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Early sea ice decline off East Antarctica at the last
glacial-interglacial climate transition
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Antarctic climate warming and atmospheric CO, rise during the last deglaciation may be attributed in part to sea
ice reduction in the Southern Ocean. Yet, glacial-interglacial Antarctic sea ice dynamics and underlying mech-
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anisms are poorly constrained, as robust sea ice proxy evidence is sparse. Here, we present a molecular bio-
marker-based sea ice record that resolves the spring/summer sea ice variability off East Antarctica during the
past 40 thousand years (ka). Our results indicate that substantial sea ice reduction culminated rapidly and con-
temporaneously with upwelling of carbon-enriched waters in the Southern Ocean at the onset of the last de-
glaciation but began at least ~2 ka earlier probably driven by an increasing local integrated summer insolation.
Our findings suggest that sea ice reduction and associated feedbacks facilitated stratification breakup and out-
gassing of CO,; in the Southern Ocean and warming in Antarctica but may also have played a leading role in

initializing these deglacial processes in the Southern Hemisphere.

INTRODUCTION

Ice core records reveal that the last deglaciation was marked by a
warming over Antarctica of ~8°C and concomitant atmospheric
CO, rise of ~80 ppmv between ~17.5 and ~11.7 thousand years
(ka) ago (1-3). The deglacial Antarctic warming and atmospheric
CO, rise were interrupted by a millennial-scale cooling event that
is referred to as the Antarctic Cold Reversal (ACR) and coincided
with stagnant atmospheric CO, (I, 2). The close link between Ant-
arctic climate and atmospheric CO, on orbital and millennial time
scales suggests that processes in the Southern Ocean were instru-
mental in driving deglacial changes in atmospheric CO, and thus
global climate (I). In particular, breakup of the glacial deep strati-
fication and invigoration of overturning in the Southern Ocean are
widely believed to have led to outgassing of deeply sequestered CO,
to the atmosphere in two major pulses during the last deglaciation
(4-7). It has been proposed that the glacial deep stratification in the
Southern Ocean and deep-ocean carbon storage may have been dy-
namically linked with an expansion of (summer) sea ice around
Antarctica, while deglacial breakup of that stratification was proba-
bly coupled with sea ice reduction (4, 8-10). A reduction of the
glacial Antarctic sea ice cover would have increased the sea-air
gas and heat exchange and lowered the albedo, thus forming a crit-
ical mechanism facilitating both enhanced outgassing of CO, from
the Southern Ocean and Antarctic warming (11).
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The deglacial phases of warming across Antarctica and atmo-
spheric CO, rise were coincident with major reductions in the At-
lantic Meridional Overturning Circulation (AMOC) and Northern
Hemisphere cold spells during Heinrich Stadial 1 [~17.5 to 14.7 ka
ago; following Barker et al. (12) and Rasmussen et al. (13), we use
the term “Heinrich Stadial 1" to denote Greenland Stadial 2.1a that
contains but is not equivalent to Heinrich event 1] and the Younger
Dryas [~12.9 to 11.7 ka ago; corresponding to Greenland Stadial 1
(13)] (7, 14). In accordance with the conceptual model of the
“thermal bipolar seesaw” (15), model simulations show that
AMOC reductions forced by freshwater input to the North Atlantic
can be accompanied by invigoration of Southern Ocean overturn-
ing, reduction of the Antarctic sea ice cover, and Southern Hemi-
sphere warming (16). In turn, an AMOC recovery associated with
the warm Bolling-Allerod interstadial in the Northern Hemisphere
would have led to a temporary reexpansion of Antarctic sea ice, con-
tributing to high-latitude Southern Hemisphere cooling and stag-
nant atmospheric CO, levels during the ACR (17, 18). It has been
suggested, however, that invigoration of Southern Ocean overturn-
ing, sea ice retreat, and Antarctic warming at the onset of the last
deglaciation may have been initiated by Southern Hemisphere pro-
cesses rather than by AMOC changes induced in the North Atlantic
(4, 8, 19, 20). In particular, proxy records from the marine-influ-
enced West Antarctic Ice Sheet Divide (WDC) ice core reveal a
notable warming that began at least 2 ka before the first deglacial
AMOC reduction related to Heinrich Stadial 1 (19). This early
warming recorded in West Antarctica has been proposed to have
resulted from Antarctic sea ice retreat that, in turn, may have
been driven by an increasing local insolation (19). To reconcile
the proposed driving mechanisms of sea ice changes and document
their role in deglacial changes in Southern Ocean circulation, Ant-
arctic climate, and atmospheric CO,, it is crucial to resolve and con-
strain the Antarctic sea ice evolution across the last deglaciation by
marine sea ice proxy evidence.

Available proxy records of Antarctic sea ice covering the last de-
glaciation with sufficient temporal resolution are extremely sparse.

10f 15


mailto:hsadatzki@marum.de
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adh9513&domain=pdf&date_stamp=2023-10-12

SCIENCE ADVANCES | RESEARCH ARTICLE

They are mostly restricted to remote Southern Ocean regions near
the modern Antarctic Polar Front and mainly reflect winter sea ice
conditions (21, 22). Here, we present a sea ice proxy record covering
the last 40 ka with a millennial-scale resolution based on molecular
biomarkers from a sediment core retrieved from the modern sea-
sonal sea ice zone off East Antarctica. Our biomarker-based sea
ice record is ideally suited to trace past changes in spring/summer
sea ice conditions near the Antarctic continent, where diatom as-
semblage data typically fail to reliably reflect glacial or deglacial
sea ice conditions because of diminished productivity and opal dis-
solution (23). Combined with other proxy data and model simula-
tion results (18, 24), our sea ice record reveals unprecedented
insights into East Antarctic sea ice dynamics and the underlying
forcings across the last glacial-interglacial transition. Our study
provides empirical evidence that supports an early initiation of de-
glacial Antarctic sea ice reduction driven by increasing local insola-
tion and resolves the role of sea ice decline in facilitating Southern
Ocean overturning and outgassing of CO, during the deglaciation,
consistent with the bipolar seesaw concept.

RESULTS

Core site, chronology, and approach

Sedimentary proxy records were obtained from core
IN2017_V01_C025_PCO08 (in the following referred to as PC08)
that was recovered from the top of a sediment ridge between two
submarine canyon systems on the East Antarctic continental
margin, ~200 km off the Sabrina Coast and seaward of the
Moscow University Ice Shelf and the Totten Glacier (64.95°S,
120.86°E, ~2800 m water depth) (Fig. 1) (25). The core site is
located within the seasonal sea ice zone in the southeastern
Indian sector of the Southern Ocean and just north of the Dalton
Polynya, where substantial amounts of sea ice are produced (26).
Today, the retreating sea ice edge results in largely open-water con-
ditions at core site PC08 during Austral summer and into autumn,
while sea ice covers the site during the remainder of the year (Fig. 1).
Core PCO08 is thus ideally suited to record past changes in sea ice
cover off East Antarctica, particularly with respect to shifts of the
Austral summer sea ice edge and sea ice formation in the
Dalton Polynya.

Down-core records of sediment color (b*), total diatom abun-
dance, and magnetic susceptibility show a major transition in sedi-
ment composition within the upper 3 m of core PC08 investigated
here (see Materials and Methods). This transition in sediment com-
position is characteristic of the last glacial-interglacial transition, as
supported by absolute age constraints obtained for core PC08 based
on 10 radiocarbon ages of acid insoluble organic matter (AIOM)
(fig. SI and table S1). An extremely low diatom abundance and in-
creased magnetic susceptibility characterize dark gray sediments of
the last glacial, indicating a strongly diminished phytoplankton pro-
duction, potentially increased opal dissolution, and enhanced dep-
osition of terrigenous detrital sediments (27, 28). A rising b*
reflecting yellower sediments and likely indicating an increase in
opal content (29) is consistent with an increasing diatom abun-
dance, which points to an enhancement of phytoplankton produc-
tivity during the deglaciation (fig. S1). An increased diatom
abundance and lowered magnetic susceptibility suggest an en-
hanced phytoplankton production and reduced input of terrige-
nous material during the Holocene (27).
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The age model of core PC08 is based on stratigraphic alignment
of parallel signals in the multiproxy records of PC08 with pertinent
signals in the 8D record of an ice core drilled by the European
Project for Ice Coring in Antarctica at Dome C (EDC) (3), using
seven age-depth tie points (table S2). A robust alignment is
enabled by variations in the b* and diatom abundance records of
PCO08 being remarkably consistent with the Antarctic temperature
evolution across the last glacial-interglacial transition (Fig. 2, A and
B). The ultrahigh-resolution b* record of PCO08 even resolves short-
term productivity changes that closely resemble millennial-scale
Antarctic climate changes, particularly the ACR during the last de-
glaciation. Critically, the calibrated AIOM '*C ages independently
confirm the synchronicity of the increase in b* and diatom abun-
dance and the Antarctic warming reflected by the EDC 8D during
the deglaciation, supporting the tuning-based age model of core
PCO08 (fig. S1). The chronology of PC08 places our sediment core
records on the Antarctic ice core chronology AICC2012 (30) and
reveals that the interval investigated here covers the past ~40 ka
before present (BP), where the present is 1950 CE. Sedimentation
rates vary between 8.7 and 9.6 cm/ka during the glacial/early degla-
ciation and between 3.3 and 5.7 cm/ka during the late deglaciation
and Holocene, which allows resolving millennial-scale changes by
our proxy records.

Enhanced sediment deposition during the glacial may largely be
linked to increased deposition of terrigenous detrital material asso-
ciated with advanced grounded ice on the shelf (27, 28). Further-
more, the glacial diatom assemblage is marked by abundant
reworked diatom taxa such as Stephanopyxis spp. and Pyxilla retic-
ulata (fig. S2), the latter last commonly occurring in the late Oligo-
cene (31). This indicates that some sediment at core site PC08 may
have been advected by the westward flowing East Wind Drift
current and partly lofted from turbidity currents transporting re-
worked, old material from the shelf downslope in the canyon
systems adjacent to the core site, in addition to deposition of au-
tochthonous hemipelagic sediment (32). A minor proportion of re-
worked old organic matter, in combination with an increased local
ocean reservoir age, might also explain why the calibrated AIOM
'C ages appear too old as compared with the tuning-based chro-
nology in the glacial and early deglacial intervals (see Materials and
Methods and fig. S1).

Our sea ice reconstruction is based on the sedimentary abun-
dance of highly branched isoprenoid (HBI) lipid biomarkers pro-
duced by specific diatoms (see Materials and Methods). The di-
unsaturated HBI diene has been identified in coastal Antarctic
(landfast) sea ice as well as in surface sediments underlying sea
ice (33, 34). It is produced mainly by the sea ice diatom Berkeleya
adeliensis (Medlin) that lives and blooms within the sea ice matrix
during late spring and early summer (34). The HBI diene can thus
be used for spring/summer sea ice reconstruction and is also re-
ferred to as the Ice Proxy for the Southern Ocean with 25 carbon
atoms (IPSO,s5) (34, 35). On the other hand, the tri-unsaturated
HBI triene (HBI-III) is produced by certain diatoms in open
waters of the marginal ice zone during spring and summer (33,
35). An analysis of HBI biomarkers in surface waters of the study
area shows that in February to March, IPSO,5 is abundant in
areas covered by summer sea ice and the Dalton Polynya (36). In
turn, HBI-IIT peaks in the marginal ice zone where sea ice melts
in spring/early summer and IPSO,s is reduced (36). We can thus
expect that paired IPSO,s and HBI-III records of core PC08
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Fig. 1. Core sites and hydrography of the study area. The white diamond marks the core site investigated in this study and white circles mark other referenced core
sites. The map shows annual mean sea surface temperatures based on the World Ocean Atlas 2013 database, averaged between A.D. 1955 and 2012. White lines indicate
the modern sea ice extent during September (dashed) and March (solid), averaged between A.D. 1981 and 2010 (90). Black lines depict the main oceanic fronts (97),
including the Antarctic Polar Front (APF), the Subantarctic Front (SAF), and the Subtropical Front (STF). Colored arrows show the main surface ocean currents, including
the East Wind Drift (EWD), the West Wind Drift (WWD) or the Antarctic Circumpolar Current (ACC) with its southern boundary indicated by the pink line (sbACC), and the
Leeuwin Current (LC). The map was produced with the Ocean Data View software (92).

reflect past changes in sea ice cover and especially shifts of the
summer sea ice edge that is generally difficult to resolve by more
traditional sea ice proxies such as diatom assemblage data.

We also use the phytoplankton-IPSO,s (PIPSO,s) index and the
IPSO,5/HBI-III (or diene/triene) ratio for sea ice reconstruction
that are more independent of bulk accumulation rate changes
than the individual biomarker concentrations (33, 37) (see Materi-
als and Methods). Analogous to the phytoplankton-IP,5 (PIP,s)
index developed for the Arctic (38), the PIPSO,s index allows re-
constructing semiquantitative estimates of the past sea ice cover
in the Southern Ocean (37, 39). In principle, PIPSO,5 values can
range from zero to one, indicating open-water conditions and pe-
rennial sea ice conditions, respectively, with intermediate values re-
flecting more or less seasonal sea ice. Moreover, our biomarker-
based sea ice reconstruction is assisted by information on the rela-
tive abundance of specific diatoms that are related to sea ice or
open-water conditions and compared with the simulated sea ice
evolution around core site PC08 as obtained from numerical exper-
iments with the Earth system model LOVECLIM (18, 24) (see Ma-
terials and Methods).

Biomarker proxy records and sea ice reconstruction for the
past 40 ka

We identified quantifiable amounts of IPSO,5 in 37 samples and
HBI-III in 44 samples out of 55 samples from core PC08 with con-
centrations of 0.06 to 2.1 ng gSed™" for IPSO,5 and 0.09 to 2.64 ng
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gSed_1 for HBI-III. IPSO,5 and HBI-III concentrations show sub-
stantial variations over the past 40 ka, with the cluster of glacial
values in the IPSO,5;—HBI-III cross-plot being distinctly different
from the cluster of deglacial and Holocene values (Fig. 2, C and
D). The resulting PIPSO,5 and IPSO,s/HBI-III records of core
PCO8 likewise show that IPSO,s relative to HBI-III was increased
during the glacial as compared with the deglaciation or Holocene
(Fig. 2E). Although we cannot rule out a certain contribution of al-
lochthonous biomarkers, we regard its influence on the HBI records
and the glacial increase in IPSO,s, IPSO,5/HBI-III, and PIPSO,s5
values in core PC08 as negligible. The glacial admixture of reworked
and largely terrigenous detrital material, as reflected by the in-
creased magnetic susceptibility, would rather lead to a dilution of
individual biomarker concentrations given per gram dry bulk sedi-
ment. We thus assume that the HBI biomarker proxy records of
PCO8 reliably reflect the regional sea ice conditions across the last
glacial-interglacial transition.

The glacial section is marked by high IPSO,s, IPSO,s/HBI-III,
and PIPSO,; values that suggest an enhanced sea ice algae produc-
tion and thus increased spring/summer sea ice presence at site
PCO08, peaking between ~29 and ~21 ka ago, an interval comprising
most of the Last Glacial Maximum (LGM) (Fig. 2). This implies a
very short period of open-water conditions in late summer, allowing
for some but substantially reduced phytoplankton production con-
sistent with the total diatom abundance and b* records of core
PCO08. The HBI biomarker data indicate that the glacial summer
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Fig. 2. Proxy records of sediment core PC08 covering the past 40 ka. (A) Color b* plotted as 15-point running average (orange) and 6D of the EDC ice core with the
thick line showing the 15-point running average (blue) (3, 30). (B) Total diatom abundance (black), for the glacial also plotted on a logarithmic scale (gray). (C) IPSO5s
(purple). (D) HBI-III (pink). IPSO,s and HBI-IIl data are also shown in a cross-plot and color-coded according to different time intervals. (E) PIPSO,s (dark blue for ¢ = 0.45,
light blue for ¢ = 1) and IPSO,s/HBI-lIl (gray), reflecting sea ice conditions. (F) Simulated annual mean sea ice concentration (black) and summer (December-January-
February) sea ice concentration for core site PCO8 (blue) averaged over 63°S to 65°S, 117°E to 123°E, and summer (December-January-February) sea ice concentration
north of core site PCO8 averaged over 60°S to 62°S, 117°E to 123°E (purple), and averaged over 58°S to 60°S, 117°E to 123°E (magenta), plotted as 101-year running
averages (18, 24). Gray diamonds and green triangles at the top mark positions of age-depth tie points and AIOM '*C ages, respectively. Gray shading at the top indicates
the LGM after Clark et al. (93). Light cyan shadings indicate phases of deglacial Antarctic warming and the gray bar marks the ACR.

Sadatzki et al., Sci. Adv. 9, eadh9513 (2023) 12 October 2023 4 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

sea ice edge off East Antarctica was shifted northward close to core
site PC08 or even beyond during the LGM. The increased IPSO,s
and HBI-III values during the LGM could also be indicative of
sea ice retention into summer and transient open-water conditions
associated with the Dalton Polynya (36) that would have extended
over site PC08. Moreover, the PIPSO,5 and IPSO,s/HBI-III records
suggest rather intermediate sea ice conditions during late Marine
Isotope Stage (MIS) 3 at 40 to 29 ka ago, as compared with the
most extensive, yet variable spring/summer sea ice conditions
during MIS 2 or the LGM (Fig. 2).

Sea ice—associated diatoms such as Fragilariopsis curta, Fragilar-
iopsis cylindrus, and Thalassiosira antarctica (40) are largely absent
and occur only sporadically in very minor proportions in the glacial
section of PCO8 (fig. S2). In addition, we did not identify B. adelien-
sis in any sample from core PC08, although it was found to be the
main producer of IPSO,s5 (34). This indicates that the glacial diatom
assemblage in core PCO8 is poorly preserved and most likely biased
by selective dissolution of small and fragile sea ice diatom frustules,
as typically observed in regions of summer sea ice presence and low
opal export productivity (23). If the increased relative abundance of
IPSO,s in the glacial section of core PC08 resulted from enhanced B.
adeliensis production, more extensive landfast ice and increased
platelet ice formation might be inferred, potentially related to
more advanced and melting nearby ice shelves (34). Nevertheless,
the poorly preserved glacial diatom assemblage is consistent with
a near-perennial sea ice cover at the core site as reconstructed
from the HBI biomarker records, especially for the LGM.

The interval of most extensive spring/summer sea ice conditions
during the LGM inferred from maximal IPSO,5 and PIPSO,5 values
is followed by a decrease in IPSO,5 and a contemporaneous increase
in HBI-III at ~21 to 16.5 ka ago (Fig. 2). This and the resultant step-
wise decrease in PIPSO,5 values suggest a transition from near-pe-
rennial sea ice cover with enhanced summer sea ice at site PC08 to
more seasonal sea ice with open-water conditions during summer.
The early drop in PIPSO,s at ~21 ka ago coincides with increases in
the abundance of the seasonal sea ice diatoms F. curta and F. cylind-
rus and the open-water diatom Thalassiosira lentiginosa (fig. S2),
supporting a disappearance of summer sea ice. However, a concom-
itant abundance increase of T. antarctica, which can be attributed to
an early sea ice refreezing in autumn (41), suggests yet a relatively
short open-water season. The HBI biomarker and diatom signals of
initial sea ice retreat emerge ~30 cm below the onset of the major
increases in total diatom abundance and b* in core PC08 (fig. S2),
apparently preceding the onset of the last deglacial warming record-
ed by the EDC 8D by several millennia according to our chronology.
Another drop in PIPSO,5 at ~17.5 to 16.5 ka ago reflects the final
rapid decline of spring/summer sea ice over the core site at the onset
of the last deglaciation.

The deglacial section in core PCO08 is characterized by low or
absent IPSO,5 and variable HBI-III values, resulting in zero or
low PIPSO,5 and IPSO,s/HBI-III values indicative of minimal
spring/summer sea ice conditions (Fig. 2). These sections also
reveal abundant diatom species characteristic of both seasonal sea
ice (F. curta and F. cylindrus) and open-ocean conditions (Fragilar-
iopsis kerguelensis and T. lentiginosa) (fig. S2). This suggests that sea
ice covered core site PC08 during winter and perhaps until spring,
while the HBI records and a drop in the abundance of T. antarctica
point at an extensive open-water summer season with sea ice re-
freezing in late autumn during the deglaciation. Notably, zero
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IPSO,5 and PIPSO,; values suggesting minimal sea ice conditions
are consistent with productivity increases and coincide with degla-
cial Antarctic warming periods, interrupted by somewhat increased
IPSO,5 and PIPSO,s values indicating slightly enhanced spring/
summer sea ice conditions during the ACR (Fig. 2).

Similar to the deglacial section, the Holocene section reveals low
or absent IPSO,s, variable HBI-III values, resultant low to interme-
diate PIPSO,5 and IPSO,5/HBI-III values, and the presence of both
seasonal sea ice diatoms (F. curta and F. cylindrus) and open-ocean
diatoms (F. kerguelensis and T. lentiginosa) (Fig. 2 and fig. S2). Our
Holocene HBI biomarker and diatom data reflect both sea ice algae
and open-water phytoplankton production, suggesting seasonal
shifts of the sea ice edge over site PC08, similar to today. Such sea-
sonal sea ice conditions would have promoted phytoplankton pro-
ductivity throughout the Holocene, in agreement with the increased
total diatom abundance and b* in core PCO08. Slightly increased
PIPSO,5 and IPSO,5/HBI-III values during the mid- to late Holo-
cene (apart from a drop at ~5 ka ago) and late Holocene HBI bio-
marker signals being similar to those just preceding the deglaciation
may indicate a long-term increase in sea ice cover. This would imply
alengthening of the sea ice season and shortening of the open-water
season through the Holocene, which might also be reflected by an
increase in T. antarctica abundance and a contemporaneous reduc-
tion in total diatom abundance at 7 to 6 ka ago (fig. S2).

Proxy-based and simulated Antarctic sea ice evolution
across the last glacial-interglacial transition

Our HBI biomarker records provide unprecedented insights into
the spring/summer sea ice variability off East Antarctica during
the past ~40 ka, suggesting a near-perennial sea ice cover at site
PCO08 during the last glacial and especially during the LGM, and
reduced seasonal sea ice conditions during the deglaciation and
the Holocene. The overall glacial-interglacial sea ice changes as
well as trends of an increasing sea ice cover from MIS 3 to the
LGM and through the Holocene, as shown by our PIPSO,s
record of PCO08, generally agree with orbital-scale changes and
trends observed in several diatom-based (winter) sea ice records
from various Southern Ocean regions (22, 42). Diatom-based sea
ice records of sediment cores E27-23 (43), TAN1302-96 (44), and
SO136-111 (45) from the southwest Pacific sector of the Southern
Ocean (Fig. 1), for example, indicate enhanced winter sea ice con-
ditions near the modern Antarctic Polar Front during the last
glacial, and much reduced, only occasional winter sea ice during
the deglaciation and the Holocene (fig. S3). The diatom records
of the two distal core sites TAN1302-96 and SO136-111 also
suggest that winter sea ice retreat in the Pacific sector started at
~20 to 21 ka ago (22), consistent with the early spring/summer
sea ice retreat reflected by the PIPSO,s record of PCO08 (fig. S3).
Other Southern Ocean regions showed later winter sea ice reduc-
tions that rather paralleled the major deglacial Antarctic warming
(22, 42).

Our results support an increased LGM summer sea ice extent
that was also derived from circum-Antarctic micropaleontological
evidence, though with considerably less confidence than a greater
LGM winter sea ice extent (46). However, our sea ice record sug-
gests the greatest summer sea ice extent at ~29 to 21 ka ago,
which not only partly overlaps but also differs from the LGM
time slice definition (23 to 19 ka ago) used for the reconstructions
of the "Multiproxy Approach for the Reconstruction of the Glacial

50f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Ocean Surface” project (46). Nevertheless, the maximal summer sea
ice cover at ~29 to 21 ka ago in our record from the southeastern
Indian sector agrees with a period of maximal summer sea ice extent
at either ~31 to 23.5 ka ago (47) or ~30 to 22 ka ago (48) recon-
structed on the basis of diatom records from the Scotia Sea in the
southwestern Atlantic sector of the Southern Ocean. Moreover, the
diatom records from the Scotia Sea suggest that summer sea ice
retreat in the southwestern Atlantic sector initiated as early as
~23.5 to 22 ka ago and was followed by winter sea ice retreat (47,
48). This is fairly consistent with the initial spring/summer sea ice
retreat at ~21 ka ago in our PIPSO,5 record of PC08, despite poten-
tial age model offsets between the different cores. The marine proxy
evidence thus indicates that the glacial Antarctic summer sea ice
cover in different Southern Ocean sectors started to decline
several millennia before the onset of the major deglacial Antarctic
warming and atmospheric CO, rise at ~17.5 ka ago (49).

Furthermore, the sea ice variability in the PIPSO,s5 record of
PCO08 agrees in parts with the simulated sea ice concentration evo-
lution obtained from transient numerical experiments performed
with the Earth system model LOVECLIM (18, 24). Around site
PCO08, the transient simulation displays an increase in summer sea
ice concentration from 50% at 40 ka ago to maximal coverage of
90% at 32 ka ago, followed by relatively stable glacial sea ice concen-
tration until ~18 ka ago, with only a minor ~5% decrease from 32 to
18 ka ago (Fig. 2F). The sea ice concentration decreases during the
deglaciation to reach summer ice-free conditions at 8 ka ago. Super-
imposed on these long-term sea ice variations related to changes in
orbital parameters, ice sheet orography and surface albedo, and at-
mospheric greenhouse gases, the simulation reveals abrupt sea ice
reductions associated with reductions of the AMOC induced by
freshwater forcing to the North Atlantic (fig. S4). The reduced
northward oceanic heat transport in the Atlantic resulting from
the AMOC weakening leads to a warming of the South Atlantic.
This anomalous heat is advected to the Southern Ocean through
the Antarctic Circumpolar Current, thus leading to Antarctic sea
ice retreat. The simulated sea ice reduction is larger for Heinrich
Stadial 1 (here simulated at 18 to 15 ka ago) than for Heinrich Sta-
dials 2 or 3 (here simulated at 25.9 to 24.2 ka ago and 31.3 to 28.7 ka
ago, respectively), because the AMOC reduction lasts longer and
because of the concurrent atmospheric CO, increase (I, 2).

The transient simulation reveals a fairly rapid sea ice decline
during early Heinrich Stadial 1, a sea ice readvance (from 45 to
60%) during the ACR, and another rapid sea ice decline at the
onset of the Younger Dryas, which resembles well the sea ice vari-
ations reflected by the PIPSO,5 record of PC08 (Fig. 2). The simu-
lated summer sea ice concentrations at 60°S to 62°S or 58°S to 60°S
reveal that most of the glacial-interglacial sea ice reduction hap-
pened by ~16 ka ago, more consistent with the PIPSO,5 record
than the simulated sea ice cover for site PC08 (Fig. 2F and fig.
S4). This indicates that the simulated LGM summer sea ice cover
might be overestimated somewhat, although it is close to proxy es-
timates and the Paleoclimate Modeling Intercomparison Project 4
(PMIP4) multimodel mean (50). In contrast with the proxy records
of PCO08, however, the model simulation reveals neither a substantial
sea ice reduction between 21 and 18 ka ago nor a trend of an increas-
ing sea ice cover through the Holocene.

Last, the sea ice variability reflected by the PIPSO,s record of
PCO08 for the past ~40 ka shows some agreements and some dis-
agreements with sea salt sodium (ssNa) records of the EDC (51,
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52) and WDC ice cores (19) that are affected not only by changes
in sea ice production/extent but also by atmospheric circulation and
aerosol transport pathway. The ssNa records of both Antarctic ice
cores show an increased glacial sea ice cover as well as trends of in-
creasing sea ice during the glacial and the Holocene, generally con-
sistent with our PIPSO,s record (Fig. 3). However, the major sea ice
reduction in the EDC ssNa record occurs during the deglaciation
and thus much later than in either our PIPSO,5 record or the
WDC ssNa record. The deglacial sea ice retreat in the EDC ssNa
record rather resembles the sea ice evolution in the transient simu-
lation (fig. S4). The high-altitude EDC ssNa record may thus reflect
large-scale changes in winter sea ice conditions in the Indian sector
(51, 52) but not necessarily summer sea ice changes proximal to the
Antarctic continent that are recorded by the PIPSO,5 of PC08. On
the other hand, the nature and timing of sea ice variations reflected
by the ssNa record of the marine-influenced WDC ice core are very
consistent with those reflected by the PIPSO,5 record of PC08
(Fig. 3). This includes maximal sea ice conditions during MIS 2,
an early sea ice retreat preceding minimal sea ice conditions
during the deglaciation, and sea ice readvance during the ACR.
Hence, Southern Ocean regions off East Antarctica and West Ant-
arctica were apparently marked by similar sea ice dynamics across
the last glacial-interglacial transition, pointing at common forcings.

DISCUSSION

Our results reveal a near-perennial sea ice cover at core site PC08
during the last glacial and especially at ~29 to 21 ka ago, followed
by sea ice reduction between ~21 and ~16.5 ka ago, and reduced
spring/summer sea ice conditions during the deglaciation and the
Holocene. The spring/summer sea ice variability reflected by the
PIPSO,;5 record of PCO8 is consistent with latitudinal shifts of the
Southern Ocean fronts as reconstructed by changes in the relative
abundance of subpolar planktic foraminifera in core MD03-2611
from the continental margin south of Australia (Fig. 1) (53, 54).
This record of core MD03-2611 indicates a northward shift of the
Subantarctic Front and the Antarctic Polar Front contemporane-
ously with enhanced sea ice cover off East Antarctica during the
last glacial, particularly during MIS 2 and, to a lesser extent,
during late MIS 3 (Fig. 3). A piecewise linear interpolation of the
PIPSO,5 record of PC0O8 shows that 50% and thus a substantial
portion of the glacial-interglacial sea ice reduction had happened
by ~19.5 ka ago (pink dashed line in Fig. 3), which coincides
exactly with a southward shift of the Subantarctic Front and the
Antarctic Polar Front as derived from a decline in subpolar planktic
foraminifera abundance in core MD03-2611. This substantial sea
ice reduction off East Antarctica and the associated southward
shift of the Southern Ocean fronts is also concomitant with the
onset of sea ice reduction and resultant atmospheric warming off
West Antarctica as recorded by the ssNa and §'®0 records of the
WDC ice core (19). Our PIPSO,5 record of core PC08, the subpolar
foraminifera abundance record of well-dated core MD03-2611, and
the well-constrained WDC ice core records thus provide indepen-
dent lines of evidence supporting that early sea ice and surface
ocean changes in the Southern Ocean initiated as early as ~19.5
ka ago (with signs of summer sea ice retreat in our reconstruction
as early as ~21 ka ago) and thus (at least) about 2 ka before major
deglacial changes in global ocean circulation, climate, and atmo-
spheric CO, (49).
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Fig. 3. Antarctic sea ice records and other environmental proxy records covering the last glacial-interglacial transition. (A) 5D of the EDC ice core (blue) (3, 30) and
§'80 of the WDC ice core (orange) (19, 94, 95) with the thick lines showing the 15-point running averages, and integrated summer insolation at 65°S for a diurnal average
insolation threshold of 275 W/m? (gray) (57, 96). (B) ssNa flux of the EDC ice core with the thick line showing the 15-point running average (52). (C) ssNa concentration of
the WDC ice core with the thick line showing the 25-point running average (79, 94, 95). (D) PIPSO,s of core PC08 (dark blue for ¢ = 0.45, light blue for ¢ = 1) with its
combined piecewise linear interpolation (pink) and obliquity (gray) (97). (E) Subpolar planktic foraminifera abundance of core MD03-2611 (53) on the latest chronology
according to De Deckker et al. (54). (F) Benthic foraminiferal §'>C of core MD97-2106 (60) on the latest chronology according to Moy et al. (black) (98) and gyq of fish teeth/
debris and manganese/iron coatings in foraminifera of cores PS75/073-2 (orange) and PS75/056-1 (blue) (4). The vertical pink dashed line marks the midpoint of the
linearly interpolated PIPSO,s decrease, at which 50% and thus a substantial portion of the glacial-interglacial sea ice reduction had happened. Gray shading at the top
indicates the LGM after Clark et al. (93). Light cyan shadings indicate phases of deglacial Antarctic warming and the gray bar marks the ACR.
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It has been suggested that local orbital forcing contributed to
early glacial-interglacial changes in Antarctic sea ice and high-lati-
tude Southern Hemisphere climate (19, 55, 56). Our PIPSO,5 record
shows that the Antarctic sea ice cover varied largely in harmony
with obliquity changes over the last 40 ka (Fig. 3D). Critically, the
obliquity is the primary control of the summer insolation integrated
over the duration of the summer (57). The local integrated summer
insolation at 65°S, where summer is defined as days with the diurnal
average insolation exceeding a threshold of 275 W/m?, gradually in-
creased from the last glacial to the Holocene and had reached ~50%
of the glacial-interglacial amplitude at 19.5 ka ago (Fig. 3A). This
early increase in local integrated summer insolation at 65°S,
which is independent of the longitude, may have thus provided
enough energy to initiate melting of the near-perennial sea ice
cover in late glacial summer at site PC08 off East Antarctica and
induce concomitant early sea ice retreat off West Antarctica as ob-
served in the WDC ssNa record (19).

The transient simulation performed with LOVECLIM supports
an obliquity-related forcing of the summer sea ice variability over
the past 40 ka, albeit with a different sensitivity than illustrated by
the PIPSO,s record of PCO8 (Fig. 2, E and F). The simulated
summer sea ice cover around site PC08 is not sufficiently sensitive
to insolation changes to show a notable sea ice retreat in response to
an obliquity increase at ~21 to 18 ka ago or sea ice increase in re-
sponse to an obliquity decrease during the late Holocene. Neverthe-
less, the glacial-interglacial sea ice reduction in the model
simulation can be linked to a combination of an increasing integrat-
ed summer insolation over the Southern Ocean and ocean-atmo-
sphere interhemispheric teleconnections associated with an
AMOC reduction. The experiment was designed such that the
AMOC reductions in the model simulation occur at a similar
time as those suggested by **'Pa/***Th proxy evidence for Heinrich
Stadial 1 and the Younger Dryas (14) (fig. S4E). It should be noted
that there is some evidence of an early freshwater release to the
North Atlantic from melting of the Eurasian ice sheet around ~20
ka ago (58, 59), which potentially could have perturbed the AMOC
but was not taken into account here. Thus, we cannot exclude an
influence of an AMOC reduction on the early initiation of Antarctic
sea ice retreat observed in the proxy records but regard that influ-
ence as uncertain compared to that of an increasing integrated
summer insolation over the high-latitude Southern Ocean.

The poleward shift of the spring/summer sea ice edge and
oceanic fronts off East Antarctica across the last glacial-interglacial
transition was accompanied by a regime shift from an increased
stratification between abyssal and deep waters to an enhanced
mixing of the water column in the Southern Ocean. It has been sug-
gested that in the Southern Ocean, the upper circulation cell
(bearing North Atlantic Component Water) and the lower circula-
tion cell (bearing Southern Component Water) were decoupled
during the last glacial (4, 8-10). In turn, increased mixing
between the circulation cells led to enhanced incorporation of
North Atlantic Component Water into Southern Ocean deep
waters during the Holocene (4, 8-10). This is reflected by the in-
creasing benthic foraminiferal §'°C in core MD97-2106 from
south of Tasmania (60) and decreasing eynq of fish teeth/debris
and manganese/iron coatings in foraminifera in cores PS75/073-2
and PS75/056-1 from the South Pacific (4) across the last glacial-in-
terglacial transition (Fig. 3F). Our results are consistent with the
notion that a reduction of the (summer) sea ice cover changed
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the sea-air buoyancy flux and geometry of the density surfaces in
the Southern Ocean, thereby contributing to a deepening of the
boundary between abyssal and deep waters, increasing the diapyc-
nal mixing between the two circulation cells through the interaction
of the abyssal current with the bottom topography (9, 10). Our
PIPSO,;5 record could also be consistent with a reduction in sea
ice formation and associated brine rejection across the last
glacial-interglacial transition, which might have decreased the
volume and/or density of Antarctic Bottom Water, thereby reducing
the deep stratification (10). We speculate that the early sea ice reduc-
tion before the onset of the deglaciation, as recorded by the PIPSO,;
record of PC08, might have been coupled with an initial decrease in
the stratification between abyssal and deep waters. This seems to be
supported by deep-sea coral exg records from the Drake Passage re-
flecting enhanced mixing between the lower and upper circulation
cells at ~20 to 18 ka ago (8), and with 21pa/>%Th records from the
deep southwestern Pacific indicating an increase in South Pacific
overturning initiating as early as 20 ka ago (20). Nevertheless, our
results suggest that the major breakup of the glacial deep stratifica-
tion in the Southern Ocean coincided with minimal Antarctic
summer (and winter) sea ice conditions that would have facilitated
effective deep winter convection and large-scale turbulent mixing
during the deglaciation, where temporary sea ice reexpansion con-
tributed to a halt in stratification breakup during the ACR (Fig. 3)
(4, 8).

At the onset of the deglaciation, the rapid sea ice decline reflected
by the PIPSO,5 record of PC08 is concomitant with (or just preced-
ed by) a surface ocean warming south of Australia recorded in core
MDO03-2611 (53, 54) and the major AMOC reduction related to
Heinrich Stadial 1 that is evidenced by the **'Pa/***Th record
from the North Atlantic (14) (Fig. 4). Similarly, following the
minor sea ice readvance and reinvigorated AMOC during the
ACR, sea ice reduction off East Antarctica occurred again contem-
poraneously with surface warming south of Australia and the
AMOC reduction during the Younger Dryas. The warming south
of Australia suggests a southward shift of the Subtropical Front
and increased advection of warm subtropical surface waters via
the Leeuwin Current, driven by a southward shift of the Southern
Hemisphere westerly winds (Fig. 1) (53, 54). This supports the idea
that an AMOC reduction and Northern Hemisphere cooling were
accompanied by interhemispheric teleconnections that led to a
poleward shift of the Southern Hemisphere westerly winds and
Southern Ocean fronts. These teleconnections and ocean-atmo-
sphere changes in the Southern Ocean, despite its thermal inertia,
were apparently also accompanied by a fairly rapid reduction of the
(already declining) sea ice cover off East Antarctica during early
Heinrich Stadial 1 and at the onset of the Younger Dryas, although
changes in the Subantarctic were much more rapid (12). A reinvig-
orated AMOC and associated enhanced meridional ocean heat
transport may have resulted in surface-ocean cooling and sea ice re-
advance at southern high latitudes during the ACR (17, 18), consis-
tent with the concept of the bipolar seesaw. Similar to the
millennial-scale dynamics during the deglaciation, the temporary
Antarctic sea ice reduction, southward shift of Southern Ocean
fronts, and Antarctic warming observed at ~24 ka ago in the
proxy records might be attributed to the AMOC weakening
during Heinrich Stadial 2, which is in agreement with the transient
LOVECLIM model simulation and also corroborates the somewhat

8 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Age (ka BP)
8 10 12 14 16 18 20
Holocene Deglaciation Glacial
=
£
Q& 240
=6
Q
a
.
@) xS
538
T=F 4
. §‘\;
SC2
‘_

|
F“
w

D
5 0.4
2 e
§-6.5 o
Q 02 &7
w
-6.6
-6.7 0
E ¢4 —_
| 20 £
o
[T N7
T2
™
16 S 2
=35
004 F X
<
§ - 12
Q%— 0.06 YD H1
28
Wy
S 008
8 10 12 14 16 18 20
Age (ka BP)

Fig. 4. Deglacial records of Antarctic sea ice, ocean circulation, and atmo-
spheric CO,. (A) Atmospheric pCO, of the WDC ice core (green) (70). (B) Color
b* plotted as 15-point running average (orange). (C) Opal flux of core TN057-
13PC4 (6). (D) PIPSO,5 of core PCO8 (dark blue for ¢ = 0.45, light blue for ¢ = 1)
and the §"3C,;m of atmospheric pCO, from Taylor Glacier (69) (magenta diamonds)
and from three Antarctic ice cores (68, 99) (magenta SE bars of a Monte Carlo
average). (E) Alkenone-based sea surface temperature (SST) record of core
MD03-2611 (54). (F) Sedimentary *3'Pa/?*°Th record of core OCE326-GGC5 (14).
Light cyan shadings indicate phases of deglacial Antarctic warming, concurrent
with major reductions in the AMOC associated with Heinrich Stadial 1 (H1) and
the Younger Dryas (YD), and the gray bar marks the ACR. The darker cyan
shading marks centennial-scale Southern Ocean overturning/outgassing and the
associated rapid atmospheric CO, rise at ~16.3 ka ago.
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uncertain chronology of the glacial section in core PC08 (Fig. 3 and
fig. S4).

It has been suggested that the poleward shift and/or strengthen-
ing of the Southern Hemisphere westerly winds associated with
AMOOC reductions induced enhanced upwelling in the Southern
Ocean and CO, outgassing to the atmosphere during the last degla-
ciation (6, 7, 16, 61, 62). Enhanced upwelling during Heinrich
Stadial 1 and the Younger Dryas has been inferred, for example,
from peaks in the opal burial rates observed in the Antarctic zone
south of the modern Polar Front, as upwelled nutrient-rich deep
waters would have stimulated the phytoplankton and export pro-
duction (6). The deglacial changes in the opal flux recorded in
core TNO057-13PC4 from the Atlantic Southern Ocean are in
general agreement with the b* record of PC08 (Fig. 4, B and C).
The increasing deglacial productivity recorded in core PCO08
might have resulted from reduced seasonal sea ice conditions and
enhanced upwelling through Ekman divergence at the southern
boundary of the Antarctic Circumpolar Current, which probably
also shifted poleward during the deglaciation close to its modern
position near the core site (Fig. 1). Our age model approach and
the presumed remarkable correspondence between productivity in-
creases and peaks reflected by the b* record of PC08 and deglacial
atmospheric CO, rises on millennial and centennial time scales
(Fig. 4, A and B) are consistent with the proposed close link
between productivity/upwelling in the Antarctic zone and atmo-
spheric CO, (63). Apparently, the initial sea ice retreat starting at
~21 ka ago was not accompanied by a noticeable productivity in-
crease, possibly due to yet limited upward mixing of nutrient-rich
subsurface waters under an extensive surface stratification resulting
from seasonal sea ice melting until the onset of the deglaciation. The
increased deglacial phytoplankton production in the Antarctic zone
must then have been accompanied by an inefficient nutrient utili-
zation to produce a leak in the biological pump and allow outgas-
sing of CO, to the atmosphere (64, 65).

Ventilation age and pH reconstructions for Southern Ocean
deep waters indeed document deglacial periods of carbon release
associated with millennial- and centennial-scale rises in atmospher-
ic CO,, after very old and carbon-enriched waters had accumulated
in the stratified deep ocean during the LGM (5, 65-67). Outgassing
of CO, from upwelled old and carbon-enriched waters in the South-
ern Ocean may also be reflected by pronounced drops in atmo-
spheric 8'°C observed in ice core records contemporaneously
with atmospheric CO, rises during Heinrich Stadial 1 and the
Younger Dryas (62, 68, 69). A close correspondence of variations
in atmospheric §'°C and PIPSO,5 of core PC08 suggests a tight cou-
pling between increased Southern Ocean upwelling/outgassing and
Antarctic sea ice reduction during the deglaciation (Fig. 4D). More-
over, century-scale abrupt drops in atmospheric §'°C and increases
in Antarctic zone productivity during mid-Heinrich Stadial 1 and at
the onset of the Younger Dryas immediately followed rapid degla-
cial sea ice reductions observed in the PIPSO,; record of PC08. This
illustrates that Antarctic sea ice decline might have acted as a tipping
element that contributed to an abrupt intensification of Southern
Ocean upwelling/outgassing and the associated centennial-scale
rise in atmospheric CO, at ~16.3 ka ago and, though more
gradual, CO, rise at ~12.9 ka ago (6, 69, 70). Our results thus
support hypotheses that relate the enhanced outgassing of CO,
from the Southern Ocean and deglacial atmospheric CO, rises to
mechanisms including a reduction of the Antarctic sea ice cover,
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for example, by increasing the time and space for sea-air gas ex-
change (11) and interacting with Southern Ocean circulation
(9, 10).

In conclusion, our study provides unprecedented proxy evidence
that resolves an increased spring/summer sea ice cover off East Ant-
arctica during the last glacial, particularly during the LGM or MIS 2,
which likely contributed to an enhanced deep stratification and
reduced outgassing of CO, in the Southern Ocean. In line with ev-
idence from other Southern Ocean sectors (19, 47—49), our results
reveal an early Antarctic sea ice decline at the last glacial-interglacial
climate transition, probably initiated by an increasing local integrat-
ed summer insolation. We surmise that the early Antarctic sea ice
decline might have played a leading role in the initiation of deep
Southern Ocean stratification breakup, while a presumably associ-
ated early climate warming, as recorded by the WDC ice core, yet
needs to be resolved for coastal East Antarctica. This early Antarctic
sea ice retreat apparently preceded the deglacial atmospheric CO,
rise and we suggest that surface stratification resulting from sea
ice melting during summer possibly acted as a mechanism to sup-
press upward mixing of deeper waters to the surface and delay out-
gassing of CO, from the Southern Ocean (49). Subsequent deglacial
sea ice reductions were tightly coupled with enhanced Southern
Ocean upwelling and outgassing of CO,, associated with AMOC
weakening, thus facilitating atmospheric CO, rise and contributing
to major Antarctic warming. Our findings underpin the instrumen-
tal role of changes in the Antarctic sea ice cover in contributing to
and possibly instigating changes in Southern Ocean overturning, at-
mospheric CO,, and Antarctic climate at the last glacial-interglacial
transition.

MATERIALS AND METHODS

Sediment material and analyses of physical properties
Piston core PC08 (IN2017_V01_C025_PC08) investigated in this
study was recovered from the Sabrina coast slope northeast of the
Totten Glacier off East Antarctica (64.95°S, 120.86°E, ~2800 m
water depth) during RV Investigator expedition IN2017_VO0I in
2017 (Fig. 1) (25). Core PCO08 is 12.1 m long, but in this study, we
focused on the uppermost ~300 cm. Sediments consist of greenish
gray, silty clay with some ice rafted debris in glacial sections and
light gray and brown, diatom-rich silt in interglacial sections. The
sediment color b* was analyzed at the Research School of Earth
Science, Australian National University, using an Avaatech core-
scanner equipped with a digital Color Line camera. After smoothing
of the sediment surface, analyses were performed on the archive half
of core PC08, and color parameters were obtained at a spacing of 70
pm. The magnetic susceptibility was analyzed at Geoscience Austra-
lia, using a handheld Magnetic Susceptibility meter. Analyses were
performed on the archive half of core PC08 at a spacing of 1 cm.

Diatom analysis

Sediment subsamples for diatom analysis were taken from core
PCO08 at a spacing of 5 to 10 cm and analyzed at the Department
of Geology, Colgate University. Quantitative diatom slides were pre-
pared according to the settling technique of Warnock and Scherer
(71) and inspected under Olympus CX31 and BX60 microscopes,
using a 100x oil immersion objective for a total magnification of
x1000. For each slide, a minimum of 400 valves was counted for
diatom-rich samples, or 10 transects were counted for diatom-
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poor samples, only considering valves that were >50% intact.
Diatom counts are given per gram dry weight of the sediment sub-
samples analyzed. Where possible, diatoms were identified to
species level following Armand et al. (40), Cefarelli et al. (72), and
Crosta et al. (73).

Biomarker analysis

Sediment subsamples for molecular biomarker analysis were taken
from core PCO08 at a spacing of 1 to 10 cm and analyzed for HBI
biomarkers (indicative of sea ice and open-ocean diatoms) at the
Research School of Earth Sciences, Australian National University,
following standardized methods for extraction and analysis of HBIs
(74, 75). Biomarkers were extracted from ~5 g of freeze-dried and
homogenized sediment using ultrasonication with dichlorome-
thane:methanol (2:1, v/v) as solvent. Before extraction, the internal
standard 9-octyl-8-heptadecene (9-OHD; 10 pl; 2.5 pg ml™") was
added to each sample to enable quantification of HBI biomarkers.
After centrifugation (2500 rpm, 90 s), the supernatant was decanted
into a clean glass vial, and the extraction procedure was repeated
twice more. After removal of the solvent from the combined total
organic extract under a gentle N, stream, the dried extracts were re-
suspended in n-hexane (~0.5 ml). Extracts were then separated into
a hydrocarbon fraction containing HBIs and a polar fraction
through open-column chromatography (SiO;) using 5 ml of n-
hexane and 5 ml of dichloromethane:methanol (1:1, v/v),
respectively.

HBIs in the hydrocarbon fraction were analyzed by gas chroma-
tography/mass spectrometry using an Agilent 6890 gas chromato-
graph (GC) coupled to a Micromass AutoSpec Premier mass
spectrometer (MS; Waters Corporation, Milford, MA, USA) in se-
lected ion recording mode. The GC was equipped with a 60-m DB-5
capillary column (0.25-mm inner diameter, 0.25-pm film thickness;
Agilent J&W Scientific, Agilent Technologies, Santa Clara, CA,
USA), and helium was used as the carrier gas at a constant flow
of 1 ml min~". Samples were injected in splitless mode into a
Gerstel programmable temperature vaporizer (PTV) injector at
60°C (held for 0.1 min) and heated at 260°C min~" to 300°C. The
MS source was operated at 260°C in electron ionization (EI) mode at
70-eV ionization energy and 8000 V acceleration voltage. All
samples were injected in n-hexane to avoid deterioration of chro-
matographic signals by FeCl, buildup in the MS ion source
through the use of halogenated solvents (76). The GC oven was pro-
grammed from 60° to 315°C at 10°C min~" and held at 315°C for 10
min, with a total run time of 43 min.

Identification of the HBI diene (IPSO,s; indicative of sea ice
diatoms) and HBI triene (HBI-III; indicative of open-ocean
diatoms) was based on comparison of GC retention times with
those of reference compounds and published mass spectra (77).
IPSO,5 and HBI-III were quantified using their molecular ion
mass-charge ratio (m/z) 348.3 and m/z 346.3, respectively, in rela-
tion to the abundant fragment ion m/z 350.3 of the internal stan-
dard 9-OHD. To account for differential mass spectral responses
between a particular HBI and the internal standard, we used a
GC-MS response factor (RF) for estimating HBI concentrations.
The RF was obtained by analyzing reference sediment with
known IPSO,s and HBI-III concentrations along with each se-
quence of samples analyzed over a period of 4 months (RF averaged
5.52 for IPSO,s5 and 10.32 for HBI-III). Replicate analyses of PC08
samples at 6.5, 74.5, and 171.5 cm core depth indicate the
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reproducibility of our HBI measurements, showing averages and
SDs of 0.38 + 0.05 ng g, 0.08 + 0.03 ng g ', and 2.10 + 0.16 ng
g~! for IPSO,s, and 2.59 + 0.44 ng g~', 0.81 + 0.06 ng g~ ', and
0.93 + 0.25 ng g~ for HBI-III, respectively.

To generate semiquantitative estimates of the past sea ice cover,
we calculated the phytoplankton-IPSO,s index (PIPSO,s) estab-
lished for the Southern Ocean (37, 39), analogous to the phyto-
plankton-IP,5 index developed for the Arctic (38):

PIPSO,5 = [IPSO,s)/{[IPSOs] + ([phytoplankton marker] x ¢)}

As a phytoplankton marker, we used HBI-III. The balance factor
¢ corresponds to the ratio of the average IPSO,5 and HBI-III con-
centrations for all PC08 samples investigated in this study (c = 0.45).
In addition, we also show PIPSQO,; values calculated for ¢ = 1. The
replicates at 6.5, 74.5, and 171.5 cm in PCO08 suggest an SD of <0.04
for PIPSO,5 values.

Radiocarbon dating of AIOM

Radiocarbon (**C) dating of AIOM of marine and potentially ter-
restrial origin was performed at the Research School of Earth Sci-
ences, Australian National University, using 10 sediment samples
from certain stratigraphic levels within the upper 171.5 cm of
core PC08. For each sample, ~250 mg of freeze-dried and homog-
enized bulk sediment was repeatedly acidified (0.1 M HCI), rinsed
three times with ultrapure 18-megohm water, and centrifuged to
remove acid-soluble organic matter and inorganic carbon. The re-
maining AIOM was freeze-dried and subsequently combusted
(900°C, 6 hours) after adding CuO and Ag to each sample to
oxidize the organic matter to CO,. The CO, was converted to
graphite using H, and iron powder. The graphite samples were
then measured on the single-stage accelerator MS at the Australian
National University. Samples were normalized using oxalic acid I,
background subtracted with 1C-free material (coal). Results are
presented as suggested by Stuiver and Polach (78). A replicate
AIOM '*C analysis of the sediment sample from 74.5-cm core
depth reveals a minor age difference of 220 years and thus good re-
producibility of mid-deglacial AIOM "*C ages.

Conventional AIOM '*C ages were calibrated to calendar ages
using Calib 8.20 (79), the MARINE20 calibration curve (80), and
two different additional reservoir age correction (AR) scenarios to
consider the effect of variable sea ice conditions in polar regions
(table S1) (81). A low 14C-depletion scenario accounts for
minimal regional '*C depletion as might be expected for Holocene
times, for which we used a AR™ of 440 + 80 years. This AR es-
timate is based on the rounded difference between an average '*C
age of 1048 + 52 years obtained from three mollusk shells from Ker-
guelen Islands in the southern South Indian for the period between
1909 and 1931 (82), and the mean of nonpolar global average
marine '*C age from the MARINE20 calibration curve for the
period from 1910 to 1930 (605 + 63 years). A high '*C-depletion
scenario accounts for an additional, local **C depletion related to
an increased sea ice cover as might be expected for cold stages,
for which we used a AR®® of 1600 + 80 years. This AR“® estimate
is obtained by adding 1160 years to the AR™" estimate following
recommendations for a latitude-dependent reservoir age correction
based on a model simulation of an extreme glacial (CS) scenar-
io (81).
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Chronology

Down-core records of sediment color (b*), total diatom abundance,
and magnetic susceptibility show a major transition in sediment
composition within the upper 3 m of core PC08 investigated here.
Previous studies investigating other sediment cores from the
Sabrina coast slope off East Antarctica have shown that this major
transition in sediment composition reflects an increase in phyto-
plankton productivity and decrease in terrigenous sediment
input, which is characteristic of the last glacial-interglacial transi-
tion (27, 28). This is independently supported by absolute age con-
straints obtained for core PC08 based on 10 calibrated AIOM '*C
ages (table S1). The ATOM '*C ages suggest that the bulk organic
matter in the upper 172 cm of core PCO8 is of Holocene, deglacial,
and late glacial ages, considering both a Holocene and a glacial res-
ervoir age correction scenario (table S1). However, potentially un-
derestimated local marine reservoir ages and a potential
contribution of some reworked old organic matter would result in
an overestimation of the calibrated ages, thus hampering a mean-
ingful calibration of the AIOM '*C ages (83). These processes
might also explain the occurrence of two age reversals observed at
55.5and 126.5 cm core depth. We thus refrain from basing the chro-
nology of core PC08 entirely on the AIOM "*C ages, yet they provide
independent maximum age constraints.

Instead, we used the continuous and high-resolution records of
sediment color b*, total diatom abundance, and magnetic suscept-
ibility for stratigraphic alignment and the chronology of core PC08.
The b* was shown to reflect the biogenic opal content in sediments
from the Scotia Sea (29). This is consistent with concurrent varia-
tions of the b* and total diatom abundance in core PC08 that most
likely both reflect biogenic opal and, by extension, local phytoplank-
ton productivity. It has been shown that the productivity in the Ant-
arctic zone was closely coupled with Antarctic and global climate
changes during the Late Pleistocene glacial-interglacial cycles,
with increased productivity during interglacials and decreased pro-
ductivity during glacials (63). This forms the basis of our strati-
graphic alignment of the b* and diatom abundance with the
Antarctic climate evolution across the last glacial-interglacial tran-
sition, as recorded by the 8D of the EDC ice core (3).

Accordingly, we defined three tie points that link the major pro-
ductivity increase and the included temporary productivity de-
crease reflected by the b* in core PC08 with the major deglacial
Antarctic climate warming including the millennial-scale cooling
during the ACR as reflected by the EDC 8D (fig. S1). Another tie
point marks the b*-based productivity decline corresponding to
an Antarctic climate cooling after the early Holocene productivity
and Antarctic temperature peak, while the core top is assumed to be
recent. To constrain the glacial section in core PC08, where changes
in b* and total diatom abundance are present but limited, we
defined another two tie points also utilizing the magnetic suscept-
ibility record. These glacial tie points mark productivity drops and
increases in magnetic susceptibility reflecting increases in terrige-
nous sediment input related to downslope transport, ice rafted
debris, and possibly dust, which are assumed to correspond to
cooling transitions after millennial-scale Antarctic warm events in
the EDC 6D record (fig. S1). The resulting sedimentation rates for
core site PCO8 reveal values of 3.3 to 5.7 cm/ka for the late deglaci-
ation and Holocene as compared to increased sedimentation rates
of 8.7 to 9.6 cm/ka for the glacial and early deglaciation, consistent
with an increased magnetic susceptibility reflecting enhanced
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sediment deposition related to input of terrigenous detrital sedi-
ments (27, 28).

The depth scale of core PC08 was placed on the Antarctic ice
core chronology AICC2012 (30) based on the seven age-depth tie
points (table S2) and using the R-Studio software and the “Bchro-
nology” function in the "Bchron” package (84). Median ages (50%
quantile) of the chronology are used for the age scale of PC08, while
chronological uncertainty estimates are based on the age uncertain-
ties of the tie points derived from the AICC2012 chronology. Six out
of 10 AIOM "“C ages calibrated with a reservoir age correction of
either AR™ = 440 + 80 years or AR® = 1600 + 80 years are within
the 2.5 and 97.5% quantiles and thus within the uncertainty of the
tuning-based chronology of core PC08. Calibrated AIOM "*C ages
agree best with the tuning-based chronology and presumably are
most reliable during the late deglaciation and early Holocene, prob-
ably related to an increased productivity (83). On the other hand, 4
out of 10 calibrated AIOM '*C ages appear too old as compared
with the tuning-based chronology of PC08, despite the additional
reservoir age correction of AR = 1600 + 80 years. This is observed
in intervals characterized by an increased magnetic susceptibility
suggesting an enhanced input of reworked terrigenous sediment,
particularly during the glacial and early deglaciation (fig. S1). A po-
tential contribution of old organic matter (or dead carbon) from
reworked sediments and/or an insufficient reservoir age correction
likely biased the anomalously old ATOM '*C ages (83).

Together, the tuning-based chronology suggests that the upper
~300 cm of core PC08 investigated in this study comprise the last
~40 ka and that the HBI biomarker records have a millennial-scale
resolution. We acknowledge that the chronology might be flawed in
parts, as the core top may not actually be recent and stratigraphic
alignment in the glacial section is somewhat uncertain. Yet, the
chronology of PCO08 results in reasonable sedimentation rates and
is overall consistent with independent AIOM '*C-based age con-
straints. It is of particular importance for this study that the chro-
nology appears robust especially for the deglaciation, where
remarkably coherent changes in b* in core PC08 and 8D of the
EDC ice core enable a solid stratigraphic alignment that is verified
by calibrated AIOM '*C ages around the ACR.

Model simulations

The model output data used for the proxy-model data comparison
in this study are based on a transient 140-ka experiment performed
with the Earth system model of intermediate complexity, LOVE-
CLIM (85). LOVECLIM is a coupled ocean—sea ice—atmosphere—
vegetation model. The ocean—sea ice component consists of an
ocean general circulation model with 3° x 3° resolution coupled
to a thermodynamic-dynamic sea ice model with the same horizon-
tal resolution. The atmospheric component is a spectral T21 model
based on quasi-geostrophic equations. The transient model simula-
tion is forced by time-dependent orbital parameters, ice sheet orog-
raphy and surface albedo, and atmospheric greenhouse gases. Time-
and latitude-dependent orbitally induced insolation changes were
calculated according to Berger (86). The ice sheet boundary condi-
tions were prescribed by changing ice-sheet orography and surface
albedo, as derived from the time-dependent ice-sheet reconstruc-
tion as detailed by Menviel et al. (87) for the period 140 to 120 ka
ago and by Abe-Ouchi et al. (88) for the past 120 ka. Varying atmo-
spheric greenhouse gas concentrations were prescribed according to
a smoothed compilation of greenhouse gas records from Antarctic
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ice cores (89). In addition, meltwater was added into the North At-
lantic to simulate reductions of the AMOC associated with Heinrich
events (fig. S4). The experiment was started at 140 ka ago following
the PMIP4 protocol (87). The climatic evolution of the transient ex-
periment presented here for the period 40 to 2 ka ago is similar to
the one presented in Menviel et al. (18) and Menviel ef al. (24), with
small differences due to the different greenhouse gas and meltwater
forcings.

For the proxy-model data comparison in this study, we extracted
the simulated Austral summer (December-January-February) and
annual mean sea ice concentration for core site PC08, which is av-
eraged over 63°S to 65°S, 117°E to 123°E. In addition, we extracted
the simulated Austral summer sea ice concentration for different
latitudinal bands north of the core site, averaged over 60°S to
62°S, 117°E to 123°E and 58°S to 60°S, 117°E to 123°E.
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