in core 31-PC following DO-3,
persisting for about 1 kyr or longer, may have contributed to the remobilization of permafrost carbon and observed
enhancement of terrestrial OC input. Taken together, core 31-PC represents the first high-resolution record of sea ice history
following DO-3 in this region, providing valuable insights into the—impact—of sea ice impact on permafrost carbon
remobilization.

11



255

1.0 Holocene e e B
. P
1 O PolPs Beaufort Sea 3|l &«
Spm—————————= Q
(a) °* \M-N. = PulPs (0-14 kyr B.P.) |’ 3
J Hﬂ\"""'\\ m é
0.0 w1 o
1.0 Chukchi Sea o =
(b) 05_‘ , (0-10 kyr B.P.) nf_‘* 43
L T 3
0.0 <
1.0 East Siberian Sea 0 z
: 0-10 kyr B.P.
(C) os] WM " e o
J \N1 o I_FE
0.0 o »
@ Poiris | (0-27 kyrB.P)  Southern Lomonosov Ridge
1.0 m PglP;:s - .
(d) 0.5+ i’/_\;w ::::l:.pt:l:rl‘:l‘;ilzi‘:marlnrsul\rnmaly low M & 1
Mest likely perennial sea ice n_ -
0.0 o
1.0 Eastern Laptev Sea © ¥
! } oL
(E) 0.5 {(0-17.5 kyr B.P.) a B
J m o
0.0 a2
Western Laptev Sea o -
(f) (0-18 kyr B.R.) n(:' =
| ::
o
o
1.0 Kara Sea w T
1 ——— (0-12 kyr B.P.) ol ®
- T o !
(9) 0.5 wy-r,\,/q 2
0.0 4ttt e &

1 1 1 T 1 T 1 T T T 1 T 1 T 1 T 1 T T T 1 T 1
2 4 6 8 10 12 14_16 18 20 22 24 26 28
kyr B.P.

Figure 4: Temporal distribution of reconstructed PIP2s sea ice in marine sediment cores across the Arctic Ocean during the last 27.2 kyr
B.P.. a) PolP2s in a Beaufort Sea sediment core covering the last 14 kyr (Wu et al., 2020). b) Chukchi Sea sediment core covering the last
10 kyr (Stein et al., 2017). ) PelP2s in an East Siberian Sea sediment core covering the last 10 kyr (Stein et al., 2017). d) The 31-PC record
covering the last 27.2 kyr. The interval 11-26 kyr B.P., is not displayed due to IP2s and brassicasterol remaining below the limit of detection
or in extremely low concentrations, yielding unreliable PIP2s indices (Fig. 23). €) PgslP2s in a nearby core from the Laptev Sea, covering the
last 17.5 kyr (Fahl and Stein., 2012). f) Western Laptev Sea sediment core covering the last 18 kyr (Horner et al., 2016; Lin et al., 20245).
g) PolP2s in a Kara Sea sediment core covering the last 12 kyr (Horner et al., 2018).
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4.2 Perennial sea ice and limited terrOC input during the LGM and HS-1 stadial

During the cold stadial of LGM and HS-1 (Heinrich Stadial-1), the concentrations of IP2s and marine phytoplankton biomarkers
were below detection limits (Fig. 23), indicating the presence of permanent sea ice. The absence of these biomarkers suggests
that thick sea ice inhibited the growth of open-water phytoplankton, -bybut also hindered ice-algae by Hmitinglimiting light
penetration and-through hindering-the ice-algae-growth. In contrast to studies that artificially set the PIP2s index to 1 in the
absence of both sea ice and marine phytoplankton biomarkers, our records emphasize the absence of these biomarkers to

highlight the presence of permanent sea ice (Fig. 23). The onset of perennial sea ice cover during the LGM is consistent with

recently published proxy records from the central Arctic Ocean (Pavia et al., 2025). However, Fthese results contrast with

studies from the Laptev Sea, which suggests the existence of seasonal sea ice or even ice-free conditions during the HS-1
(Horner et al., 2016; Fahl and Stein, 2012). Thus, tFhe different sea ice conditions between the Southern Lomonosov Ridge
and the nearby Laptev Sea may be attributed to the influence of warm-Atlantic Water (Bradley & England., 2007), but it should

be noted that the differences in sea ice cover alse-can also be explained by the presence of polynyas in the Laptev Sea
(Taldenkova et al., 2013). It is possible that this warm current has reduced sea ice in the Laptev Sea, while the Southern

Lomonosov Ridge and the adjacent East Siberian Sea were less affected by this warm inflow and maintained permanent sea

ice (Xiao et al., 2015). This could also explain the near absence of pre-Holocene sediment records in the East Siberian Sea.
However, further studies are necessary to validate this hypothesis.

The input of the terrestrial biomarkers campesterol and B-sitosterol was significantly reduced during the LGM and HS-1 (Fig.
23). Previous studies have attributed this decline to the stabilization of permafrost under the cold climate (Martens et al. 2020).
After 26 kyr B.P., the decreasing pre-depositional age and low ICD--OC -flux Ou+findings suggest that permanent sea ice

eould-may have serveacted as a barrier for transport of terrestrial matter inte-the-mrarine-envirenmentto the study site. Itis also
worth noting that the presence of permanent sea ice likely reduced the fetch distance and wave activity, thereby protecting
coastal areas from erosion and minimizing the input of older carbon sources such as those from ICD-PF. While limited coastal
erosion is evident at the Southern Lomonosov Ridge, a seasonal sea ice cover in the Western Laptev Sea resulted in a stronger

input of terrestrial organic matter (Hérner et al., 2016) compared to 31-PC. During the HS-1, 31-PC was rather close to the

coastline (75 km), indicating that the core should provide a record of coastal erosion and terrestrial export of organic matter.

However, low fluxes of OC and terrestrial biomarkers were present in 31-PC (Fig. 2&5). In the Western Laptev Sea, -

sitosterol and campesterol concentrations were around four times higher during the HS-1 (Hérner et al., 2016) compared to

31-PC. This highlights the role of perennial sea ice in limiting terrestrial carbon export during the HS-1 in 31-PC. Additionally

the proximity to the coastline of both cores captures how seasonal sea ice in the Eastern Laptev Sea permitted higher terrOC

input through coastal erosion. Conversely, perennial sea ice cover over the Southern Lomonosov Ridge limited erosion of the

nearby coastline.

13



295

During the LGM, the reduction of wave-induced coastal erosion is apparent despite the proximity to the ICD-coastline (Fig.1).
Interestingly, our records show a minor increase in terrestrial biomarkers and brassicasterol between ~19-22 kyr B.P., while
such an increase was absent in dinosterol (Fig. 23). Given that brassicasterol may have lacustrine sources (Horner et al., 2016),
this increase may indicate a moderate rise in material from riverine input. However, the underlying cause of this increase
remains unclear, especially considering the cold climate, presence of permanent sea ice (Fig. 23), and relatively stable sea
levels (Lambeck et al., 2014).
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Figure 5: Carbon characteristics and PIP2s reconstructed sea ice using the 31-PC record. a) The rate of sea level change (m kyr) throughout
the studied time-period (Lambeck et al., 2014). ba) Organic carbon fluxes (g m yr*) based on source apportionments from Martens et al.,
(2020). The light green shading represents active layer (younger) permafrost, the darker shading the ice complex deposits formed during the
Pleistocene and the white is marine organic carbon. cb) Stable isotopic signature (§**C-OC) of 31-PC from Martens et al., (2020), including
the addition of the surface layer from 31-MUC ~0 kyr B.P. Stable isotopic signature (§'3C-OC) of Eastern Laptev Sea core PS2458-4 (Nicolas
etal., 2025). de) Recalculated predepositional age of C-OC at the time of atmospheric carbon sequestration in 31-PC (Martens et al., 2020),
with the red bars displaying the maximum and minimum estimate, and predepositional age of 4C-OC in Eastern Laptev Sea core PS2458-4
(Nicolas et al., 2025). ed) PIP2s reconstructed sea ice with dinosterol (PolP2s) and brassicasterol (PgslPzs) as the phytoplankton biomarkers.
The blue arrow indicates the time when individual phytoplankton and IP2s were extremely low, yielding unreliable PIP2s-indices, see Fig.3
for reference.
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4.3 Perennial sea ice persisting into the Younger Dryas with limited terrOC input present-during the Bglling-Allerad
interstadial

During the YD stadial, and despite the warming climate of the B/A, the IP2s and open-water algae biomarkers remained
undetectable, comparable to the levels observed during the LGM (Fig. 23). This suggests that permanent sea ice persisted from
the LGM until approximately 11 kyr BP. This sea ice condition contrasts with the patterns observed in the Kara Sea, Laptev
Sea, and the Beaufort Sea, where sea ice cover was reduced during the B/A and slightly increased during the YD, but generally
remained seasonal (Fig. 4; Horner et al., 2016; Horner et al., 2018; Fahl and Stein, 2012; Wu et al., 2020). Lin et al. (202 45)
proposed that during this time, Atlantic Water inflow inhibited sea ice formation in the Laptev Sea. Similar to the conditions
during the LGM and HS-1. Therefore, the persisting sea ice cover in the Southern Lomonosov Ridge and Eastern Laptev Sea

is possibly due to the less profound impact of warm Atlantic Water inflow to our study area.

Ia-the-centext-efWhile permanent sea ice persisted during the B/A, there was a modest increase in terrestrial input-during-the
B/A, coupled with a notable increase in the pre-depositional age of OC, reaching approximately 15 kyr (Fig. 23&5). This

implies the involvement of additional mechanisms that remobilized older permafrost carbon. Typically, permanent sea ice is
expected to reduce wave activity, thereby limiting coastal erosion, and to decrease heat and moisture transport, which reduces
inland permafrost thawing (Barnhart et al., 2014; Vaks et al., 2020). Thus, the observed increase in permafrost carbon
remobilization is likely linked to the shelf flooding induced by sea-level rise during the meltwater pulse 1A (MWP-1A;
Lambeck et al., 2014; Martens et al., 2020). Indeed, profound sea level rise was observed in the nearby Laptev Sea during

MWP-1A (Bauch et al., 2001). This indicates that permafrost carbon remobilization during the B/A was primarily influenced

by sea-level rise and atmospheric warming, rather than by sea ice conditions in our study location. It is important to note that

the magnitude of permafrost remobilization recorded in core 31-PC is moderate compared to the DO-3 and PB events, as well
as compared to the Sea of Okhotsk, Bering Sea, North Pacific, and Beaufort Sea, where extensive remobilization during the
B/A has been widely documented (Winterfeld, et al., 2018; Meyer et al., 2019; Wu et al., 2022). This suggests a significant

role of the permanent sea ice limiting coastal erosion during B/A atclose to the Southern Lomonosov Ridge. Indeed, the OC-

fluxes were much larger in 31-PC when seasonal sea ice was present after DO-3 and the PB (Fig. 2&5). Additionally
Especiatly-considering-that nearby cores in the Eastern (PS2458; Fahl and Stein, 2012) and Western Laptev Sea (PS51-154/11;
Horner et al., 2016) display open water/seasonal sea ice conditions concurrent to input of pre-aged OC/n-alkanoice acids, but

in several orders of magnitude higher fluxes than in 31-PC (Fig. 5; Nicolas et al., 2025). This suggests that the presence of

perennial sea ice at the Southern Lomonosov Ridge, similar to the HS-1, served as a barrier to limit the transport of terrestrial

derived material to the core location, and that coastal erosion was limited close to the site. In contrast, regional variability was

evident in the Laptev Sea, where seasonal sea ice permitted substantioally greater transport of terrestrial organic carbon, partly

facilitated by the sea ice conditions permitting more coastal erosion (Fahl and Stein, 2012; Horner et al., 2016). Granted that

permanent sea ice likely limited the transport of terrOC to the core site, the actual magnitude of terrOC input driven by sea-

level rise in this region remains uncertain and warrants further investigation.
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During the YD stadial, terrestrial input returned to low levels, comparable to the marine contributions as indicated by the
marine phytoplankton biomarkers and carbon source apportionment (Fig. 23; Martens et al., 2020). Overall, the low terrestrial
input and young pre-depositional age suggest that the cold climate of the YD likely contributed to the stabilization of
permafrost, and the permanent sea ice may have had an additional effect on this stabilization.

4.4 Breakup of perennial sea ice and increased terrOC input during the Early Holocene

During the transition-of-PB/EH transition, there was a marked increase in 1P2s and marine phytoplankton biomarkers, with
PIP,5 values indicating the presence of seasonal sea ice (Fig. 3). Although the emergence of seasonal sea ice aligns with the
warmer climate of this period (Shakun et al., 2012), large-scale Arctic sea ice records suggest that the elevated temperatures
were not drivers of the breakup of permanent sea ice. This is evident from the observations that sea ice in regions like the
Beaufort Sea and Laptev Sea was reduced during the cold deglaciation and expanded during the warm late-early Holocene
(Fig. 4; Wu et al., 2020; Fahl and Stein, 2012; Horner et al., 2016). Instead, the transition was likely driven by erbital-foreing;
as summer_solar insolation at 70°N reached its maximum during this time (Laskar et al., 2004; Stranne et al., 2014).
Comparisons with sea ice records from the nearby Laptev Sea reveal contrasting patterns during the early Holocene: while sea
ice over the Southern Lomonosov Ridge transitioned from permanent to seasonal sea ice, sea ice coverage in the Laptev Sea
increased (Fig. 4; Horner et al., 2016; Lin et al., 20254). This suggests that the erbital-solar insolationfereing, rather than warm

Atlantic Water, became the dominant factor influencing sea ice dynamics during this period.

During the PB/EH, there was a substantial increase in terrestrial biomarkers of campesterol and f-sitosterol, even surpassing
levels observed during the DO-3 (Fig. 23). Source apportionment of OC and-elevated-pre-depositionalages{7500-15000-years)
suggest a-significantinput-ofthat most of the OC in 31-PC came from ICD-OC-t0-31-PC at the time (Fig. 5; Martens et al.
2020).; Due to cross-shelf transport of 0.6 kyr to 2.6 kyr of the OC (Martens et al., 2020), the mobilization which-is-tikehycould
be linked to coastal erosion driven by sea-level rise during the MWP-1B (Lambeck et al., 2014);-Martens-et-ak—2020}. This
finding is consistent with massive permafrost carbon remobilization recorded in the Laptev Sea, Chukchi Sea, Beaufort Sea,
Okhotsk Sea, Bering Sea, and North Pacific (Tesi et al., 2016; Martens et al., 2019; Wu et al., 2022; Winterfeld et al., 2018;
Meyer et al., 2019; Lin et al., 20245). However, a role of concurrent sea ice reduction cannot be excluded. Seasonal sea ice

can promote wave-induced coastal erosion of ICD by increasing fetch distance under frequent open water conditions (Barnhart
et al., 2014). Additionally, open water conditions can further elevate heat and moisture transport, potentially leading to deeper
thaws of permafrost (Vaks et al., 2020). Therefore, it is plausible that sea-level rise and sea ice reduction acted synergistically

to increase destabilization of coastal permafrost, although their relative contributions remain unclear.
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4.5 Gradual buildup of extended sea ice during the Late-Mid Holocene

Following the rapid decline in sea ice cover during the PB/EH transition, the Mid-Late Holocene is characterized by relatively
stable environmental conditions. Starting around 7.5 kyr B.P., marine-phytoplankton and sea ice algae productivity gradually
diminished, indicating a buildup of a more extended sea ice cover (Fig.3). The trend of expanding Arctic sea ice towards the
Late Holocene, as observed in our record, is consistent with findings from the Beaufort Sea, Kara Sea, Chukchi Sea, Laptev
Sea, and East Siberian Sea (Fig. 5; Fahl & Stein, 2012; Horner et al., 2016; Stein et al., 2017; Horner et al., 2018; Wu et al.,
2020; Dong et al., 2022). Dong et al. (2022) found that Fthe primary driver for mid-Holocene-ef-this- sea ice expansion
reduction in the East Siberian Sea during-the-Late-Holocene-is-hypothesized-to-be-the-reduction-irwas increased summer-solar
insolation,_driving heat discharge from Arctic rivers.— In accordance, the sea ice cover in our record as well as Dong et al.

(2022) expanded in the Late Holocene, attributed to reduced summer insolation and resulting heat discharge from nearby

rivers.whi

Coinciding with the expanding sea ice cover, the input of campesterol and B-sitosterol gradually decreased throughout the
Holocene, implying a decline in terrOC contribution in tandem with reduced marine productivity (Fig. 23 & 4). This trend of
minimal terrOC input and OC deposition is consistently observed in the Laptev Sea and East Siberian Sea (Tesi et al., 2016;
Keskitalo et al., 2017; Martens et al., 2020). Although the OC input remained low during the Holocene, the relative influence
of marine sources became more important towards the Late Holocene (Fahl & Stein 2012; Martens et al., 2020). The terrOC
remobilization of permafrost pools reduced, likely due to the relatively stable climatic conditions that did not trigger significant

OC remobilization, as had occurred during earlier periods of rapid temperature rise.

5 Conclusions

This study reconstructed sea ice history over the past 27 kyrs at the Southern Lomonosov Ridge using_the sea ice biomarkers

IP2s and open-water algae biomarkers brassicasterol and dinosterol, providing a comprehensive record that spans the late DO-

3 and LGM through the deglaciation period. This work offers new insights into past sea ice variability and its controlling

mechanisms. With emerging studies suggesting that sea ice can indirectly influence permafrost thaw and mobilization by

modulating wave activity, heat, and moisture transport, we integrated our sea ice reconstruction with previously detailed

investigations of permafrost carbon remobilization from the same core. The combined approach sheds light on the role of sea
ice in influencing permafrost thaw under climate change. The key findings of this study are as follows:-

1. The sea ice over the Lomonosov Ridge exhibited seasonal variability follewing-after the DO-3 interstadial, followed

by the establishment of permanent sea ice persisting until 11 kyr BP. The breakup of this permanent sea ice occurred

during the early Holocene, leading to a period of low sea ice concentrations, which then gradually increased through

the mid-late Holocene.
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Compared to sea ice records from the nearby Laptev Sea, the warm Atlantic water inflow likely played a primary role
in the contrasting sea ice conditions between these two regions during the deglaciation: while the Lomonosov Ridge
experienced permanent sea ice, the Western Laptev Sea was characterized by seasonal/ice-free conditions. The
breakup of permanent sea ice during the early Holocene, followed by a subsequent expansion, is consistent with
records from other parts of the Arctic Ocean, suggesting a predominant influence ef-from erbital-solar insolation
forcing during this period.

Permafrost carbon remobilization occurred after DO-3, during B/A, and PB/EH interstadials. The reduction in sea ice
after DO-3 and PB/EH likely contributed to permafrost destabilization by modulating wave activity and heat/moisture
transport, which further enhanced coastal erosion and inland permafrost thaw. In contrast, the moderate carbon
remobilization observed during the B/A, compared to DO-3 and PB/EH, may indicate that permanent sea ice to some
degree have-can protected Aretie-the coastlines, and limit coastal erosion. Therefore, the magnitude of permafrost-

carbon remobilization could be attenuated by permanent sea ice serving as a barrier for terrOC transport to the marine

realm, and by limiting the extent of coastal erosion.-
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