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A B S T R A C T

Sea ice conditions in the eastern Fram Strait between 40 and 36.5 ka b2k (thousand years before the year 2000) 
are reconstructed in detail, based on biomarker analyses. Following extensive sea ice conditions around the 
Greenland Interstadial 9/Greenland Stadial 9 transition at 39.9 ka b2k, repeated polynya activity marked 
Greenland Stadial 9 in the eastern Fram Strait. Nearly perennial sea ice was observed around the Greenland 
Stadial 9/Greenland Interstadial 8 transition at 38.22 ka b2k, followed by a gradual establishment of seasonal sea 
ice cover over the research area during Greenland Interstadial 8. Previous studies highlighted sea ice retreat in 
the southeastern Nordic Seas as a driver of abrupt Greenland Stadial to Interstadial climate change. We document 
intervals with less sea ice in the eastern Fram Strait during Greenland Stadial 9 and Interstadial 8 than previously 
suggested. By mapping the variable sea ice extent during Greenland Stadial 9 and Interstadial 8, further con
straints are detected that may help define the role of the Nordic Seas sea ice cover in driving abrupt climate 
change during glacial times.

1. Introduction

The Dansgaard-Oeschger (D-O) events of the Last Glacial Period are 
characterized by abrupt warming from cold Greenland Stadials (GSs) to 
relatively mild Greenland Interstadials (GIs) in the Greenland ice cores 
and marine sediment cores from the North Atlantic region and adjacent 
continents. Following the warmest early stage of GIs, gradual cooling 
occurred, with abrupt cooling to full GS conditions by the end of GIs 
(Rasmussen et al., 2014).

Evidence suggests that the D-O events are closely linked to changes 
in the Nordic Seas sea ice cover (e.g., Dokken and Jansen, 1999; 
Zumaque et al., 2012; Dokken et al., 2013; Li and Born, 2019; Sadatzki 
et al., 2020). Sea ice dynamics influence the Earth’s energy budget by 
changing the surface albedo, ocean-atmosphere heat and moisture ex
change, and the ocean circulation that redistributes heat (Parmentier 
et al., 2013; Gao et al., 2015). With an extensive sea ice cover in the 
Nordic Seas, a strong halocline is formed, and warmer Atlantic Water 
(AW) is forced to submerge into intermediate water depths. The sub
merged AW contributes to the buildup of an ocean heat reservoir 

beneath the halocline (e.g., Rasmussen and Thomsen, 2004; Ezat et al., 
2014; Sadatzki et al., 2019; El bani Altuna et al., 2021), since the sea ice 
cover restricts the ocean heat loss to the atmosphere (Hoff et al., 2016). 
When the Nordic Seas is free of sea ice, heat and moisture exchange 
between the ocean and the atmosphere takes place further north to
wards the Arctic, leading to a warmer climate in the high latitudes 
relative to the periods when sea ice covers the Nordic Seas (Hoff et al., 
2016). Furthermore, changes in the Nordic Seas sea ice distribution 
affect the North Atlantic Deep Water (NADW) formation, which is an 
important component of the Atlantic Meridional Overturning Circula
tion (AMOC) (Dokken et al., 2013; Menviel et al., 2020). Sea ice 
therefore plays a vital role in regional and global climate oscillations 
through its impact on ocean-ice-atmosphere interactions.

In the southeastern Nordic Seas, paleoclimatic proxy data show that 
seasonal sea ice prevailed during GSs (Hoff et al., 2016; Sadatzki et al., 
2020). It is also suggested that the AMOC weakened during the GSs 
(McManus et al., 1999; Henry et al., 2016; Sadatzki et al., 2020). Sea ice 
retreat in the southeastern Nordic Seas preceded the Greenland warming 
and the major reinvigoration of the AMOC during the GS-GI transitions 
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(Sadatzki et al., 2019). After a rapid (<250 years) large-scale reduction 
of sea ice in the southeastern Nordic Seas (Berben et al., 2020; Sadatzki 
et al., 2020), relatively warm AW reached the sea surface, preventing sea 
ice from expanding southwards during GIs (Sadatzki et al., 2019; Sess
ford et al., 2019). In the northern Nordic Seas, extensive sea ice is sug
gested to prevail during most of the D-O cycles, based on relatively 
low-resolution biomarker data (El bani Altuna et al., 2024).

Yet, there is a lack of knowledge regarding the extent and duration of 
sea ice coverage in the Nordic Seas during the GSs, GIs, and GS-GI 
transitions. To understand the mechanics of ocean-ice-atmosphere in
teractions during D-O climate oscillations, it is necessary to examine 
direct evidence of sea ice changes in the northern Nordic Seas with 
higher temporal resolutions to supplement evidence from further south. 
Here, we address this knowledge through high-resolution re
constructions of sea ice conditions in the eastern Fram Strait during GS-9 
and GI-8. Our reconstructions rely on lipid biomarker proxies, specif
ically, paired records of highly branched isoprenoids (HBIs) (i.e., IP25 
and HBI-III (Z)) and sterols (i.e., brassicasterol, dinosterol, campesterol 
and sitosterol) from marine sediment core MD99-2304 in the eastern 
Fram Strait (1348 m water depth; 77◦37′15.6″N 9◦56′54″E) (Fig. 1).

IP25 is biosynthesized by spring sea ice diatoms (Belt et al., 2007; 
Brown et al., 2014). HBI-III (Z) is derived from pelagic phytoplankton 
but has enhanced abundance near the marginal ice zones (MIZ) in the 
Arctic realm (Belt et al., 2015; Smik et al., 2016). Here, MIZ is defined as 
the oceanographic front between the main sea ice cover and ice-free 
areas (Dumont, 2022). Brassicasterol and dinosterol are known for 
their occurrence in pelagic, open ocean conditions (Volkman, 2006; 
Stoynova et al., 2013; Kolling et al., 2020; Su et al., 2022). Campesterol 
and sitosterol are commonly ascribed to terrestrial vascular plants (Fahl 
and Stein, 2007; Müller et al., 2009; Bianchi and Canuel, 2011), and are 

combined as an identifier of terrestrial organic matter. A thick sea ice 
cover inhibits sunlight from penetrating through, leading to low IP25 
concentrations, comparable to the values seen under ice-free conditions 
(e.g., Müller et al., 2011; Smik et al., 2016; Stein et al., 2017). To 
differentiate between perennial sea ice cover and open water conditions, 
we apply the PIP25 indices (open water phytoplankton biomarker-IP25, 
see Formula I and II in Material and methods) (Müller et al., 2011; Stein 
et al., 2017), which combine the data semi-quantitatively. Based on the 
mentioned lipid biomarker proxies and indices, we map the sea ice 
extent in the Nordic Seas from 40 to 36.5 ka b2k with unprecedented 
details. Gaining a comprehensive understanding of how abrupt changes 
in sea ice affect regional and global climate is key to helping improve 
future projections.

2. Study area

2.1. Present day oceanography

The North Atlantic Current (NAC) enters the Norwegian Sea over the 
Greenland-Scotland Ridge and splits into the two-branched Norwegian 
Atlantic Current (NwAC). The NwAC flows northwards in the eastern 
Nordic Seas, bringing warm AW northwards along the continental slope 
of Norway (Bosse et al., 2018; Smedsrud et al., 2022). The eastern 
branch of the NwAC bifurcates in the northern Norwegian Sea. The 
North Cape Current (NCC) flows into the Barents Sea, and the West 
Spitsbergen Current (WSC) enters the eastern Fram Strait and is joined 
by the western branch of the NwAC (Fig. 1) (Bosse et al., 2018).

The Fram Strait is the major gateway for the exchange of water 
masses between the Arctic Ocean and the North Atlantic (Muilwijk et al., 
2018). As AW moves poleward, it cools and densifies as heat is lost to the 
atmosphere. Due to this densification, the WSC submerges in the Fram 
Strait. While one part of the submerged WSC enters the Arctic Ocean, 
another part recirculates southward in the intermediate layer through 
the Return Atlantic Current (RAC) (Hattermann et al., 2016). In the 
western Fram Strait, the East Greenland Current (EGC) transports cold, 
fresh Polar Water (PW) southward from the Arctic Ocean along the east 
Greenland slope (Fig. 1) (Smedsrud et al., 2022). In between AW in the 
eastern, and PW in the western Nordic Seas, there is a mixture of these 
two water masses named Arctic Water (ArW) (Olafsson et al., 2021).

2.2. Present-day and future sea ice conditions

Over the last decades, the Arctic Ocean sea ice extent and thickness 
have seen a clear declining trend, including the amount of multi-year sea 
ice (Florence et al., 2017, updated by 2024; Notz and Stroeve, 2018; 
Parkinson and DiGirolamo, 2021). This retreat is accompanied by an 
abrupt atmospheric warming over the area of strong sea ice retreat and 
adjacent land areas (Jansen et al., 2020). The eastern Fram Strait is 
mostly ice-free, with open water reaching northwest of Svalbard during 
summers (Fig. 1) (Onarheim et al., 2018). Future projections show a 
further decline in the Arctic sea ice extent over the next century, as a 
response to anthropogenic emissions (e.g., Dörr et al., 2024; Jahn et al., 
2024). At present, sea ice and freshwater are exported from the Arctic 
Ocean through the western Fram Strait and southwards in the western 
Nordic Seas, following EGC (Fig. 1) (Smedsrud et al., 2017).

The Northeast Water (NEW) Polynya, an area of open water sur
rounded by sea ice, is situated in the modern northwest Fram Strait 
(Barber and Massom, 2007; Bennett et al., 2024). Both latent (i.e., ice 
motions driven by physical forcing) and sensible heat processes (i.e., 
surface ocean heat fluxes) play significant roles in the formation of the 
NEW Polynya (Schneider and Budéus, 1997; Barber and Massom, 2007). 
The potential disappearance of the NEW polynya due to ongoing sea ice 
loss is discussed (Bennett et al., 2024; Jahn et al., 2024).

Fig. 1. Map showing the research area and core sites with available biomarker 
data covering the investigated time interval (40–36.5 ka b2k). The yellow star 
represents Core MD99-2304. The yellow dots represent sites used for compar
ison: (1) PS92/039-2 (Kremer et al., 2018b), (2) PS93/006-1 (Kremer et al., 
2018a), (3) HH15-1252 PC (El bani Altuna et al., 2021; 2024), (4) MD95-2010 
(Sadatzki et al., 2020), (5) JM11-FI-19PC (Hoff et al., 2016), (6) MD99-2284 
(Sadatzki et al., 2019), and (7) GS16-204-23-CC (Scoto et al., 2022). The cor
ing sites were numbered according to their latitudes, from north to south. Grey 
areas mark the 2023 September sea ice extent, and white areas mark the 2023 
March sea ice extent (Florence et al., 2017, updated by 2024). The red arrows 
illustrate the warm and saline North Atlantic Current (NAC), Norwegian 
Atlantic Currents (NwAC), West Spitsbergen Current (WSC), and North Cape 
Current (NCC). The blue arrow illustrates the cold and fresh East Greenland 
Current (EGC). The purple-blue branch illustrates the submerging Return 
Atlantic Current (RAC). The map was produced with Ocean Data View 
(https://odv.awi.de/) and Inkscape software (http://www.inkscape.org/).
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3. Material and methods

3.1. Chronological framework

The chronology of MD99-2304 is set by tuning the low field magnetic 
susceptibility (Κlf) of MD99-2304 to the Κlf of Core MD95-2010 from the 
Norwegian Sea (Kissel et al., 1999), adapting the MD95-2010 chrono
logical framework from Sadatzki et al. (2020) (Figs. 1 & 2). The chro
nology of MD95-2010 (Sadatzki et al., 2020) is tied to the chronology of 
MD99-2284, a core located in the Faeroe-Shetland Channel (Fig. 1) 
(Berben et al., 2020). The MD99-2284 age model was originally con
strained by tunning the anhysteretic remanent magnetization to the 
Greenland δ18O (Dokken et al., 2013; Sadatzki et al., 2019), following 
the findings of Kissel et al. (1999) where they showed how oscillations in 
magnetic properties in the North Atlantic change in phase with the δ18O 
of Greenland ice cores. The Greenland chronological framework used is 
the Greenland Ice Core Chronology 2005 (GICC05) (Andersen et al., 
2006; Rasmussen et al., 2014; Seierstad et al., 2014). Later, the 
MD99-2284 chronology was further constrained by targeted 
high-resolution identification of cryptotephra (Berben et al., 2020). Six 
individual marine tephra horizons were identified between 32 and 40 ka 
b2k, from where four of these could be used as isochronous time markers 
between tephra horizons found in Greenland ice cores and MD99-2284.

The Κlf of all three cores was measured at the paleomagnetic labo
ratory at the LSCE in Gif-sur-Yvette. Measurements were done every 2 
cm on u-channels, using a Bartington sensing coil with 5.5 cm diameter 
displaced along the u-channel sections. The Κlf is presented as Κlf (10− 6 

SI). The Κlf record from Core MD99-2010 was published in Kissel et al. 
(1999), while the Κlf records from MD99-2304 and MD99-2284 were not 
previously published.

The corresponding depths between MD99-2304 and MD95-2010 
were identified, before adopting the MD95-2010 age-depth model 
from Sadatzki et al. (2020). Tie points are set for each transition, in and 
out of the GIs and GSs between 31.9 and 41.1 ka b2k (Fig. 2; Table 1). All 
ages are given as ka b2k.

In MD99-2304, an interval (916.25–905.25 cm, ca. 37.7 ka b2k) 
where 0.1 ± 0.2% of the sediment was >63 μm is interpreted to repre
sent the fine-grained tail of a turbidite. When setting the chronology for 
MD99-2304, this interval is considered to have been deposited instan
taneously. The signals recorded by this layer are therefore not repre
sentative of sea ice or climate history at the site and have been omitted 
from the records presented in this paper.

In the discussion, we compare our results to the records from HH15- 
1252 PC (3 in Fig. 1, El bani Altuna et al., 2021, 2024) and 
GS16-204-23CC (7 in Fig. 1, Scoto et al., 2022). The originally published 
chronologies of these cores are used, and all ages are given as ka b2k. For 
HH15-1252 PC, the GIs and GSs are recognized by correlating the 
planktic foraminiferal δ18O to the NGRIP δ18O at the GICC05 (El bani 
Altuna et al., 2021, 2024). Based on magnetic susceptibility and pale
ointensity, Scoto et al. (2022) adopted the chronological framework 
from PS2644, a core from the Denmark Strait where the age model is 
supported by numerous 14C ages and identified tephra layers (Voelker 
et al., 2000; Voelker and Haflidason, 2015) and transferred to the 
GICC05. Hence, all records presented are set at the GICC05.

3.2. Biomarker analysis

For MD99-2304, the depth interval between 937.75 and 895.75 cm 
(39.3–37.8 ka b2k) was analyzed every 0.5 cm (ca. 20 years/sample). 
The intervals of 974.25–937.75 cm (40–39.3 ka b2k) and 
895.75–874.25 cm (37.8–36.5 ka b2k) were analyzed every 0.5–1 cm 
(ca. 20–40 years/sample). In total 149 samples were measured in this 
study. For normalizing biomarker concentrations, total organic carbon 
(TOC) was measured (90 mg of freeze-dried and homogenized sediment) 
in all samples using a Carbon-Sulfur Analyzer (CS-125, Leco) after 
removing carbonate with hydrochloric acid. All analyses were per
formed at the Alfred Wegener Institute (AWI) Bremerhaven, Germany.

The biomarkers were extracted from freeze-dried and homogenized 
sediment samples by ultrasonication for 15 min followed by centrifu
gation (2000 rpm, 4 min). This procedure was repeated three times 
using dichloromethane:methanol (2:1, v/v) as solvent. Prior to extrac
tion, the internal standards 7-hexylnonadecane (7-HND, 0.066 μg, for 
IP25 quantification), 9-octylheptadec-8-ene (9-OHD, 0.1 μg, for different 

Fig. 2. Low field magnetic susceptibility (Κlf) of (A) MD99-2304, (B) MD95- 
2010 (Kissel et al., 1999), and (C) MD99-2284 shown on the same chronolog
ical framework. (D) NGRIP ice core (GICC05) 20 years mean δ18O (North 
Greenland Ice Core Project members, 2004; Andersen et al., 2006), shown as a 
reference. The small dots in (A), (B) and (C) illustrate the data points, and the 
oval symbols in (A) and (B) represent the tie points used for tuning. For further 
details on the MD99-2284 and MD95-2010 age models, we refer to Berben et al. 
(2020) and Sadatzki et al. (2020).

Table 1 
Tie points that are used to establish the chronological framework. The magnetic 
susceptibility of MD99-2304 was tuned to the magnetic susceptibility of MD95- 
2010, depth to depth, before adapting the MD95-2010 age model from Sadatzki 
et al. (2020). The corrected MD99-2304 depth refers to the depths in 
MD99-2304 after adjusting for the fine-grained turbidite tail sediment deposi
tion. Linear interpolation sets the ages between the defined tie points.

MD99-2304 
Original 
depth (cm)

MD99-2304 
Corrected 
depth (cm)

Corresponding 
MD95-2010 Depth 
(cm)

Corresponding age (ka 
b2k) (Sadatzki et al., 
2020)

783 783 708 31.943
793 793 720 32.443
807 807 731 33.315
813 813 740 33.672
823 823 753 34.858
855 855 764 35.375
885 885 783 36.983
927 915.5 802 38.119
973 961.5 823 39.948
979 967.5 829 40.146
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quality control procedures), 5α-androstan-3β-ol (androstanol, 10.6 μg, 
for sterol), and 2,6,10,15,19,23-hexamethyltetracosane (squalane, 3.2 
μg, for n-alkanes if needed later) were added to each sample. The total 
lipid extracts were separated by open silica (SiO2) column chromatog
raphy with n-hexane (5 ml) and ethyl acetate:n-hexane (9 ml, 2:8 v/v) as 
eluent into the hydrocarbon and sterol fractions. The sterol fraction was 
silylated using 200 μl bis-trimethylsilyl-trifluoroacet-amide (BSTFA; 60 
◦C, 2 h).

The biomarkers were measured by gas chromatography/mass spec
trometry (GC/MS) using an Agilent 7890B GC (30m DB-1MS column, 
0.25 mm i.d., 0.25 μm film thickness) coupled to an Agilent 5977A mass 
selective detector (MSD, 70 eV constant ionization potential, Scan 
50–550 m/z, 1 scan/s, ion source temperature 230 ◦C, Performance 
Turbo Pump), with selected ion monitoring mode (SIM) for HBIs and full 
scan mode (50–550 m/Z) for sterols. Here we present the data of sea ice 
proxy IP25 (C HBI monoene), HBI-III (Z) (C25:3 Z-isomer), brassicasterol 
(24-methylcholesta-5,22E-dien-3β-ol), dinosterol (4a-23,24-trimethyl- 
5a-cholest-22E-en-3β-ol), campesterol (24-methylcholest-5-en-3β-ol), 
and sitosterol (24-methylcholest-5-en-3β-ol). These selected HBIs and 
sterols were identified based on the GC retention times compared to 
those of reference compounds as well as published mass spectra for HBIs 
(Belt et al., 2000, 2007) and for sterols (Boon et al., 1979; Volkman, 
1986). HBIs were quantified based on their molecular ions (m/z 350 for 
IP25 and m/z 346 HBI-III (Z)) in relation to the fragment ion m/z 266 of 
7-HND. Brassicasterol, dinosterol, campesterol, and sitosterol were 
quantified as trimethylsilyl ethers. The molecular ions m/z 470, 500, 
472, and 486, respectively, were used in relation to the molecular ion 
m/z 348 of the internal standard androstanol. To balance different re
sponses of molecular ions of the analytes and the molecular/fragment 
ions of the internal standards, an external calibration was applied (for 
further see Fahl and Stein (2012).

The semi-quantitative measure PIP25 is applied to differentiate be
tween perennial sea ice and ice-free areas (Müller et al., 2011; Stein 
et al., 2017).

I PIP25 = IP25
(IP25+(phytoplankton biomarker*c)).

II c = mean IP25 concentration
mean phytoplankton biomarker concentration.

The balance factor c is defined as the ratio between mean concen
trations of IP25 and phytoplankton biomarkers (Müller et al., 2011). We 
present PIP25 values calculated with the phytoplankton biomarkers 
HBI-III (Z) (PIIIIP25), brassicasterol (PBIP25) and dinosterol (PDIP25). In 
this study, the PIP25 indices calibrated with a c based on the surface 
sediment samples from the Arctic Ocean and adjacent seas from Xiao 
et al. (2015) and Kolling et al. (2020) are not significantly different from 
the PIP25 calibrated with a regional c based on the downcore sediment 
samples of MD99-2304. Therefore, we adopt a regional factor c, with 
2.82 for PIIIIP25, 0.025 for PBIP25, and 0.044 for PDIP25 in this research.

PIP25 values are associated with modern spring/summer sea ice 
concentration according to the intercomparison between marine sedi
ment biomarker records and satellite sea ice data. PIP25 values < 0.5 and 
>0.75 represent less ice and nearly perennial sea ice conditions 
respectively; while PIP25 values between 0.5 and 0.75 stand for seasonal 
ice cover/stable ice edge (Müller et al., 2011; Xiao et al., 2015; Stein 
et al., 2017).

To increase the temporal resolution of biomarker records from 
sediment core MD95-2010 around the GS-9/GI-8 transition (Sadatzki 
et al., 2020), TOC and biomarkers were analyzed in four additional 
samples (808–807, 804.5–803.5, 801.5–800.5, and 799.5–798.5 cm). 
Balance factor c remained 0.68 for PIIIIP25 and 0.013 for PBIP25 in 
MD95-2010.

4. Results

In Core MD99-2304, biomarkers were detected in all analyzed 

samples. Between 40 and 39.6 ka b2k, biomarker concentrations were 
generally low (Figs. 3 & 4). Minima were recorded for HBI (i.e., IP25 and 
HBI-III (Z)) and sterol (i.e., brassicasterol, dinosterol, and 
campesterol+β-sitosterol) concentrations at 39.8 ka b2k. Following 
these minima, IP25 concentrations increased while HBI-III (Z) remained 
stably low (Fig. 3C). Brassicasterol and dinosterol concentrations 
increased after the minima (Fig. 3D). Between 40 and 39.6 ka b2k, 
meanPIIIIP25 value was 0.6, while mean PBIP25 and PDIP25 values were 
both 0.5 (Fig. 3E). Average concentration of campesterol+β-sitosterol 
during this time period was 18.8 μg/TOC% (Fig. 3F).

Between 39.6 and 38.5 ka b2k, HBI concentrations remained stable 
until 38.9 ka b2k. From 38.9 to 38.5ka b2k higher HBI concentrations 
and larger variability are recorded (Figs. 3C & 4). Meanwhile, sterols 
showed increased yet variable concentrations between 39.6 and 38.5 ka 
b2k (Figs. 3D & 4). During this time period, mean PIIIIP25 and PDIP25 
values were 0.5 while mean PBIP25 was 0.4 (Fig. 3E) and the average 
concentration of campesterol+β-sitosterol was 33 μg/TOC% (Fig. 3F).

From 38.5 ka b2k, biomarker concentrations started to decrease 
(Figs. 3 & 4). At 38.4 ka b2k, minimum concentrations are documented 
for both HBIs and sterols, followed by an increase in the concentrations 
of all biomarkers (Fig. 3). Between 38.5 and 38.1 ka b2k, average values 
were 0.7 for both PIIIIP25 and PBIP25, and 0.6 for PDIP25 (Fig. 3E). 
Campesterol+β-sitosterol had a mean concentration of 18.4 μg/TOC% 

Fig. 3. Biomarker results from MD99-2304 with NGRIP oxygen isotopes as a 
reference. (A) NGRIP δ18O (‰ vs SMOW) (20 years mean, GIC05 age model) 
(North Greenland Ice Core Project members, 2004; Andersen et al., 2006), (B) 
TOC, (C) HBIs (IP25 and HBI-III (Z)), (D) pelagic phytoplankton sterols (bras
sicasterol and dinosterol), (E) PIP25 (PIIIIP25, PBIP25, and PDIP25), and (f) 
terrestrial sterols (campesterol+β-sitosterol). All records are plotted as ka b2k. 
Yellow bars indicate the GIs (i.e., GI-9 and GI-8) as defined in the NGRIP ice 
core (Rasmussen et al., 2014). Grey boxes stand for the classification of PIP25 
values (from darkest to lightest: 0.75–1 extensive sea ice, 0.5–0.75 seasonal 
ice/stable ice edge, and 0–0.5 reduced ice) (Müller et al., 2011; Xiao et al., 
2015; Stein et al., 2017). The black dashed lines represent the divisions between 
different time periods based on the identified changes in concentrations of all 
biomarkers and PIP25 values (the distribution of IP25 and phytoplankton 
biomarker concentrations refers to Fig. 4).
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Fig. 4. Cross-plots between IP25 and phytoplankton markers, (A) IP25 - HBI-III (Z), (B) IP25 - brassicasterol, and (C) IP25 - dinosterol. The black dashed lines are drawn 
based on the balance factor c from this study, and they represent the differentiation of various sea ice conditions as defined by PIP25 (Müller et al., 2011; Xiao et al., 
2015; Stein et al., 2017). Different color codes illustrate the results by different time periods.
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during this time period (Fig. 3F).
Between 38.1 and 37.5 ka b2k, HBI concentrations were variable, 

especially between 37.8 and 37.5 ka b2k (Figs. 3C & 4). Brassicasterol 
and dinosterol concentrations varied throughout this time period 
(Figs. 3D & 4). Between 38.1 and 37.5 ka b2k, average values for PIIIIP25, 
PBIP25, and PDIP25 were 0.4, 0.5, and 0.6, respectively (Fig. 3E). Mean 
concentration of campesterol+β-sitosterol during this time period was 
25.2 μg/TOC% (Fig. 3F).

Between 37.5 and 36.5 ka b2k, HBI concentrations were consistently 
low, while pelagic phytoplankton sterol concentrations increased and 
continued to show variability (Figs. 3C, D & 4). Mean PIP25 values were 
0.4between 37.5 and 36.5 ka b2k (Fig. 3E), and the average concen
tration of campesterol+β-sitosterol was 29 μg/TOC% (Fig. 3F).

5. Discussion

Through interpretations of our new biomarker-based reconstructions 
and integrating our results with results from existing studies, we map 
how the sea ice distribution varied in the Nordic Seas through a D-O 
oscillation (GS-9 and GI-8). Based on changes in sea ice biomarker 
concentrations in MD99-2304, the investigated time interval is divided 
into five time periods: (1) 40–39.6 ka b2k during the GI-9/GS-9 transi
tion, (2) 39.6–38.5 ka b2k during GS-9, (3) 38.5–38.1 ka b2k during the 
GS-9/GI-8 transition, (4) 38.1–37.5 ka b2k during GI-8, and (5) 
37.5–36.5 ka b2k during the GI-8 and GI-8/GS-8 transition (Figs. 3 & 4). 
For each defined interval we first discuss what our new data tells us 
about the sea ice conditions in the eastern Fram Strait. Thereafter we 
consider this new knowledge in the context of existing regional re
constructions and present updated charts of sea ice extent for the five 
time intervals representing the sea ice changes taking place between 40 
and 36.5 ka b2k.

5.1. The GI-9/GS-9 transition (40–39.6 ka b2k): a nearly perennial sea 
ice cover

Our biomarker results from MD99-2304 show that the eastern Fram 
Strait was predominantly covered by perennial, or nearly perennial sea 
ice between 40 and 39.6 ka b2k with limited variability (Figs. 3 & 4). 
From 40 to 39.8 ka b2k, rapid sea ice expansion occurred, documented 
by the decreases in HBI and sterol concentrations. At 39.8 ka b2k, the 
very low HBI and sterol concentrations indicate nearly perennial sea ice. 
Nevertheless, the PIP25 values point to seasonal sea ice at the site, and 
they contradict our interpretation based on the HBI and sterol records. 
We argue that the PIP25 indices between 40 and 39.8 ka b2k may un
derestimate what the sea ice condition was like due to the very low 
concentrations of HBIs and sterols (Figs. 3C, D & E). This argument is 
supported by previous studies, which showed how the PIP25 indices 
have limitations in areas with permanent sea ice coverage (e.g., Belt 
et al., 2007; Kim et al., 2019; Kolling et al., 2020). Hence, PIP25 values 
are excluded from the interpretation of sea ice conditions between 40 
and 39.8 ka b2k, when we argue that perennial sea ice prevailed. Partly 
ice-free conditions emerged from 39.8 ka b2k onwards. From 39.8 to 
39.6 ka b2k, documented by a temporal resolution of 28 years/sample 
through this 200-year long time interval, increasing sterol concentra
tions show that partly ice-free conditions emerged (Figs. 3D & F) (Müller 
et al., 2011; Xiao et al., 2015; Stein et al., 2017).

Northwest of MD99-2304, the core site of HH15-1252 PC (3 in Fig. 1) 
was covered by perennial sea ice between 40 and 39.6 ka b2k (El bani 
Altuna et al., 2024). South of MD99-2304, the Vøring Plateau 
(MD95-2010, 4 in Fig. 1) was covered by nearly perennial sea ice, and 
the Faroe-Shetland Channel (MD99-2284, 6 in Fig. 1) was seasonally 
ice-covered (Sadatzki et al., 2019, 2020). A perennial or nearly peren
nial sea ice cover also prevailed in the Labrador Sea (GS16-204-23-CC, 7 
in Fig. 1) (Scoto et al., 2022). Coupling these with biomarker concen
trations and PIP25 indices from Core MD99-2304 (Figs. 5 & S1), we 
propose the presence of nearly perennial sea ice cover in the eastern 

Fram Strait and a substantial area of the Nordic Seas between 40 and 
39.6 ka b2k (Fig. 6A). Such an expanded sea ice extent was likely related 
to the regional cooling recorded by NGRIP δ18O (Fig. 3A) (Rasmussen 
et al., 2014).

5.2. GS-9 (39.6–38.5 ka b2k): polynya activity

Following the nearly perennial sea ice conditions around the GI-9/ 
GS-9 transition (Fig. 6A), seasonal polynyas were active at MD99- 
2304 between 39.6 and 38.5 ka b2k. From 39.6 ka b2k, all biomarker 
concentrations stabilized at higher levels (Fig. 3). The combination of 
elevated HBI and sterol concentrations suggests the occurrence of 
seasonally ice-free areas in the vicinity of the MIZ, while the constant 
occurrence of intermediate IP25 concentrations shows that sea ice was 
present at our study site throughout the interval between 39.6 and 38.5 
ka b2k (Xiao et al., 2015; Smik et al., 2016; Stein et al., 2017). Between 
38.9 and 38.5 ka b2k, the absolute concentrations of all biomarkers 
increased. This increase is interpreted to reflect reduced sea ice extent 

Fig. 5. PIP25 indices from MD99-2304 compared to (A) intermediate water 
temperature and (B) PIIIIP25 from HH15-1252 PC (3 in Fig. 1, El bani Altuna 
et al., 2024), (C) PIP25 from MD99-2304, (D) PIP25 from MD95-2010 (4 in 
Fig. 1, Sadatzki et al., 2020), and (E) PBIP25 from MD99-2284 (6 in Fig. 1, 
Sadatzki et al., 2019). PIP25 indices from PS92/039-2 (1 in Fig. 1, Kremer et al., 
2018b) and PS93/006-1 (2 in Fig. 1, Kremer et al., 2018a) were with low 
temporal resolution during the investigated time interval and hence were 
excluded from this discussion. Indices from JM11-FI-19PC (5 in Fig. 1, Hoff 
et al., 2016) were not included here either, since they had a lower temporal 
resolution compared to those from MD99-2284 and they agreed with the 
indices from MD99-2284 (Sadatzki et al., 2019). PIP25 indices were not 
calculated in GS16-204-23CC (7 in Fig. 1), due to the in-phase variations in IP25 
and phytoplankton markers (Scoto et al., 2022). The yellow bars indicate the 
GIs (i.e., GI-9 and GI-8). The grey boxes at PIP25 values refer to extensive sea ice 
(0.75–1), seasonal ice/stable ice edge (0.5–0.75), and reduced ice (0–0.5) (Xiao 
et al., 2015; Stein et al., 2017). The brown lines with round symbols refer to 
PIIIIP25, and the blue lines with oval symbols represent PBIP25. The black dashed 
lines represent the five time periods of sea ice change in the eastern Fram Strait.
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(Xiao et al., 2015; Stein et al., 2017).
Our results contrast the established picture of an extensive sea ice 

cover in the northern Nordic Seas during GSs. Earlier studies have 
argued for an extensive sea ice cover from further north in the Fram 
Strait (HH15-1252 PC, El bani Altuna et al., 2024), throughout the 
western Nordic Seas to the Labrador Sea (GS16-204-23-CC, Scoto et al., 
2022). The extensive sea ice cover was also suggested to have reached 
eastwards to the Vøring Plateau in the Norwegian Sea (Sadatzki et al., 
2020). Seasonal sea ice characterized the southeastern Nordic Seas 
(MD99-2284, Sadatzki et al., 2020). These interpretations are based on 
the variations in biomarker concentrations and PIP25 indices (Figs. 5 & 
S1). Since we see clear evidence of seasonally ice-free conditions in the 
eastern Fram Strait at the same time as the surrounding areas were 
covered by sea ice, we argue for repetitive polynya activity at 
MD99-2304 between 39.8 and 38.5 ka b2k (Fig. 6B).

Polynyas can be driven by mechanical and/or thermal forces 

(Morales Maqueda et al., 2004). During the Last Glacial Maximum 
(LGM), strong easterly katabatic winds likely originated from land and 
blew off the coast, triggering the formation of coastal polynyas in the 
Nordic Seas (Knies and Stein, 1998; Knies et al., 2018; Kremer et al., 
2018a; El bani Altuna et al., 2021). The Svalbard Barents Sea Ice Sheet 
(SBIS) played a crucial role in setting up katabatic winds during LGM 
(Knies et al., 1998; Kremer et al., 2018b), since the formation of kata
batic winds is largely buoyancy- and topography-related (Parish and 
Cassano, 2003; Zammett and Fowler, 2007). MD99-2304 is located close 
to the glacial SBIS margin. However, the SBIS was likely much smaller 
during our investigated time interval than during glacial maxima (e.g., 
Ingólfsson and Landvik, 2013; Jessen and Rasmussen, 2018; Wiberg 
et al., 2022). The lack of evidence for a large SBIS in the time interval of 
our study suggests that the polynyas were not formed due to the exis
tence of strong katabatic winds.

Rather, we suggest that the polynyas documented at MD99-2304 

Fig. 6. Schematic sea ice boundaries in the eastern Nordic Seas (A) during the GI-9/GS-9 transition (40–39.6 ka b2k), (B) during GS-9 (39.6–38.5 ka b2k), (C) during 
the GS-9/GI-8 transition (38.5–38.1 ka b2k), (D) during the first half of GI-8 (38.1–37.5 ka b2k), (E) during the second half of GI-8 and GI-8/GS-8 transition 
(37.5–36.5 ka b2k). The orange line bounded orange areas represent summer/fall sea ice extent, and the blue line bounded light blue areas indicate winter/spring sea 
ice extent. The circles with blue dashed lines refer to polynyas. The green line means sea ice retreat during the GS-9/GI-8 transition, and the magenta line char
acterizes sea ice expansion during the GI-8/GS-8 transition.
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emerged as a response to changes in the oceanic sensible heat flux. 
During the cold GSs, the Nordic Seas were strongly stratified (Dokken 
et al., 2013; Wary et al., 2015). Warm and saline AW submerged below 
the sea ice and the cold, fresh halocline before reaching the MIZ. The 
cold, fresh surface layer which consisted mostly of sea ice prevented heat 
release from the AW to the atmosphere, and a heat reservoir that 
spanned the full Nordic Seas built up at intermediate water depths 
(Sessford et al., 2019; El bani Altuna et al., 2021). As the heat reservoir 
built up at the onset of GS-9 (El bani Altuna et al., 2021), local mixing 
could be initiated by upward fluxes of heat and salt that weakened the 
halocline and facilitated the formation of open water polynyas 
(Rheinlænder et al., 2021). Sea ice has been shown to be highly sensitive 
to changes in subsurface AW temperatures (Jensen et al., 2016). Lower 
water temperature at intermediate depths is seen at the Fram Strait site 
HH15-1252 PC during the interval where we argue for polynya activity 
(Figs. 3 & 5A), since ocean heat may have been released through these 
local polynyas. Sensible heat polynyas could also be sustained through 
upwelling of subsurface AW along the shelf break of western Svalbard 
(Morales Maqueda et al., 2004; Falk-Petersen et al., 2015). In brief, we 
consider oceanic sensible heat the most likely driver of polynya forma
tion at MD99-2304 between 39.8 and 38.5 ka b2k.

5.3. The GS-9/GI-8 transition (38.5–38.1 ka b2k): a nearly perennial 
sea ice cover

Just prior to the GS-9/GI-8 transition, a nearly perennial sea ice 
cover prevailed in the eastern Fram Strait, followed by a gradual 
decrease in regional sea ice extent towards the onset of GI-8. Between 
38.5 and 38.3 ka b2k, all biomarkers dropped to very low concentrations 
that were only observed between 39.9 and 39.7 ka b2k (Fig. 3), sug
gesting low primary productivity and little terrestrial organic matter 
deposition. Such conditions reflect a lasting, nearly perennial sea ice 
cover at the site (Xiao et al., 2013, 2015; Stein et al., 2017; Kolling et al., 
2020). Due to the very low HBI concentrations, we suggest that the PIP25 
values that indicate a seasonal sea ice coverage may underestimate the 
sea ice conditions at the site between 38.5 and 38.3 ka b2k, in the same 
way as for the HBI concentration minimum at 39.8 ka b2k (Fig. 3C, D & 
E). Between 38.3 and 38.1 ka b2k, increasing biomarker concentrations, 
both for the HBIs and sterols, imply a progressive reduction in sea ice 
extent, from perennial to seasonal (Fig. 3) (Stein et al., 2017; Kolling 
et al., 2020).

The regrowth to a nearly perennial sea ice cover at the site between 
38.5 and 38.1 ka b2k can be seen as a response to a depletion of the 
ocean heat reservoir. The polynyas that were active throughout the 
39.8–38.5 ka b2k time interval allowed for continuous local ocean heat 
loss to the atmosphere (Maykut, 1982). Once the ocean heat reservoir 
was depleted, sea ice could regrow and the halocline could be estab
lished again within a short time (Rheinlænder et al., 2021), as observed 
in our record. The intermediate water temperature reconstruction of 
HH15-1252 PC further supports this scenario. Lower temperatures are 
recorded in the interval with polynya activity, and higher temperatures 
are recorded when the sea ice cover is interpreted to have been nearly 
perennial, reflecting whether heat could be released from the ocean 
(Fig. 5A) (El bani Altuna et al., 2021).

In line with our findings, El bani Altuna et al. (2024)suggested a 
perennial sea ice cover at HH15-1252 PC between 38.5 and 38.1 ka b1k. 
In the southeastern Nordic Seas, sea ice almost disappeared from the 
Faroe-Shetland Channel (MD99-2284) during this time period, while 
seasonal sea ice was still present at the Vøring Plateau (MD95-2010) 
until 38.3 ka b2k. These southern regions were mostly ice-free after the 
GS-9/GI-8 transition at 38.22 ka b2k (Sadatzki et al., 2019, 2020). In the 
Labrador Sea, the sea ice retreated to a seasonal extent after the 
GS-9/GI-8 transition, as shown by the increase in HBIs and brassicasterol 
concentrations (Scoto et al., 2022) (Fig. S1). Although seasonally 
ice-free areas gradually reached MD99-2304 between 38.3 and 38.1 ka 
b2k (Fig. 6C), the duration of seasonal sea ice retreat was likely shorter, 

and seasonally ice-free conditions occurred less frequently in the eastern 
Fram Strait when compared to the southeastern Nordic Seas sites 
(MD99-2284 and MD95-2010) (Figs. 5 & S1) (Sadatzki et al., 2019, 
2020).

5.4. GI-8 (38.1–37.5 ka b2k): a seasonal sea ice margin

The combined interpretation, incorporating both PIP25 values and 
biomarker concentrations, suggests a changeable environment charac
terized by seasonal sea ice and occasionally limited ice at MD99-2304 
between 38.1 and 37.5 ka b2k (Fig. 3) (Müller et al., 2011; Xiao et al., 
2015; Stein et al., 2017).

At the same time, a seasonal ice cover prevailed at HH15-1252 PC, 
north of MD99-2304 (El bani Altuna et al., 2024). Further south, the sea 
ice edge reached the Vøring Plateau (MD95-2010) during winter/spring, 
and the Faroe-Shetland Channel (MD99-2284) was mostly ice-free all 
year round (Sadatzki et al., 2019, 2020). Sea ice also gradually retreated 
from the Labrador Sea (GS16-204-23-CC) during this time period (Scoto 
et al., 2022). Seeing our biomarker and PIP25 results from MD99-2304 in 
the context of these regional sea ice reconstructions (Figs. 5 & S1), we 
argue that the summer/fall sea ice edge was located close to MD99-2304 
between 38.1 and 37.5 ka b2k (Fig. 6D) (Belt et al., 2015; Stein et al., 
2017; Kolling et al., 2020).

As the sea ice extent began to retreat northward, warm and saline 
AW reached the surface of the southeastern Nordic Seas (Sadatzki et al., 
2019, 2020). During this period, the atmosphere in the Nordic Seas 
received a greater amount of heat and moisture, in comparison to when 
the sea surface was predominantly covered by sea ice (i.e., during the 
GSs). This release of heat may have contributed to regional warming 
(Hoff et al., 2016; Sadatzki et al., 2020; El bani Altuna et al., 2021). Sea 
ice retreat in the Arctic Mediterranean also contributed to changes in 
near-surface wind, in the form of e.g. acceleration and redirection 
(Mioduszewski et al., 2018; Ogawa and Spengler, 2019; Liu et al., 2024). 
Together, the release of ocean heat and changes in wind field may 
further have accelerated the seasonal opening along the eastern Nordic 
Seas to the eastern Fram Strait (Hoff et al., 2016; Alkama et al., 2020).

5.5. The GI-8 and GI-8/GS-8 transition (37.5–36.5 ka b2k): seasonally 
ice-free condition

Between 37.5 and 36.5 ka b2k, the eastern Fram Strait was covered 
by seasonal sea ice, and the summer/fall sea ice edge moved north of 
MD99-2304. HBIs were present in MD99-2304, however, their concen
trations remained low (Fig. 3C). The increases in sterol concentrations 
imply a retreating sea ice cover and larger areas with open ocean 
(Fig. 3D and F) (Volkman, 2006; Kolling et al., 2020). PIP25 values 
indicate a limited extent of sea ice at MD99-2304 (Figs. 3E & 4) (Xiao 
et al., 2015; Stein et al., 2017).

The summer/fall sea ice edge was frequently positioned in the vi
cinity of HH15-1252 PC until 37 ka b2k, when the sea ice extent started 
to increase (El bani Altuna et al., 2024). South of the Fram Strait, the 
Nordic Seas were largely ice-free until 36.9 ka b2k. From 36.9 ka b2k, 
the winter/spring sea ice gradually expanded towards the Vøring 
Plateau (MD95-2010) and the Faroe-Shetland Channel (MD99-2284) 
(Sadatzki et al., 2019, 2020). In the Labrador Sea, the sea ice cover 
started to grow from 36.7 ka b2k (Scoto et al., 2022). Integrating the 
biomarker and PIP25 results from our new and these existing records 
(Fig. 5 & S1), we argue that the summer/fall sea ice edge was located 
close to HH15-1252 PC between 37.5 and 36.5 ka b2k, while 
MD99-2304 was free of sea ice during summers (Fig. 6E).

5.6. Climate implications

Changes in the sea ice extent are proposed to regulate the millennial- 
scale climate changes during the last glacial (e.g., Jensen et al., 2016; 
Menviel et al., 2020; Sadatzki et al., 2020; El bani Altuna et al., 2024). 
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During the end of GI-9 and the onset of GS-9, the Nordic Seas were 
covered by sea ice from the Greenland-Scotland Ridge to the Fram Strait 
(this study; Sadatzki et al., 2019, 2020; Scoto et al., 2022; El bani Altuna 
et al., 2024). With such an extensive sea ice cover, enhanced regional 
cooling is expected due to the ice-albedo feedback and restricted release 
of ocean heat to the atmosphere (Dokken et al., 2013; Li and Born, 2019; 
Malmierca-Vallet and Sime, 2023). The relation between sea ice 
expansion and regional cooling is further supported by the correlation 
between cooling reflected in the NGRIP δ18O and δ15N temperature re
constructions (Kindler et al., 2014; Rasmussen et al., 2014) and the 
observed sea ice expansion in the eastern Nordic Sea records during the 
GI-9/GS-9 transition (this study; Sadatzki et al., 2019, 2020).

The polynya activity in the eastern Fram Strait during GS-9 can alter 
the amount of absorbed radiation via the albedo effect (Morales 
Maqueda et al., 2004), and facilitate heat and moisture exchange be
tween the ocean and the atmosphere (Maykut, 1982; Haid and Tim
mermann, 2013). Depending on the size of the polynyas, enough 
moisture could be provided to feed onshore ice sheets (e.g., Hebbeln 
et al., 1994; Li et al., 2010; Simon et al., 2023). However, the impact of 
this oceanic heat and moisture release on climate was likely confined to 
a local scale near Svalbard, since the polynya activity was local and 
possibly had a limited spatial extension. No detailed reconstructions are 
available regarding the extension of the SBIS during the investigated 
time interval, but existing knowledge on the SBIS extent (e.g., Ingólfsson 
and Landvik, 2013; Jessen and Rasmussen, 2018; Wiberg et al., 2022) 
does not support significant growth of the ice sheet as a response to the 
polynyas. Neither are there any indications in the NGRIP δ18O record 
(Fig. 3A), although this may be expected, as the hydrological cycle of 
Greenland is likely to separate from the Fram Strait (Charles et al., 1994; 
Masson-Delmotte et al., 2005; Guillevic et al., 2014).

Furthermore, recurrent polynyas can induce ocean convection to a 
limited depth, destabilizing the halocline. This is primarily due to the 
densification of the surface water as a response to oceanic heat loss 
through the polynyas (Fig. 5A) (Backhaus et al., 1997; Goosse and 
Fichefet, 2001; Rheinlænder et al., 2021).

Just before the GS-9/GI-8 transition at 38.22 ka b2k, when a nearly 
perennial sea ice cover occupied large parts of the Nordic Seas, the effect 
of the reduced heat release from the ocean to the atmosphere is reflected 
by increased intermediate water temperatures (Sessford et al., 2019; El 
bani Altuna et al., 2021). However, as soon as the sea ice cover retreated 
northwards around the GS-9/GI-8 transition, the excess ocean heat was 
released into the atmosphere. This released heat may have played a 
significant role in the recorded temperature overshoot observed in the 
NGRIP δ18O after the GS-9/GI-8 transition (Fig. 3A) (Hoff et al., 2016; 
Sadatzki et al., 2019).

During GI-8, when there was a seasonal sea ice cover in the eastern 
Nordic Seas, the sea surface albedo was reduced. A reduced sea ice cover 
with more ice-free areas could facilitate the transport of ocean heat to 
higher latitudes and allow for heat release to the atmosphere as the AW 
flows northwards (Smedsrud et al., 2022). The release of ocean heat has 
significant implications for regional and even global climate, including 
effects on ocean convection, NADW formation, and AMOC stability 
(Dokken et al., 2013; Li and Born, 2019; Sadatzki et al., 2020; Mal
mierca-Vallet and Sime, 2023). Additionally, enhanced moisture from 
the ice-free sea surface may be advected towards land and precipitation 
would increase, potentially influencing the size of the Fennoscandian Ice 
Sheet and SBIS (e.g. as described in Simon et al., 2023). The changing ice 
sheets would, in turn, control regional and global climate oscillations. 
When ice sheets grow, they can influence surface albedo and atmo
spheric CO2 level, leading to changes in Earth’s energy budget and 
cooling in the climate system (e.g., Zeng, 2003; Stap et al., 2014; 
Wadham et al., 2019). Moreover, the elevated ice sheets can affect wind 
direction and strength and further have an impact on AMOC and global 
heat redistribution (e.g., Sherriff-Tadano et al., 2018; Li and Born, 
2019). In the North Atlantic and Nordic Seas, freshwater flux controlled 
by ice sheet instability is associated with changes in NADW formation 

and thus large-scale climate oscillations (e.g., Mignot et al., 2007; Roche 
et al., 2010; Li et al., 2024).

6. Conclusions

Our new biomarker records from the eastern Fram Strait document 
the occurrence of open water conditions in the form of polynyas during 
GS-9, contrasting previous understanding of GS sea ice conditions in this 
area. During the transition into GI-8, the perennial sea ice cover dis
appeared later than further south in the eastern Nordic Seas. GI-8 is 
characterized by the occurrence of seasonal sea ice at MD99-2304.

By integrating our new results with previously published biomarker- 
based sea ice reconstructions from the North Atlantic and the Nordic 
Seas, updated sea ice charts are presented. Between 40 and 39.6 ka b2k 
(during the GI-9/GS-9 transition), extensive sea ice dominated the 
Nordic Seas, with the winter/spring sea ice edge reaching south of the 
Erik Drift and the Faroe-Shetland Channel. The summer/fall sea ice 
retreated towards the Vøring Plateau.

During GS-9, between 39.6 and 38.5 ka b2k, the southern location of 
the sea ice extent was comparable to the preceding period. However, in 
the eastern Fram Strait, repetitive polynya activity took place.

The polynyas were closed from 38.5 ka b2k, corresponding to when 
the sea ice edge started to retreat from the Erik Drift and the Faroe- 
Shetland Channel.

The GI-8 winter/spring sea ice retreated to just north of the Eirik 
Drift and in the Nordic Seas to the Vøring Plateau. During summer/fall, 
the eastern part of the North Atlantic and Nordic Seas sea ice cover 
retreated northwards to the eastern Fram Strait. In the later part of GI-8, 
37.5–36.5 ka b2k, the summer/fall sea ice edge was located just north of 
MD99-2304.
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Schneider, W., Budéus, G., 1997. Summary of the Northeast Water polynya formation 
and development (Greenland sea). J. Mar. Syst. 10, 107–122. https://doi.org/ 
10.1016/S0924-7963(96)00075-9.

Scoto, F., Sadatzki, H., Maffezzoli, N., Barbante, C., Gagliardi, A., Varin, C., 
Vallelonga, P., Gkinis, V., Dahl-Jensen, D., Kjær, H.A., Burgay, F., Saiz-Lopez, A., 
Stein, R., Spolaor, A., 2022. Sea ice fluctuations in the Baffin Bay and the Labrador 
Sea during glacial abrupt climate changes. In: Proceedings of the National Academy 
of Sciences, vol. 119. https://doi.org/10.1073/pnas.2203468119.

Seierstad, I.K., Abbott, P.M., Bigler, M., Blunier, T., Bourne, A.J., Brook, E., Buchardt, S. 
L., Buizert, C., Clausen, H.B., Cook, E., Dahl-Jensen, D., Davies, S.M., Guillevic, M., 
Johnsen, S.J., Pedersen, D.S., Popp, T.J., Rasmussen, S.O., Severinghaus, J.P., 
Svensson, A., Vinther, B.M., 2014. Consistently dated records from the Greenland 
GRIP, GISP2 and NGRIP ice cores for the past 104 ka reveal regional millennial-scale 
δ18O gradients with possible Heinrich event imprint. Quat. Sci. Rev. 106, 29–46. 
https://doi.org/10.1016/j.quascirev.2014.10.032.

Sessford, E.G., Jensen, M.F., Tisserand, A.A., Muschitiello, F., Dokken, T., Nisancioglu, K. 
H., Jansen, E., 2019. Consistent fluctuations in intermediate water temperature off 
the coast of Greenland and Norway during Dansgaard-Oeschger events. Quat. Sci. 
Rev. 223 https://doi.org/10.1016/j.quascirev.2019.105887.

Sherriff-Tadano, S., Abe-Ouchi, A., Yoshimori, M., Oka, A., Chan, W.-L., 2018. Influence 
of glacial ice sheets on the Atlantic meridional overturning circulation through 
surface wind change. Clim. Dynam. 50, 2881–2903. https://doi.org/10.1007/ 
s00382-017-3780-0.

Simon, M.H., Rutledal, S., Menviel, L., Zolles, T., Haflidason, H., Born, A., Berben, S.M.P., 
Dokken, T.M., 2023. Atlantic inflow and low sea-ice cover in the nordic seas 
promoted fennoscandian ice sheet growth during the last glacial Maximum. 
Commun Earth Environ 4. https://doi.org/10.1038/s43247-023-01032-9.

Smedsrud, L.H., Halvorsen, M.H., Stroeve, J.C., Zhang, R., Kloster, K., 2017. Fram Strait 
sea ice export variability and September Arctic sea ice extent over the last 80 years. 
Cryosphere 11, 65–79. https://doi.org/10.5194/tc-11-65-2017.

Smedsrud, L.H., Muilwijk, M., Brakstad, A., Madonna, E., Lauvset, S.K., Spensberger, C., 
Born, A., Eldevik, T., Drange, H., Jeansson, E., Li, C., Olsen, A., Skagseth, Ø., 
Slater, D.A., Straneo, F., Våge, K., Årthun, M., 2022. Nordic seas heat loss, atlantic 
inflow, and arctic Sea Ice cover over the last century. Rev. Geophys. https://doi.org/ 
10.1029/2020RG000725.

Smik, L., Cabedo-Sanz, P., Belt, S.T., 2016. Semi-quantitative estimates of paleo Arctic 
sea ice concentration based on source-specific highly branched isoprenoid alkenes: a 
further development of the PIP25 index. Org. Geochem. 92, 63–69. https://doi.org/ 
10.1016/j.orggeochem.2015.12.007.

Stap, L.B., van de Wal, R.S.W., de Boer, B., Bintanja, R., Lourens, L.J., 2014. Interaction 
of ice sheets and climate during the past 800 000 years. Clim. Past 10, 2135–2152. 
https://doi.org/10.5194/cp-10-2135-2014.

Stein, R., Fahl, K., Gierz, P., Niessen, F., Lohmann, G., 2017. Arctic Ocean sea ice cover 
during the penultimate glacial and the last interglacial. Nat. Commun. 8 https://doi. 
org/10.1038/s41467-017-00552-1.

Stoynova, V., Shanahan, T.M., Hughen, K.A., de Vernal, A., 2013. Insights into Circum- 
Arctic sea ice variability from molecular geochemistry. Quat. Sci. Rev. 79, 63–73. 
https://doi.org/10.1016/j.quascirev.2012.10.006.

Su, L., Ren, J., Sicre, M.A., Bai, Y., Jalali, B., Li, Z., Jin, H., Astakhov, A.S., Shi, X., 
Chen, J., 2022. HBIs and sterols in surface sediments across the East siberian sea: 
implications for palaeo sea-ice reconstructions. G-cubed 23.

Voelker, A.H.L., Grootes, P.M., Nadeau, M.-J., Sarnthein, M., 2000. Radiocarbon levels in 
the Iceland sea from 25–53 kyr and their link to the Earth’s magnetic field intensity. 
Radiocarbon 42, 437–452. https://doi.org/10.1017/S0033822200030368.

Voelker, A.H.L., Haflidason, H., 2015. Refining the Icelandic tephrachronology of the last 
glacial period - the deep-sea core PS2644 record from the southern Greenland Sea. 
Global Planet. Change 131, 35–62. https://doi.org/10.1016/j. 
gloplacha.2015.05.001.

Volkman, J.K., 2006. Lipid markers for marine organic matter. Handb. Environ. Chem. 2 
https://doi.org/10.1007/698_2_002. Reactions and Processes. 

Volkman, J.K., 1986. A review of sterol markers for marine and terrigenous organic 
matter. Org. Geochem. 9, 83–99. https://doi.org/10.1016/0146-6380(86)90089-6.

Wadham, J.L., Hawkings, J.R., Tarasov, L., Gregoire, L.J., Spencer, R.G.M., Gutjahr, M., 
Ridgwell, A., Kohfeld, K.E., 2019. Ice sheets matter for the global carbon cycle. Nat. 
Commun. 10, 3567. https://doi.org/10.1038/s41467-019-11394-4.

W. Wong et al.                                                                                                                                                                                                                                  Quaternary Science Reviews 343 (2024) 108916 

11 

https://doi.org/10.1007/s41063-018-0052-0
https://doi.org/10.1007/s41063-018-0052-0
https://doi.org/10.1016/j.quascirev.2017.12.016
https://doi.org/10.1016/j.quascirev.2017.12.016
https://doi.org/10.1175/2010JCLI3409.1
https://doi.org/10.1175/2010JCLI3409.1
https://doi.org/10.1016/j.quascirev.2018.10.031
https://doi.org/10.1038/s41467-024-49604-3
https://doi.org/10.1038/s41467-024-49604-3
https://doi.org/10.1029/2024GL109385
https://doi.org/10.5194/cp-19-915-2023
https://doi.org/10.1126/science.1108575
https://doi.org/10.1029/JC087iC10p07971
https://doi.org/10.1126/science.283.5404.971
https://doi.org/10.1126/science.283.5404.971
https://doi.org/10.1038/s43017-020-00106-y
https://doi.org/10.1038/s43017-020-00106-y
https://doi.org/10.1175/JCLI4280
https://doi.org/10.1175/JCLI-D-18-0109.1
https://doi.org/10.1175/JCLI-D-18-0109.1
https://doi.org/10.1029/2002RG000116
https://doi.org/10.1029/2002RG000116
https://doi.org/10.1029/2018JC014327
https://doi.org/10.1029/2018JC014327
https://doi.org/10.1038/ngeo665
https://doi.org/10.1038/ngeo665
https://doi.org/10.1016/j.epsl.2011.04.011
https://doi.org/10.1038/nature02805
https://doi.org/10.1007/s40641-018-0113-2
https://doi.org/10.1175/JCLI-D-18-0752.1
https://doi.org/10.5194/bg-18-1689-2021
https://doi.org/10.1175/JCLI-D-17-0427.1
https://doi.org/10.1175/JCLI-D-17-0427.1
https://doi.org/10.1175/1520-0493(2003)131<1128:DOTKWI>2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131<1128:DOTKWI>2.0.CO;2
https://doi.org/10.1016/j.rse.2021.112753
https://doi.org/10.1016/j.rse.2021.112753
https://doi.org/10.1038/nclimate1784
https://doi.org/10.1038/nclimate1784
https://doi.org/10.1016/j.quascirev.2014.09.007
https://doi.org/10.1016/j.palaeo.2004.04.005
https://doi.org/10.3389/fclim.2021.718016
https://doi.org/10.1007/s00382-009-0578-8
https://doi.org/10.1126/sciadv.aau6174
https://doi.org/10.1073/pnas.2005849117
https://doi.org/10.1016/S0924-7963(96)00075-9
https://doi.org/10.1016/S0924-7963(96)00075-9
https://doi.org/10.1073/pnas.2203468119
https://doi.org/10.1016/j.quascirev.2014.10.032
https://doi.org/10.1016/j.quascirev.2019.105887
https://doi.org/10.1007/s00382-017-3780-0
https://doi.org/10.1007/s00382-017-3780-0
https://doi.org/10.1038/s43247-023-01032-9
https://doi.org/10.5194/tc-11-65-2017
https://doi.org/10.1029/2020RG000725
https://doi.org/10.1029/2020RG000725
https://doi.org/10.1016/j.orggeochem.2015.12.007
https://doi.org/10.1016/j.orggeochem.2015.12.007
https://doi.org/10.5194/cp-10-2135-2014
https://doi.org/10.1038/s41467-017-00552-1
https://doi.org/10.1038/s41467-017-00552-1
https://doi.org/10.1016/j.quascirev.2012.10.006
http://refhub.elsevier.com/S0277-3791(24)00417-7/sref89
http://refhub.elsevier.com/S0277-3791(24)00417-7/sref89
http://refhub.elsevier.com/S0277-3791(24)00417-7/sref89
https://doi.org/10.1017/S0033822200030368
https://doi.org/10.1016/j.gloplacha.2015.05.001
https://doi.org/10.1016/j.gloplacha.2015.05.001
https://doi.org/10.1007/698_2_002
https://doi.org/10.1016/0146-6380(86)90089-6
https://doi.org/10.1038/s41467-019-11394-4


Wary, M., Eynaud, F., Sabine, M., Zaragosi, S., Rossignol, L., Malaizé, B., Palis, E., 
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