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A B S T R A C T

The ongoing reduction of Arctic sea ice underscores the need to understand the drivers behind sea ice variability
and associated ocean-climate impacts. The Last Interglacial, Marine Isotope (sub)Stage (MIS) 5e, and its tran-
sitions offer insights into sea ice variability during a period warmer than pre-industrial, and intervals of large
climatic changes. This study examines a marine sediment core from the eastern Fram Strait, covering late MIS 6
to early MIS 5b (140–90 ka). We analysed organic biomarkers, including the PIP25 sea ice index and dinofla-
gellate cyst assemblages, complemented by stable oxygen isotopes, total organic carbon, and sediment physical
properties (ice rafted debris, X-ray fluorescence, magnetic susceptibility). Our findings demonstrate a progression
from extensive sea ice cover during late MIS 6 to a marginal ice zone during Termination II (T II) and open ocean
conditions during MIS 5e, influenced by the Svalbard–Barents Sea Ice Sheet (SBIS) and warm Atlantic surface
waters, superimposed on the gradual changes in Northern Hemisphere summer insolation. During late MIS 6,
intermittent local polynyas formed by katabatic winds and Atlantic water intrusions temporarily disrupted the
sea ice cover. During T II, the marginal ice zone environment, combined with organic matter-rich meltwater
influx from the retreating SBIS may have enhanced the biological pump. MIS 5e exhibited a “two-step” warming
with the strongest influence of Atlantic waters around ~120 ka. Low to absent concentrations of biomarkers and
dinoflagellate cysts immediately following MIS 5e complicate interpretations of sea ice and oceanic conditions
during MIS 5d to MIS 5c, a crucial climatic interval characterised by periods with Northern Hemisphere summer
insolation values comparable to today. These findings highlight the complexities of understanding Arctic sea ice
responses to ocean-climate drivers and the need for further investigation into the unresolved MIS 5 proxy signals,
important for improving our understanding of future sea ice decline and the associated ocean-climate impacts.

1. Introduction

Sea ice covers vast areas of the polar oceans and is a vital component
in the Earth’s climate system. In the Arctic, sea ice cover has steadily
decreased over the last decades as atmospheric greenhouse gas con-
centrations have increased (Notz and Stroeve, 2016), and projections

indicate sea ice-free Arctic summers within this century (Stroeve et al.,
2007, 2012; Notz and Stroeve, 2018). This decrease has implications in
and beyond the Arctic because sea ice affects the Earth’s energy budget
due to its high albedo, it influences ocean-atmosphere interactions, re-
distributes freshwater in the Arctic and subarctic marine environments,
and hosts dynamic biogeochemical processes (e.g., Broecker, 1997; Hall,
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2004; Dieckmann and Hellmer, 2008; Vancoppenolle et al., 2013).
Reconstructing sea ice variability during past time intervals that

were warmer than during the pre-industrial Holocene can provide in-
sights into future regional and global climate conditions and the impacts
of an ice-free Arctic. One such period is the Last Interglacial, or Marine
Isotope (sub)Stage (MIS) 5e, ca. 128–116 ka, when Arctic temperatures
were 3–5 ◦C warmer than the pre-industrial Holocene (Jansen et al.,
2007). Thus, MIS 5e is considered a good comparison for future climate,
despite the MIS 5e warmth being paced under different orbital config-
urations than at present, where greenhouse gas concentrations drive
much of the modern warming (Allen et al., 2018).

Today, there is no consensus on the sea ice conditions that existed in
the Arctic Ocean during MIS 5e. Stein et al. (2017) presented biomarker
records and modelling results that both showed extensive to perennial
sea ice cover in the central Arctic Ocean throughout MIS 5e, while
seasonally ice-free conditions occurred along the northern Barents Sea
continental margin. More recently, a modelling study by Guarino et al.
(2020) and a study based on the distribution of planktic foraminiferal
species (Vermassen et al., 2023) suggest that the central Arctic Ocean
during MIS 5e was seasonally (summer) sea ice-free during MIS 5e.
Another controversy is whether the Arctic Ocean during the preceding
glacial MIS 6 was covered by a massive thick floating ice shelf
(Jakobsson et al., 2016; Geibert et al., 2021), whether it was covered
with perennial sea ice (Stein et al., 2017) or was seasonally sea ice
covered with multiple events of ice shelf expansion (Xiao et al., 2020).
The discrepancies regarding the state of the Arctic Ocean highlight the

need for further investigations, ideally using a multi-proxy approach on
sediments from the same core. However, this is challenging due to dif-
ficulties in obtaining continuous sedimentary records with a reliable
chronology and sufficient biogenic content that allows for detailed
palaeoceanographic reconstructions (e.g., de Vernal et al., 2020a).

In our study, we investigated the sea ice variability and hydrography
during late MIS 6 to 5b in the eastern Fram Strait, the Atlantic-Arctic
gateway between Greenland and Svalbard (Fig. 1). This region is sen-
sitive to the inflow and strength of northward-flowing Atlantic and
southward-flowing Arctic waters, as well as to changes in ice sheet dy-
namics, which contribute to large environmental variability on glacial-
interglacial timescales. Well-preserved sedimentary sequences in the
Fram Strait provide valuable insights into sea ice variability in response
to climate change in the wider Arctic Ocean region. Previous studies in
this area have focused on reconstructing surface currents, ice sheet
variability, and timing of warm climatic “optimum” conditions using
proxies such as dinoflagellate cysts (hereafter dinocyst), foraminifers
and sedimentological indices (e.g., Van Nieuwenhove et al., 2008, 2011;
Matthiessen and Knies, 2001; Risebrobakken et al., 2006; Zhuravleva
et al., 2017). While these proxies effectively indicate hydrographic
conditions, they give mainly indirect information about sea ice (de
Vernal et al., 2013). In contrast, the biomarker IP25, synthesized by
specific diatoms living in Arctic sea ice (Brown et al., 2014; Limoges
et al., 2018a), serves as a direct and reliable indicator of past sea ice
conditions (Belt et al., 2007; Fahl and Stein, 1997; Stein et al., 2012; Belt
and Müller, 2013). Existing MIS 5e biomarker records from the Fram
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Fig. 1. Mean annual sea surface temperatures from WOA2018 (Locarnini et al., 2019) and major surface ocean currents relative to our studied core KH14-GPC02
(overlapping with MD99-2303; Risebrobakken et al., 2005, 2006) (red circle) and other core sites (black circles) discussed in the text. Western Spitsbergen Current
(WSC), the East Greenland Current (EGC), Return Atlantic Current (RAC), Yermak Branch (YB), Svalbard Branch (SB), sea ice winter maximum (mean March
1981–2010) and sea ice summer minimum (mean September 1981–2010) extents are marked. Sea ice extent is from the National Snow and Ice Data Center (NSIDC),
sea ice index, and the map was produced in Ocean Data View (Schlitzer, 2023). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Strait (Kremer et al., 2018a, 2018b; Stein et al., 2017, 2022) have shown
that sea ice variability was closely linked to changes in the influence of
Atlantic waters and the extent of the Svalbard–Barents Sea Ice Sheet
(SBIS). However, these studies are limited by rather low resolution,
particularly during the critical glacial-interglacial transitions when
profound oceanic and cryospheric changes occurred.

We measured organic biomarkers (highly branched isoprenoids
(HBIs), and sterols), stable oxygen isotopes, dinocyst assemblages, and
sedimentological data (X-ray fluorescence, ice rafted debris, and mag-
netic susceptibility). With these methods, we reconstructed sea ice
variability, extent and surface ocean hydrography across key climate
transitions from late MIS 6, throughout Termination II (T II), MIS 5e and
the ensuing MIS 5d to b. To contextualise our findings, we subsequently
compared our data with other regional records, offering a comprehen-
sive view of sea ice variability and the palaeoceanographic history of the
Fram Strait (Fig. 1).

2. Regional setting

The Fram Strait is the only deep-water passage connecting the Arctic
and North Atlantic oceans, regulating the exchange of water masses
between them (Jakobsson et al., 2012; Haine et al., 2015). In the eastern
Fram Strait, the northward-flowing West Spitsbergen Current (WSC)
(Fig. 1) carries warm and saline Atlantic waters along the continental
margin of Svalbard into the Arctic Ocean as the northernmost continu-
ation of the North Atlantic Current (NAC) (Aagaard, 1982; Schauer
et al., 2004). Between 78 and 80◦N the WSC splits into a westward
flowing Return Atlantic Current (RAC), a north-eastward flowing Sval-
bard branch (SB), and a northward flowing Yermak Branch (YB) (Bourke
et al., 1988; Manley, 1995; Hattermann et al., 2016). In the western
Fram Strait, the East Greenland Current (EGC) flows southward from the
Arctic Ocean along Greenland, transporting polar freshwater and sea ice
(Aagaard and Coachman, 1968; Vinje, 2001; Rudels et al., 2002). Be-
tween the EGC and WSC lies the Arctic domain, a region of mixed water
masses bordered by the Polar Front to the west and the Arctic Front to
the east.

Until recently (1981–2010), the ocean surrounding the Svalbard
archipelago was covered by winter sea ice (Fig. 1), but lately, sea ice has
declined to near ice-free year-round conditions in the eastern Fram Strait
and ice-free areas north of Svalbard (Polyakov et al., 2017). The
northward retreat of sea ice, with attendant reductions in stratification,
increased vertical mixing, and altered primary production is known as
“atlantification” (Reigstad et al., 2002; Ingvaldsen et al., 2021), and has
been linked to a contemporary increase in the temperature of the
Atlantic water inflow (Ivanov et al., 2012; Onarheim et al., 2014).

3. Materials and methods

Sediment core CAGE19-3-KH14-GPC02 (hereafter KH-14) was
recovered in 2019 by R/V Kronprins Haakon from the Fram Strait (77◦
31’ 22.7994" N, 8◦ 24’ 4.9674" E, 2275 m below sea level), near the
location of core MD99-2303 (77◦ 31’ 10.8006" N, 8◦ 23’ 58.8012" E,
2325 m below sea level), where Risebrobakken et al. (2005, 2006)
identified MIS 5e. The studied core interval consists of homogenous silty
clay, with variations in silt content and dropstones across different in-
tervals, evident from the initial core description (Supplementary Fig. 1):
increased silt and frequent dropstones (>2 mm) between 658 and 568
cm, considerably finer sediments with little or very fine silt in clay be-
tween 568 and 528 cm, and a return to higher silt content and increased
number of dropstones between 528 and 458 cm. For the interval ca.
590–510 cm, samples were taken every 0.5 cm for ice rafted debris (IRD;
grains >0.5 mm) and stable oxygen isotope analyses (δ18O), every 1 cm
for biomarker and total organic carbon (TOC) analyses, and every 2 cm
for dinocyst analyses. In the surrounding intervals (658–590 and
510–458), samples were taken every 1 cm for IRD and δ18O analyses,
every 2 cm for biomarker and TOC analyses, and every 4 cm for dinocyst

analyses.
In total, 200 samples were taken from the core sections (458–658

cm) for δ18O and IRD analysis. The samples (wet) weighed on average 19
± 4 g (1σ), were freeze-dried and re-weighed before being wet-sieved
over mesh-sizes 0.5, 0.1, and 0.063 mm. The size fraction 0.1–0.5 mm
was picked for planktic foraminiferal species Neogloboquadrina pachy-
derma and benthic foraminiferal species Cibicidoides wuellerstorfi and
Oridorsalis umbonatus, to be used for δ18O analyses. Due to a low
abundance of foraminifera, not all intervals could be analysed. A Fin-
nigan MAT253 mass spectrometer with an online Kiel IV, located at
FARLAB, University of Bergen, was used for the δ18O analyses. Values
are reported relative to Vienna Pee Dee Belemnite (VPDB). Two working
standards (CM12 and Riedel) and two international standards (NBS-18
and NBS-19) were analysed with the samples. The external precision for
samples between 15 and 100 μg was better than 0.08‰ for δ18O, based
on the long-term reproducibility (1σ) of the working standard CM12.
Mineral grains representing IRD were picked and counted from the 200
samples in the size fraction>0.5 mm and are presented as the number of
grains per gram dry weight sediment.

TOC (%) was measured on 100 mg of freeze-dried and homogenized
sediments (per sample) using an ELTRA CS2000 Carbon Sulfur Detector.
133 samples were measured at the Alfred Wegener Institute Helmholtz
Centre for Polar and Marine Research.

The volume low-field magnetic susceptibility (k) was measured on u-
channels in 3 mm increments at the Geological Survey of Norway (NGU)
in Trondheim using a GEOTEK MSCL-S core logger equipped with a
Bartington MS3 and a loop sensor of diameter 60 mm.

X-Ray fluorescence (XRF) core logging was carried out with the
Standard MSCL (MSCL-S) core logger (GeoTek Ltd., UK) and an attached
DELTA Handheld XRF sensor. The XRF sensor was equipped with a 4-W
Rh Tube anode and Si drift detector. Before core measurements, the XRF
sensor was standardized and SRM 2710a Montana soil I standard sample
was stationary measured for sensor-control purposes. Downcore XRF
measurements were taken incrementally along the longest axis in the
centre of the split core surfaces with 0.5 cm steps. Two measurements in
succession with 40 keV and 10 keV currents and 10 s exposure time each
provided spectra covering chemical elements, of which Ca and Ti con-
centrations (ppm) were used for this study.

3.1. Palynological analyses and general interpretation

In total, 70 samples (ca. 15 g average dry weight per sample) were
analysed for dinocyst assemblages following a standard palynological
preparation procedure (e.g., De Schepper et al., 2017). Room-
temperaure hydrochloric (50 % HCl) and hydrofluoric (60 % HF)
acids were added to remove the mineral fraction. HCl was added until
the sample stopped reacting, and HF was added and left for two days
with periodic stirring. The palynological residue was sieved over a 10
μm polymer mesh and mounted on microscope slides with glycerine
jelly. To calculate the dinocyst concentrations and their associated er-
rors (Stockmarr, 1971), one tablet of Lycopodium clavatum spores (batch
#140119321, n = 19,855 ± 521 spores per tablet) was added to each
sample before chemical treatment. Slides were prepared at the Palyno-
logical Laboratory Services (Wales, UK). Dinocyst assemblages were
counted at×400 magnification until a minimum of 300 in situ dinocysts
were identified. The entire slide (ca. 20 non-overlapping traverses) was
counted if the concentration was too low to reach this threshold.

Dinocyst taxonomy and nomenclature followed Van Nieuwenhove
et al. (2020) and Fensome et al. (2019) (DINOFLAJ3). Brigantedinium
specimens, classified only when an intercalary (2a) archeopyle could be
observed, were grouped with other round brown cysts (RBC) that could
not be identified to genus level due to folding or orientation. Of the
spiniferate dinocysts the cool-water S. elongatus and warm-water
S. mirabilis were identified, while the Spiniferites spp. group consists of
S. ramosus and specimens that could not be identified to species level. All
Impagidinium species were grouped as Impagidinium spp. (I. aculeatum, I.

K. Steinsland et al.



Palaeogeography, Palaeoclimatology, Palaeoecology 663 (2025) 112779

4

sphaericum, I. paradoxum) because of their very low counts (ca. 1 per
sample where present) except for Impagidinium pallidum, due to its
distinct cool environmental preferences and notably higher counts.

Dinoflagellate distribution in the surface ocean is influenced by
physical and chemical parameters such as currents, temperature,
salinity, irradiance, turbulence, nutrients and sea ice (e.g., de Vernal
et al., 2020b). Approximately 15–20 % of dinoflagellates are known to
produce organic-walled cysts (Head, 1996), which are well-studied
proxies for upper water mass properties in the northern latitudes (e.g.,
Rochon et al., 1999; Marret et al., 2004; Matthiessen et al., 2005; Zon-
neveld et al., 2013; de Vernal et al., 2020b). In modern North Atlantic
sediments, Operculodinium centrocarpum sensu Wall and Dale (1966)
(hereafter O. centrocarpum), is commonly associated with Atlantic wa-
ters, making it a key indicator for interglacial intervals with warm
Atlantic waters in the fossil record (e.g., Harland, 1983; Rochon et al.,
1999; Matthiessen et al., 2001; Matthiessen and Knies, 2001; Grøsfjeld
et al., 2006; de Vernal et al., 2020b). Nematosphaeropsis labyrinthus, a
subpolar-temperate species (Rochon et al., 1999; Marret and Zonneveld,
2003), has been associated with climate transitions, particularly during
glacial-interglacial intervals (Hennissen et al., 2017, and references
therein). In polar to subpolar regions, Islandinium minutum is charac-
teristic of cooler surface ocean conditions and seasonal sea ice (de
Vernal et al., 2020b), while Imagidinium pallidum is typically found in the
cold, open ocean of the Arctic water domain, between the EGC and WSC
(Marret and Zonneveld, 2003). The RBCs, a group of heterotrophic taxa,
are associated with the trophic state of the surface waters, in addition to
temperature and salinity. Thus, in environments with increased nutrient
availability, such as frontal zones and sea ice margins, RBCs and other
heterotrophic dinocyst taxa commonly outnumber other dinocysts (e.g.,
de Vernal et al., 2020b).

3.2. Biomarker analyses and general interpretation

In total, 133 samples were analysed for biomarkers (HBIs and ste-
rols). In preparation for the analyses, 5 g of freeze-dried sediment was
homogenized using an agate mortar. Before extraction, the internal
standards 7-hexylnonadecane (7-HND: 0.076 μg/sample), 5α-androstan-
3β-ol (androstanol, 10.6 μg/sample), 9-octylheptadec-8-ene (9-OHD:
0.1 μg/sample), and squalane (3.2 μg/sample) were added to the sedi-
ments to allow quantification or routine methodical checks. Biomarkers
were extracted by sonication (3 × 15 min) using dichloromethane:
methanol (2:1 v/v; 30 ml) as solvent. The extract was separated into
hydrocarbon and sterol fractions through open-column chromatography
(5 ml n-hexane for hydrocarbons and 9 ml ethylacetate:n-hexane (4:1)
for sterols) with silica gel (SiO2) as the stationary phase. The sterol
fraction was silyated with 200 μl BSTFA (bis-trimethylsilyl-trifluoracet-
amide; 60 ◦C for 2 h).

Biomarker analyses were performed by gas chromatography-mass-
spectrometry (GC–MS). Hydrocarbon concentrations were determined
with an Agilent Technologies 7890 gas chromatograph (30 m DB-1MS
column, 0.25 mm in diameter and 0.25 μm film thickness) coupled to
an Agilent Technologies 5977 A mass selective detector. Sterol con-
centrations were measured with an Agilent Technologies 6850 gas
chromatograph (30 m DB-1MS column, 0.25 mm in diameter and 0.25
μm film thickness) coupled to an Agilent Technologies 5975 A mass
selective detector. The HBI (IP25) and the sterols were identified by
comparing their retention times to those of reference compounds (IP25:
Belt et al., 2007; sterols: Boon et al., 1979; Volkman, 1986). IP25 (m/z
350) was quantified by the abundant fragment ion m/z 266 of the in-
ternal standard 7-HND. Sterols were quantified as trimethylsilyl ethers
(brassicasterol: m/z 470, campesterol: m/z 472, sitosterol: m/z 486,
dinosterol: m/z 500) relative to the molecular ion of androstanol (m/z
348). The different responses of all these ions were balanced by external
calibration. Instrument stability was controlled by reruns of external
standards and replicate analyses for random samples. All biomarker
concentrations have been normalised to the TOC to compensate for

dilution effects caused by variations in sedimentation rates.
The molecular biomarker IP25 (Ice Proxy with 25 carbon atoms) is

synthesized by a relatively limited number of diatoms (namely Pleuro-
sigma stuxbergii var. rhomboides, Haslea crucigeroides (and/or Haslea spi-
cula), and Haslea kjellmanii) residing in the base of Arctic sea ice (Brown
et al., 2014; Limoges et al., 2018a), primarily in regions characterised by
seasonal sea ice (Belt et al., 2007; Xiao et al., 2015; Kolling et al., 2020;
for review see Belt, 2018). The presence of IP25 reliably indicates sea-
sonal sea ice, while its absence may reflect either permanent sea ice due
to limited light and nutrient availability which are required for the
growth of sea ice diatoms, or open-water environments where the sea ice
habitat is absent. To distinguish between these environments, it requires
that IP25 is analysed alongside biomarkers associated with open waters
such as brassicasterol and dinosterol (e.g., Müller et al., 2011; Müller
et al., 2009), which are produced by various phytoplankton including
dinoflagellates, diatoms, and haptophytes (Boon et al., 1979; Robinson
et al., 1984; Volkman et al., 1998). As an approach to address the
challenge of misjudging absent IP25 either reflecting perennial ice cover
or ice-free waters, the PIP25 index was developed (Müller et al., 2011).
This semi-quantitative measure combines IP25 with the open-water
phytoplankton biomarker brassicasterol (PBIP25) and dinosterol
(PDIP25).

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

The balance factor c is included to counterbalance the naturally
higher concentrations of the sterols compared to IP25.

c =mean IP25 concentration/
mean phytoplankton biomarker concentration.

Both PBIP25 and PDIP25 indices have been shown to have a positive
correlation with modern satellite-based sea ice observations (e.g.,
Müller et al., 2012; Xiao et al., 2015; Kolling et al., 2020). Following
Müller et al. (2011), high PIP25 index values (0.75–1.00) reflect exten-
sive to perennial (1.00) sea ice cover, intermediate values (0.50–0.75)
refer to seasonal ice cover or a stable ice edge, while low values
(0.00–0.50) indicate little to ice-free conditions. Alongside the PIP25
values, it is equally important to consider the individual biomarker
concentrations to distinguish different sea ice conditions (Müller et al.,
2011).

4. Results

4.1. Chronology and stable oxygen isotopes

The chronology of core KH-14 was established by correlating its
sediment physical properties with those of the nearby core MD99-2303
(located ~400 m away), for which Risebrobakken et al. (2005, 2006)
established an age model (Fig. 2). Initial correlation of magnetic sus-
ceptibility between KH-14 and MD99-2303 suggested that MIS 5e would
occur between ~458–658 cm in KH-14, leading to the focus on this
interval. We refined the identification of MIS 5e by correlating Ca-XRF
data from KH-14 with MD99-2303, which revealed clear patterns that
could be correlated between the two sites (Fig. 2A, B). Secondly, the
benthic and planktic foraminiferal δ18O were utilized to identify the
glacial-interglacial transitions. We created the age model for KH-14
using five tie points (Fig. 2D) based on MD99-2303 (Risebrobakken
et al., 2005, 2006), and then updated the ages of the major climate
transitions to that of the MD95-2042 “Shackleton” ages (Shackleton
et al., 2002, 2003).

The stratigraphic positions of the MIS 6–T II and T II–MIS 5e tran-
sitions in MD99-2303 were updated based on new data from KH-14,
refining the original age model by Risebrobakken et al. (2005, 2006).
The ages of these transitions were assigned according to the Shackleton
et al. (2002, 2003) determination of MIS 5e. We note that T II falls
within the late MIS 6 nomenclature (cf. Railsback et al., 2015), and we
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refer to the original MIS 6/5 transition as the T II/MIS 5e transition
hereafter. The onset of T II (135 ka) was placed at 633 cm depth in KH-
14, corresponding to a decrease in δ18O of the benthic foraminifer
O. umbonatus (Fig. 2A). Above this decrease, a large interval with nearly
absent benthic foraminifers between ~610 and 550 cm (~132–121 ka)
introduced uncertainty in defining climatic transitions. Likewise,
planktic foraminifers were scarce within this interval, especially be-
tween ~600 and 572 cm (~131–128 ka). Despite this, we set the T
II–MIS 5e boundary (128 ka) at ~569.5 cm, where a decrease in planktic
δ18O occurred. In MD99-2303, this boundary was positioned higher due
to the later reappearance of planktic foraminifers compared to KH-14.
For the remaining tie points, the original allocations in core MD99-
2303 of Risebrobakken et al. (2005) were kept and transferred to core
KH-14 based on the Ca-XRF correlation. This includes a tie point at
498.3 cm core depth, approximately at the start of the interstadial MIS
5c (103.3 ka), and tie points at 405.8 cm (73.9 ka) and 691.6 cm (142.3

ka) to further constrain sedimentation rates beyond MIS 5c and MIS 6
(see Fig. 2D for details).

4.2. Ice rafted debris

T II (135–128 ka) is characterised by high and variable IRD con-
centrations (Fig. 4H). IRD drops to zero shortly after the transition into
MIS 5e and remains low until late MIS 5e, where it peaks shortly at 118
ka. Following MIS 5e, IRD concentrations remain relatively low until the
periods centred around 104 and 94 ka when IRD increases to approxi-
mately 60 grains/g sediment.

4.3. Total organic carbon, magnetic susceptibility, and XRF-Ca/Ti

During late MIS 6, XRF-Ca/Ti is generally high but characterised by
abrupt variability (Fig. 4F), closely mirroring changes in magnetic

Fig. 2. Chronology for core KH-14 and correlation with MD99-2303 (Risebrobakken et al., 2005, 2006). A) The global benthic foraminiferal δ18O LR04 stack
(Lisiecki and Raymo, 2005), and the NGRIP ice core from Greenland for reference (NGRIP community members, 2004), KH-14 and MD99-2303 benthic oxygen
isotopes (C. wuellerstorfi and O. umbonatus) and planktic oxygen isotopes (N pachyderma), and Ca (counts) plotted on the KH-14 age scale based on tie point ages from
Risebrobakken et al. (2005, 2006), B) alignment of Ca (counts) between KH-14 and MD99-2303 on KH-14 depth (cm below seafloor), C) sedimentation rates for KH-
14, D) tie points with ages between KH-14 and MD99-2303 based on the Ca-XRF correlation used to align KH-14 and MD99-2303. Ca-XRF from MD99-2303 is partly
published in Risebrobakken et al. (2006) and partly made available by Thomas Richter (personal communication).
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susceptibility (Fig. 4G). In contrast, TOC follows an antiphase pattern
(Fig. 4E). At the onset of T II, TOC is high while Ca/Ti and magnetic
susceptibility are low. TOC then declines sharply as Ca/Ti rises, followed
by an increase after 133 ka, coinciding with another Ca/Ti decrease.
TOC declines into MIS 5e, and remains low throughout the interglacial.
Ca/Ti also remains low in early MIS 5e but rises substantially in the late
phase, peaking between 121 and 119 ka. Magnetic susceptibility in-
creases in early MIS 5e but declines around 125 ka. During MIS 5d–c,
TOC and Ca/Ti exhibit substantial variability, maintaining the antiphase
relationship observed in MIS 6 and T II.

4.4. Dinoflagellate cysts

A total of 19 dinocyst taxa were identified, with peak concentrations
at ca. 120 ka, reaching up to 4000 cysts/g sediment (Fig. 3). In early MIS
5e (128–123 ka) concentrations were lower, averaging 500 cysts/g
sediment, compared to an average of 2300 cysts/g sediment during late
MIS 5e (123–116 ka). The lowest concentrations were recorded during T
II and MIS 5d–c, averaging around 100 cysts/g sediment.

The most abundant dinocyst taxa are O. centrocarpum, N. labyrinthus,
Spiniferites spp., and the RBCs (Fig. 3). During T II (135–128 ka), het-
erotrophic RBCs generally dominate the dinocyst assemblage, followed
by B. tepikiense and Spiniferites spp. The sea ice associated I. minutum is

Fig. 3. Dinocyst relative abundances (coloured shaded areas) and concentrations (lines) for the most abundant species, and the total dinocyst concentrations.
Samples where <100 specimens (orange) and <50 specimens (red) were counted are marked by the ovals in the lower panel. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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dominant in one sample at 131 ka in T II. At the onset of MIS 5e (128 ka),
the RBCs disappear and I. pallidum emerges as a distinctive species with
coupled high abundance and concentration unique to this period.
Throughout MIS 5e, O. centrocarpum is the most dominant species with a
marked concentration increase from ca. 124 ka. N. labyrinthus and Spi-
niferites spp. make up the second and third most abundant taxa.

Early MIS 5d is characterised by a peak in N. labyrinthus abundance,
coinciding with a decline in total dinocyst concentrations to an average
of ca. 420 cysts/g sediment (116–114), and further decreasing to ca. 100
cysts/g sediment after 114 ka. The most abundant taxa during the
remainder of MIS 5d are O. centrocarpum, Spiniferites spp., cysts of
P. dalei and B. tepikiense. However, a word of caution is necessary for
making environmental interpretations because the concentrations are

low and few specimens (average of 55) per slide could be counted be-
tween 114 and 90 ka. Such low counts lead to substantial uncertainty in
the relative abundances (e.g., Heslop et al., 2011) and hamper envi-
ronmental interpretations.

4.5. Biomarkers

Sea ice biomarkers (IP25) are present in low concentrations in late
MIS 6 (135–140 ka) (Fig. 4B). Here, moderate concentrations of the
open ocean biomarkers (dinosterol and brassicasterol) and terrestrial
biomarkers (sitosterol and campesterol) also occur (Fig. 4D, E). In early
T II (133–135 ka), all biomarker concentrations decrease substantially,
with IP25 detectable in only about half the samples. From 133 ka

Fig. 4. Proxy data from KH-14. A) Dinocyst relative abundances with the most abundant taxa, B) concentrations of sea ice biomarkers IP25, C) concentrations of open
ocean phytoplankton biomarkers brassicasterol and dinosterol and a “zoom-in” of their concentrations from MIS 5e–b, D) concentrations of terrestrial biomarkers
sitosterol and campesterol and a “zoom-in” of their concentrations from MIS 5e–b, E) total organic carbon (TOC) %, F) Ln (Ca/Ti)-element XRF G) magnetic sus-
ceptibility (MS), H) ice rafted debris (IRD).
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onward, concentrations of the sea ice, open ocean, and terrestrial bio-
markers all increase simultaneously. IP25 peaks early in T II, while
brassicasterol, dinosterol, campesterol, and sitosterol peak later in the
same period. Toward the end of T II, all the biomarker concentrations
decrease simultaneously. At this stage, IP25 concentrations become un-
detectable, while the concentrations of brassicasterol, dinosterol, sitos-
terol, and campesterol remain very low. During MIS 5e and the
remainder of MIS 5d–b, IP25 is not detected again, whereas the open
ocean and terrestrial biomarkers persist at very low concentrations.

5. Discussion

5.1. MIS 6 (pre-T II) extensive sea ice cover and polynyas

During late MIS 6 (pre-T II) (140–135 ka), an extensive sea ice cover
likely prevailed in the eastern Fram Strait, consistent with low Northern
Hemisphere summer insolation (Fig. 5A). The low biomarker concen-
trations at KH-14 suggest that the extensive sea ice cover limited the
light and nutrient availability, inhibiting the growth of ice algae and
open-water phytoplankton (cf. Müller et al., 2011). However, occasional
increases in IP25 (Fig. 4B), brassicasterol and dinosterol (Fig. 4C) indi-
cate intermittent seasonally ice-free periods. The presence of planktic
foraminifers at KH-14, along with similar findings at ODP Site 986
(Zhuravleva et al., 2017), further supports seasonally open waters along
the western Svalbard margin (Hebbeln and Wefer, 1997; Spielhagen
et al., 2004).

Several biomarker records from the Fram Strait provide evidence of
occasional seasonal variability during late MIS 6 (pre-T II) (Fig. 5D–H).
Studies by Stein et al. (2017) and Kremer et al. (2018a, 2018b) reported
occurrences of IP25, phytoplankton, and terrigenous biomarkers along
the Barents Sea margin, the Yermak Plateau, and in the eastern Fram
Strait, indicating intermittent open-water conditions. The occasional
presence of seasonally open water conditions in the otherwise peren-
nially sea ice-covered Fram Strait and Yermak Plateau argues against the
hypothesis of an extensive ice shelf extending from the central Arctic
Ocean as some studies have proposed (Jakobsson et al., 2016; Geibert
et al., 2021). Instead, these findings support the concept of a perennial
sea ice-covered Arctic Ocean during late MIS 6, as proposed by Stein
et al. (2017, 2022).

Katabatic winds, created when the SBIS likely extended onto the
continental margin (Svendsen et al., 2004), along with upwelling of
warm Atlantic waters, likely led to the formation of coastal polynyas
along the western and northern Svalbard margin (Fig. 6) (e.g., Knies and
Stein, 1998; Matthiessen and Knies, 2001; Stein et al., 2017). These
winds pushed sea ice away from the shelf edge, creating open waters
where melting ice released nutrients and sediments, increasing the
fluxes of ice algae, open-water phytoplankton, and terrigenous matter.
At KH-14, slightly elevated IP25 concentrations (Fig. 4B) suggest small,
occasional polynyas in the eastern Fram Strait. Farther north, higher
IP25 concentrations in cores PS2138 (Fig. 5H; Stein et al., 2017), and
PS92/039 (Fig. 5G; Kremer et al., 2018b), indicate more extensive
polynya activity. These meridional differences suggest stronger kata-
batic winds and/or greater ice sheet extent farther north, resulting in
more extensive sea ice farther to the south in the Fram Strait. Addi-
tionally, variability in nutrient availability and biomarker flux may
reflect differences in polynya dynamics. The northernmost sites may
have experienced repeated polynya openings and closures, releasing
more nutrients from sea ice and enhancing productivity. In contrast, a
single annual polynya opening at the southernmost site may have
resulted in smaller nutrient inputs and lower overall productivity.

Warm Atlantic waters likely played an additional important role in
late MIS 6 (pre-T II) sea ice conditions, similar to its role today in the
Fram Strait (e.g., Walczowski and Piechura, 2011; Polyakov et al.,
2017). The increased magnetic susceptibility in our late MIS 6 record
could suggest enhanced influence of Atlantic waters (Fig. 4G). Rise-
brobakken et al. (2006) linked higher magnetic susceptibility in core

MD99-2303 to a strengthened northern extension of the surface branch
of the Atlantic Meridional Overturning Circulation (AMOC), similar to
MIS 3 (Kissel et al., 1999). These authors proposed that magnetic ma-
terial likely originated from the Iceland-Faroe-Shetland and the Knipo-
vich Ridge systems (Fig. 1), the latter being a mid-oceanic ridge system
that directs the northward flowing branch of the deep water. They also
noted a consistent presence of chalk fragments in a transect from the
Nordic Seas to the Fram Strait, providing additional evidence for active
northward surface transport by chalk-carrying icebergs. Combined with
the increased magnetic susceptibility, their evidence suggests periods
with active northward transport of Atlantic waters. Several studies have
indicated a reduced, yet sustained, influence of Atlantic waters during
MIS 6 and other glacial periods (Henrich, 1998; Knies et al., 1999; Ezat
et al., 2014; Zhuravleva et al., 2017). Nørgaard-Pedersen et al. (2003)
proposed that, during the Last Glacial Maximum, Atlantic waters may
have shallowed due to reduced halocline thickness, or due to a relative
strengthening of the Fram Strait branch at the expense of a blocked
Barents Sea branch. A similar configuration of Atlantic waters during
late MIS 6 would likely have contributed to the occasional break-up of
sea ice in the Fram Strait and along the Svalbard-Barents Sea margin.

5.2. Termination II: From perennial to marginal sea ice

At the onset of T II (ca. 135 ka), perennial sea ice likely formed
during a short time interval in the eastern Fram Strait, suggested by the
decline of IP25 and the open-water phytoplankton biomarkers, along
with a PIP25 index of 1 (Fig. 5E). Supporting this interpretation are the
low Ca/Ti ratios, TOC %, IRD counts (Fig. 4E–H) and terrigenous
biomarker concentrations (Fig. 4D), all suggesting a minimal vertical
flux of sediment and biogenic material under extensive sea ice. Alter-
natively, oligotrophic conditions caused by massive meltwater dis-
charges may have reduced surface-water productivity and,
consequently, the biomarker concentrations (cf. You et al., 2023). This
alternative interpretation is further supported by the decrease in
planktic δ18O at 135 ka (Fig. 2A), indicating dilution of surface waters by
18O-depleted meltwater.

The early T II episode with perennial sea ice and/or meltwater
discharge was brief, lasting about 2000 years. From ca. 133 ka, profound
oceanographic changes occurred. High concentrations of IP25, dinos-
terol, brassicasterol, campesterol and sitosterol (Fig. 4B–D) indicate
favourable conditions for sea ice and open water algal growth, accom-
panied by a continuous input of terrigenous material. Such conditions
have previously been reported as typical features along the marginal ice
zone (Stein et al., 2016). PBIP25 and PDIP25 values between 0.50 and
0.75 (Fig. 5E) further support this (cf. Müller et al., 2011), as do the
presence of RBCs and I. minutum (Fig. 5C) indicating a highly productive
environment with seasonal sea ice (Marret et al., 2004; de Vernal et al.,
2020b). Along with increased Northern Hemisphere summer insolation
(Fig. 5A), enhanced sea ice melt subsequently led to the establishment of
a marginal ice zone at site KH-14 (Fig. 6).

The high biomarker concentrations observed during T II were likely
also determined by sedimentary processes related to the retreating SBIS.
Elevated TOC at site KH-14 (Fig. 4E) suggests enhanced organic matter
preservation and/or surface productivity (e.g., Emerson and Hedges,
1988; Canfield, 1994). Simultaneous high concentrations of marine, sea
ice, and terrestrial biomarkers, along with high TOC, have been linked to
deglacial phases when the retreating SBIS released continuous turbid
meltwater and high amounts of suspended fine-grained terrestrial
organic matter (Knies and Stein, 1998; Kremer et al., 2018b; Köseoğlu
et al., 2019). This deglacial influx may have boosted primary produc-
tivity and accelerated the vertical transfer of marine organic matter to
the seafloor by forming large aggregates of marine and terrigenous
particles (Knies and Stein, 1998). Additionally, the formation of new sea
ice at the marginal ice zone may have entrapped terrigenous material
which, when released later in the melt season, would increase the
nutrient supply in the euphotic zone and elevate surface water
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productivity (Nelson et al., 1989; Fahl and Stein, 1997; Sakshaug, 2004).
The ocean biological pump likely increased during T II due to several

factors related to changes in sea ice conditions. As the Fram Strait
transitioned from perennial to marginal sea ice, vast areas of CO2-un-
dersaturated waters may have been exposed, enhancing CO₂ uptake into
the surface ocean (Bates et al., 2006). Additionally, brine formation
during annual sea ice regrowth in the marginal ice zone facilitated the
entrainment of surface waters to the deep ocean. These processes,
combined with increased primary productivity and rapid vertical
transport of phytoplankton organic matter, created conditions that
influenced water column alkalinity and pH which may have impacted
the preservation of biogenic carbonate remains on the seafloor
(Steinsund and Hald, 1994; Knies et al., 1999; de Vernal et al., 2020a).
Indeed, the decrease of Ca/Ti and the almost complete absence of
benthic and planktic foraminifers at KH-14 (132–128 ka), suggest
extensive carbonate dissolution during part of T II. While dilution of
biotic components or lowered productivity (Ruddiman et al., 1980) may
also explain the foraminiferal-barren intervals, this would require a
marked increase in sedimentation rates, which only increased modestly
from 8 cm/ka during MIS 6 to 9 cm/ka in T II. Moreover, elevated sea ice
and open-water biomarker concentrations imply relatively increased
productivity rather than terrestrial biogenic input, suggesting dissolu-
tion at the sea floor as the plausible explanation. Similar patterns of low
XRF-Ca and foraminifer-barren intervals were observed at sites MD99-
2303 and ODP986 during T II (Risebrobakken et al., 2006; Zhuravleva
et al., 2017). Additionally, periods with enhanced organic carbon and
low to zero carbonate contents have been observed along the northern
Eurasian margin of the Arctic Ocean during the late Quaternary and
have been associated with movements of the SBIS (Elverhøi et al., 1995;
Knies and Stein, 1998; Stein et al., 2001; Vogt et al., 2001; Winkelmann
et al., 2008; Kremer et al., 2018b). Thus, we postulate that a coupling of
sedimentary processes linked to SBIS retreat, a high-productivity sea ice
environment, and newly exposed CO2-undersaturated openwaters at the
marginal ice zone, played a vital role in shaping an environment that
enhanced the biological pump during T II.

The SBIS retreat during T II likely also caused a substantial influx of
meltwater, as indicated by a major decrease in N. pachyderma δ18O
(Fig. 2A). IRD (Fig. 4G) and coal fragments (606–615 cm; Supplemen-
tary Fig. 1) at KH-14, in line with observations from ODP Site 986 and
MD99-2303 (Zhuravleva et al., 2017; Risebrobakken et al., 2006),
further suggest the SBIS as a possible source. This meltwater input may
have impeded the northward expansion of Atlantic waters (Bauch et al.,
1999), as indicated by low magnetic susceptibility at KH-14 (Fig. 4G),
possibly implying a weakening of the Atlantic waters inflow (cf. Rise-
brobakken et al., 2006). Alternatively, the meltwater input likely rein-
forced a strong halocline, suppressing northward-flowing Atlantic
waters to the subsurface (Zhuravleva et al., 2017), stabilising the mar-
ginal ice zone by reducing the upward heat flux of Atlantic waters. The
latter interpretation is supported by enhanced sea ice cover farther north
in the Fram Strait, with perennial sea ice at site PS2138 (Fig. 5H; Stein
et al., 2017) and seasonal to extensive sea ice at sites PS93/006 (Fig. 5F;
Kremer et al., 2018a) and PS92/039 (Fig. 5G; Kremer et al., 2018b).
However, we must point out that while the environmental re-
constructions from these sites are broadly contemporaneous, they may
not align exactly. Comparing palaeoceanographic records across the
Fram Strait and into the Arctic Ocean is challenging due to the generally
low temporal resolution and age model uncertainties at each site, often

due to the lack of isotopic data, and further compounded by local cli-
matic and/or oceanographic overprints.

5.3. MIS 5e: An open ocean and intensification of Atlantic waters
influence

Shortly before the onset of MIS 5e (128 ka), low to absent concen-
trations of sea ice and open-water phytoplankton biomarkers indicate
either open waters or perennial sea ice in the eastern Fram Strait (Fig. 6).
Nevertheless, other evidence favours open-water dominance. For
example, the concentration of IRD is low from 128 ka and nearly zero
from 126 to 120 ka (Fig. 5b), indicating a lack of sea ice and icebergs
necessary for IRD transport (e.g. Stein et al., 2012). In early MIS 5e
(128–124 ka) the presence of I. pallidum (Fig. 3; 5C) indicates a cool,
open-ocean environment, as this species is today typically found in the
cold, open ocean of the Arctic water domain between the EGC and WSC
(Marret and Zonneveld, 2003). Farther north, on the Barents Sea margin
(PS2138), progressively cooler surface ocean conditions are reflected by
the presence of sea ice-related dinocysts I. minutum and RBCs in the
earliest MIS 5e (Assemblage Zone 1 of Matthiessen and Knies (2001)).
This indicates extensive seasonal sea ice and increased surface water
production there, corroborated by IP25 findings at the same site (Stein
et al., 2017).

The cool open ocean conditions in early MIS 5e suggest a “delayed”
onset of “warm” optimum climatic conditions in the eastern Fram Strait,
similar to results of Risebrobakken et al. (2011) for the Early Holocene
when insolation forcing dominated surface ocean changes. The
“delayed”warming likely resulted from the continued existence of a cold
and fresh surface layer following the long deglaciation (e.g., Rasmussen
et al., 2003b; Thibodeau et al., 2017; Bauch, 2013), which would have
prevented subsurface Atlantic waters from mixing with the surface
ocean. Indeed, several studies from the Nordic Seas have demonstrated
that deglacial processes continued well into the low δ18O interval of MIS
5e, suggesting substantial meltwater discharge and cold regional con-
ditions in early MIS 5e (e.g., Baumann et al., 1995; Bauch et al., 1996;
Kellogg et al., 1978; Haake and Pflaumann, 1989; Fronval and Jansen,
1997; Bauch et al., 2000; Rasmussen et al., 2003b).

Interglacial optimal “warm” conditions during MIS 5e started ca.
4500 years after the interglacial onset, as indicated by the increasing
concentrations of O. centrocarpum (Fig. 5C) and the presence S. mirabilis
(Fig. 3), both associated with interglacial optima in the northern North
Atlantic (Sánchez Goñi et al., 1999; Eynaud et al., 2004; Penaud et al.,
2008; Van Nieuwenhove et al., 2008, 2011). High O. centrocarpum
concentrations and S. mirabilis presence suggest conditions favourable
for dinoflagellate production. Thus, a sea ice margin was likely located
farther north than site KH-14, and the surface ocean was substantially
influenced by Atlantic waters, peaking at ca. 120 ka. At this time, when
O. centrocarpum reached maximum concentrations, we also recorded
high Ca/Ti (Fig. 4F; 5C), and consistent presence of benthic and planktic
foraminifers. Additionally, at MD99-2303 (Risebrobakken et al., 2006),
planktic and benthic foraminifers reappear at ca. 122.5 ka (Fig. 2A), and
at ODP 986, Zhuravleva et al. (2017) note substantially improved
preservation of carbonate foraminiferal shells. Good carbonate preser-
vation and high Ca were associated with increased influence of Atlantic
waters in Early Holocene sediments (Rasmussen et al., 2007; Zamelczyk
et al., 2014; Werner et al., 2016) and may similarly reflect the phase
with the strongest influence of Atlantic waters in the eastern Fram Strait

Fig. 5. A) Mean July Northern Hemisphere insolation at 78◦ N (Laskar et al., 2004) and extent of the Svalbard–Barents Sea Ice Sheet (SBIS) on the continental shelf
(Svendsen et al., 2004), B) IRD from cores KH-14 and MD99-2303 (Risebrobakken et al., 2005, 2006), C) concentrations of four selected dinocyst species discussed in
the text; O. centrocarpum (Atlantic waters), I. pallidum (cool water), I. minutum and RBCs (cool waters and sea ice), D) concentrations of IP25 (sea ice), brassicasterol
and dinosterol (open ocean), E) PBIP25 (B-brassicasterol) and PDIP25 (D-dinosterol) indexes representing sea ice cover from perennial (1) to open ocean (0). Sea ice
interpretations following Müller et al. (2011) are marked with dashed lines; values 0.75–1.00 refer to a permanent sea ice cover throughout the year, 0.50–0.75
reflect seasonal ice cover or a stable ice edge, and 0.00–0.50 indicate less ice or ice-free conditions, F) biomarker concentration and PIP25 indexes from core PS93/006
(Kremer et al., 2018a) (see D and E for details), G) biomarker concentration and PIP25 indexes from core PS92/039 (Kremer et al., 2018b) (see D and E for details), H)
biomarker concentrations and PIP25 indexes from core PS2138 (Stein et al., 2017) (see D and E for details).
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during MIS 5e (Zhuravleva et al., 2017).
The warmest optimal interglacial conditions thus likely occurred in

late MIS 5e, consistent with previous studies in the region (e.g., Bauch
et al., 1999; Risebrobakken et al., 2005, 2007; Van Nieuwenhove et al.,
2011; Zhuravleva et al., 2017). However, it also contrasts with studies
suggesting peak interglacial warmth in the earliest MIS 5e, particularly
from coring sites located in the central Nordic Seas (e.g., Bauch et al.,

2012; Bauch, 2013), along the Faroe-Shetland Channel (Rasmussen
et al., 2003b), south of the Iceland-Scotland Ridge (Eynaud et al., 2004;
Penaud et al., 2008), and the Labrador Sea (Rasmussen et al., 2003a;
Irvali et al., 2012, Irvali et al., 2016; Steinsland et al., 2023). This
discrepancy suggests that the locus of Atlantic water transport and
related heat may have varied between the Nordic Seas and the North
Atlantic (e.g. Bauch et al., 1999). One explanation is that a contracted

Fig. 6. Schematic illustration of sea ice conditions in the Fram Strait during late MIS 6 (pre-T II), T II, MIS 5e, and MIS 5d–b, summarising the data presented in
Fig. 5. The schematic illustrates sea ice cover (white shaded area), and its extent marked by the marginal ice zone (MIZ). Tentative extents of the Greenland Ice Sheet
(GIS) and the Svalbard–Barents Sea Ice Sheet (SBIS) are based on the reconstructions by Batchelor et al. (2019) and Vasskog et al. (2015) with associated arrows
indicating their general retreats or advances. The influence of Atlantic waters via the West Spitsbergen Current (WSC) is indicated with orange lines, showing surface
influence (solid lines) and subsurface influence (dashed lines). Late MIS 6: An extensive sea ice cover was periodically interrupted by local polynyas formed due to
strong katabatic winds and intrusions of Atlantic waters. T II: A marginal ice zone developed, and the environment was influenced by the influx of organic-matter-rich
meltwater suspended from the retreating SBIS (brown shaded area with arrows along the Svalbard margin), with limited influence of subsurface Atlantic waters on
the sea ice cover. MIS 5e: Predominantly sea ice-free conditions prevailed, and Atlantic waters dominated the surface ocean. MIS 5d–b: Sea ice conditions remain
ambiguous, and the influence of Atlantic waters on the surface ocean was small, yet persistent. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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subpolar gyre in late MIS 5e led to a relative increase of inflowing
Atlantic waters to the Nordic Seas and Fram Strait while reducing its
westward flow across the North Atlantic (Born et al., 2011). In contrast,
an expanded subpolar gyre in early MIS 5e may have directed relatively
more Atlantic waters westward in the North Atlantic, delaying warming
in the Fram Strait. This pattern aligns with evidence of early warming in
the western North Atlantic (Rasmussen et al., 2003b; Eynaud et al.,
2004; Penaud et al., 2008; Irvali et al., 2012; Irvali et al., 2016;
Mokeddem et al., 2014; Steinsland et al., 2023). Thus, the spatial pattern
of climate evolution through the interglacial may be most easily un-
derstood as a consequence of the evolving pattern of large-scale surface
circulation and associated heat transports.

A second explanation proposed for the late increased presence of
warm Atlantic waters at the surface is a shift to a more positive North
Atlantic Oscillation (NAO) mode (Bauch and Kandiano, 2007; Rise-
brobakken et al., 2007). This was similarly suggested as a mechanism
responsible for the peak sea surface temperatures in the North Atlantic
during the Early Holocene (Rimbu et al., 2003). Modern observations
support this as Blindheim et al. (2000) found that a positive NAO nar-
rows the Norwegian Atlantic Current, reducing cooling by limiting the
surface area Atlantic waters exposed to the atmosphere, thereby
extending heat transport northward.

Thirdly, Zhuravleva et al. (2017) suggest that coring sites in the
central Nordic Seas, being farther from the collapsing European and
Greenland ice sheets, were less influenced by deglacial freshwater,
implying that the early cool signal along the Norwegian-Svalbard
margin was likely due to a thick halocline from post-deglaciation
meltwater input rather than, for example, a reduced influx of Atlantic
waters to the Fram Strait. Regardless of the mechanisms that controlled
the influence and/or influx of Atlantic waters in the Fram Strait, it is
clear that Atlantic waters profoundly influenced the sea ice cover
throughout MIS 5e. Cores near the main flow path of Atlantic waters
(PS2138 and KH-14) show reduced sea ice cover, while regions in Arctic
waters (PS93/0061 and PS92/039) experienced extensive (PS93/0061)
to perennial sea ice (PS92/039) (Figs. 5–6). Such contrasting conditions
between cores of relatively short distances suggest a very sharp sea ice
gradient in the surface ocean during MIS 5e, similar to sea ice conditions
in the modern Fram Strait (Fig. 1).

5.4. MIS 5d–b: Surface cooling and unresolved sea ice proxy signals

As summer insolation decreased (Fig. 5A), surface ocean cooling
marked the transition into MIS 5d as illustrated by the increased relative
abundance of N. labyrinthus (Fig. 3). This subpolar to temperate species
thrives where Atlantic waters mix with cold Arctic waters (Rochon et al.,
1999; Marret et al., 2004). Its high abundances in the North Atlantic,
Nordic Seas, and Fram Strait align with the MIS 5e–5d transition in polar
to subpolar regions influenced by Atlantic waters (Matthiessen and
Knies, 2001; Eynaud et al., 2004; Van Nieuwenhove et al., 2008, 2011).

Despite cooler surface ocean conditions during MIS 5d, it remains
unclear whether there was sea ice at site KH-14. Similar to MIS 5e, the
absence of IP25 coupled with low concentrations of open-water phyto-
plankton biomarkers suggest either open ocean or perennial sea ice
conditions. The sustained and variable influx of IRD, coal, and TOC
around 106 and 94 ka (Fig. 4E, F, H) likely indicate major ice sheet
advances consistent with observations on the western continental
margin of Svalbard (Mangerud et al., 1996, 1998), and the Siberia and
the Kara Sea during MIS 5d–b (Svendsen et al., 2004). This also co-
incides with an extended sea ice cover at the northern Barents Sea
continental margin (Stein et al., 2017). Despite large environmental
changes, the lack of variability in IP25 raises the possibility of poor
biomarker preservation during MIS 5d–b at our site. One explanation
may have been a low surface ocean productivity. If the production of
phytoplankton and ice algae is low (if any) at the surface ocean, addi-
tional processes like zooplankton grazing, transport through the water
column, and degradation at the seafloor and in the sediment can make it

hard for the original algae concentrations to preserve. Additionally, the
naturally lower production of IP25 relative to brassicasterol and dinos-
terol in the surface ocean could explain why our record contains zero
IP25 and still a low but persistent presence of the open ocean biomarkers
(Fig. 4B–D). Another explanation for the absence of IP25 may have been
that environmental conditions were not suitable for its production. It
was reported that individual Haslea spp., the diatoms responsible for
IP25 production, obtained from Canadian Arctic samples yielded C25:3
and C25:4 HBIs, but not IP25 (Belt and Müller, 2013). This suggests that
IP25 production may require specific sea ice conditions (e.g. Belt and
Müller, 2013; Limoges et al., 2018b). Thus, in some sea ice environments
we do not find IP25 in the sediment, although in most cases we do.

In summary, our MIS 5d–b biomarkers are inconclusive regarding
sea ice conditions. While low dinocyst concentrations suggest reduced
surface productivity and oligotrophic conditions, the absence of typical
sea ice species like RBCs or I. minutum (Fig. 3) imply that the surface
ocean may have been ice-free, at least seasonally. The persistent pres-
ence of O. centrocarpum, albeit at lower concentrations, indicates
continued but diminished influence of Atlantic waters, potentially
facilitating the regrowth of perennial sea ice farther north, as observed
at site PS2138 on the Barents Sea continental margin (Fig. 5H; Stein
et al., 2017). The shift to a low-productivity environment may have been
caused by an eastward and southward expansion of Arctic water in the
Fram Strait, similarly suggested for other events of cooling in the eastern
Fram Strait (Hebbeln and Wefer, 1997; Rasmussen et al., 2003b; Rise-
brobakken et al., 2007). However, further research is needed to clarify
the sea ice conditions during this period, particularly given the unex-
pected biomarker signals. If the Fram Strait was ice-free during MIS
5d–b it suggests that cooler conditions than those at the onset of the
Weichselian glaciation, when northern hemisphere summer insolation
values were similar to modern, were necessary for sea ice to return.

6. Conclusions

Our high-resolution, multiproxy record from late MIS 6 to MIS 5e–b
provides detailed insights into sea ice cover, Atlantic water influence,
and ice sheet dynamics in the eastern Fram Strait. During late MIS 6
(pre-T II), extensive sea ice was intermittently disrupted by seasonal
melt, likely driven by local polynyas formed from katabatic winds and
Atlantic water intrusions. During T II, sea ice transitioned from peren-
nial to a productive marginal ice zone. The marginal ice zone environ-
ment, combined with organic matter-rich meltwater influx from the
SBIS, may have increased the biological pump in the eastern Fram Strait.
The meltwater likely maintained a thick halocline, limiting the influence
of subsurface Atlantic waters on the sea ice cover. By MIS 5e, the region
was likely sea ice-free and dominated by Atlantic waters, with peak
warming and the strongest influence around 120 ka. Throughout MIS
5d–b, the SBIS shaped the sedimentary environment, with dinocysts
suggesting oligotrophic conditions and an eastward expansion of Arctic
waters. However, unusual biomarker concentrations complicate defini-
tive conclusions on sea ice conditions during this period, highlighting
the need for further research to clarify environmental conditions at the
onset of the Weichselian glaciation.
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Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., Connors, S., Matthews, J.B.R.,
Chen, Y., Zhou, X., Gomis, M.I., Lonnoy, E., Maycock, T., Tignor, M., Waterfield, T.
(Eds.), Technical Summary. In: Global Warming of 1.5◦C. An IPCC special Report on
the impacts of global warming of 1.5◦C above pre-industrial levels and related global
greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to
eradicate poverty. Cambridge University Press, Cambridge, UK and New York, NY,
USA, pp. 27–46. https://doi.org/10.1017/9781009157940.002.

Batchelor, C.L., Margold, M., Krapp, M., Murton, D.K., Dalton, A.S., Gibbard, P.L.,
Stokes, C., Murton, R.J.B., Manica, A., 2019. The configuration of Northern
Hemisphere ice sheets through the Quaternary. Nat. Commun. 10, 3713. https://doi.
org/10.1038/s41467-019-11601-2.

Bates, N.R., Moran, S.B., Hansell, D.A., Mathis, J.T., 2006. An increasing CO2 sink in the
Arctic Ocean due to sea-ice loss. Geophys. Res. Lett. 33. https://doi.org/10.1029/
2006GL027028.

Bauch, H.A., 2013. Interglacial climates and the Atlantic meridional overturning
circulation: is there an Arctic controversy? Quat. Sci. Rev. 63, 1–22. https://doi.org/
10.1016/j.quascirev.2012.11.023.

Bauch, H.A., Kandiano, E., 2007. Evidence for early warming and cooling in North
Atlantic surface waters during the last interglacial. Paleoceanography 22. https://
doi.org/10.1029/2005PA001252.

Bauch, H.A., Erlenkeuser, H., Grootes, P.M., Jouzel, J., 1996. Implications of
Stratigraphic and Paleoclimatic Records of the Last Interglaciation from the Nordic
Seas. Quat. Res. 46, 260–269. https://doi.org/10.1006/qres.1996.0065.

Bauch, H.A., Erlenkeuser, H., Fahl, K., Spielhagen, R.F., Weinelt, M.S., Andruleit, H.,
Henrich, R., 1999. Evidence for a steeper Eemian than Holocene Sea surface
temperature gradient between Arctic and sub-Arctic regions. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 145, 95–117. https://doi.org/10.1016/S0031-0182(98)
00104-7.

Bauch, H.A., Erlenkeuser, H., Jung, S.J.A., Thiede, J., 2000. Surface and deep water
changes in the subpolar North Atlantic during termination II and the last
Interglaciation. Paleoceanography 15, 76–84. https://doi.org/10.1029/
1998PA000343.

Bauch, H.A., Kandiano, E.S., Helmke, J.P., 2012. Contrasting Ocean changes between the
subpolar and polar North Atlantic during the past 135 ka. Geophys. Res. Lett. 39.
https://doi.org/10.1029/2012GL051800.

Baumann, K.-H., Lackschewitz, K.S., Mangerud, J., Spielhagen, R.F., Wolf-welling, T.C.
W., Henrich, R., Kassens, H., 1995. Reflection of Scandinavian Ice Sheet Fluctuations
in Norwegian Sea Sediments during the past 150,000 years. Quat. Res. 43, 185–197.
https://doi.org/10.1006/qres.1995.1019.

Belt, S.T., 2018. Source-specific biomarkers as proxies for Arctic and Antarctic Sea ice.
Org. Geochem. 125, 277–298. https://doi.org/10.1016/j.orggeochem.2018.10.002.

Belt, S.T., Müller, J., 2013. The Arctic Sea ice biomarker IP25: a review of current
understanding, recommendations for future research and applications in palaeo sea
ice reconstructions. Quat. Sci. Rev. 79, 9–25. https://doi.org/10.1016/j.
quascirev.2012.12.001.
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Köseoğlu, D., Belt, S.T., Knies, J., 2019. Abrupt shifts of productivity and sea ice regimes
at the western Barents Sea slope from the last Glacial Maximum to the Bølling-
Allerød interstadial. Quat. Sci. Rev. 222, 105903. https://doi.org/10.1016/j.
quascirev.2019.105903.

Kremer, A., Stein, R., Fahl, K., Bauch, H., Mackensen, A., Niessen, F., 2018a. A 190-ka
biomarker record revealing interactions between sea ice, Atlantic Water inflow and
ice sheet activity in eastern Fram Strait. arktos 4, 22. https://doi.org/10.1007/
s41063-018-0052-0.

Kremer, A., Stein, R., Fahl, K., Ji, Z., Yang, Z., Wiers, S., Matthiessen, J., Forwick, M.,
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Winkelmann, D., Schäfer, C., Stein, R., Mackensen, A., 2008. Terrigenous events and
climate history of the Sophia Basin. Arctic Ocean. Geochem. Geophys. Geosystems 9.
https://doi.org/10.1029/2008GC002038.

Xiao, X., Fahl, K., Müller, J., Stein, R., 2015. Sea-ice distribution in the modern Arctic
Ocean: Biomarker records from trans-Arctic Ocean surface sediments. Geochim.
Cosmochim. Acta 155, 16–29. https://doi.org/10.1016/j.gca.2015.01.029.
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