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a b s t r a c t

The Last Interglacial period, Marine Isotope Stage 5e (MIS 5e ~116e128 ka), is thought to have had a
warmer, but less stable climate than the present interglacial. One key factor that has the potential to
influence the ocean and climate is sea ice, but its presence and extent throughout MIS 5e is poorly
constrained. Here we reconstruct the sea surface hydrography and sea ice variability in the Labrador Sea,
a region influenced by the subpolar gyre (SPG) and where deep water formation occurs, in order to
evaluate the potential of sea ice to drive or amplify ocean variability. We analysed biomarkers (highly
branched isoprenoids, HBIs, and sterols), dinoflagellate cyst assemblages and stable oxygen isotopes from
the late stages of MIS 6, throughout MIS 5e, into MIS 5d. Our results show that the late glacial MIS 6 was
likely characterised by a thick multiyear sea ice cover. During the first phase of MIS 5e, the hydrography
was highly variable. The initial 1500 years (128e126.5 ka) were characterised by the presence of a
seasonal Marginal Ice Zone (MIZ) accompanied by subsurface warmth. As the sea ice retreated, cool,
likely polar-sourced water dominated the surface and subsurface ocean (126.5e124 ka), until an abrupt
surge of sea ice marked the final pulse of the remnants of the deglaciation. The second half of MIS 5e (124
e116 ka) was characterised by a persistent inflow of warm water, only interrupted by incursions of cold
water as summer insolation declined. Seasonal sea ice returned to the Eirik Drift during MIS 5d. We infer
that sea ice variability throughout MIS 5e was coupled with the variability of the SPG. Especially the
location of a proximal MIZ to the Labrador Sea convection region could have been important for SPG
dynamics. In addition, the presence of sea ice at the transitions into and out of MIS 5e could point to its
important role in modulating and enhancing the magnitude and coherence of climate signals at major
climatic transitions.

© 2023 Published by Elsevier Ltd.
1. Introduction

The potential climatic implications of global warming can be
understood by investigating past periods in Earth's history which
were as warm or warmer than today. Although there is no perfect
analogue, the Last Interglacial (LIG; 116e128 ka), Marine Isotope
Stage 5e (MIS 5e), has many features in common with model pro-
jections of future climate. These features include a warmer than
nd).
present global climate, a significantly reduced Greenland Ice Sheet
(GIS), and a higher sea level (e.g. Otto-Bliesner et al., 2006; Kopp
et al., 2009). For this reason, the LIG has sparked the interest of
many studies, aiming to understand climate variability, instability,
and their underlying mechanisms.

Sea ice has been proposed as a cause for variability and insta-
bility of the North Atlantic Ocean circulation during the LIG due to
its potential effect on the subpolar gyre (SPG; Born et al., 2010;
Galaasen et al., 2014; Li and Born, 2019; Kessler et al., 2020). Sea ice
can change rapidly in response to relatively weak forcing and it can
amplify climate change non-linearly, resulting in rapid and large
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climate shifts. The SPG has been suggested to be integrally con-
nected to the larger scale circulation and the Atlantic Meridional
Overturning Circulation (AMOC; e.g. H�atún et al., 2005; Thornalley
et al., 2009; Yeager, 2015; Klockmann et al., 2020), and thus it
serves as one link in the chain of global teleconnections that alters
climate on a global scale. The SPG is sensitive to buoyancy and wind
forcing (e.g. Born and Stocker, 2014; Levermann and Born, 2007;
Montoya et al., 2011) whereas the extent of sea ice influences both
these forcings. Furthermore, buoyancy forcing affects deep water
formation in the North Atlantic, which in turn affects the strength
of the AMOC. Thus, in the Labrador Sea where deep water forma-
tion occurs, the SPG could be especially sensitive to the extent of
sea ice and its associated freshwater (Born et al., 2010; Li and Born,
2019). It has been suggested that a strong SPG may also tend to
expand zonally (eastward), redirect Atlantic waters into the west-
ward flowing Irminger Current (IC) and corresponds to a weak
AMOC (Klockmann et al., 2020). In contrast, aweak SPG contracts to
the west, directs Atlantic waters northeast into the Nordic Seas,
contributing to persistent deep water formation there (Thornalley
et al., 2009) and corresponds to a strong AMOC (H�atún et al.,
2005; H€akkinen and Rhines, 2004). However, it does remain un-
clear exactly how tightly coupled gyre size and strength are (Foukal
and Lozier, 2017), and how or if they contributed to recent changes
in overturning circulation (Lozier, 2012; Lozier et al., 2019). Thus,
based on the brief observational period, it is difficult to draw con-
clusions about how SPG geometry, strength, and the basin scale
overturning circulation are linked. Despite the complex circulation
coupling, the SPG's potential to alter mass, heat, and buoyancy, and
alter climate across the North Atlantic, and beyond, makes it crucial
to understand the mechanisms by, and timescales on, which the
SPG can vary. In this study, we focus on the potential of sea ice and
its associated feedbacks on SPG and North Atlantic Ocean vari-
ability during the LIG.

Fossil assemblages and biomarkers preserved in marine sedi-
ments are frequently used for sea ice reconstructions (e.g. de Vernal
et al., 2013). While several proxies are indirectly related to sea ice,
the biomarker IP25 is exclusively biosynthesized by a few diatom
species living in Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and provides a sensitive and reliable sea ice indicator. LIG
sea ice reconstructions based on biomarkers are restricted to the
Arctic Ocean (Stein et al., 2017, 2022; Kremer et al., 2018a, 2018b). No
biomarker records exist from the LIG subpolar North Atlantic. Spe-
cifically for the Labrador Sea, biomarker-based sea ice re-
constructions are only available for part of MIS 3 (Scoto et al., 2022)
and the last Glacial to Holocene (You et al., 2023). For the LIG time
interval from this area, on the other hand, sea ice reconstructions are
mainly based on dinoflagellate cyst (hereafter dinocyst) transfer
functions and assemblages (e.g. Eynaud et al., 2004; Hillaire-Marcel
et al., 2001; de Vernal and Hillaire-Marcel, 2008; Penaud et al., 2008;
Van Nieuwenhove et al., 2011), and indirect inferences based on
foraminifer assemblages (e.g. Irvali et al., 2012, 2016). A compilation
of sea ice records by Kageyama et al. (2021) demonstrates that north
of 79�N the LIG sea ice concentrations range from minimal to sub-
stantial (>75%) all year around. South of 79�N, the Atlantic and
Nordic Seas were sea ice free during the LIG. This partly contrasts
previous studies suggesting that sea ice and its associatedmelt in the
Labrador Sea could modulate SPG circulation on centennial time-
scales within the LIG (Galaasen et al., 2014), and during the last
glacial inception (Born et al., 2010). These authors speculate and/or
infer sea ice presence from indirect proxies and modelling experi-
ments but biomarker data that can unequivocally document sea ice
presence is lacking. This highlights our limited knowledge about sea
ice extent and variability in the North Atlantic SPG region, which is
crucial in order to evaluate its role in modulating ocean circulation
and the SPG on glacial-interglacial timescales.
2

Here we reconstruct sea ice occurrence, marginal ice zone (MIZ;
transition between open ocean and sea ice) extent, and surface
ocean hydrography from the late glacial stage of MIS 6 throughout
MIS 5e, and into MIS 5d using dinocyst assemblages, biomarkers
(IP25) and stable oxygen isotopes from an Eirik Drift sediment core.
We combine our data with previously published foraminifer re-
cords from the same region, and with other North Atlantic records
to gain a broader understanding of the Labrador Sea surface hy-
drography, the surface currents of the SPG and the larger scale
North Atlantic surface ocean variability.

2. Site location and oceanography

The Eirik Drift is a sediment drift located off the southern tip of
the Greenland margin and is well situated to monitor changes in
the northwest SPG that dominates the hydrography of the North
Atlantic (H�atún et al., 2005). It is characterised by high sedimen-
tation rates sustained by eroded sediments imported primarily by
Denmark Strait OverflowWater and deposited here along the most
offshore portion of the Deep Western Boundary Current (DWBC)
(Wold, 1994; Hunter et al., 2007), leading to expanded sedimentary
interglacial intervals (Hillaire-Marcel et al., 1994). The surface
ocean hydrography at the Eirik Drift is characterised by the cyclonic
circulation of the SPG, which is fed by the North Atlantic Current
(NAC) from the south, and the East Greenland Current (EGC) from
the north (Fig. 1). The NAC transports warm and salty Atlantic
waters northward as an extension of the Gulf Stream, branching
into the Norwegian Atlantic Current (NwAC) flowing northward,
and the IC flowing west and forming the east part of the SPG cir-
culation pattern. The EGC flows southward from the Arctic Ocean,
via the Denmark Strait, into the North Atlantic and is a major
contributor of cold, fresh surface water to the vicinity of the study
area (Bacon et al., 2002).

3. Material and methods

In 2016, calypso Core GS16-204-22CC-B (hereafter 22CC-B;
58�02.830N, 47�02.360W; 3160 m water depth) was collected from
the Eirik Drift with the research vessel G.O. Sars. Based on litho-
logical description of this core, and a preliminary correlation (ox-
ygen isotopes, colour scan) to the well-dated Core MD03-2664
(57�26.340N, 48�36.350W; 3440 m water depth; Irvali et al., 2012,
2016), we first estimated MIS 5e to occur between 14.5 and 18.5 m
core depth. The samples for this study were collected at different
times and for different purposes. During the initial sampling, we
collected 1.5 cm thick sediment samples at 4 cm resolution for
sedimentary ancient DNA (sedaDNA), palynology, foraminifers and
biomarkers for the entire study interval (1456e1852 cm). In the
second sampling phase, we sampled in-between the first sample
set at higher resolution and with thinner sediment samples
(0.7e0.8 cm) for part of the core (1556e1753.5 cm).

Dinocyst assemblages were analysed every 4 cm, except inMIS 6
(1756e1852 cm) where we analysed every 12 cm. Biomarkers and
foraminifers were prioritised for a higher resolution sampling at
obvious transitions in the core. Biomarkers were analysed at every
~2 cm between 1555 and 1648 cm, and at every ~1 cm between
1648 and 1756 cm. Foraminifers were analysed at the same reso-
lution as the biomarkers (every ~1 cm) between 1704 and 1756 cm.
For the rest of the core, sampling was done every 4 cm. For exact
sampling depths, and intervals, see Supplementary Data.

3.1. Stable isotopes

Stable oxygen isotope analyses (d18O) were performed on the
planktic foraminifer Neogloboquadrina pachyderma (sinistral) and



Fig. 1. Mean annual sea surface temperatures from WOA 2018 (Locarnini et al., 2019) and major surface ocean currents relative to our studied Core GS16-204-22CC-B (red dot).
Other sediment records (black dots) discussed in the text are from MD03-2664 (Irvali et al., 2012, 2016; Galaasen et al., 2014), IODP Sites U1304 and U1305 (Channell et al., 2006),
ODP Sites 984 (Mokeddem et al., 2014) and 980 (Oppo et al., 2006), HU-90-013-013 (Hillaire-Marcel et al., 1994), MD95-2015 (Eynaud et al., 2004), M23071 (Van Nieuwenhove et al.,
2008), and M23351 (Zhuravleva et al., 2017).
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benthic foraminifer Cibicidoides wuellerstorfi in order to constrain
the chronology of MIS 5e. N. pachyderma (s) was identified in all
samples, while C. wuellerstorfi was absent in ~1/3 of the samples
(see Supplementary Data). A Finnigan MAT253 mass spectrometer
with an online Kiel IV, located at FARLAB, University of Bergen, was
used for the stable isotope analysis. Values are reported relative to
Vienna Pee Dee Belemnite. Two working standards (CM12 and
Riedel) along with 2 international standards (NBS-18 and NBS-19)
were analysed each day interspersed with samples. The external
precision for samples between 10 and 100 mg was better than 0.08
and 0.04‰ for d18O and d13C, respectively, based on the long-term
reproducibility (1s) of the working standard CM12.
3.2. Total organic carbon, biomarkers and their ecological
significance

A total of 187 samples were analysed for biomarkers (HBIs and
sterols) and 254 samples for Total Organic Carbon (TOC)%. Bio-
markers and TOC were measured and analysed at the Alfred
Wegener Institute in Bremerhaven, Germany. To determine the TOC
(%), 100 mg of freeze-dried and homogenised sediments were
measured (per sample) using an ELTRA CS2000 Carbon Sulfur De-
tector. For biomarker analysis preparation, 5 g of freeze-dried
sediments was homogenised using an agate mortar. Prior to
extraction, the internal standards 7-hexylnonadecane (7-HND:
0.0038 mm/ml), androstanol (0.05 mm/ml), 9-octylheptadec (9-
OHD: 0.005 mm/ml), and squalane (0.032 mm/ml) were added to
3

the sediments to allow for later stage quantification. Biomarkers
were extracted by sonication (3 � 15 min) using dichlor-
omethane: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
9ml ethylacetate:n-hexane (4:1) for sterols) with silica gel (SiO2) as
the stationary phase. The sterol fraction was silyated with 200 ml
BSTFA (bis-trimethylsilyl-trifluoracet-amide; 60 �C for 2 h).
Biomarker analysis was performed by gas chromatography-mass-
spectrometry (GC-MS). Hydrocarbon concentrations were deter-
mined with a gas chromatograph Agilent Technologies 7890 GC
(30 m HP-1MS column, 0.25 mm in diameter and 0.25 mm film
thickness) coupled to an Agilent Technologies 5977 A mass selec-
tive detector. Sterol concentrations were measured with a gas
chromatograph Agilent Technologies 6850 GC (30 m HP-1MS col-
umn, 0.25 mm in diameter and 0.25 mm film thickness) coupled to
an Agilent Technologies 5975 A mass selective detector. HBIs (IP25,
HBI II, HBI III (Z), HBI III (E)) and sterols were identified by
comparing their retention times to those of reference compounds
(IP25: Belt et al., 2007; HBI II: Johns et al., 1999; HBI III: Belt et al.,
2000; sterols: Boon et al., 1979; Volkman, 1986). IP25, HBI II, HBI
III (Z), and HBI III (E) (IP25: m/z 350; HBI II: m/z 348; HBI III (Z) and
(E): m/z 346) were quantified by the abundant fragment ion m/z
266 of the internal 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) in regard to the
molecular ion of androstanol (ion m/z 348). The different responses
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of all these ions were balanced by external calibration. Instrument
stability was controlled by reruns of external standards and repli-
cate analyses for random samples. All biomarker concentrations
have been normalised to the TOC.

The sea ice proxy IP25 (Ice Proxy with 25 carbon atoms) is a
molecule produced by a relatively small number of diatoms that
inhabit the base of Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and is predominantly found in areas covered by seasonal sea
ice (Belt et al., 2007; Xiao et al., 2015; Kolling et al., 2020; for review
see Belt, 2018). In this study, we consider the occurrence of IP25 as a
sea ice indicator. A difficulty with IP25 is that both permanent sea
ice environments and open water conditions are characterised by
IP25 concentrations of zero. Under permanent sea ice conditions,
IP25 is absent due to limited light and nutrient availability which are
required for the growth of sea ice phytoplankton. Likewise, in open
waters, the habitat for the ice algae is missing, and IP25 concen-
trations are zero. The ambiguity of the signal from permanent sea
ice vs open ocean requires that IP25 is analysed in combinationwith
open-water phytoplankton biomarkers like brassicasterol and
dinosterol (cf. Müller et al., 2009, 2011). These are produced by a
variety of phytoplankton genera like dinoflagellates, diatoms and
haptophytes (Boon et al., 1979; Robinson et al., 1984; Volkman et al.,
1998). Alongside IP25, several other biomarkers are related to sea
ice. HBI III (Z) is a common constituent of marine settings (Belt
et al., 2000) but shows a more direct association with MIZ pro-
ductivity (Collins et al., 2013; Belt et al., 2015). HBI II is produced by
sea ice/land-fast ice-dwelling diatoms in the Southern Ocean (Belt
et al., 2016). Although its origin and potential as an environmental
proxy in the Northern Hemisphere is unclear, it is often observed
together with IP25. Thus, Belt et al. (2018) postulate that HBI II
might represent an “even better” sea ice proxy than IP25 or at least
be a useful substitute in cases where IP25 is absent. Terrigenous
influence can be inferred by sitosterol and campesterol (Pryce,
1971; Huang and Meinschein, 1979). Although these biomarkers
are found in a few microalgae species, the main contributors are
higher land plants (Volkman, 1986; Jaff�e et al., 1995; Rontani et al.,
2014).

3.3. Dinoflagellate cyst assemblages and ecological significance

A total of 85 samples were selected for dinocyst assemblage
analysis and prepared using a standard palynological preparation
procedure (e.g. De Schepper et al., 2017). To remove the mineral
fraction, cold hydrochloric and hydrofluoric acid was used. The
palynological residue was sieved over a 10 mm polymer mesh
before mounting on slides with glycerine jelly. One tablet of Lyco-
podium clavatum spores (batch #140119321, n ¼ 19,855 ± 521
spores per tablet) was added to each sample before chemical
treatment to allow calculation of dinocyst concentrations and er-
rors following Stockmarr (1971). The palynological slides were
counted at 400� magnification for dinocyst assemblage analyses
until a minimum of 300 in situ dinocysts were identified. If the
dinocyst concentration was too low to reach the minimum
threshold, the entire slide (ca. 20 non-overlapping traverses) was
counted. We identified 38 dinocyst taxa in total. The major dinocyst
taxa consist of Bitectatodinium tepikiense, Operculodinium cen-
trocarpum sensu Wall and Dale (1966) (hereafter O. centrocarpum),
Nematosphaeropsis labyrinthus and the group of Round Brown cysts
(RBC). Brigantedinium specimens were grouped together as RBC
because folding or orientation of specimens often limited identifi-
cation to species level. Spiniferites spp. includes all Spiniferites cysts
except S. elongatus and S. mirabilis. All Impagidinium species iden-
tified were grouped together with the exception of I. pallidum.
These grouped species include I. aculeatum, I. sphaericum, I. para-
doxum, I. patulum and I. plicatum.
4

The distribution of dinoflagellates depends on physical and
chemical sea surface parameters such as currents, temperature,
salinity, irradiance, nutrients and sea ice (e.g. de Vernal et al., 2020).
Their different environmental preferences make them suited for
surface ocean reconstructions.

B. tepikiense is linked to the subpolar-temperate transition in the
North-Atlatic (Dale, 1996) and also enhanced water stratification
(Rochon et al., 1999; de Vernal et al., 2005; de Vernal and Marret,
2007; Hennissen et al., 2014). The species has a high tolerance to
a wide range of salinities and temperatures and it can be observed
in regions that are seasonally covered by sea ice for less than 4
months a year (de Vernal et al., 1997). In modern sediments from
the Labrador Sea and North Atlantic, B. tepikiense rarely exceeds
>10% of the assemblage (e.g. de Vernal et al., 2005, 2020). During
the Last Glacial Maximum, B. tepikiensemakes up more than 50% of
the assemblage in the northern North Atlantic (de Vernal et al.,
2005). Thus, the species is characteristic for conditions different
than present and is not common in warm interglacial periods.
N. labyrinthus is another subpolar-temperate species (Rochon et al.,
1999; Marret and Zonneveld, 2003) that has been linked to climate
transitions (i.e. glacialeinterglacial) when profound changes in
water mass composition occurred (Hennissen et al., 2017, and ref-
erences therein).

The distribution of O. centrocarpum in modern surface sedi-
ments of the North Atlantic reveals that high relative abundances
are linked to warm Atlantic Water (e.g. NAC/NwAC), although it is
generally a cosmopolitan taxon (e.g. Marret and Zonneveld, 2003).
In fossil records from the Arctic and sub-Arctic, O. centrocarpum is
often regarded as an indicator for interglacial intervals with
Atlantic water advection (e.g. Rochon et al., 1999; Matthiessen et al.,
2001; Matthiessen and Knies, 2001; Grøsfjeld et al., 2006). Also
S. mirabilis is an indicator of warm temperate to temperate envi-
ronments. Previous studies have linked this species to interglacial
optima in the northern North Atlantic during MIS 5 (S�anchez Go~ni
et al., 1999; Eynaud et al., 2004; Penaud et al., 2008; Van
Nieuwenhove et al., 2008, 2011).

Other environmentally significant species in our record include
the RBC and the cysts of Pentapharsodinium dalei indicating sea ice
and surface ocean stratification respectively. The RBC are a group of
heterotrophic taxa that strongly relate to the trophic state of the
surface waters in addition to temperature and salinity (e.g. de
Vernal et al., 2000). In environments with increased nutrient
availability like frontal zones and sea ice margins, RBC and het-
erotrophic dinocyst taxa commonly outnumber other dinocysts
(e.g. de Vernal et al., 2020). In our record, the cysts of P. dalei are
found in combination with the RBC. In the Arctic and sub-Arctic
oceans high proportions of cysts of P. dalei are found in stratified
and productivewaters at a distance from themultiyear sea-ice zone
(Radi et al., 2001; Marret et al., 2004; Solignac et al., 2009) and in
fjords receiving a spring freshet of glacier meltwater (Dale, 2001;
Grøsfjeld et al., 2009).

4. Results

4.1. Chronology

The age model for Site 22CC-B (Fig. 2) is based on aligning our
benthic (C. wuellerstorfi) d18O record with the benthic d18O isotopic
record from the nearby Core MD03-2664 (Irvali et al., 2012, 2016),
using AnalySeries (Paillard et al., 1996). Previous studies (Irvali
et al., 2012, 2016; Galaasen et al., 2014) tuned Core MD03-2664
to MD95-2042 on the Iberian Margin (Shackleton et al., 2002,
2003) where the MIS 5e boundaries are set by the benthic isotopic
low plateau to 116.1 ± 0.9 ka and 128 ± 1 ka based on fossil coral
reef U-series dates of the LIG sea level high stand (Stirling et al.,



Fig. 2. Age model for Core 22CC-B. A) Core 22CC-B planktic and benthic d18O plotted on depth, and Core MD03-2664 planktic and benthic d18O record plotted on age (ka) (Irvali
et al., 2012, 2016). B) Benthic d18O of Cores 22CC-B and MD03-2664 plotted on the age scale (ka) of MD03-2664 with the tie points (dashed lines), and planktic d18O of Cores 22CC-B
and MD03-2664 plotted on age (ka). The red layer is represented by the red arrow and pink shaded area. The grey shaded area represents H11 within TII. C) Depth (cm) versus age
(ka) plot for Core 22CC-B, showing tie points and approximate sedimentation rates. The red layer is represented in the pink shaded area.
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1998). We identified these MIS 5e boundaries at 22CC-B in our
benthic d18O record, as well as the onset of Termination II (TII) at
the top of MIS 6 (135 ka) and the base of MIS 5d (113 ka) (Fig. 2A).

Additional tie points in our age model are based on the planktic
d18O record and colour scan. We associate one planktic d18O tie
point with the distinct isotopic minimum during TII at 131 ka
during Henrich event 11 (H11) (Irvali et al., 2016). An abrupt shift in
planktic d18O recognised in Core 22CC-B and also in Cores MD95-
2042 and MD03-2664 (Shackleton et al., 2002, 2003; Irvali et al.,
2012) provides an additional tie point at 126 ka (Fig. 2B), that is
associated with the start of the Eemian interglacial on land
(Shackleton et al., 2003). A distinct “red layer”was observed in both
Core 22CC-B and MD03-2664 based on sediment colour properties
(Supplementary Fig. 1). The top and bottom of this layer were used
as tie points for our age model with the ages of 124.2 and 124.6 ka,
respectively (Galaasen et al., 2014). A similar red layer is also
documented at the Integrated Ocean Drilling Program (IODP) Site
U1305 on the Eirik Drift and was likely deposited by an outburst
flood event associated with the final collapse of the Laurentide Ice
Sheet (LIS) in the early part of the LIG (Nicholl et al., 2012). The final
tie point is placed at the rapid increase of planktic d18O at 111.0 ka in
MIS 5d (Fig. 2B), which corresponds in Core MD03-2664 to a large
IRD peak reflecting the C24 event (e.g. Hodell et al., 2009). In
summary, our agemodel utilizes the same tie points that Irvali et al.
(2012, 2016) and Galaasen et al. (2014) used to correlate their re-
cord to MD95-2042 of Shackleton et al. (2002, 2003). Additionally,
5

in order to have some control on the ages of the upper MIS 5d, i.e.
younger than 111 ka, we used a 14C AMS age from a twin core on the
Eirik Drift (46 ka at 602.7 cm core depth in hole 22CC-A; Griem
et al., 2019). We transferred the 14C age from Core 22CC-A to
22CC-B by aligning the red-green colour scan and magnetic sus-
ceptibility. The ages <111 ka are thus approximate and should not
be considered as absolute ages. The base of MIS 6 is not constrained,
and the ages >135 ka are based on a linear extrapolation of the
sedimentation rate between 131 and 135 ka. Thus, the ages of an
extended MIS 6 beyond 135 ka are imprecise and should be used
cautiously.
4.2. Isotopes

The late MIS 6 planktic (N. pachyderma sinistral) and benthic
(C. wuellerstorfi) d18O show typical glacial values of, on average,
~4.4‰ and ~4.5‰, respectively (Fig. 2B). From ~135 ka, both benthic
and planktic d18O shift towards lower values, marking the initiation
of TII. Within TII, the planktic d18O decreases from 4.0 to 2.7‰ at
131 ka, associated with H11. The onset of the MIS 5e low benthic
d18O plateau at 128.0 ka is characterised by an increase in sedi-
mentation rate from 1.7 cm/ka to 15.1 cm/ka (Fig. 2C). The lowest
benthic d18O values occur between 128 and 126.5 ka. In this same
period, the planktic d18O shows high variability, ending in a distinct
increase at ~126.5 ka, followed directly by a decrease of 0.7‰. From
the middle to late MIS 5e, the benthic and planktic d18O are
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consistent with characteristic low values of interglacial periods.
Both isotopic records show a general increasing trend throughout
MIS 5e. The transition into MIS 5d is characterised by a gradual
increase in planktic d18O, and a more muted increase in benthic
d18O, suggesting a change in local surface water hydrography in
excess of the change registered in the deep ocean.
4.3. Dinoflagellate cysts

In MIS 6 dinocyst counts (Fig. 3) are very low making reliable
interpretations based on relative abundance difficult. Towards TII,
concentrations are also very low (average of ~27 cysts/g sediment),
yet they increase to an average of 110 cyst/g sediment. Here, we
observe the onset and increase in the relative abundance of RBC
which during TII reach up to ~30% of the dinocyst assemblage.

The dinocyst concentration increases at the onset of MIS 5e
(Fig. 3A). Spiniferites spp., RBC, cysts of P. dalei and N. labyrinthus are
Fig. 3. Dinocyst relative abundances (%) represented with coloured curves and con-
centrations (cyst/g sediment) with errors represented with black lines for the most
abundant species of Site 22CC-B plotted on age (ka). A) The total dinocyst concen-
tration with errors, BeK) relative abundance and concentration with errors. The red
shaded area and arrow represent the red layer. The grey shaded area represents H11,
and the pink shaded area marks MIS 5e.
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among the species that contribute to the concentration increase
(Fig. 3FeI). RBC reach, at maximum, 30% of the total assemblage in
the earliest MIS 5e (128e126.5 ka). At 126.5 ka, the abundance and
concentrations of RBC rapidly decrease and B. tepikiense becomes
the dominant species (60%) (Fig. 3E).

The “red layer” event (124.6e124.2 ka) is reflected by a decrease
of dinocyst concentrations and marks the onset of a different
dinocyst assemblage. B. tepikiense is first replaced at the “red layer”
by the heterotrophic group of RBC (43%) and thereafter cysts of
P. dalei (20%). Other noteworthy dinocyst taxa in the “red layer’
include the cyst of Scrippsiella trifida which appears almost exclu-
sively here. Shortly following the deposition of the red layer and
cysts of P. dalei, overall cyst concentrations rise. In addition, the
relative abundance of O. centrocarpum increases to an average of
~72%, while its concentration increases to maximum values and
fluctuates between ~1000 and 5000 cyst/g sediment for the next
6000 years (Fig. 3K). In this interval, we also encounter the warm
water indicator S. mirabilis between 121.5 and 115 ka (Fig. 3J). In a
single sample (~122 ka), we encountered high relative abundances
of the Arctic, cool water dinocyst Islandinium minutum, a species
often associated with sea ice (Fig. 3D). Other sea ice proxies (see
section 3.3) were not recorded associated with this sample.
O. centrocarpum concentrations and abundances decrease at ~118
ka, when B. tepikiense and cysts of P. dalei increase.

The MIS 5d dinocyst assemblage is initially dominated by
N. labyrinthus and Spiniferites spp., together representing up to 90%
of the assemblage at its maximum. The dominance of these species
corresponds with the highest overall dinocyst concentrations of the
record reaching a maximum of 14,000 cyst/g sediment. When
N. labyrinthus, Spiniferites spp., and dinocyst concentrations
decrease at ~114 ka, RBC start dominating the assemblage for the
remainder of MIS 5d.

4.4. Biomarkers

Through MIS 6, the sea ice (IP25, HBI II) and MIZ (HBI III Z) HBI
biomarkers are low or under the detection limit while the open
ocean (brassicasterol, dinosterol) and terrestrial (sitosterol and
campesterol) sterol biomarkers are low in concentration
(Fig. 4DeG). In late TII all biomarkers, and especially the HBI bio-
markers, increase in concentrations corresponding to the abrupt
transition to the lower planktic d18O values at 131 ka. At the onset of
MIS 5e (128 ka), all biomarker concentrations rapidly increase
further with IP25 and HBI II reaching maximum values between
127.4 and 126.9 ka. Maximum values of HBI III (Z), brassicasterol,
dinosterol, sitosterol, and campesterol remain until ~126.4 ka.
Subsequently, all biomarker concentrations decrease from 126.4 ka,
only to briefly increase in the red layer. Here, the sea ice and other
biomarkers peak except for HBI III (Z), and we record the highest
concentration of the terrestrial biomarker sitosterol at 49 mg/gTOC
in this red layer. For the remainder of MIS 5e, all biomarker con-
centrations decline and sea ice biomarkers are not detected. At the
start of MIS 5d, the biomarker concentrations increase and IP25 is
detected again from ~114 ka and remains present throughout MIS
5d.

5. Discussion

5.1. Late MIS 6 and Termination II: the perennial sea ice cover
breaks up

During our studied interval of MIS 6, the Eirik Drift was likely
covered by an extensive perennial sea ice cover. This interpretation
is based on the very low dinocyst concentrations (Fig. 4A) and low
to absent IP25 concentrations in our samples (Fig. 5E). IP25



Fig. 4. Dinocyst, stable oxygen isotope, and biomarker results plotted on age (ka). A) Dinocyst total concentrations with errors, B) dinocyst species relative abundances, C) d18O of
C. wuellerstorfi and N. pachyderma (s), D) concentrations of sea ice and sea ice associated biomarkers IP25 and HBI II, E) concentration of the marginal ice zone biomarker HBI III (Z), F)
concentrations of the open ocean biomarkers brassicasterol and dinosterol, G) concentrations of the terrestrial biomarkers sitosterol and campesterol and H) TOC %. The red shaded
area and arrow represent the red layer. The grey shaded area represents H11, and the pink shaded area marks MIS 5e.
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Fig. 5. A) June insolation at 60�N (Berger and Loutre, 1991) and sea level in meters relative to modern (Spratt and Lisiecki, 2016), B) relative abundance of the cold water
N. pachyderma (s) and the Atlantic water indicator N. incompta from Core MD03-2664 (Irvali et al., 2012, 2016), C) relative abundance of O. centrocarpum and B. tepikiense from Core
22CC-B, D) relative abundance of the round brown cysts (RBC), an indicator for high nutrient availability and sea ice, and cysts of P. dalei which are often linked to stratified waters,
E) concentrations of the sea ice (IP25) and marginal ice zone (HBI III (Z)) biomarker, F) pollen and spore records from Core HU-90-013-013 and estimated ice cover on Greenland (de
Vernal and Hillaire-Marcel, 2008), G) Eirik Drift planktic foraminifer d18O records, and IRD from Core MD03-2664 (black). The Heinrich Event 11 (H11) is marked by the grey shaded
area. Periods within MIS 5e characterised by warm water inflow to the Eirik Drift via the Irminger Current (IC) are marked by the pink shaded area; the cold event C27 and the
cooler conditions with enhanced pulses of EGC at the end of MIS 5e are marked by the blue shaded areas. The red layer is marked by the red arrow and red shaded area.
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concentrations of (almost) zero can reflect open water conditions
but combined with low open water biomarkers (brassicasterol,
dinosterol, and HBI III (Z)), we interpret these records to reflect a
perennial sea ice cover with minimal open-water phytoplankton
production. A thick sea ice cover limits light penetration in the
surface ocean and nutrient availability, both of which are essential
for phytoplankton and sea ice algae productivity (Müller et al.,
2011; Fahl and Stein, 2012; Xiao et al., 2015). The Core MD03-
2664 foraminifer assemblage and stable isotopes have been inter-
preted to reflect an extended sea ice margin occurring south of our
core location and increased polar water influence via the EGC (Irvali
et al., 2012). However, the low but present dinocysts and bio-
markers and the infrequent occurrence of foraminifers at Site 22CC-
B may suggest that the perennial sea ice cover was interrupted by
short intervals with restricted open water conditions during sum-
mer that allowed phytoplankton reproduction. Indeed, Mokeddem
and McManus (2016) demonstrate with foraminifer records from
the Ocean Drilling Program (ODP) Site 984 that a baseline of full
glacial conditions was interrupted by short-lived retreats of the
polar front northward that allowed warm and saline water inflow
to the northwest Atlantic.

At the onset of TII the perennial sea ice likely started to break up
more frequently when summer insolation increased (Fig. 5A). The
dinocyst counts and concentrations are very low (Fig. 3), yet the
relative abundances are statistically significant, as determined us-
ing the method of Heslop et al. (2011) (Supplementary Fig. 2). RBC,
a group of heterotrophic dinocysts often associated with seasonal
sea ice, occur for the first time in our record and increase in relative
abundance. At ~130 ka, as local summer insolation neared its peak,
the perennial sea ice broke up more frequently and we record
increased IP25 and HBI III (Z) concentrations. The sea ice was still
extensive but less so than in MIS 6 and early TII. A drop in IRD %
(Fig. 5G) and in the abundance of polar foraminifers in Core MD03-
2664 at 130 ka (Fig. 5B) suggests a general retreat of polar condi-
tions as TII came to an end.

The dinocyst assemblage at the Eirik Drift shows no indications
of Atlantic water inflow during TII, similar to the assemblage from
the South Icelandic Basin Core MD95-2015 (Eynaud et al., 2004). In
contrast, the Nordic Seas were influenced by warm Atlantic water,
as indicated by the dominance of the Atlantic water tracer
O. centrocarpum at the Vøring Plateau (Core M23071; Van
Nieuwenhove et al., 2008). Together, this could point to a con-
tracted SPG to thewest. A contracted or weakened SPGwould allow
for warm and saline Atlantic waters to flow northward into the
Nordic Seas, while the western North Atlantic is cut off fromwarm
water inflow (H�atún et al., 2005; Thornalley et al., 2009; Bauch
et al., 1999, 2012; Van Nieuwenhove et al., 2011). Such a scenario
of a contracted or weakened SPG is also proposed by Zhuravleva
et al. (2017) who indicate cold surface water conditions, high
meltwater input from the GIS and/or enhanced sea ice in East
Greenland Margin Core M23351. Taken together, the break-up of
perennial sea ice, and a highly fresh and stratified upper ocean in
the North Atlantic is consistent with a contracted/weak SPG during
TII (Fig. 6).

5.2. MIS 5e

5.2.1. Earliest MIS 5e (128e126.5 ka): marginal ice zone and (sub)
surface warming

Coincident with peak summer insolation in the earliest MIS 5e,
we record the first evidence of a MIZ at the Eirik Drift. We interpret
a MIZ due to the simultaneous increase of the sea ice biomarkers
IP25 and HBI III (Z) (Fig. 5E). While IP25 alone could indicate sea ice
transport via the EGC, HBI III (Z) is found to be strongly enhanced in
MIZ environments in the Antarctic (Collins et al., 2013) and the
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Arctic (Belt et al., 2015). Further corroborating evidence for MIZ
conditions comes from increased concentrations and abundances
of the heterotrophic RBC, which are often abundant in highly
productive sea ice environments (e.g. de Vernal et al., 1997, 2005,
2020), and cysts of P. dalei, a species associated with stratified
waters (Fig. 5D; see section 3.3). Contemporaneously, sea surface
productivity increased as indicated by the open-water phyto-
plankton biomarkers dinosterol and, especially, brassicasterol
(Fig. 4F). The environment during the first 1500 years of MIS 5e at
the Eirik Drift was thus an environment with sea ice, high pro-
ductivity and stratification.

Interestingly, several data records and modelling experiments
highlight this earliest part of MIS 5e to be the warmest part of the
entire interglacial. Foraminifer-based temperature reconstructions
from Core MD03-2664 demonstrate peak MIS 5e temperatures at
the Eirik Drift (Irvali et al., 2012). Furthermore, in Core MD03-2664,
the shift in the foraminifer assemblage from dominance of
N. pachyderma (s) during MIS 6/TII to an assemblage with the
subpolar-transitional species N. incompta (Fig. 5B), and
T. quinqueloba, G. bulloides and G. glutinata, suggest an increased
Atlantic water influence (Irvali et al., 2012). Similarly, foraminifer
records from Core HU-90-013-013 on the Eirik Drift (Seidenkrantz
et al., 1995, 1996), ODP 984 south of Iceland (Mokeddem et al.,
2014) and isotope records from IODP Site U1304 on the Gardar
Drift (Hodell et al., 2009) point to early MIS 5e warmth and provide
broad evidence for warm Atlantic waters. Peak early MIS 5e
warmth is further corroborated by several model experiments (e.g.
Otto-Bliesner et al., 2006; Bakker et al., 2014). The higher surface
ocean temperatures at the Eirik Drift are likely related to an active
and west-east oriented SPG drawing in water from the IC as it does
today (Fig. 6; e.g. Irvali et al., 2012, 2016; Bauch et al., 2011). This
potentially zonally extended SPG configuration appears to have
coincided with active dense water formation and ventilation in the
Nordic Seas. This is evidenced by high values of benthic carbon
isotopes on the Eirik Drift where the deep waters are influenced by
the dense overflows from the Nordic Seas (Galaasen et al., 2014).
Thus, in this scenario, a seemingly extended SPG is related to a
strong AMOC, or at least well-ventilated dense overflows from the
Nordic Seas, and not aweak AMOC as suggested by Klockmann et al.
(2020). This highlights the complexity of the interaction between
SPG dynamics and North Atlantic circulation, and that SPG geom-
etry and strength are by no means the sole modulator of Nordic
Seas ventilation.

Taken at face value, it seems difficult to reconcile a MIZ with
peak warm MIS 5e near-surface ocean conditions. Discrepancies
between reconstructions with different proxies are not uncommon,
and have been linked to both habitat difference (i.e. water depth)
and/or seasonality (e.g. de Vernal et al., 2020; Van Nieuwenhove
et al., 2016; Andersson et al., 2010; Cortese et al., 2005;
Risebrobakken et al., 2011; Leduc et al., 2010). Here, taking the
habitat into account, biomarkers and dinocysts likely record
changes in the uppermost part of thewater column, where cold, sea
ice laden surface waters occur. The planktic foraminifers would
occupy the slightly deeper, warmer waters sourced by the IC. It is
well known that planktic foraminifers occur in a sub-surface,
slightly deeper habitat (e.g. Simstich et al., 2003; Kozdon et al.,
2009; Jonkers et al., 2010; Pados and Spielhagen, 2014). Alterna-
tively, the proxies reflect different seasons, with biomarkers/dino-
cysts reflecting more spring and autumn conditions and the
planktic foraminifers reflecting the summer. For this reason,
caution must always be taken when looking at a single proxy.
Assuming that the subsurface habitat of N. pachyderma (s) also
reflects surface ocean conditions, can lead to misinterpretation
under some circumstances as pointed out by e.g. Hillaire-Marcel
et al. (1994) and Dokken et al. (2013). Indeed, the subsurface



Fig. 6. Schematic North Atlantic surface hydrography during the late TII and H11, MIS 5e, and the last glacial inception and early MIS 5d. Surface ocean currents are indicated by dark
blue (polar waters) and orange arrows (Atlantic waters). Thicker blue lines (polar water) mark periods with increased EGC dominance and potential increased freshwater by
rerouting. The most likely position during each of the time intervals of the marginal ice zone (MIZ; white dashed lines), the Arctic Front (AF; light blue lines), and the subpolar gyre
(SPG; grey shaded circles) are shown. The retreat or advance of the AF and MIZ are indicated by arrows.
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habitat of N. pachyderma (s) may be particularly well-suited for
recording warming events in the subsurface during episodes of
stratification and surface cooling (e.g. Max et al., 2022). Viewed in
this light, the warm foraminifer-based temperatures of the early
MIS 5e could be caused by warm Atlantic waters circulating
beneath a fresh surface layer and sea ice. This is similar to what
occurs today when warm Atlantic water meets, and subducts
beneath, fresh polar water in regions where a strong halocline is
maintained by sea ice (Rudels et al., 2015). The presence of sea ice
would, in turn, hinder ocean to atmosphere heat flux and cooling
locally, potentially further contributing to a warm subsurface IC.

We speculate whether the MIZ location in the Labrador Sea
could have played a role in maintaining or strengthening the SPG
circulation and influenced the transport of warm and saline waters
to the Eirik Drift. Although sea ice can inhibit local deep water
formation, its proximity to the Labrador Sea convection regions
may have stimulated heat and buoyancy loss, and therefore dense
water formation that would affect the SPG strength. Near the polar
MIZ today, Cold Air Outbreaks (CAOs) occur where strong winds off
the sea ice edge play an important role for water mass trans-
formation (Smedsrud et al., 2022). Thus, a MIZ immediately north
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of convection regions in the Labrador Sea might have stimulated
water mass transformation in the subpolar region, altering the
density structure and strength of the SPG (Born and Stocker, 2014).
While more data will be necessary to test this concept, if correct, it
could point to the MIZ being a critical factor to invigorate or
maintain the SPG circulation during the earliest MIS 5e. Indepen-
dent of the actual gyre configuration, our data indicate that when a
MIZ was present at the northern margin of the SPG, a relatively cool
surface and a halocline was maintained over a warmer subsurface
layer of Atlantic Water (IC origin) at peak summer insolation. By
analogy with today's Arctic, where similar configurations exist
where Atlantic Water meets the sea ice edge (e.g. Årthun et al.,
2012; Rudels et al., 2015), the presence of sea ice may have been
a critical factor in maintaining this mode of stratification.

5.2.2. Early MIS 5e (126.5e124 ka): hydrographic shift and
subsurface cooling

The surface ocean hydrography profoundly shifted at ~126.5 ka
and the influence of Atlantic water to the subsurface was replaced
by a stronger EGC influence. At the same time, the MIZ retreated
north, away from the Eirik Drift. The EGC influence is inferred from
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the rapid increase in abundance of the polar front associated
dinocyst, B. tepikiense (Fig. 5C). IP25 concentrations decrease
considerably, reflecting reductions in spring sea ice cover. However,
HBI III (Z), HBI II, and IP25 do remain present in several samples,
indicating the occasional occurrence of sea ice in the area (Fig. 5E).
Cold, stratified surface waters characterised by large seasonal
temperature variations and occasional sea ice cover is consistent
with the high abundance of B. tepikiense (de Vernal et al., 2005,
2020) that is recorded here and similarly in the South Icelandic
Basin (Eynaud et al., 2004). Seasonally open waters with increased
sea surface productivity are recorded on the East Greenland margin
which suggests a MIZ retreat far north of the Eirik Drift (Zhuravleva
et al., 2017). At the Eirik Drift the foraminifer assemblage changes
from a dominance of N. incompta to N. pachyderma (s) (Fig. 5B; Core
MD03-2664; Irvali et al., 2012). This is also observed in Core HU-90-
013-013 (Seidenkrantz et al., 1995) and suggests that Atlantic water
influence decreased and cooler EGC conditions dominated.

This increasing EGC influence occurs during the C27 cooling
event that is recognised in several North Atlantic proxy records (e.g.
Oppo et al., 2006; Mokeddem et al., 2014; Irvali et al., 2016;
Mokeddem and McManus, 2016; Tzedakis et al., 2018). A cooling
event around this time is also observed in numerous locations
across the North Atlantic and has been described as “stepwise
deglaciation” or “reversal in deglacial warming trend” (e.g.
Seidenkrantz et al., 1995, 1996; Risebrobakken et al., 2006; Bauch
and Erlenkeuser, 2008; Van Nieuwenhove et al., 2011; Bauch
et al., 2011, 2012; Zhuravleva et al., 2017).

In the light of this widespread North Atlantic cooling, it may
seem incongruous that we record a northward retreat and decline
in sea ice at the Eirik Drift. Sea ice retreat, despite continued polar
water export, may simply be due to high summer insolation
(Fig. 5A) and atmospheric CO2 (Lüthi et al., 2008) at the time, which
would have made it hard for sea ice to survive at the Eirik Drift,
even in a cool surface ocean. Indeed, despite the evidence of cooler
conditions and enhanced EGC in the earlyMIS 5e, the conditions on
Greenland itself were mild. On the Eirik Drift (Core HU-90-013-
013), de Vernal and Hillaire-Marcel (2008) show increased pollen
and spore concentrations indicating a rapid expansion of vegeta-
tion in southern Greenland (Fig. 5F) and implying a retreat of the
GIS. Simultaneously, intensified melting from the northeastern GIS
is demonstrated by the isotopic record of Core M23351 (Zhuravleva
et al., 2017) and sediment chemistry (Carlson et al., 2008; Colville
et al., 2011), consistent with a widespread cryospheric decline at
this time.

It has been proposed that increased freshwater input from a
melting GIS and/or sea ice is a driving mechanism behind surface
ocean cooling and changes in SPG circulation during the early LIG
(e.g. Irvali et al., 2012, 2016; Mokeddem et al., 2014; Galaasen et al.,
2014; Tzedakis et al., 2018). According to model simulations (Born
et al., 2010), increased freshwater input to the Labrador Sea could
weaken the SPG by altering the surface water salinity and density,
and the rate of dense water formation in the Labrador Sea. It has
been suggested that a weakened and contracted SPG (Fig. 6) allows
for warmer subtropical waters to penetrate farther to the northeast
and into the Nordic Seas (H�atún et al., 2005; Thornalley et al., 2009;
Bauch et al., 1999, 2012; Van Nieuwenhove et al., 2011) invigorating
deep water formation in the Nordic Seas, while Atlantic water
transport westward to the Labrador Sea decreases. While such a
shift in gyre dynamics could help explain the reduced input of IC
water to the Eirik Drift at this time and the prevalence of cold, fresh,
polar-like conditions, it does not readily explain the coeval decrease
in deep water ventilation at the site. Deep water formation in the
Nordic Seas seems to have been weakened during this time, as
evidenced in depleted benthic d13C values on the Eirik Drift
(Galaasen et al., 2014), since this site is influenced today by dense
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(Denmark Strait) overflowwaters. Supporting a reduced ventilation
of Nordic Seas deep water at this time, low d13C values have been
recorded around 126.5 ka on the East Greenland margin
(Zhuravleva et al., 2017) and in the Nordic Seas (Bauch et al., 2012).
Although the Nordic Seas depletions appear smaller and shorter
(~1000 years) compared to the Labrador Sea (~2500 years), they
first occur together with the C27 cooling phase.

Another factor contributing to increasing EGC and polar-like
conditions could be the potential rerouting of freshwater caused
by the presence of an ice sheet over the Canadian Arctic Archipel-
ago (CAA; Condron and Winsor, 2012; Lofverstrom et al., 2022). As
sea level rose coming out of the glacial period and the Bering Strait
opened, freshwater could once again flow from the Pacific to the
Atlantic via the Arctic Ocean. If a remnant LIS remained in the CAA,
all freshwater that today can flow freely through the Davis Strait
west of Greenland would be rerouted through the Fram Strait, into
the EGC and onwards into the North Atlantic deep convection re-
gions. Previous studies have also shown that AMOC strength and
North Atlantic climate is sensitive to the status of gateways in the
Arctic (Otto-Bliesner et al., 2006; Hu et al., 2010; Karami et al.,
2021). We hypothesise that Arctic rerouting of Pacific freshwater
remains a potential contributor to the enhanced influence of the
relatively cool and fresh EGC in the early MIS 5e. Condron and
Winsor (2012) and Lofverstrom et al. (2022) suggest such rerout-
ing as a potential feedback mechanism behind the Younger Dryas
cooling late in the last deglaciation. Interestingly, the C27 event
associated with the EGC expansion south of Greenland and the
surface ocean cooling in the North Atlantic, have often been
compared to the Younger Dryas (e.g. Sarnthein and Tiedemann,
1990; Seidenkrantz et al., 1996; S�anchez Go~ni et al., 2005). Two
prerequisites are necessary for this EGC focused freshwater routing
to be plausible. One, sea level must have been high enough for the
Bering Strait to be open, and two, enough glacial ice must have
persisted to block freshwater export routes west of Greenland
(Lofverstrom et al., 2022). The first condition seems to have been
met: sea level was high enough during this period (Fig. 5A; Spratt
and Lisiecki, 2016) to allow freshwater transport across Bering
Strait. For the second condition to be met, the LIS must have
remained sufficiently large early in MIS 5e to have blocked fresh-
water export through the CAA, despite the orbitally modulated high
summer insolation.

An interesting sedimentological feature in our core is the red
layer at the end of the C27 cooling. It is associated with a sudden
rapid re-occurrence of sea ice at the Eirik Drift which is distinctly
marked by the occurrence of IP25, and RBC, followed by cysts of
P. dalei. Taken together they indicate a short event of rapid sea ice
discharge, meltwater and stratification. This signal was likely
transported and does not represent a reappearance of the MIZ at
our site, which is further supported by the low MIZ marker HBI III
(Z). Furthermore, cysts of S. trifida have been linked to LIS-sourced
meltwater input around southern Greenland and south-eastern
Canada for early Holocene sediments (Head et al., 2006; Van
Nieuwenhove et al., 2018), and its occurrence here in the LIG may
equally suggest an origin fromCanadianwaters. The red layer found
in our core, and in Cores MD03e2664 and U1304, has been linked
to an outburst flood event through the Hudson Strait (Nicholl et al.,
2012; Shaw and Lesemann, 2003) akin to the 8.2 ka event early in
the Holocene when the southern margin of the LIS retreated
enough that proglacial lake Agassiz broke through the ice dam
blocking its drainage through Hudson Straight (Hillaire-Marcel
et al., 2007) and deposited a similar red layer (Kerwin, 1996; St-
Onge and Lajeunesse, 2007; Lajeunesse and St-Onge, 2008). The
similarity between the sediment deposits and their relative tim-
ings, early in both interglacials, suggests similar mechanisms
behind the events. This implies that like during the Holocene, there
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could have been a residual LIS presence even after peak summer
insolation during early MIS 5e. Such a remnant large ice mass
would be consistent with the recent suggestion of an early MIS 5e
sea level high stand related to Antarctic melting, whereas the GIS
contribution rather played a larger role later in MIS 5e (Rohling
et al., 2019). Regarding the freshwater rerouting theory, a
remnant LIS could hint that ice cap remnants occurred also further
north in the CAA; however this remains indirect, inconclusive ev-
idence that ice restricted or blocked the CAA freshwater route.

5.2.3. Middle to late MIS 5e (124e116 ka): Atlantic water advection
and occasional cold-water events

For the remainder of MIS 5e, the surface waters at the Eirik Drift
are characterised mainly by Atlantic water inflow via the IC and an
extended and/or strong SPG. This is evident from the dominance of
the Atlantic water indicator O. centrocarpum and the absence of sea
ice biomarkers, demonstrating open waters. From ca. 122 ka, a low
but notable and sustained occurrence of S. mirabilis (Fig. 3J) in-
dicates warm-temperate waters (see section 3.3). This species
characterises interglacial optima in the northern North Atlantic and
is known in late MIS 5e from the Gardar Drift (Core MD95-2015;
Eynaud et al., 2004), Nordic Seas (Core M23071; Van
Nieuwenhove et al., 2008), and even Fram Strait (Van
Nieuwenhove et al., 2011). While its occurrence is used to inter-
pret a late glacial optimum for these areas (e.g. Van Nieuwenhove
et al., 2011), we find that at the Eirik Drift the influence of warm
Atlantic water via the IC was interrupted by episodes of cold Arctic
water outflow through the EGC. These intermittent incursions of
EGC influence occur against a background of declining sea surface
temperature (Irvali et al., 2016) and summer insolation (Fig. 5A).
Similar late MIS 5e cooling events have been documented in the
central (ODP 984; Mokeddem et al., 2014) and eastern subpolar
North Atlantic (ODP 980; Oppo et al., 2006). In our study, peaks of
the cysts of P. dalei and B. tepikiense indicate these incursions of cold
water masses and southward pulses of the Arctic Front, especially
since B. tepikiense is a frontal zone indicator reflecting cold, strati-
fied surface waters characterised by large seasonal temperature
variability (de Vernal et al., 2005, 2020). The largest cold water
excursions at the Eirik Drift are around 118e117 ka where the cysts
of P. dalei and B. tepikiense increase in abundance, and the Atlantic
water indicator O. centrocarpum decreases (Fig. 5C and D). In Core
MD03-2664, the 117 ka cooling is marked by a peak in IRD, a large
anomaly in the planktic oxygen isotopes (Fig. 5G), and an increase
in N. pachyderma (s) (Fig. 5B; Irvali et al., 2016). These data together
reflect enhanced GIS activity and growth, and colder surface ocean
conditions towards the end of MIS 5e. Additionally, expanded GIS
extent is inferred from a decrease in the pollen and spore con-
centrations (Fig. 5F; de Vernal and Hillaire-Marcel, 2008) from the
Eirik Drift indicating a deterioration of the vegetation in the south
of Greenland. On the East Greenland margin short-term, pro-
nounced depletions in both planktic and benthic d18O (Core
M23351; Zhuravleva et al., 2017) are associated with enhanced
freshwater pulses that could be related to the cooling events and
increased GIS activity. These cold anomalies indicate that even
during the warm LIG, incursions of cold and fresh Arctic water
masses influenced the Labrador Sea.

5.3. MIS 5d (116e108 ka): glacial inception and the return of
seasonal sea ice

As summer insolation reached a minimum at the transition into
MIS 5d, the return of cool conditions led to the return of sea ice at
the Eirik Drift. Prior to the return of sea ice, a transitional phase
from MIS 5e to 5d is characterised by N. labyrinthus and high
dinocyst concentrations, indicating increased surface ocean
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productivity, typically seen at frontal zones. Following the transi-
tional phase, the Arctic front migrated southwards again and EGC-
like conditions returned. The EGC likely transported sea ice to the
Labrador Sea, as one can interpret from the increased IP25 con-
centrations. The low HBI III (Z) concentrations could suggest that
the Eirik Drift is not in the marginal ice zone, however, a readvance
of the MIZ towards the Eirik Drift is likely, given the dominance of
RBC (Fig. 5D and E).

When examining the North Atlantic on a broader scale, there are
differences in the dinocyst assemblages between the western and
eastern regions during MIS 5d. While cold conditions are evident at
the Eirik Drift, dinocyst assemblages from the southern Icelandic
Basin suggest sea ice free conditions and rather warm Atlantic (IC)
waters persisted (Core MD95-2015; Eynaud et al., 2004). Further-
more, Eirik Drift sea surface temperature records (Core MD03-
2664; Irvali et al., 2016) indicate a larger cooling compared to the
central Atlantic ODP 980 (Oppo et al., 2006). The temperature dif-
ference and/or delayed cooling response in the east vswest is likely
explained by the ocean frontal zones, and sea ice expanding south
of the Eirik Drift prior to reaching the more eastern site. The frontal
zone and/or MIZ was likely located north of the Iceland Basin in a
SW-NE orientation, consistent with a weak SPG contracted to the
northwest (Fig. 6; e.g. Mokeddem et al., 2014). A contracted SPG
allows warmer and more saline water to enter the eastern subpolar
North Atlantic and Nordic Seas, while Atlantic water transport via
the IC towards the west would decrease (see section 5.2.2). The
cooling-fostered return of sea ice could have amplified or even
triggered reductions in SPG strength by freshening the surface
ocean during the last glacial inception, consistent with model
findings (Born et al., 2010). However, it is important to note that the
SPG is sensitive not only to buoyancy forcing (e.g. Levermann and
Born, 2007; Mengel et al., 2012; Born and Stocker, 2014) but also
to atmospheric circulation patterns (e.g. Lohmann et al., 2009).

It is also possible that the glacial inception itself may have
played a key role in cooling by influencing pathways of Arctic
freshwater and sea ice export to the North Atlantic. Initial ice sheet
growth at the last glacial inception was so rapid and substantial
that global sea level decreased by as much as 30e50 m between
~120 and 110 ka (Kopp et al., 2009; Spratt and Lisiecki, 2016;
Waelbroeck et al., 2002; Lambeck and Chappell, 2001), which is
demonstrated by increased IRD at the Eirik Drift (Fig. 5G) and across
the North Atlantic (e.g. Risebrobakken et al., 2007; Zhuravleva et al.,
2017; Oppo et al., 2006). Lofverstrom et al. (2022) suggested that
the low summer insolation at 116 ka was sufficient to grow an ice
sheet to once again block the CAA ocean gateways, similar to other
modelling studies (Vettoretti and Peltier, 2003; Birch et al., 2017;
Born et al., 2010). In addition, the global sea level remained high
enough (Fig. 5A) to allow Pacific water inflow through the Bering
Strait within the first phase of glacial inception. Similar to what we
speculate might have happened in the early MIS 5e (see section
5.2.2), an ice sheet-blocked CAA would have rerouted Arctic
freshwater into the EGC, and, via the EGC, south to the Labrador Sea
where the increased freshwater could weaken convection and the
gyre circulation. Uncertainty remains about whether the potential
ice sheet could completely or partly block the CAA due to the depth
of the two main export routes, Nares Strait and Lancaster Sound.
However, Lofverstrom et al. (2022) argue that due to highly strat-
ified waters in the Nares Strait and Lancaster Sound (Münchow
et al., 2015; Prinsenberg and Hamilton, 2005), the formation of a
thick floating ice shelf could be sufficient to inhibit freshwater flux
through the archipelago. Another challenge is that direct proxy
evidence of the ice sheet configuration in the CAA is not available,
since ice sheets in later glacial stages have removed evidence of
earlier glaciations (Svendsen et al., 2004; Stokes et al., 2012;
Batchelor et al., 2019; Kleman et al., 2010; Dalton et al., 2022).
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Reliable ice sheet reconstructions in the CAA region and additional
evidence of changes in freshwater transport routes are crucial to
better evaluate this scenario, and to what extent it ultimately could
have impacted the SPG, AMOC and North Atlantic circulation.

6. Summary and conclusions

Based on new sea ice and surface ocean hydrographical data
from the Eirik Drift in the Labrador Sea we interpret the paleo-
ceanographic evolution from the penultimate glacial throughout
MIS 5e and into MIS 5d as follows.

- MIS 6 (>~135 ka) was characterised by a thick and extensive
perennial sea ice cover at the Eirik Drift. The sea ice cover started
to break up episodically during TII (135e128 ka), as northern
hemisphere summer insolation increased toward its maximum.

- From the onset of MIS 5e (128e126.5 ka), the Eirik Drift surface
waters were characterised by a MIZ and the EGC, while the
subsurface was influenced by warm Atlantic waters via the IC
and an active/extended SPG circulation. It can be hypothesized
that the proximity of the MIZ to the Labrador Sea convection
regions could have maintained or invigorated SPG circulation
during the earliest MIS 5e.

- The MIZ retreated northwards (126.5e124 ka) and both the
surface and subsurface were dominated by strong EGC and polar
water conditions. High insolation and atmospheric CO2 probably
did not allow for sea ice to survive as far south as the Eirik Drift.
This setting is consistent with aweak/contracted SPG circulation
coincident with the C27 (cooling) event and/or “deglacial pause”
that is observed across the North Atlantic. The interval ended
with an outburst flood event, likely from the Hudson Strait re-
gion, which is documented by a distinct red layer, and a short-
lived surge of sea ice and stratification of the upper water
column.

- The second half of MIS 5e (124e116 ka) was characterised by a
strong influence (inflow) of Atlantic water via the IC, potentially
indicating an extended/strong SPG at this time. This state was
interrupted by episodes of cold Arctic water through the EGC, as
summer insolation decreased towards the end of MIS 5e.

- At the transition into MIS 5d (116 ka) the Eirik Drift was again
dominated by the EGC and a readvance of the Arctic front to the
south of the Eirik Drift before sea ice reappeared. The sea ice
presence could have played an important role in amplifying the
cooling of last glacial inception by diminishing the strength and
lateral extension of the SPG.

- We note that intervals of marked increase in EGC influence at
both the start (126.5e124 ka) and termination (116 ka) of MIS 5e
occur at times when sea level was high enough for the Bering
Strait to be open. At the same time, the residual or proto LIS may
have been sufficiently expanded to restrict export pathways west
of Greenland resulting in a focusing, and intensification of the
EGC route for freshwater transport to the SPG. If such a scenario
were to be corroborated by future findings, it underlines the
possibly important role of cryosphere reconfigurations, and their
influence on freshwater export and rerouting to the North
Atlantic, for understanding the climate and hydrographic tran-
sitions associated with glacial termination and inception.

Finally, our combined dinocyst and biomarker data are the first
to unequivocally demonstrate the presence of sea ice during TII, the
earliest MIS 5e and MIS 5d as well as indirectly in MIS 6. During the
late MIS 5e, cold events were recorded but sea ice was not present
as far south as the Eirik Drift. Nevertheless, it appears clear that sea
ice played a role in the SPG circulation during glacial termination
and inception.
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