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Why study Antarctic sea ice?
Ice-core records retrieved from Antarctica 
show glacial–interglacial variability of atmo-
spheric carbon dioxide (cO2) concentrations 
of ~90 parts per million over the last few 
glacial cycles (Delmas et al. 1980; Neftel et 
al. 1982). the deep ocean has been identi-
fied as the likely location of the sequestered 
cO2, given the relative size of the marine 
carbon reservoir and the direct exchange of 
cO2 that occurs between the atmosphere 
and the surface oceans. Numerous hypoth-
eses have been put forth to explain how the 
sequestration and release of carbon be-
tween these reservoirs may have occurred, 
including changes in biological productivity 
(e.g. Martin 1990), ocean reorganization (e.g. 
toggweiler 1999), and changes in sea-ice 
coverage (e.g. Stephens and Keeling 2000), 
among others. However, debate continues 
surrounding the precise contribution of each 
mechanism to the total variability of cO2.

Of the hypotheses put forth, Antarctic sea-
ice expansion and the related changes in 
ocean circulation have gained considerable 
attention (e.g. Kohfeld and chase 2017). 
the growth and decay of sea ice influences 
ocean circulation, air–sea gas exchange, 
nutrient cycling, and marine primary produc-
tion, making it a likely candidate for modu-
lating at least some portion of the glacial–
interglacial cO2 variability. the physical 
mechanisms associated with sea-ice growth 
and decay include (but are not limited to): 
(1) a sea-ice "capping" mechanism (e.g. 
Stephens and Keeling 2000) that acted to 
reduce air–sea gas exchange and limit the 
outgassing of upwelled deep waters, and (2) 
enhanced deep-sea stratification (e.g. Ferrari 
et al. 2014), which helped to stabilize the 
water column and reduce the upward mixing 
of carbon-rich waters. Fundamental to the 
proposed mechanisms is both a reduction in 
the outgassing of deep carbon-rich waters 
and some type of ocean reorganization, ulti-
mately leading to enhanced carbon storage 
in the deep ocean.

Despite having several hypotheses linking 
sea-ice expansion to changes in atmo-
spheric cO2, the current lack of quantitative 

reconstructions capturing a full glacial–
interglacial cycle of 130,000 years (kyr) has 
resulted in significant uncertainty in directly 
attributing changes in atmospheric cO2 to 
changes in sea-ice extent. In order to better 
understand their relationship, additional gla-
cial–interglacial reconstructions are needed 
to better constrain the timing and latitudinal 
extent of the sea-ice expansion.

What do we know about glacial–
interglacial Antarctic sea-ice coverage?
Past sea-ice estimates are primarily re-
constructed using diatoms, which are 

single-celled photosynthetic algae encapsu-
lated in a silica frustule (shell). these algae 
preserve well in marine sediments for long 
periods of time, making them particularly 
useful in reconstructing past environments. 
the reconstruction process can either be 
qualitative, which uses the relative abun-
dance of specific indicator species known to 
exist in narrow environmental parameters, or 
quantitative, which uses complex statistical 
methods (i.e. transfer functions) applied to 
the identified diatom assemblage. Most of 
the diatom-based sea-ice reconstructions 
from the Southern Ocean have focused on 

The expansion and reduction of Antarctic sea-ice coverage is hypothesized to have influenced the exchange 
of CO2 between the oceans and atmosphere over the last glacial–interglacial cycle (~130,000 years). However, 
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ice reconstructions to test hypotheses relating to the role of sea ice on CO2 variability over the last glacial–
interglacial cycle.
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Figure 1: Distribution of marine sea-ice reconstructions. the map shows the locations and temporal resolution 
of marine sea-ice records, with tAN1302-96 identified as the red star and SO136-111 as the green star. the plot 
below shows the cumulative number of published records and their temporal scope. Image adapted from crosta 
et al. (2022).
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the Last Glacial Maximum (LGM, ~21 kyr 
before present (bP)), with only a handful 
of reconstructions extending back to the 
penultimate glaciation, Marine Isotope Stage 
6 (MIS 6). 

the current glacial–interglacial Antarctic 
sea-ice dataset is comprised of 14 published 
marine records that capture the last ~130 
kyr (Fig. 1; chadwick et al. 2022; crosta et al. 
2022). these reconstructions suggest some 
heterogeneity in spatial and temporal sea-
ice coverage, although a general pattern ex-
ists across the Southern Ocean. Overall, the 
winter sea-ice edge quickly retreated during 
MIS 5e (~130 to 116 kyr bP), and coverage 
remained relatively low until the mid-glacial, 
where sea ice appears to have expanded 
during MIS 4 (beginning around ~65 kyr bP). 
Sea ice appears to have remained expansive 
and reached its maximum extent during 
the LGM (~21 kyr bP) before retreating and 
remaining relatively low throughout the 
Holocene.

Case study from the southwestern Pacific
Marine core tAN1302-96, retrieved from the 
southwestern Pacific sector of the Southern 
Ocean in 2013 (Fig. 1), is one of the few 
published marine cores that capture a full 
glacial–interglacial cycle (Jones et al. 2022). 
the age model for the core was constructed 
using a combination of radiocarbon dating 
and oxygen isotope stratigraphy, which was 
correlated to a global average of 57 records 
known as the Lr04 benthic stack (Lisiecki 

and raymo 2005). Using a diatom-based 
transfer function known as the Modern 
Analog technique (crosta et al. 1998), past 
summer sea-surface temperature (SSSt) and 
winter sea-ice concentration (WSIc) were 
estimated back to 140 kyr bP. the tAN1302-
96 reconstruction is the second glacial–
interglacial record from the region, the other 
being SO136-111 (crosta et al. 2004; Ferry 
et al. 2015), which together show a relatively 
coherent sea-ice history in the region over 
the last glacial–interglacial cycle (Fig. 2).

the timing of sea-ice expansion in the 
region suggests that it may not have been 
a key driver of early cO2 sequestration, as 
was hypothesized by Kohfeld and chase 
(2017). However, the expansion of winter 
sea ice at the tAN1302-96 core site does 
appear to have occurred at approximately 
the same time as a vertical displacement of 
the Antarctic Intermediate Water (AAIW) 
and Upper circumpolar Deepwater (UcDW) 
interface, as inferred from regional benthic 
carbon isotopes (δ13c) from nearby marine 
cores (Fig. 2). this δ13c record captures the 
isotopic composition of the waters overlying 
the sediments, representing periods when 
they were bathed primarily by UcDW (low 
%AAIW) or AAIW (high %AAIW). changes in 
the benthic isotopic signature are therefore 
interpretated as changes in water-mass ge-
ometry and regional ocean circulation.

the findings from tAN1302-96 support the 
hypothesis put forth in ronge et al. (2015) 

that the influx of low-density summer melt 
increased the buoyancy of the AAIW formed 
in the region, inhibiting its subduction and 
altering the volume and geometry of both 
AAIW and UcDW. this process, combined 
with a reduction in the outgassing of 
upwelled carbon-rich waters (i.e. the "cap-
ping" mechanism), enhanced deep-ocean 
stratification, and reduced upward mixing 
of carbon-rich waters, could have led to an 
increase in the glacial deep-ocean carbon 
pool. taken collectively, the expansion of 
winter sea ice appears to have potentially 
influenced both the circulation of the ocean 
and the outgassing of cO2, which may have 
led to an increase in marine carbon storage.

Future work
In order to substantiate these hypotheses 
and better understand the role of sea ice 
in glacial–interglacial cO2 variability, ad-
ditional records are needed from across 
the Southern Ocean. Specifically, transects 
of well-dated cores from each ocean basin 
would provide both: (1) critical information 
to constrain the timing and magnitude of 
sea-ice expansion, and (2) key information on 
underlying sea-ice and ocean dynamics. the 
work by the PAGES working group cycles 
of Sea Ice Dynamics in the Earth System 
(c-SIDE; pastglobalchanges.org/c-side) has 
advanced our collective understanding of 
past sea-ice coverage by producing a num-
ber of new long-duration records and high-
lighting the gaps in the current knowledge.
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Figure 2: (A) WSIc estimates using MAt from SO136-111 (crosta et al. 2004; Jones et al. 2022); (B) WSIc 
estimates using MAt from tAN1302-96 (Jones et al. 2022); (C) Antarctic atmospheric cO2 concentrations over 
140 kyr bP (bereiter et al. 2015); (D) δ13c data from nearby cores MD06-2990/SO136-003, MD97-2120, and 
MD06-2986 (ronge et al. 2015); (E) %Antarctic Intermediate Water (%AAIW) as calculated in ronge et al. (2015), 
which tracks when core MD97-2120 was bathed by AAIW (green) or Upper circumpolar Deep Water (UcDW) 
(blue). Note that the %AAIW y-axis is inverted such that low %AAIW is represented in blue and high %AAIW is 
represented in green. Figure taken from Jones et al. (2022).
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