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Sea ice‑ocean coupling 
during Heinrich Stadials 
in the Atlantic–Arctic gateway
Naima El bani Altuna 1*, Mohamed M. Ezat 1, Lukas Smik 2,3, Francesco Muschitiello 4, 
Simon T. Belt 5, Jochen Knies 5 & Tine L. Rasmussen 1

The variability of Arctic sea‑ice during abrupt stadial‑interstadial shifts in the last glacial period remain 
poorly understood. Here, we investigated the millennial‑scale relationship, with a focus on Heinrich 
Stadials (HS), between sea‑ice cover and bottom water temperature (BWT) during Marine Isotope 
Stages (MIS) 3 and 2 (64–13 ka) in the Fram Strait using new molecular sea ice biomarker data and 
published benthic foraminiferal BWT records. Widespread spring sea‑ice cover (SpSIC) dominated the 
studied interval, especially in mid‑late MIS 3 (45–29 ka). Yet, warm interstadials were characterized 
by relatively more open‑ocean conditions compared to cold stadials. At the transition between a HS 
and the subsequent interstadial, sea ice was tightly linked to BWT with rapid reductions in SpSIC 
coinciding with lower BWT at the end of HS. The relative timing of the events, especially during HS 1, 
points to ocean warming as the key controlling factor for sea ice reduction at millennial timescales.

Arctic warming is currently causing dramatic reductions in both thickness and extent of sea-ice cover in the 
Arctic Ocean, which, in turn, is accelerating the impact of climate change at high  latitudes1. Dansgaard–Oeschger 
(D–O) events recorded in Greenland ice cores are rapid millennial-scale warming events, which occurred dur-
ing the last glacial period (c. 115,000 to 11,000 years ago)2 at a rate similar to present-day climate warming in 
the Arctic  region3. During D-O events, climate oscillated within as little as a few decades from cold (known as 
Greenland stadials (GSs)) to short-term warm intervals (known as Greenland interstadials (GIs))2,4,5. Long-
lasting GSs are often associated in North Atlantic sedimentary records with deposition of layers of ice-rafted 
detritus (IRD), dominance of the polar planktic foraminiferal species Neogloboquadrina pachyderma, and low 
planktic foraminiferal δ18O6. These IRD layers signify cold Heinrich events in the North Atlantic and the Nordic 
 Seas6 caused by a large freshwater supply from melting icebergs released from the Laurentide Ice  Sheet6–8 and 
the Greenland, Iceland, and Fennoscandian ice sheets surrounding the Nordic  Seas9. Records of Heinrich events 
from the North Atlantic which coincide with stadials are often referred to as Heinrich Stadials (HSs)10. Although 
D-O events have been studied extensively, the exact nature of the mechanisms that drove the abrupt transitions 
from cold to warm conditions is still under debate. An abrupt reduction in sea-ice cover at the end of GSs and 
HSs has been proposed as a likely central driver for the subsequent atmospheric rapid  warming11–13.

Despite the proposed role of sea ice in regulating these millennial-scale cooling and abrupt warming events, 
the northern extent of the spatial–temporal evolution of sea-ice cover and underlying mechanisms are still poorly 
resolved by proxy records. The Atlantic Meridional Overturning Circulation (AMOC) regulates the climate of 
the northern hemisphere by transporting warm and salty Atlantic water (AW) from the tropics to the Arctic 
and is therefore closely connected to sea-ice dynamics at high northern  latitudes14,15. During GSs, a weakened 
 AMOC16,17, cold atmospheric temperatures, and melting of numerous icebergs created a surface meltwater layer 
and together contributed to the formation of an extensive sea-ice  lid18–20. Sea-ice cover and meltwater effectively 
insulated the warmer subsurface water from the atmosphere, thus limiting heat loss from the ocean, and causing 
the expansion and deepening of the warm AW to intermediate water  depths21–24. Under these conditions, a vast 
subsurface heat reservoir (subsurface temperatures likely warmed up to 5.5 °C23,24) accumulated from the mid 
North Atlantic to the Arctic Ocean beneath the freshwater lid, especially during the GSs associated with Heinrich 
 events24. Further, modelling studies have shown that a small temperature increase in subsurface  AW25, a minor 
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change in the freshwater  supply26, and/or changes in the wind-stress12 potentially triggered the rapid retreat of 
sea ice at the transition between (cold) GSs and (warm) GIs.

Investigating the anatomy of GIs, GSs and HSs in the Nordic Seas contributes to the understanding of the 
mechanisms responsible for the D-O events and abrupt oceanic and climatic changes. In this work, we aimed to 
investigate the interaction and timing of millennial scale changes in sea-ice cover and temperature in the subsur-
face intermediate AW layer in the Fram Strait, the principal Atlantic–Arctic gateway with a focus on HSs during 
the late Marine Isotopic Stage (MIS) 4 to MIS 2. Despite some previous biomarker-based sea-ice reconstructions 
during D-O events in the Nordic  Seas18,19,27, there have, as yet, been no studies carried out in the Fram Strait 
beyond 30  ka28–31. To address this, we studied piston core HH15-1252PC retrieved at 1257 m water depth from 
the eastern Fram  Strait24 and measured the sea-ice biomarker proxy  IP25 and related highly branched isoprenoid 
triene (HBI III) that is frequently used as an indicator of the open waters of the Marginal Ice Zone (MIZ) (i.e. 
HBI III;  ref32). We also calculated semi-quantitative sea-ice indicators (Spring Sea-Ice Concentration (SpSIC) and 
a classification tree (CT) model categorizing sea-ice settings; see Material and Methods) along with a recently 
proposed biomarker proxy for the spring phytoplankton bloom (HBI  T25

33). The core is located at c. 79°N in 
an area that remains seasonally sea-ice free in modern times due to the northward transport of warm Atlantic 
surface  Water34 (Fig. 1). Atlantic water (T = 1–4 °C; S = 34.9–35) flows in the uppermost c. 600 m beneath a thin 
mixed surface water  layer35. In contrast, in the western Fram Strait, the East Greenland Current (EGC) carries 
cold, low-saline Polar surface water along with sea ice and icebergs southwards towards Denmark Strait (Fig. 1). 
Our age-depth model of this high-resolution record (average time resolution between samples 250 years; and a 

Figure 1.  Study area and modern oceanographic setting. Map showing location of core HH15-1252PC on 
western Svalbard margin (yellow stars) and other cores from literature used in the discussion (gray squares): 1, 
MD99-228419; 2, JM11-FI-19PC18; 3, MD95-201020; 4, GS14-190-01PC30; 5, MSM5/5–712-229; 6, PS93/006–131; 
7, PS92/039-231; 8, PS2837-528 ; 9, GS15-198-36CC48 (see Table S1). Major surface and deep ocean currents and 
median sea-ice extents for March and September for the period 1981–2010 are also shown (https:// nsidc. org/ 
data/ seaice_ index). EIC East Icelandic Current; EGC East Greenland Current; ESC East Spitsbergen Current; IC 
Iceland Current; JMC Jan Mayen Current; NwAtC Norwegian Atlantic Current; RAC  Returning Atlantic Water; 
SB Svalbard Branch; WSC West Spitsbergen Current. The map was generated using Ocean Data View (https:// 
odv. awi. de).

https://nsidc.org/data/seaice_index
https://nsidc.org/data/seaice_index
https://odv.awi.de
https://odv.awi.de
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1-cm sample comprises, on average, 59 years) is based on the correlation between planktic foraminiferal oxygen 
isotopes and the δ18O NGRIP record and is validated further by seven AMS-14C dates (Fig. 2A). The record 
covers the last 64 ka to c. 13 ka, spanning 16 GS-GI transitions and including HS 6 to HS  124. We also compared 
our new sea-ice reconstruction with published BWT data from the same  core24 and other sea-ice/BWT records 
elsewhere in the central and southern Nordic Seas (Table S1).

Most notably, our results reveal a concomitant decline in sea-ice concentration and BWT in the Fram Strait 
during most transitions from HSs to major GIs, suggesting that the reduction in sea ice and the loss of heat 

Figure 2.  Temporal evolution of sea ice in the western Svalbard margin. (A) Planktic foraminiferal 
(Neogloboquadrina pachyderma) δ18O24 (black line) and NGRIP ice-core δ18O on the GICC05modelext b2k 
 timescale5,60,61 (grey line), which were used to identify tie-points (inverted triangles) to build the age-depth 
model for core HH15-1252PC24. (B)  IP25 normalized against total organic carbon (dark curve) and sediment 
weight (light curve). (C) HBI III normalized against total organic carbon (dark curve) and sediment weight 
(light curve). (D) HBI  T25 (values larger than 1 indicate a phytoplankton  bloom33). (E) Relative spring sea-
ice concentration (SpSIC). Shaded areas show results from the classification tree, categorizing sea ice into 
extensive (> 50%; green), intermediate (10–50%; orange) and marginal (< 10%; red). (F) Reconstructed bottom 
water temperature (BWT), using benthic foraminiferal Mg/Ca measured in Cassidulina neoteretis and Melonis 
barleeanus and its uncertainty interval (blue shading)24. Dark gray shadings mark Heinrich Stadial (HS), with 
darker grade shades indicating the late stage of HSs when BWT and SpSIC drop. Light gray shadings indicate 
Greenland Stadial (GS)24.
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from the ocean to the atmosphere are tightly coupled, and probably occurred prior to the abrupt atmospheric 
warming at the onset of some of the GIs.

Results
Sea‑ice biomarker data in core HH15‑1252PC
The sea-ice proxy  IP25 is a highly branched isoprenoid (HBI) biomarker produced by certain species of marine 
Arctic sea-ice diatoms during the spring algal  bloom32,36,37. Its occurrence in marine sediments is now widely 
used as a reliable proxy for the presence of seasonal (spring) sea ice in paleo records from polar  regions32,38. We 
identified  IP25 in all samples studied (except for one sample at ca. 17.5 ka), consistent with a near-continuous 
presence of seasonal sea ice, albeit with variable duration or extent.

During late MIS 4 and early MIS 3 (64–45 ka)  IP25 values remain generally low, with  IP25 peaks occurring 
mostly during the stadials, except for the end of GI 14 (52–49 ka), one of the longest interstadials, when  IP25 
increases. This is preceded by a peak in concentration of HBI III, a molecular biomarker produced by some 
pelagic diatoms in the open waters of the retreating sea-ice edge or in the marginal ice zone (MIZ)39. This may 
be indicative of a progressive increase in seasonal sea-ice cover after the peak warmth at ca. 52 ka. Highest  IP25 
concentrations occur during the mid-late MIS 3 (45–29 ka), during the Last Glacial Maximum (LGM; 24–19 ka), 
and the late glacial period (19–17.5 ka) (Fig. 2B).

The high  IP25 values during the mid-late MIS 3 may have resulted from a gradual retreat of an otherwise 
extensive sea-ice cover, thus favoring the growth of  IP25-producing diatoms, or from seasonal sea ice within 
the dynamic MIZ in the study area. For the same period, the concentrations of HBI III remain generally low 
(Fig. 2C). The combination of elevated  IP25, yet relatively low concentrations of HBI III, suggests the occurrence 
of a seasonal, but persistent, sea-ice layer in the study area. This interpretation is supported further by estimates 
of high SpSIC (and supported by the biomarker-based CT model) and low HBI  T25 indicating only intermit-
tent spring phytoplankton blooms (Fig. 2D,E). The previously published results on the benthic foraminiferal 
faunas show dominance of the benthic species Stainforthia spp. and Nonionella spp., which feed on short-lived 
seasonal pulses of phytoplankton deposited on the sea floor also pointing to presence of an extensive seasonal 
sea-ice  cover24 (Fig. S1).

Similarly, the LGM and the late glacial are characterized by substantial shifts between high and low  IP25 con-
centrations, accompanied by low/absent HBI III (Fig. 2B,C), likely as a result of rapid fluctuations in the degree 
of seasonal sea-ice cover. In contrast to the mid-late MIS 3 period, the previously published benthic foraminif-
eral concentration data for the LGM show maximum concentrations of benthic foraminifera, and assemblages 
dominated by Cassidulina neoteretis24, a species that thrives under the influence of cooled Atlantic water and is 
found in stratified waters with dense sea ice or short-lasting seasonally ice-free conditions (see Cage et al.40 and 
references therein) (Fig. S1).

Millennial‑scale variability in sea ice at the western Svalbard margin
The results from core HH15-1252PC show that seasonal sea-ice (i.e., SpSIC) cover was more extensive than at 
present during the last glacial period. These long-term severe sea-ice conditions appears to have masked the 
expected millennial-scale signals in the record. However, a clear millennial-scale pattern can be seen in the 
distribution of  IP25 (seasonal sea ice) and HBI III (retreating sea-ice edge/MIZ) for some GSs and GIs (Figs. 2 
and S1). The most clearly defined stadials are characterized by generally low  IP25 (with the exception of events 
between 30 and 40 ka; see below) and a very low, quasi-absent HBI III, indicating overall extensive sea-ice 
conditions during most of these periods (Figs. 2B,C and S1). This pattern of low  IP25 is particularly pronounced 
for HSs, and especially for HS 6, HS 5, HS 2 and HS 1, when sea-ice cover was likely so significantly advanced 
and dense that the production of both  IP25 and HBI III was very restricted. The concentration of  IP25 increases 
slightly towards the end of these HSs, as does HBI III, which reaches a maximum at the beginning of the subse-
quent GI. In addition, SpSIC declines towards the end of each of these HSs. Spring phytoplankton blooms (HBI 
 T25 > 1) occurred mainly during GIs, although not exclusively (Fig. 2D). This likely indicates a rapid increase in 
phytoplankton production due to the close vicinity of the ice margin/MIZ to the core site, and/or longer-lasting 
seasons of open water concomitant with the initial warming of GIs (Fig. 2C). However, the progressive opening 
of the ocean surface that started within the HSs (HS 6, HS 5, HS 2 and HS 1) and culminated at the beginning of 
GIs, suggests that the transition from (1) dense sea-ice cover to (2) a retreating sea-ice edge to (3) open-ocean 
conditions may not be caused exclusively by the abrupt atmospheric warming, recorded in Greenland ice cores 
at the beginning of the  GIs5,41 (Figs. 2 and 3).

Between 30 and 40 ka, HS 4 and HS 3 exhibits higher production of  IP25 and absence of HBI III, indicating 
presence of a lasting sea-ice cover (high  IP25) with only infrequent or transient seasonal open-water conditions 
at the core site (very low/absence of HBI III). Indeed, conditions may have been similar to the LGM, as indicated 
by high (but variable) % of C. neoteretis (Fig. S1).

Sea‑ice cover and bottom water temperature (BWT) during Heinrich Stadials
Bottom water temperature estimates based on Mg/Ca measurements in benthic foraminifera in core HH15-
1252PC24 show generally high BWTs (up to 5 °C) during HSs, consistent with studies from the southern Nordic 
 Seas23,42. The BWT and sea ice show coherent patterns during most HSs, with the exception of HS 4 and HS 3. We 
believe this to be due to the greater variability in the BWT data (Figs. 2 and S1) and/or uncertainties in the age 
 model24. To investigate the relationship between BWT and sea ice during the HS intervals further, we normalized 
and stacked our data for all HSs (Figs. 3a; S3A,C; see Material and Methods) and then focused our attention and 
discussion on HS 6, HS 5, HS 2 and HS 1, while excluding HS 4 and HS 3 (Fig. 3B).
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For each of HS 6, HS 5, HS 2, and HS 1, decreases in SpSIC and a transition from extensive to intermediate/
marginal sea-ice conditions (Fig. 2) occur alongside reductions in BWT (Figs. 2 and 3), demonstrating con-
comitant sea-ice retreat and cooling of the intermediate-depth ocean. It is worth noting that non-HS stadials do 
not show the clear coupling between BWT and SpSIC observed during HSs and have thus not been included in 
the stacking of data. During HSs, we interpret higher temperatures at deep and intermediate depths in the Fram 
Strait to be the result of the presence of a strong halocline causing surface stratification, cessation/reduction of 

Figure 3.  Stacks of Heinrich Stadial (HS) showing normalized bottom water temperature (BWT; red dashed 
line) and Spring sea-ice concentration (SpSIC; green line) in time. Stack including HS 6 to 1 (A), stack including 
HS 6, HS 5, HS 2, HS 1 (B), and the interpreted water column structure for three time slices represented in the 
stacks (pre-, syn- and post-transition from high to low BWT) (C). The thickness of the main water masses is not 
scaled and is exaggerated. The stacking was done setting time 0 at the mid-point of an abrupt BWT drop during 
HS (see Material and Methods). AW Atlantic Water; DW Deep Water; PwSI Polar water with Sea Ice; SI Sea Ice.
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deep water formation linked to major AMOC  reductions22 and a larger southward extent of the sea ice cover in 
the Nordic  Seas16,18. This would have reduced the ocean–atmosphere heat exchange and, in turn, allowed warm 
Atlantic water to flow at greater  depths22–24. Consistent with these hypotheses, we observe extensive spring sea-ice 
cover (SpSIC > 50%) at the beginning of HSs during periods with high BWT (Figs. 2E,F and 3). Such conditions 
would have been unfavorable for both open-ocean and sea-ice related diatom flora, as reflected by low HBI III 
and  IP25, respectively (Fig. 2B,C). Although extensive sea-ice conditions dominated during the entire last glacial 
period, a decline in sea ice from extensive (SpSIC > 50%) to intermediate extent (SpSIC 50–10%) occurred con-
comitant with reductions in BWT during late HSs (Figs. 2E,F and 3). These results therefore support the presence 
of a sea-ice lid, which would have limited heat loss from the subsurface to the atmosphere, thus contributing to 
higher BWT at high latitudes during the early part of  HSs22–24.

During the major GIs that follow HS 6, HS 5, HS 2 and HS 1, the reactivation of deep water formation could 
have resulted in generally low BWT, similar to modern day values (ca.  − 0.5–0 °C)23,24. In these periods, promi-
nent peaks in HBI III generally occur at the beginning of each GI that follows a HS, are likely the result of a rapid 
retreat of the sea-ice edge coincident with initial warming (Fig. 2C). Open ocean and reduced sea-ice conditions 
(relatively higher HBI III) occurred during GIs, although extensive spring sea-ice persisted during the GIs of the 
cold mid-late MIS 3 and MIS 2 (Fig. 2E).

Discussion
Our new sea-ice biomarker record from the eastern Fram Strait documents rapid changes in sea-ice cover related 
to millennial-scale climate oscillations during the last glacial period, most notably during HS 6, HS 5, HS 2 and 
HS 1 and the corresponding GIs. The Heinrich Stadials HS 4 and HS 3 deviate from this pattern, as they occur 
within a time interval (45–29 ka) of generally extensive seasonal sea-ice cover that may have masked the mil-
lennial timescale signal.

The data reveal two contrasting paleoceanographic scenarios during HSs and the following GIs, with the most 
extensive sea-ice conditions during HSs, and reduced sea-ice/MIZ conditions during the subsequent GIs (Figs. 2 
and S1). The HS to GI transitions are marked by extensive meltwater plumes and release of icebergs from the 
Svalbard and Barents Sea  margin29,43–45, which could explain the presence of seasonal sea-ice cover and sea-ice 
edge/MIZ conditions during the warm GIs. Our results are also in agreement (and partly in disagreement; see 
discussion below) with sea-ice biomarker data reported previously for the southern and central Nordic  Seas18–20 
with dense sea-ice cover during HS and no or seasonal sea ice cover during the following interstadials.

On longer (orbital) timescales, we observe a more wide-spread and continuous presence of spring sea ice 
during mid-late (compared to early) MIS 3, similar to a record from the Yermak  plateau31. This is likely a conse-
quence of a highly stratified water column which favors the formation sea  ice31. For the LGM, our highly variable 
biomarker data are also consistent with previous findings from the south-western Barents Sea (c. 71°N)30 and 
from the western Svalbard margin (c. 78°N)29, pointing to rapid fluctuations in seasonal sea-ice cover (Figs. S3 
and S5). Müller and  Stein29 interpreted these rapid fluctuations as the result of shifts between perennial and 
reduced sea-ice cover caused by abrupt changes in the advection of warm and cold AW, which is in line with the 
recorded BWT at our study site (BWT varying between 4 and  − 2 °C during the  LGM24; Figs. S4 and S5). Alter-
natively, Knies et al.30 suggested that these fluctuations in seasonal sea-ice extent could be explained by strong 
katabatic winds blowing offshore from the Svalbard-Barents Sea Ice Sheet, thus creating polynya and upwelling 
of warmer subsurface water.

Our data also reveal a co-variability on a millennial timescale between the spring sea-ice cover and BWT 
during HSs, which suggests a physical coupling between these parameters (Fig. 3). This is best illustrated 
during Heinrich Stadial 1, with paired BWT and SpSIC data (the sampling resolution being samples every 
250–500 years). The timing of HS 1 is relatively well constrained in core HH15-1252PC, both from radiocarbon 
ages and the large decrease in planktic foraminiferal δ18O24 (Fig. 4). The decline in BWT and SpSIC during HS 
1 (Figs. 2E,F and 4) occurs while planktic foraminiferal δ18O values remain low (Fig. 4). HBI III remains nearly 
absent at the beginning of HS1 and increases slightly after the BWT reaches a maximum (Figs. 2C,F and 4), 
indicating a progressive change towards open-ocean conditions. Similarly,  IP25 is also very low/absent at the 
beginning of HS 1, but then increases slightly at the same time as BWT reaches its maximum (Figs. 2B,F and 4). 
This points to a scenario with near perennial sea-ice cover that progressively became more seasonal until the 
BWT reached its maximum. This implies that, in the eastern Fram Strait during HS 1, sea-ice retreat was not 
initiated by atmospheric temperature increases (as seen in Greenland ice core records) but was also strongly 
linked to changes in the advection and temperature of the AW, given that the changes in sea ice preceded the 
initial warming to the GI (i.e. Bølling warming). Sadatzki et al.19 likewise observed that changes in sea-ice during 
HS 4 preceded the initial Greenland warming to GI8.

For the eastern Fram Strait, we show a reduction in sea-ice cover slightly before the end of HSs (HS 6, HS 5 
and HS 2) and within HS 1 (Figs. 2 and 3), while in the southeastern Nordic Seas, the decline in sea-ice cover 
takes place at the end of both GSs and  HSs18,19 (Figs. S4 and S5; Table S1). Longer-term biomarker-based sea-ice 
reconstructions from the southeastern Nordic  Seas18 and the northern Nordic Seas (this work and  ref29, respec-
tively) exhibit similar trends during HSs (particularly during HS 5, HS 2 and HS 1). In the central Norwegian 
Sea (Vøring Plateau), a high-resolution study focusing on GSs between 40 and 32 ka (including HS 4) revealed a 
sea-ice regime change at the transition between some GSs and GIs (e.g. GS 10, GS 9 and GS  820 (Figs. S4 and S5; 
Table S1). High spring sea-ice concentration in the Nordic Seas is thus consistent north-to-south during HSs, 
but shows some differences during mid-late MIS 3 and MIS 2, with a clear millennial-scale variability in the 
 south18–20 and more persistent sea-ice conditions in the north, probably due to the low insolation and persistent 
cold conditions at higher latitudes (Figs. 2E and S4; Table S1).
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Figure 4.  Proxy data in Heinrich Stadial 1. (A) NGRIP ice-core δ18O on the GICC05modelext b2k  timescale5,60,61 (gray 
line) and planktic foraminiferal δ18O (δ18ONps) (black line). (B)  IP25 normalized against total organic carbon (dark curve) 
and sediment weight (light curve). (C) HBI III normalized against total organic carbon (dark curve) and sediment weight 
(light curve). (D) Relative spring sea-ice concentration (SpSIC). Shaded areas show the results from the classification 
tree, categorizing the sea ice into extensive (> 50%; green), intermediate (10–50%; orange) and marginal (< 10%; red). (E) 
Reconstructed bottom water temperature (BWT) and its uncertainty interval (blue shading)24. Dashed vertical lines mark the 
depths where radiocarbon dating has been performed; uncalibrated radiocarbon ages  shown24.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1065  | https://doi.org/10.1038/s41598-024-51532-7

www.nature.com/scientificreports/

Interestingly, we identify a difference in timing of the reductions in BWT between the Fram Strait and the 
southern Nordic Seas. In the  north24, decreases in BWT occurred within stadials, and concomitant with reduc-
tions in sea ice (Figs. 3 and 4), while in the  south23,42 the reduction in BWT occurred by the end of stadials and 
after the decline in sea-ice  cover18,19 (Figs. S4 and S5; Table S1). In the eastern Fram Strait, the salinity stratifica-
tion formed at the onset of stadials would start to weaken because of the presence and build-up of a vast heat 
reservoir below the  halocline22,24. This would cause a convective thermohaline instability resulting in the rapid 
decline of sea ice, formation of open water areas and loss of heat from the surface ocean to the atmosphere 
(Fig. 3C). Model  simulations46,47 have shown that in the southern and southeastern waters of Greenland, such 
thermohaline instabilities led to the formation of polynyas at the end of stadials, which were rapidly followed by 
major D-O warmings. In the southwestern Nordic Seas, north of Iceland, massive meltwater pooling via the East 
Icelandic Current could have sustained a (seasonal) sea-ice layer, trapping the AW  underneath9,48 and delaying 
the thermohaline instability (i.e. break-up of the stratification), at least during some HSs. Despite differences 
in time resolution, depositional rates and degrees of bioturbation with latitude, we suggest that some of these 
geographical variations can be explained by differences in the amount of meltwater input from the SBIS and the 
Fennoscandian Ice Sheet in the north-eastern and central-eastern (central Norwegian Sea, Vøring Plateau) Nordic 
Seas (Table S1), compared with (1) the Greenland Ice Sheet via the southeasterly flowing branches of the East 
Greenland Current (Jan Mayen Current and East Icelandic Current) to the southern Nordic  Seas18,19,48, and (2) 
the Celtic and southern Fennoscandian Ice Sheets in the east of the southern Nordic  Seas20,49 (Fig. 3C). In support 
of this, the Celtic and the southern Fennoscandian Ice Sheet began retreating during the LGM and in the early 
HS  150,51, compared to the Svalbard-Barents Sea Ice Sheet, which retreated later during the  deglaciation51–53. This 
is supported by an acoustically transparent unit and laminated sediments deposited as the result of a meltwater 
plume during the LGM and early HS 1 in the southern Nordic  Seas49,54–56, whereas laminated sediments do not 
occur in the northern Nordic Seas along the western Svalbard margin until the Bølling-Allerød  interstadial43.

Our new reconstruction demonstrates a strong coupling between changes in the inflow of subsurface and 
surface AW in the Fram Strait and sea ice during HSs, with a dense sea-ice cover during HSs and either absent 
or seasonal sea-ice cover during the following GIs. Additional high-resolution data and chronological improve-
ments are still needed to better constrain the phasing between changes in ocean heat loss and sea-ice variability 
across the abrupt climate shifts of the last glacial cycle in the Atlantic–Arctic gateway region. However, we observe 
that for HS 1, at least, both sea ice and BWT decline within the stadial, suggesting that ocean temperature and 
changes in the sea-ice cover preceded atmospheric warming recorded in Greenland ice cores at the beginning 
of the GIs and could therefore be one of the contributing forces for such abrupt atmospheric changes. Over 
longer timescales, our findings indicate that spring sea-ice conditions were widespread throughout the entire 
last glacial period (Fig. 2). In contrast, BWT fluctuated from modern-like values (during GIs) to exceptionally 
warm values during HSs both in the  northern24 and in the  southern23 Nordic Seas. These results suggest that 
the coupling of both parameters occurred specifically during most HSs, yet during mid-late MIS 3 (45–29 ka), a 
generally extended seasonal sea-ice cover in the north may have muted the otherwise relatively clear signals of 
the GSs and smaller GIs (seen in BWT and distribution of the benthic foraminiferal  fauna24) compared to the 
distinct variability in sea/ice biomarker data from the southern Nordic  seas18.

Regionally, the development of sea-ice cover appears to be tightly related to ocean circulation, atmosphere, 
and meltwater input from ice sheets, which, in combination, control the stratification of the upper part of the 
water column and thus the evolution of the sea-ice cover at millennial timescales. The complex configuration 
of the ocean-cryosphere-atmosphere system and the dynamics of their interactions at millennial timescales 
during the last glacial period in the Nordic Seas is comparable to that of the modern Arctic Ocean. Based on 
our observations (i.e. strong linkage between subsurface AW inflow and sea-ice variability) and following the 
reflections of Aagaard et al.57, we can speculate whether the current “Atlantification” in the Barents  Sea58 and the 
warming of the  atmosphere59 will counteract (and even exceed) the increasing freshwater supply from melting 
ice, thus leading to an even faster disappearance of Arctic sea ice than previously thought.

Materials and methods
Core handling
Core HH15-1252PC (79.04°N; 6.89°E; 1257 m water depth; 9.35 m core recovery) was retrieved north of Vestnesa 
Ridge, on the western Svalbard continental slope on a cruise with the R/V Helmer Hanssen in summer 2015. After 
retrieval, magnetic susceptibility was measured with a Bartington MS2 loop sensor. The core was subsequently 
split longitudinally in two halves. The archive halves were X-rayed with a GEOTEK 7.9 Multi Sensor Logger and 
color imaged with a Jai L-107CC 3 CCD RGB line scan camera installed on an Avaatech XRF at the laboratory 
of the Department of Geosciences at UiT The Arctic University of Norway in Tromsø. The work halves were 
subsampled for benthic foraminiferal Mg/Ca analyses to investigate the evolution of bottom water temperature 
(BWT), as well as benthic and planktic foraminiferal stable isotopes (δ18O and δ13C), faunal distribution of 
benthic foraminifera and ice-rafted debris counts  (see24 for details).

Radiocarbon dating and age model construction
The age-depth model of core HH15-1252PC was constructed using planktic foraminiferal δ18O, supported by the 
magnetic susceptibility and the down-core distribution of benthic foraminifera Cassidulina neoteretis24. Planktic 
foraminiferal δ18O from our core were correlated to the North Greenland Ice Project (NGRIP) ice core δ18O with 
the GIC05modelext timescale b2k (i.e. before 2000 AD)5,60,61, assuming that massive meltwater events occurred 
during Greenland  Stadials7. Thereafter, the age-depth model was built by linear interpolation of the identified 
tie-points and validated using seven AMS-14C dates  (see24 for details on the construction of the age model).
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We used the previously identified tie-points24 to build an age-depth model with quantified uncertainties. To 
account for uncertainties resulting from the spaced sampling intervals (average spacing between adjacent planktic 
foraminiferal δ18O samples of 3.32 cm) and the visual identification of tie-points, we used a fixed uncertainty 
around the tie-points of 150 years following the approach by Hughen and  Heaton62. The uncertainties for each 
tie-point were then used to build the age-depth model using the Bayesian-based package  BACON63 in R Software.

Based on the new age model, core HH15-1252PC spans from 63.8 to 12.9 ka, covering Marine Isotopic Stages 
(MIS) 4 to MIS 2.

Biomarker analysis
For biomarker analyses, a total of 201 samples were subsampled from the archive halves of the core in 1-cm 
thick slices in intervals of 1 to 5 cm (one sample subsampled at a 7-cm interval), with higher resolution sampling 
carried out for intervals with high BWT. Samples were freeze dried, homogenized, and stored in glass vials.

Lipid analysis was carried out according to Belt et al.64, but with a slight modification to the extraction 
method. Thus, freeze-dried samples (ca. 5 g) were saponified in a methanolic Potassium Hydroxide (KOH) 
solution (ca. 10 mL Methanol:MilliQ water (9:1); 5% KOH) for 60 min (70 °C). Hexane (3 × 2 mL) was added 
to the cooled (room temperature) saponified content, with non-saponifiable lipids (NSLs) transferred to clean 
vials and dried over Nitrogen  (N2, 25 °C). NSLs were then further fractionated using silica  (SiO2; 0.5 g) column 
chromatography with non-polar fractions containing HBIs eluted with hexane (6 mL). Prior to extraction, sam-
ples were spiked with an internal standard (9-octylheptadec-8-ene, 9-OHD, 100 ng) to permit quantification.

Analysis of purified fractions containing HBIs was carried out using an Agilent 7890A GC coupled to a 
5975 series mass selective detector (MSD) and operating conditions specified in Belt et al.64. The identifica-
tion of individual HBIs was based on their characteristic retention indices and mass spectra (Belt, 2018), while 
quantification was achieved by comparison of mass spectral responses of selected ions (m/z 350  (IP25); 348 (HBI 
II, also referred to as  IPSO25

32); 346 (HBI III and IV)) with those of internal standard (9-OHD, m/z 350), and 
normalized according to their respected instrumental response factors and the mass of sediment  extracted64.

Semi-quantitative measures of spring sea-ice concentrations (SpSIC) and HBI  T25 index (a measure of phyto-
plankton blooms at the productive marginal ice zone) were derived according the Eqs. (1) and (2)  respectively33,65.

Classification tree (CT)  methods66 were used to further categories spring sea-ice conditions into marginal 
(0–10%), intermediate (10–50%), and extensive (> 50%).

Determination of total carbon (TC) and total organic carbon (TOC)
To measure the total organic carbon (TOC) ca. 3 g of sediment was subsampled every 5 cm. Dried and powdered 
samples were treated with 10% hydrochloric acid (HCl) for the removal of carbonates and subsequently measured 
in a Leco CS-200 at Department of Geosciences at UiT the Arctic University of Norway in Tromsø.

Due to differing sampling intervals in the biomarker analysis and the organic carbon analyses, 33 samples 
do not have paired carbon content measurements. However, the downcore trends and relative changes of lipid 
biomarker data normalized with the bulk sediment weight and with the total organic content do not show any 
deviation from each other (Fig. 2B) and therefore it was deemed unnecessary to carry out such analyses in the 
remaining samples.

Statistical analysis
To construct the stacks presented in Figs. 3 and S3 we used an approach that consist of the following steps. First, 
we estimated the timing of significant changes in BWT throughout the record by applying a Bayesian change 
point analysis method using the ‘bcp’ package in  R67. We detected changes in the mean values of the BWT 
timeseries that crossed a credibility level of 95%. Using visual inspection of the results, we then narrowed down 
the number of change points to those corresponding to Heinrich Stadials, which for our data set sums up to six 
transitions (i.e. HS 6 to HS 1; Fig. S3A–C). Next, we defined a time vector t that spans from -1500 to + 1500 years 
at 200-year steps. We set each of the six transitions defined in the BWT data to t = 0, and linearly interpolated 
the different records (i.e. BWT, HBI III,  IP25, SpSIC) onto the time vector t. The interpolation step was chosen 
based on the mean temporal resolution across all the proxy records considered for stacking. Finally, with all the 
individual events resampled to identical time spacing, we estimated the correlation (Figs. 3 and S3) and then 
scaled the data between  − 1 and 1, and averaged them to obtain stacked records. The resulting stacks, excluding 
HS 4 and HS 3 (Fig. S3D–F; see main text), were used to examine the phasing and co-variability between BWT 
and sea-ice proxies relative to the transitions observed in the BWT data.

Data availability
The data is available at the UiT Open Research Data repository: https:// doi. org/ 10. 18710/ Z0ODIA
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(1)SpSIC(%) =
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IP25
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)
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HBIIII
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)

0.62
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