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Insolation-forced oceanic changes triggered
the Eurasian Ice Sheet collapse and the Last
Termination

DongWu1,2, Siqi Li3, JónEiríksson4, EstherRuthGuðmundsdóttir4, Yair Rosenthal5,
Ningjing Hu2,6, Dejiang Fan1, Yanguang Liu 2,6 & Xu Zhang 3,7

The collapse of Northern Hemisphere ice sheets has been deemed as a trigger
of positive climate feedback during Quaternary glacial terminations. Increas-
ing boreal summer insolation is widely considered the primary driver; how-
ever, the precise initiating mechanisms remain elusive. Here we report an
unambiguous warming trend in the southern Nordic Seas since the late Last
Glacial Maximum, coinciding with the marked increase in 65°N summer
insolation, and subsequently followed by a distinct surface cooling linked to
intense freshwater discharge. Our reconstructions indicate that the initial
collapse during the Last Termination began within the Eurasian Ice Sheet.
Increasing boreal insolation weakened the latitudinal insolation gradient and
displaced the westerlies northward, promoting poleward oceanic heat trans-
port and ensuing warming in the Nordic Seas. This warming accelerated the
disintegration ofmarine-terminating glaciers of the Eurasian Ice Sheet, leading
to a catastrophic meltwater release. The resulting freshwater perturbation
contributed to the early weakening of the Atlantic Meridional Overturning
Circulation and ultimately triggered the destabilization of the Laurentide Ice
Sheet, further accelerating the deglaciation process.

Quaternary glacial cycles have been closely linked to the changes of
Earth’s orbital parameters1,2, characterized by a long cooling period
ending with a relatively short warming interval marked by a significant
reduction of ice sheets, a sawtooth pattern variation consistent with
boreal summer insolation changes3,4. Identifying the processes that
triggered these rapid collapses of ice sheets, also known as “glacial
terminations”, is essential for understanding themechanisms of glacial
cycles5. A commonly discussed hypothesis attributes the onset of
terminations to the peaks of surface air temperature induced by the
insolation maxima6, leading to rapid surface melt which reduced ice
thickness and enhancing the subglacial lubrication and sliding of the
dominating Laurentide Ice Sheet (LIS; Fig. 1), thereby contributed to

the ice discharge6,7. The following extensive release of glacial fresh-
water disrupted interhemispheric ocean circulations, ultimately initi-
ating an interglacial climate across the planet6,8. However, precisely
dated ice-rafting events in the high latitude North Atlantic9–11 indicate
that the culmination of boreal iceberg discharge occurred thousands
of years prior to the marked rise in air temperature recorded in the
Greenland ice core12 during the Last Termination (~20 to 8 ka BP5,13,14;
Fig. 2a, b). Moreover, the initial reduction of Atlantic Meridional
Overturning Circulation (AMOC) also preceded the episodic retreat of
the LIS9,15,16. Numerical models suggest that ocean temperature
warming can cause the retreat of the grounding lines and the melting
of marine-based portions of the ice sheet, which may further
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destabilize the continental ice sheets17,18. This implies that, besides
atmospheric warming, oceanic processes could have also served as a
key trigger for the collapse of the Northern Hemisphere ice sheets9,15,
and the coupled ocean-ice sheet system may exhibit more prompt
feedbacks to insolation changes and internal ice-sheet oscillations at
the onset of the Last Termination5,19,20. To comprehend the mechan-
isms that triggered the Last Termination, it is crucial to determine the
extent to which the decay of Northern Hemisphere ice sheets is linked
to the environmental conditions of the surrounding oceans, and how
such an indirect solar-driving mechanism can produce the sensitive
oceanic response observed at the end of a glaciation cycle.

In high latitudes, the effects of insolation are considered to be
potentially amplified in climatically sensitive ocean regions and effi-
ciently transmitted to the margins of ice sheets through thermohaline
circulation21,22. Furthermore, the contrast in solar heating between the
tropics and poles, that is, the latitudinal insolation gradient (LIG), can
regulate the poleward transport of oceanic heat and moisture by
modulating the latitudinal temperature gradient (LTG) and mid-
latitude wind fields, directly influencing the dynamics of ice
sheets23,24. During the Last GlacialMaximum (LGM, ~26.5 to 19 ka BP25),
the Eurasian Ice Sheet complex (EIS) attained a peak ice volume
responsible for around 24m of eustatic sea-level fall26,27, forming an
extensive ice–ocean interface with the Nordic Seas and the North
Atlantic28,29. The southern and western margins of the EIS were adja-
cent to the warm Norwegian Current, the downstream of the North
Atlantic Current (NAC), and an integral part of the upper branch of the
AMOC, thereby exposing the EIS to the impact from temperature
fluctuations carried byAtlanticWater (AW)30. Since theNordic Seas are
themain gateway of the iceberg trajectory associated with the EIS, and
largemarine-based sectors of the glacial EIS extended all theway to the

continental shelf edge bordering the Nordic Seas31,32, the sedimentary
records of the Nordic Sea are ideal for studying the interaction
between ocean dynamics and the ice sheet instabilities. In the present
study, we combined multi-geochemical proxy data from the
southern Nordic Seas to reconstruct the evolution of upper ocean
hydrography at the beginning of the Last Termination. Mechanisms
responsible for AW variability are discussed with the aid of
transient climate simulation TraCE, to better understand the role
of insolation-driven northward oceanic heat transport on the early
instabilities of the EIS. Furthermore, we assessed the impacts of
intermittent iceberg discharges from the EIS on the early slowdown of
AMOC prior to Heinrich Stadial 1 (HS1, ~17.1 to 14.3 ka BP33) and on the
destabilization of LIS.

Results and discussion
Geological setting, chronology, and geochemical proxies
During the 5th China Arctic Research Expedition in August 2012, a
gravity core (ARC5-IS-1B, 65°36′N, 8°59′W, hereafter IS-1B) was
retrieved in the north of the Iceland-Faroe Ridge at 819m water depth
(Fig. 1). The core site lies beneath the path of the modern Faroe Cur-
rent, the main branch of the warm AW inflow and an integral compo-
nent of the upper branch of the AMOC34,35. Instrumental and historical
records indicate that the East Icelandic Current can also occasionally
influence the surface water at this location, suggesting that IS-1B may
serve as a sensitive archive for the past ocean dynamics in temperature
and salinity36–38. The chronostratigraphic framework of core IS-1B is
established by eight acceleratormass spectrometry radiocarbon (AMS
14C) ages spanning the past ~30 ka. We measured the Mg/Ca ratio of
dominantly polar water-dwelling planktonic foraminifera Neoglobo-
quadrina pachyderma sinistral (N. pachyderma (s)) as a proxy for the
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Fig. 1 | Locationmap of studied core and the pattern of modern surface ocean
circulation in the study area. Yellow star: location of core site IS-1B (this study).
White squares: location of reference core sites. Red arrows indicate modern warm
inflow of Nordic Seas: NAC (North Atlantic Current), NC (Norwegian Current), FC
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Arctic Front and Polar Front119,120. The area shaded in white indicates the approx-
imate extent of ice sheets during the LGM25 and the area shaded in black indicates
the ice-rafted detritus (IRD) belt in the North Atlantic121. Base map is redrawn from
the EMODnet GeoViewer (https://emodnet.ec.europa.eu/geoviewer/), created by
EMODnet (https://emodnet.ec.europa.eu/), and is owned by the EU and licensed
under the Creative Commons Attribution 4.0 International (CC BY 4.0) license
(https://creativecommons.org/licenses/by/4.0/deed.en).
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temperature of shallow subsurfacewatermass (SSTsub; Supplementary
Materials). The positive correlation between salinity and the stable
oxygen isotopic composition of seawater (δ18Osw) is widely accepted
across different oceans39–41, so that we calculated the ambient δ18Osw

derived from N. pachyderma (s) to estimate the salinity of the shallow
subsurface water mass (SSSsub) after correcting for the global ice-
volume effect. To furthermonitor the variability of shallow subsurface
water mass and the stability of upper ocean structure in response to
the fluctuations in northward heat flux, we reconstructed the Mg/Ca-
derived temperatures from individual foraminiferal shells within each
sampling layer, together with their standard deviation (Supplementary
Materials), to investigate themagnitude of temperature fluctuations at
the sampling-interval resolution (~180–720 years).

Upper ocean warming in the Nordic Seas since the late
stage of LGM
In theNordic Seas, the evolution and spatial extent of inflowingAWare
closely linked to the sea-ice dynamics and meltwater input controlled
by regional climate42. More recent reconstructions and modeling
simulations have indicated that thewarmAWnever ceased to flow into
the Nordic Seas during the glacial period, but rather subducted to the
subsurface and intermediate layers below the halocline and sea ice43–45.

Our newSSTsub records fromcore IS-1B show relatively low values over
most of the LGM. However, an intriguing temperature increase of
5.62 ± 0.57 °C after 20.16 ka BPmarks a distinct shift from the previous
interval characterized by weak fluctuations near the freezing point,
indicating the onset of shallow subsurface warming in the southern
Nordic Seas during the late stage of the LGM (Fig. 2f). At the same time,
the increase in SSSsub reveals the occurrence of a saltier shallow sub-
surface layer and a weaker vertical salinity gradient relative to the
underlying AW (Fig. 2d).

Another salient feature is the synchronous increase in the stan-
dard deviation of Mg/Ca temperatures derived from individual shells
(Fig. 2e). This drastic increase in the temperature dispersion indicates
that temperature within the shallow subsurface layer varied more
frequently and across a wider range on centennial timescales. Com-
bined with the growth of average temperature, the increased varia-
bility of individual shell temperature signals most probably indicates
instability of the shallow subsurface layer. This instability and the
warming trend could be further associated with a thinner and weakly
stratified halocline caused by the regional shoaling of subductedwarm
AW, ultimately facilitating upward AW heat transfer and upper ocean
warming, analogous to the ongoing Atlantification phenomenon
observed in the modern Eurasian Basin46,47.
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Fig. 2 | Downcore variation of multiple proxies in core IS-1B sediment in
comparison to theNGRIP andNorth Atlantic proxy records over the last 30 ka.
a North Greenland Ice Core Project (NGRIP) stable oxygen isotopic composition
(δ18O) and temperature from ice core121–124. Grey dots indicate theδ18O and the black
line indicates the temperature. b Ca/Sr from core GeoB18530-1, reflecting detrital
carbonate IRD layers9. The elevated Ca/Sr ratios are attributed to the high content
of detrital carbonate IRD originating from Paleozoic limestone and dolostone in
HudsonBay andHudson Strait125. c IRD (>125μm) content fromcore IS-1B.d Shallow
subsurface water mass salinities (SSSsub) calibrated from the δ18O of the N. pachy-
derma (s) from core IS-1B. e Standard deviation of single shell Mg/Ca temperatures

in each sampling layer of core IS-1B, the blue line is a 3-point running average of the
gray line data. f Shallow subsurface water mass temperatures (SSTsub) calculated
from the Mg/Ca of N. pachyderma (s) from core IS-1B; shaded envelopes represent
the 95%confidence interval of theMg/Ca-derived temperature reconstructions; the
black triangle on the Y axis indicates the modern temperature (3.26°C, World
Ocean Atlas 2023106) of core-top N. pachyderma (s) calcification depth. gMg/Ca of
N. pachyderma (s) from core IS-1B. h δ18O values of N. pachyderma (s) from core IS-
1B. Thewhite triangles on theX axis indicate the calibrated radiocarbon age control
points (AMS 14C ages). The shaded blue bars denote cold stages: Younger Dryas
(YD), Heinrich Stadial (HS), and Last Glacial Maximum (LGM).
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Further comparisons of proxy records from adjacent stations in
the Nordic Seas and North Atlantic, alongside the results of TraCE
simulations, yield two key observations. First, the general trend of
temperature increase since the late LGM is also visible in surface North
Atlantic along the path of NAC48,49, in the eastern Nordic Seas margin
stations close to the Fennoscandian Ice Sheet50 (FIS) and Barents-Kara
ice sheets51 (BKIS), as well as in the temperature profiles simulated by

the TraCE model (Fig. 3j, k, l, m and Fig. 4a). This warming trend is not
so pronounced and shorter in duration compared to other amplitudes
observed in the Bølling-Allerød period andHolocene. Nonetheless, the
presence of similar upper ocean warming signals farther downstream
along theAWpathway51 (Fig. 3m) reveals that thenorthernboundaryof
this transient warming may have reached the Svalbard Islands,
potentially influencing the entire Nordic Seas from south to north.

Secondly, evidence of prominent warm intermediate water
appears in the benthic records from the southeastern Nordic Seas,
suggesting a continuous inflow of AW throughout most of the LGM43.
The correlation with the consistent surface warming in the subpolar
North Atlantic likely reflects substantial ocean heat accumulation
during the late stage of LGM48,49 (Figs. 3j, k, 4a), which in turn accel-
erated the northward heat transport and facilitated the development
of a subsurface heat reservoir in the Nordic Seas. Although the large
benthic-atmosphere 14C age offset indicates that the Faroe–Shetland
Channel (the southernNordic Seas)was poorly ventilatedduringmuch
of the LGM52, a subsequent reversed decrease in ventilation age can
presumably be considered as a phased resumption of upper ocean
convection beginning around 20.44 ka BP (Fig. 3e). Similar to the
constantly strengthening Atlantification process in the modern Eur-
asian Basin, the shoaling of AW likely weakened the surface stratifica-
tion and the halocline, further promoting progressively winter
ventilation and heat redistributions in the upper ocean46,53. The onset
of SSTsub increase observed in our records, coinciding with the
enhanced ventilation in the southern Norwegian Sea52 (Fig. 3e, n),
provides supporting evidence for a similar mechanism during the late
stage of the LGM, in which the AW shoaling played a causal role in
strengthening the surface-deep mixing and driving the upper ocean
warming. In particular, the substantial heat delivery from AW could
have influenced sea-ice dynamics and caused a further retreat of the
icemargins in the late-glacial Nordic Seas54. Consistently, PIP25 records
from the southernNorwegian Sea also indicate that a perennial ice-free
condition may have prevailed during this stage55 (Fig. 3g). Thus, the
potential contribution of the continuous heat transport from AW and
this millennial-scale warming trend to the altered climate should not
be ignored.

High-latitude oceanic response to the insolation changes
From a broader perspective, the observed changes in surface and
subsurface Nordic Seas hydrography during the late stage of LGM
could have been a regional feedback mechanism to global-scale cli-
mate driving forces. Our reconstructed temperature standard
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deviations (Fig. 2e) indicate that the onset of instability in shallow
subsurface water mass and upper halocline layer, likely resulting from
enhanced shoaling of AW, could have occurred as early as ~21 ka BP.
Notably, the timing of initial AW shoaling is concurrent with the sig-
nificant recovery of 65°N caloric summer half-year insolation56,57

(Fig. 3a), which may imply a close linkage between solar forcing and
heat accumulation in theAW layer of theNordicSeas. Furthermore, the
concurrent weakening of winter LIG between 60°N and 30°N24,56,
together with the subsequent basin-wide warming trend (Fig. 4a),
indicates that the latitudinal variations in external insolation forcing
may have been accompanied by positive regional oceanic feedback
processes.

Under glacial conditions, the apparent immediate oceanic
response to the growing boreal insolation in the Nordic Seas can be
shown in the reduced sea ice cover and lower ice-albedo feedback, as
well as the in situ surface water warming affecting the hydrographic
conditions58–60. However, several model simulations reveal that the
energy of local insolation is insufficient to drive large-scale surface
warming associated with the ice sheet instabilities and major climate
transitions in the Northern Hemisphere5,25,61,62. The linkages between
oceanic feedbacks in the Nordic Seas and solar forcing are most likely
tied to the orbitally forced modulations of atmospheric-oceanic
variability and the poleward flux of latent/sensible heat transported
by AW. Indeed, the solar influence on climate of the magnitude and
consistency implied by our evidence could not only have been con-
fined to the Nordic Seas.

It has been proposed that the LIG can influence the Northern
Hemisphere climate system by modulating the LTG, which in turn
affects the mid-latitude storm tracks, as well as the position of sub-
tropical high- and subpolar low- pressure centers63–65. As demonstrated
in the late Pleistocene and Holocene, increased boreal insolation can
lead to a reduced winter LIG and a weakened LTG, which have been
found to cause poleward shifts of the westerly flow23,24. These changes
in atmospheric circulation modified the wind stress across the North
Atlantic and further promoted the transport of warm AW into the

Nordic Seas23,24. Similarly, results from the TraCE simulations8,66 indi-
cate that isolated orbital forcing can lead to an increase in the intensity
of 850hPawind southof Iceland since21 kaBP (Fig. 4b; Supplementary
Materials), which is also consistent with the trend toward a northward-
intensified westerly flow. This strengthened wind stress in the cyclone
direction can present a pronounced east-west extension of subpolar
gyre67,68 (SPG), resulting in a stronger NAC with enhanced northward
heat transport into theNorth-EastAtlantic and theNorwegianSeas68–70.
Meanwhile, the TraCE results reveal that the increasing insolation also
strengthened the winter surfacewinds in the Nordic Seas since the late
stageof the LGM8,66 (Fig. 4b), implying that the enhanced surfacewinds
may have further intensified the vertical mixing and facilitated the
shoaling of the subsurface AW71. We thus infer that the observed
upper-ocean warming in the Nordic Seas and the intensified
Atlantification-like process were primarily driven by coupled
atmospheric–oceanic circulation changes that were initiated by orbi-
tally forced reductions in the LIG.

A pivotal role of upper ocean processes in triggering EIS ter-
mination and deglacial climate
The reduction of the LIS and EIS from maximum volume and the
acceleration occurring during HS1 represent a rapid transition in
recurring ice sheet cycles and the termination of last glaciation
climate5,22,72. At the onset of the deglaciation stage, a period of cold
shallow subsurface conditions since around 18.11 ka BP, following the
anomalous warming event in the late LGM, is captured by our N.
pachyderma (s) Mg/Ca-derived temperature and the enhanced IRD
concentrations observed at the sites in the southern Norwegian Sea
(Fig. 3h, i, n). This is in line with the substantial meltwater release
recognized in the margins of the EIS during the same interval and is
further supported by recent transient climate model estimates, which
identified the first deglacial meltwater peak at ~18 ka BP73–76 (Fig. 3f).
Paleoglaciological studies document a significant icemargin retreat of
the British-Irish Ice Sheet (BIIS) and FIS accompanied by the disin-
tegration of the North Sea Ice Bridge at ~18 ka BP, which resulted in the
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collapse of an ice-dammed lake in the North Sea and triggered an
enormous meltwater outburst into the Nordic Sea and North
Atlantic74,75,77,78. At the same time, the rapid withdrawal of the
grounding line of the Bjørnøyrenna Ice Stream, which lay beneath and
drained the southwestern sector of BKIS, has also led to sustained
freshwater discharge, likely contributing to the surface cooling and the
elevated IRD flux in Nordic Seas during this interval79,80.

At its maximum extension during the LGM, the EIS expanded to
include a large marine-based sector that was exposed to oceanic

variations, particularly in the BKIS and the northern BIIS27. In addition,
sea level changes and oceanic processes also strongly influenced the
stability of the marine-based ice shelves during stadial-interstadial
transitions17,30,81. Modeling studies showed that basal melting, induced
by oceanic temperature fluctuations, may be more efficient than sur-
face mass balance changes in leading the higher rates of iceberg dis-
charge along the EIS margins and the meltwater peaks on the multi-
millennial evolution30,80. Rørvik et al. argued that themain IRDmaxima
and plumate deposition records in the Norwegian shelf post-date
periodswith increased adjacent sea temperature, indicating that upper
oceanwarmingwas probably a key external forcing on the fast-flowing
paleo-ice streams and enhancedmeltwater release from the FIS during
the late LGM and early deglaciation50,78. Building on the observed
correspondence between the anomalously warm conditions and
meltwater activities recorded in our study region and alongmargins of
the FIS50,78, the BIIS48 and the BKIS80, we presume that the extensive
upper ocean warming in the Nordic Seas and the strengthened ocean
heat transport to the grounding line promoted sustained melting of
the marine-terminating glaciers and led to a progressive weakening of
ice-shelf buttressing. Thismay have triggered the rapid collapse of the
EIS, leading to massive iceberg/meltwater output at the beginning of
the Last Termination (Fig. 5b). While many studies have emphasized
the significant role of atmospheric warming in driving EIS instability82,
its relative contribution remains debated in current ice-sheet model
simulations30,31,80. We also acknowledge the potential influence of
atmospheric warming in this study. However, considering the
mechanistic framework of EIS dynamics and the relatively modest
magnitude of reconstructed surface air temperature warming during
this interval31,80,82,83, we propose that, much like sea-level rise, atmo-
spheric warmingmay have primarily acted to amplify the sensitivity of
the EIS to oceanic temperature fluctuations and associated basal
melting.

Evidence from the benthic-atmosphere 14C age offset recon-
struction at 18.16 kaBP suggests that the enhanced freshwaterfluxmay
have hampered the Nordic Seas surface convection and deep-water
ventilation52 (Fig. 3e). At this point, the proxy records of Pa/Th show an
early decline of AMOC strength84,85 (Fig. 3d), which reflects the initial
reduction ofoceancirculation in the high latitudeAtlantic prior toHS1.
Multiple lines of proxy andmodeling evidence suggest that meltwater
from European sources, rather than from North America, associated
with instability of the LIS, had already intruded into the mid-latitude
Atlantic preceding the HS1, and may have contributed to the
shutdown of North Atlantic Deep Water (NADW) formation9,73. This
interpretation is further supported by the presence of additional
European-origin IRDfluxes that predate the LIS surgeswithin theNorth
Atlantic Heinrich layer86,87. Based on this, we hypothesize that the
meltwater pulse responsible for the initial slowdown of AMOC prior to
HS1 primarily originated from the contemporaneous rapid melting
of EIS.

Physically, meltwater discharged through the Nordic Seas
would have led to a direct isolation of AW and the formation of
a stronger halocline, ultimately resulting in the redistribution of
heat in the upper layer and a basin-wide subsurface warming in the
Atlantic9,15,44,88(Fig. 5c). Several model simulations have indicated that
AMOC reduction configures a feedback mechanism with subsurface
ocean warming, which even can extent to depths of approximately
2,500mdue to the continued downwardmixing of heat in the Atlantic
basin15,45. This subsurface temperature anomaly can propagate on
advective timescales (within a few decades) toward the Labrador Sea15.
Enhanced heat transfer would accelerate the basal melting below the
Labrador ice shelf, substantially increasing the calving rate of the
LIS15,88. Accordingly, the sudden loss of buttressing is considered to
have resulted in substantial ice shelf disintegration of LIS corre-
sponding to the first pronounced peak of IRD flux and freshwater
discharge, marking the prologue of HS1 and deglaciation climate17.
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Beyond these ocean–ice sheet interactions, variations in the glo-
bal carbon cycle are also considered to have played a critical role in
shaping the termination process4,5,89. However, Cheng et al.4 proposed
that in the last four terminations, the initial disintegration of northern
ice sheets slowed down the Meridional Overturning Circulation,
which then, through the bipolar seesaw mechanism, drove a
warmer Southern Ocean and the subsequent enhancement of CO₂
ventilation as feedbacks. Meanwhile, the apparent rise in atmospheric
CO₂ concentrations recorded in ice cores also lagged behind the
warming trend in the Nordic Sea and the initial collapse of the EIS90,91.
Therefore, we aremore inclined to regard the increase in atmospheric
CO₂ as a key factor in completing the terminations rather than
triggering them.

Overall, both solar insolation, thermal transformation, and
ocean-ice sheet interactions were clearly interlocked in the millennia
preceding HS1. This explains why it is critical to highlight the role
of upper ocean activities in the initiation of the Last Termination.
We propose that the anomalous upper ocean warming in the
Nordic Seas amplified the effect of boreal summer insolation and LIG,
contributing to the meltwater surge from the EIS at the beginning of
the Last Termination. This signifies an early and prompt feedback of
the ocean heat conveyor system to insolation in initiating the collapse
of Northern Hemisphere ice sheets. Subsequently, the enhanced
freshwater release through the Nordic Seas shifted the North Atlantic
into a state with weak AMOC and NADW formation, further inducing
large-scale subsurface warming and triggering the destabilization of
the LIS9,15. Ourfindings expand the climatological evolutionary chainof
the driving mechanisms for the initial collapse of Northern Hemi-
sphere ice sheets to an earlier period (the late stage of the LGM), and
support the view that the sensitive oceanic responses to insolation
changes served as a key trigger of the climate transition in the Last
Termination.

Methods
Age models
Radiocarbon (14C) analyses were performed at the Beta Analytic
Laboratory, Florida, USA, on the dominant foraminiferaN. pachyderma
(s), using accelerator mass spectrometry (AMS) to establish the
chronostratigraphic framework. We picked N. pachyderma (s) up to a
weight of ~12mg within the 250–350 μm size fraction from eight
representative layers for AMS measurement.

To establish the calendar age-depth model, radiocarbon
dates were calibrated using the Bayesian age-modeling approach
implemented in the R package Bacon, employing the Marine20
calibration curve92,93. Uncertainties in reservoir age corrections
when applying the Marine20 curve are particularly pronounced in
high-latitude polar regions, due to variations in sea ice extent and
ocean ventilation during glacial periods93. To account for this, we
applied a Holocene reservoir correction (ΔRHol) to estimate the upper
bound of calendar ages, and a glacial reservoir correction (ΔRGS and
ΔRCS)-derived from modeled latitudinal reservoir age estimates-to
establish the lower age bound following the method of Heaton et al.94.
The Holocene ΔRHol value was set to −86 ± 65 years, calculated
based on 10 modern ΔR values from stations located within 500 km
around the core IS-1B site (http://calib.org/marine/). For the
glacial period (pre-Holocene), an additional ΔR offset was added to
the original Holocene ΔRHol to account for the latitudinal increases
in the reservoir ages. Accordingly, the local maximum ΔR correction
for the cold stadial scenario (HS1) was estimated as ΔRCS =
ΔRHol + 1320 = 1234 ± 65 years, and for the full glacial scenarioasΔRGS =
ΔRHol + 1370 = 1284 ± 65 years (ΔR offsets derived from 66.25°N data,
near the core IS-1B site94). A single age-depth model was then devel-
oped by averaging the mean ages from both the Holocene and glacial
corrected age-depth models to constrain the final age estimates95

(Fig. 6; Supplementary Materials).

Oxygen isotope
Stable oxygen isotope analysis of planktonic foraminifera (δ18Oc) was
carried out on 20–25 specimens of N. pachyderma (s) using a mass
spectrometer (Finnigan MAT 252) combined with the carbonate pre-
paration device (KielⅢ) at the Light Stable IsotopeMass Spectrometry
Laboratory, Department of Geological Sciences, University of Florida.
Data are reported in per-mil notation (‰) relative to the Vienna Pee
Dee Belemnite (VPDB) scale and referenced to the NBS18 standard
(δ18OVPDB = − 23.0 ±0.1‰). The analytical standard deviation indicated
by replicate measurements was less than 0.07‰.

Mg/Ca temperatures ofN. pachyderma (s) and salinity of shallow
subsurface water mass
For theMg/Ca ratiomeasurements, 12 specimens ofN. pachyderma (s)
(intact, no contamination, ~300 μm size fraction) were picked from
each layer of the sediment core at 2 cm intervals. The foraminiferal
samples were first ultrasonically washed in deionized water and
methanol to remove clay, followedby oxidative cleaning by immersion
in hydrogen peroxide to remove organic material96. The Mg/Ca ratios
were measured using a Thermo Scientific RQ ICP-MS coupled to a
Geolas ArF excimer laser at the Key Laboratory of Marine Geology and
Metallogeny at the First Institute ofOceanography,Qingdao, China. An
N2 gas stream was used to transport the ablation products to the RQ
ICP-MS.

The RQ ICP-MS instrument response was calibrated using SRM
NIST610, 612, and 614 glasses and corrected for variations in the
ablation yield and instrument drift by normalizing to the measured
internal standard elements (88Sr and 55Mn) intensities during eachmass
spectrometer cycle97,98. To isolate only the banding patterns in our
data, ICPMSDataCal12.299,100 software was applied to the RQ ICP-MS
signals to remove low- and high-frequency noise. Abnormal signal
peaks of Mg, Fe and Mn during the initial 3–5 s of ablation reflect
contamination in the outermost shell layer caused by post-
depositional diagenesis (Fig. 7). We therefore ignored these high sig-
nal zones and used the subsequent 15–30 s of continuous and stable

0 20 40 60 80 100 120 140
Depth (cm)

0

4

8

12

16

20

24

28

32

A
ge

 (k
a 

B
P)

Holocene upper boundary

Glacial lower boundary

Mean age of Holocene age model
Mean age of glacial age model

Mean age of two age models

Fig. 6 | Age-depthmodels of core IS-1B.The white dashed lines represent the age-
depth models developed individually by Bacon using two different reservoir age
corrections, the Holocene and glacial corrections, respectively. The light blue
shading denotes the combined 95% confidence interval of both age-depth models.
The solid black line indicates the mean of these two age-depth models and is
adopted as the final age-depth model used in this study.

Article https://doi.org/10.1038/s41467-026-73152-7

Nature Communications |         (2026) 17:6434 7

http://calib.org/marine/
www.nature.com/naturecommunications


signals, encompassing both the crust and the inner ontogenetic cal-
cite, to obtain a more stable and accurate reconstruction of the ele-
mental ratios. Mg/Ca ratios for each sample ofN. pachyderma (s) were
determined based on the ratios of the average polished signal inten-
sities along the ablation profile101. For each sediment layer, the Mg/Ca
ratio was calculated as the average of 12 individual shell
measurements.

Foraminiferal Mg/Ca ratios were converted into seawater tem-
peratures, with particular consideration given to the influence of car-
bonate ion concentration in the low-temperature waters of subpolar
regions102–105. To isolate the impact of carbonate ion on the Mg/Ca-
derived temperatures, a Mg/Ca-[CO2-

3] sensitivities correction was
applied, which was established based on shell δ¹⁸Oc and glacial-
interglacial sea-level variations, following the approach of Morley et
al.104 (Supplementary Materials). Subsequently, shallow subsurface
water mass temperatures (SSTsub) were estimated from the corrected
Mg/Ca ratios (Mg/Ca[Corr]) using the following equation:

Mg=Ca½Corr� =0:372 ±0:014 expð0:0936 ±0:0045TÞ ð1Þ

Comparison of convertedMg/Ca temperature from IS-1B core-top
to modern instrumental temperatures allowed to evaluate the accu-
racy of temperature reconstruction. The reconstructed calcification
depth of 50m for modern N. pachyderma (s) at our core site yields a

difference of 0.22 °C after calibration to Eq. 1, indicating a reasonably
good agreement and supporting its suitability for reconstructing
temperatures from the downcore samples106 (Supplementary
Materials).

The ambient seawater oxygen isotope (δ18Osw) was calculated
from SSTsub and foraminifera shells δ18Oc using the equation of
Shackleton107 and O’Neil et al.108. (Eq. 2) with calibration to convert the
calcite value from the VPDB to the Vienna StandardMeanOceanWater
scale109 (δ18Osw, V-SMOW, Eq. 3).

δ18Osw = δ18Oc � ð4:38�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4:382-0:4ð16:9-TÞ
q

Þ=0:2 ð2Þ

δ18Osw, V�SMOW = ðδ18Osw +0:2‰Þ=0:998 ð3Þ

The oxygen isotopic composition with the global ice-volume and
sea-level effects removed (δ18Osw-local), and the salinity in the shallow
subsurfacewatermass (SSSsub) were reconstructed using Eq. 4110,111 and
Eq. 5109.

δ18Osw�local = δ
18Osw,V�SMOW � 0:0083‰×SL ð4Þ
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SSSsub = ðδ18Osw�local + 12:17 ± 1:18Þ=0:36±0:03 ð5Þ

Where SL is sea level changes come from the curve of Lambeck
et al.26.

LA-ICP-MS test conducted on N. pachyderma (s)
Therewas a significant difference in the shell diameter and thickness of
N. pachyderma (s) in different sea areas. Therefore, we tried different
laser intensities, pulse rates, and ablation scopes to obtain steady and
clear signals ofN. pachyderma (s) in core IS-1B. Experiments ultimately
showed that the 60 μm diameter circular spots and laser pulse rate of
4Hz at a fluence of 3 J/cm2 coupled well with N. pachyderma (s),
yielding consistent signals lasting 15–30 s.

Considering the growth cycle of different chambers in N. pachy-
derma (s), we performed laser ablation on the four largest chambers in a
single shell to compare the Mg/Ca between chambers (Fig. 8b). Results
from different sediment layers show that the Mg/Ca temperature dif-
ferences among the four chambers within a single N. pachyderma (s)
shell are less than 0.47 °C. This variation is much smaller than both the
temperature amplitudes observed in our time series and the
summer–winter temperature difference of the ambient water106. We
conclude that the effects of ontogenetic difference and growth cycle on
the Mg/Ca ratios among different chambers of N. pachyderma (s) are
minor in our core site, consistentwith the results from laboratory culture
experiments112,113. Therefore, the final chamber with a bulky and thick
shell wall was selected for ablation (Fig. 8a). The laser ablation process in
all tests was stable and continuous, proceeding from the outer surface to
the inner part through the entire shell of N. pachyderma (s).

TraCE Experiments
We employed the TraCE simulation results8,66 to assess remote North
Atlantic forcing in response to changes of insolation. The TraCE tran-
sient climate experiments were performed in the Community Climate
System Model ver. 3114–116 (CCSM3), a global coupled atmosphere-
ocean-sea ice-land general circulation model (AOGCM) that has a
latitude–longitude resolution of ∼3.75° in the atmosphere and ∼3° in
the ocean and includes a dynamic global vegetation module. The
prescribed forcings and boundary conditions for the full-forcing
simulation included orbitally forced insolation changes, increasing
atmospheric concentrations of the long-lived greenhouse gases,
and retreating ice sheets and associated meltwater release to the
oceans8,66. The transient sensitivity experiments adopted a factorized
forcing scheme to allow isolating each of these forcings separately117.
The isolated insolation forcing experiments were selected to
simulate the changes in winter 850 hPa wind velocity and surface
wind velocity from the onset of AW shoaling to the warming peak
(19 ka BP anomalies relative to 21 ka BP), aiming to examine the
effects of increasing boreal insolation on atmospheric circulation
over the North Atlantic. We also compared the sea temperature
anomalies between 19 and 21 ka BP in the all-forcing simulation to
examine the oceanic process related to this warming trend. All the
changes were analyzed with Student’s t-test, with confidence levels
greater than 95%.

Data availability
All measurement data of core IS-1B used in this study are available at
Figshare Data Repository (https://doi.org/10.6084/m9.figshare.
30536837)118. All model output and scripts of TraCE transient climate
experiments used in this study are archived at https://doi.org/10.5065/
CXB5-TV56.
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