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GEOLOGY

Past intrusion of Circumpolar Deep Water in the Ross
Sea: Impacts on the ancient Ross Ice Shelf

Chiara Pambianco'*, Alessio Nogarottoz, Mathia Sabino?, Lucilla Capotondi4,
Francesca Battagliaz, Federico Giglioz, Gesine Mollenhauer®®, Jens Hefter’, Alessio Di Roberto’,
Simon T. Belt®, Enrico Pochini®, Francesco Muschitiello'®, Andrea Geniram'', Ester Colizza'’,
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The Ross Ice Shelf, Antarctica’s largest by area, may face increased instability under future warming, threatening
the Antarctic Ice Sheet. Understanding its past response to climate change is critical for anticipating future sea-

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

level rise. We present a multi-proxy reconstruction of ocean and cryosphere conditions in the Ross Sea over the
past 40,000 years. Our data show that warm Circumpolar Deep Water reached the JOIDES Trough in the western
Ross Sea shortly after the Last Glacial Maximum, coinciding with the retreat of an ancestral ice shelf. This oceanic
warming aligns with a southward shift of both the westerly and easterly wind belts, indicating a large-scale atmo-
spheric mechanism driving regional ocean changes. The timing and nature of these processes reveal the tight
coupling between atmospheric circulation, ocean heat transport, and ice shelf dynamics. These interactions led to
reduced ice shelf extent, highlighting the role of ocean-atmosphere coupling in the Pacific sector of the Southern

Ocean during deglaciation.

INTRODUCTION

With almost 60 m of sea level equivalent, the Antarctic Ice Sheet
(AIS) can substantially affect the global rise of sea level in a global
warming scenario (I-3). However, predictions of future sea level
rise remain challenging due to the high degree of uncertainty about
the response of the AIS to climate change, particularly its marine-
based sectors that follow mechanisms of rapid ice shelf disintegra-
tion and grounding line retreat, collectively referred to as Marine Ice
Sheet Instability (MISI) (4, 5). Ice flow acceleration and thinning are
currently observed in the West AIS (WAIS), which has the potential
to raise sea level by about 5 m (5). Thwaites Glacier is also exhibiting
the largest changes of any other ice-ocean system in Antarctica
(5, 6) along with Amundsen Sea embayment (7) and Pine Island Bay
(8). While West Antarctica contains more than two-thirds of its ice
volume grounded above sea level (9) the East AIS (EAIS) holds
an order-of-magnitude higher sea level equivalent (i.e., more than
50 m), with large sectors of marine-based ice sheets sensitive to oce-
anic and atmospheric warming (1-3). The Ross Ice Shelf (RIS) acts
as a critical buttress for both the WAIS and the EAIS, stabilizing ice
flow and supporting a catchment basin that holds ~11.6 m of poten-
tial sea level rise in water-equivalent terms (10) and has undergone
partial or full collapse during past warm periods (2, 11). Ice mass
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loss can be promoted by various mechanisms, including the incur-
sion of warm Circumpolar Deep Water (CDW) on the continental
shelf, reaching shelf cavities and glacier grounding lines (4, 5, 12).
This can weaken the buttressing effect of ice shelves and destabilize
upstream ice flow (13), potentially contributing to the MISI (4, 14).
Modern mechanisms for CDW advection and basal ice melt appear
to be closely dependent on wind migration patterns, particularly the
Westerlies, as currently documented in the Bellingshausen Sea and
Amundsen Sea (15), the Dronning Maud Land (16), and the western
Antarctic Peninsula (15). Similar wind-ocean dynamics have been
extensively investigated in the Polar Front during the last deglacia-
tion in studies primarily focusing on wind-driven upwelling and
CO;, release (17), CDW signature (18), and regional patterns (19).
These previous studies might, thus, imply that the migration of
westerly winds could have also promoted the advection of CDW onto
Antarctic continental shelves and cavities (4, 16), leaving, however,
large uncertainties regarding the actual oceanic patterns and modes
of retreat of ice masses during last deglaciation. This fundamental
knowledge gap stems primarily from the absence of paleo evidence
near the grounding line region of Antarctic ice shelves, hindering
our understanding of ocean-cryosphere interactions and their influ-
ence on the retreat of the marine-based sectors of the AIS. In this
study, we investigated a sedimentary sequence recovered via piston
coring from the JOIDES Trough (Fig. 1 and fig. S1) strategically lo-
cated seaward of the paleo grounding line of the ancestral RIS dur-
ing the Last Glacial Maximum (LGM) (20). Although the JOIDES
basin is situated on the shelf, where remnants of past glacial cycles
are still evident (Fig. 1C), the sediments in this basin were deep
enough to remain unaffected by disturbances from the overlying
ice sheet, thus allowing for the preservation of an expanded and
continuous record of the last deglaciation. In modern times, the
JOIDES Trough acts as a pathway for cold bottom water export
toward the shelf break, and given its retrograde bed slope with
landward-deepening troughs (20, 21), it also promotes the intru-
sion of salty and warm CDW branches (22, 23), bringing heat and
nutrients from the deep open ocean to the continental shelf (24). In
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Fig. 1. Map of the study area showing the position of the cores, seismic profile and oceanic features. (A) Focus on the JOIDES Trough with respect to the position of
cores TR17-02 and GRT23-MC1 over the seismic profile SP1 (red line, fig. S1). The brown line indicates the maximum extent of the ice sheet at the LGM sourced
by QAntarctica dataset (87). The image highlights the path of CDW from the slope to the shelf, evolving into modified CDW [modified after Morrison et al. (23) and Bollen
et al. (22)]. Pink stars on the coastal area refer to the Antarctic stations Mario Zucchelli (MZS) and McMurdo (McM). (B) Map of the Ross Sea showing the main oceanic
features, the Ross Gyre (yellow solid line), the Polar Front (PF; blue solid line), and the subantarctic front (SAF, pink solid line) sourced by QAntarctica on QGis (87). Light
blue stars indicate two key sediment cores, PS75/03-02 (18) and NBP98/02-06 (17), which were essential for determining the timing of upwelling dynamics in the polar
front. Pink stars refer to the Antarctic stations Mario Zucchelli and McMurdo. (C) Transversal seismic profile SP1 depicts the geomorphology of the JOIDES Trough at the
coring site, evidencing the large scouring of the submarine topography and the thickness of the sediments (see fig. S1). (D) Zoom over the coring site, showing the posi-

tion of core TR17-02 and sedimentary thickness (see fig. S1).

addition, key evidence comes from geological and stratigraphic re-
cords, including the presence of grounding zone wedges (GZWs) and
stepwise retreat sequences, which may have favored MISI-driven ice
loss (11, 20, 25).

We used a multiproxy approach to reconstruct past ocean-
cryosphere interactions and compared this information with wind-
driven dynamics occurring in the open ocean farther north, aiming
to disentangle teleconnections occurring between the Polar Front
and Ross Sea shelf during the last deglaciation to resolve large-scale
mechanisms operating across the Pacific sector of the Southern
Ocean. We applied a suite of organic geochemical biomarkers including
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hydroxylated glycerol dibiphytanyl glycerol tetraethers (OH-GDGTs)
produced by Thaumarchaeota to reconstruct past seawater tem-
perature, together with highly branched isoprenoids (HBIs) and
phytosterols to resolve the marine ice sheet edge retreat and
the onset of ice-free conditions in the JOIDES basin. Along with ad-
ditional interpretation of foraminiferal assemblages and contex-
tualizing our findings within existing literature, our overarching
goal was to provide an unprecedented detail of the initial RIS
evolution during the early phase of the last deglaciation and explore
how large-scale wind dynamics drove ocean-ice shelf interactions
over the shelf of the Ross Sea.
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RESULTS

Sediment accumulation rates

We developed an age-depth model for the TR17-02 sediment core
using 25 radiocarbon dates calibrated with the Marine20 curve
(fig. S4) (26, 27) (six monospecific foraminiferal samples and 19
samples of bulk organic carbon; see Materials and Methods and
table S2 for further details). We used the “Rbacon” CRAN package
(28), applying different local reservoir correction AR considering
(i) the different matrix and (ii) the ventilation effect during the Ma-
rine Isotope Stage 3 (MIS 3), deglaciation and Holocene, following
correction for polar regions suggested by Heaton et al. (27) (see fur-
ther details on the local reservoir correction in table S1). The strong
coherence between the ages of foraminifera tests and bulk organic
carbon samples, derived from independent methodologies, supports
the validity of the assumptions used to determine AR values
(table S1). The final age-depth model indicates that sedimentation rates
varied across different time periods. During MIS 3 and the LGM
[40.5 to 19.0 thousand years (ka) before present (B.P.)], sedimenta-
tion rates were relatively low, ~1 cm/ka. The entire deglaciation pe-
riod, up to the onset of the Holocene, was characterized by relatively
high sedimentation rates, ranging from 10 to 35 cm/ka. After ~11.5 ka
B.P, sedimentation rates decreased but remained higher than during
the glacial period ranging between 14 and 20 cm/ka. These sedi-
mentation rates are consistent with those typically found in this
area (25, 29).

Sedimentological framework

Based on the visual core description—color (Munsell Colour Chart),
water content (%), grain size proxy (In Zr/Rb) [sensu (30)], and
magnetic susceptibility—four distinct sedimentary units were ini-
tially identified (Fig. 2). These sedimentological units are named in
chronological order, with A being the oldest and D being the young-
est, as described below.

Unit A is composed of homogenous and bioturbated dark brown
[2.5Y 3/3] silty mud (350.8 to 311.3 cm bsf; 40.5 to 20.4 ka B.P). The
sediment is poorly sorted and is generally fine-skewed. Magnetic sus-
ceptibility is very low, around 100 to 150 x 10~ SI, while water con-
tent is around 60%. Benthic foraminifera species occur after 28 ka
B.P. where Globocassidulina subglobosa, Miliammina earlandi,
Stainforthia sp., and Trifarina earlandi are the dominant species. This
association is indicative of a distal sub—-ice shelf environment (13, 31).
Given the description and the coherency with bibliography (12), this
unit is describing a distal sub—ice shelf environment.

Unit B is composed of poorly sorted dark gray [5Y 4/1] sandy silt
(307.8 to 274.3 cm bsf; 19.6 to 16.7 ka B.P.). Downcore, this unit is mas-
sive with sparse clasts, while in the upper part it is homogeneous. Mag-
netic susceptibility is high (around 500 x 107 SI), indicating a high
input of terrigenous and coarse detrital material from a nearby ground-
ing line (32, 33). The In(Zr/RDb) values indicate a grain size decrease
toward the top of the unit. An exceptional abundance of well-preserved
benthic and planktic foraminifera were found in this unit. The foraminifera
assemblages comprise benthic species such as Astrononion echolsi,
Cibicides spp., Globocassidulina biora, Globocassidulina subglobosa,
Cassidulinoides spp., Nonionella spp., Stainthforthia concava, Trifarina
earlandi, and planktic species such as Neogloboquadrina pachyderma,
all indicative of a sub—ice shelf environment (12, 25). Of particular
note is the presence of T. earlandi with spines (fig. S5), which is
associated with high hydrodynamics and extreme conditions (34).
T. earlandi increases in absolute abundance at 17.9 ka B.P. (301.5 cm
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bsf), 17.1 ka, and 16.1 ka B.P. (289 and 282 cm bsf). The co-occurrence
of spined and costate T. earlandi (fig.S5) may suggest intense bottom
currents prior and/or during the initial phase of ice shelf breakup, sim-
ilar to previous observations in the Whales Deep basin (12, 35). We
interpret this unit representative of a calving zone.

Unit C is composed of a dark green [10GY 2/4] silty mud matrix
(270.8 to 263.8 cm bsf; 16.7 to 16.5 ka B.P.). This unit is a massive
and calcareous foraminifera barren section. The magnetic suscepti-
bility profile shows a rapid decrease throughout the unit to 200 and
100 x 107" SI, pointing to a progressive reduction of terrigenous
material and an increase from a biogenic source. Given these char-
acteristics and the coherency with bibliography (12), we interpret
this unit is reflecting a distal sub-ice shelf environment.

Unit D consists of massive homogeneous olive [5Y 4/3] silty mud
with sparse pebbles in some sections and occasional sandy and grav-
elly lenses (260.3 to 2.5 cm bsf; 16.4 to 1.45 ka B.P.). The degree of
bioturbation varies markedly within the unit. No calcareous foramin-
ifera were observed within this unit. The sediment is poorly sorted
but is generally fine-skewed. Punctual transitions to sand and gravel
lenses within the sediment core result in a variable magnetic suscep-
tibility profile downcore. The water content in the sediment is around
60%. The magnetic susceptibility shows low values (<1 x 107> SI),
pointing to a very high content of biogenic material, except for the
sandy lenses where the magnetic susceptibility values are around 150 X
1077 SI, suggesting a higher input of terrigenous material. This unit
likely indicates an open marine environment with occasional input of
ice-rafted debris (IRDs) from melting icebergs (12).

Biomarkers

We used a suite of complementary biomarkers to investigate the
cryosphere-ocean-climate interactions and understand how the
sedimentary units previously identified reflect different paleo-
environmental conditions. We measured hydroxylated glycerol
dibiphytanyl glycerol tetraethers (OH-GDGTs; membrane lipids
produced by Thaumarchaeota), HBIs, and phytosterols to reconstruct
past seawater temperatures and fast-ice distribution and resolve the
retreat of the marine ice sheet edge and the onset of ice-free condi-
tions in the Ross Sea.

Proxies based on membrane lipids, particularly the hydroxylated
index of OH-GDGTs, have become popular tools for subsurface
ocean temperature (SOT) reconstructions in polar regions (31) and,
in particular, within the Antarctic marginal seas (36, 37). The rapid
development of this proxy is well-reflected by numerous calibration
curves available in the literature (38-40). In this study, we use the
calibration provided by Lii et al. (40), which exhibits values for the
late Holocene that are the most consistent with modern water mass
temperature observations in the sub-surface region of the JOIDES
basin (table S3 and fig. S6) (41, 42). However, given the evolving
nature of these calibrations, we took into consideration the relative
changes in paleo-temperatures rather than their absolute values.
Further details about the different calibrations available in the litera-
ture can be found in table S4.

Furthermore, we measured the HBI biomarker IPSO,s5 [“Ice
Proxy for the Southern Ocean with 25 carbon atoms” (43)] to deter-
mine fast ice occurrence (ice shelf edge system), along with HBI III
and brassicasterol as indicators for open marine productivity (44).
By combining information from sedimentology and biogeochemis-
try, we described the detailed paleo-environmental evolution of the
area through the different facies, previously identified (see above),
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Fig. 2. Representative downcore sedimentary succession for core TR17-02. The left panel shows the core log and subsampling positions for grain size and radiocar-
bon dating. Aside from the core log, the boxes labeled from (A) to (D) and highlighted in different shades of gray indicate the sediment units identified within the core.
The right panels show calculated water content, core matrix grain size proxy In(Zr/Rb), magnetic susceptibility, and representative grain size frequency distribution for
each coarse sample. The assumption is that the elemental ratio of Zr/Rb increases with increasing grain size in the fine fractions (<63 pm) and decreases with increasing
grain size in the >63-pm fraction, following the indications of Wu et al. (30) who tested this proxy in the JOIDES Trough.
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as follows: Unit A, distal sub-ice shelf; unit B, calving zone; unit C,
ice shelf edge; unit divided into two sub-units, open marine-high
productivity (D1); open marine-low productivity, (D2).

In the distal sub-ice shelf unit (unit A, 40.5 to 20.4 ka B.P.), paleo-
SOT shows a decreasing trend from 40 ka B.P. to the LGM, indicating
a general cooling consistent with the final stages of MIS 3 (Fig. 3]).
IPSO,5 and HBI III show particularly low fluxes (Fig. 3, G and H) or
below detection limits (see Materials and Methods), suggesting the
presence of permanent ice cover in the area (43, 45). Brassicasterol
(Fig. 31) shows low fluxes (0.005 + 0.005 pg/cm” per year), possibly
due to water advection below the ice shelf and tidal excursion.

In the calving zone unit (unit B, 19.6 to 16.7 ka B.P.), the recon-
structed SOT exhibit the lowest values observed in the whole record,
which is consistent with the climate period during the LGM (Fig. 3]).
IPSO,5, HBI II (0.011 + 0.021 and 0.006 + 0.008 ng/cm” per year,
respectively, Fig. 3, G and H), and brassicasterol (0.028 + 0.027 pg/
cm? per year; Fig. 3I) fluxes are low, thus indicating an ice-covered
configuration similar to unit A. Overall, despite these two units show-
ing similar characteristics for HBIs and brassicasterol, the benthic
foraminiferal association previously discussed, in combination with
sedimentological evidence, allows us to differentiate between these
two sub-ice shelf environments.

The ice shelf edge unit (unit C, 16.7 to 16.5 ka B.P.) is character-
ized by the highest IPSO,5 fluxes of the whole core (0.140 + 0.052 ng/
cm? per year; Fig. 3G). Within this unit and before the IPSO,5 peak,
we observed a sharp increase in SOT (Fig. 3]), which reflects the rapid
change of oceanic forcing and the overall reorganization of the water
column within the study area.

HBI III fluxes exhibits a similar trend, albeit with lower values
(0.027 + 0.006 ng/cm? per year). In contrast, fluxes of brassicasterol
(Fig. 3I) remain relatively stable (0.031 + 0.020 pg/cm” per year)
with a similar trend to that seen in units A and B. The sharp peak of
IPSOy5 at 16.6 ka B.P. suggests the rapid onset of an environment
where an ice shelf edge was present, but where also light was present,
to allow the blooming of sympagic diatoms growing within the sea-
sonal fast ice that seasonally develops at the edge of an ice shelf.
Thus, the abrupt increase of IPSO,5 documents the retreating ice shelf
edge and its position during the early deglaciation in the JOIDES basin.
The change in water mass properties is also confirmed by the pro-
gressive disappearance and lack of preservation of calcareous fora-
minifera, possibly linked to a change in alkalinity.

Based on the biomarker data, Unit D (16.4 to 1.45 ka B.P.) has
been divided into two sub-units, D1 and D2. Unit D1 (16.4 to 12.3 ka
B.P.) is characterized by a bioturbated silty mud matrix, with the
highest fluxes of HBI III and brassicasterol in the whole record
(0.062 + 0.035 ng/cm2 per year and 0.079 + 0.046 pg/cm’ per year;
Fig. 3, H and [, respectively). Along with lower IPSO55 fluxes (0.020 +
0.012 ng/cm? per year; Fig. 3G), this large increase of these pelagic
biomarkers suggests that, during the deglaciation, more open water
conditions and associated blooming of primary producers prevailed
at the coring site, implying a further retreat of the ice shelf edge and a
decrease in sea ice cover. Consistent with this interpretation, the SOT
shows a general warming with temperatures coherent with modern
CDW temperatures (table S3 and fig. S6).

Last, the open marine-low productivity unit D2 (12.0 to 1.45 ka
B.P) consists of homogeneous silty mud showing poor bioturbation
and reduced fluxes of HBI IIT and brassicasterol (0.013 + 0.006 ng/
cm? per year and 0.032 + 0.010 pg/cm? per year, respectively). Very
low fluxes of IPSO,s indicate an even more distant position from the
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Fig. 3. Poleward migration of the westerly winds over the last deglaciation and
their connection with Ross Sea climate reorganization. (A) Global temperature
warming from Wais Divide ice core from (64) (gray) and (B) atmospheric CO, from (82)
(purple). In yellow, (C) CDW upwelling from core PS75/03-02 from (78). (D) Opal flux
from core NBP98/02-06PC (orange) testifying wind-driven upwelling during the last
deglaciation retrieved by Anderson et al. (17). (E) Global sea level rise estimated by
Lambeck et al. (83)(deep blue). (F) Poleward shift of westerly winds recorded by Gray
et al. (19) during last deglaciation (purple and gray line). (G) Fluxes of IPSO,s (light
blue), (H) HBI Il (blue), () brassicasterol (green), and (J) SOT records following the
calibration curve of Lu et al. (40). Sedimentological information including (K) matrix
grainsize proxy (In Zr/Rb) along with (L) accumulation rates and (M) IRD (%) counts
are plotted as a bar chart. The bottom chart indicates the presence of foraminifera
from both species [(N) sub-ice shelf association in blue and (0) T. earlandi in red].
Accelerator mass spectrometry (AMS) "C age constraints in calibrated before present
(B.P) are presented at the top bar. The vertical box highlighted in gray marks the de-
glaciation [19 to 11 ka B.P. as time interval defined by Clark et al. (84)]. Boxes at the
bottom indicated the biogeochemical units previously described [(A) distal sub-ice
shelf, (B) calving zone, (C) ice shelf edge, (D1) open marine with enhanced upwelling,
and (D2) open marine with decreased upwelling]. ppm, parts per million.
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ice shelf edge and fast-ice region. This unit was characterized by a
reduced abundance of open water biomarker proxies, suggesting
relatively lower productivity than the early deglaciation, together
with a decrease of SOT (Fig. 3]) yet much higher than the LGM.

DISCUSSION

Ocean-ice shelf interactions and possible connections with
Polar Front dynamics

While many previous reconstructions have focused on the retreat of
the AIS in the Ross Sea sector (11, 20, 21, 25, 46) the early evolution
and positioning of the paleo RIS since the LGM remains poorly in-
vestigated. Low sedimentation rates (Fig. 31) and productivity (Fig. 3,
H and I) during MIS 3 and LGM indicate that the JOIDES basin was
permanently covered by an ice shelf (Fig. 4A). During this period,
the SOT record indicates a gradual cooling throughout MIS 3, reach-
ing the lowest values at the LGM (Fig. 3]). Furthermore, benthic fo-
raminiferal assemblages at the LGM further confirm the presence of
a sub-ice shelf environment (Fig. 3, N and O).

At the onset of the deglaciation, our multiproxy data precisely
track the time-transgressive modification of the outer part of the
paleo-RIS (Fig. 4B). Specifically, because IPSO,s is biosynthesized
by certain sympagic diatoms (i.e., Berkeleya adeliensis) that thrive
within platelet ice (43) commonly found beneath fast-ice at the ice
shelf edge, the sharp peak observed in our record (Fig. 3G) is a clear
indication that the ice shelf edge was located at the core site around
16.6 ka B.P. (Fig. 4C). This finding indicates a substantial transfor-
mation in the ice shelf’s configuration within the JOIDES region,
transitioning from a sub-ice shelf setting to an ice shelf edge envi-
ronment. Subsequently, HBI III and brassicasterol (Fig. 3, H and I)
collectively indicate that the JOIDES further transitioned toward
high-productive open water conditions between 16 and 11 ka B.P.
(Fig. 4D). The extensive phytoplankton blooms, in fact, could only
commence after light ceased being a limiting factor. If now we take
the SOT into consideration, then it is evident that the ice shelf mod-
ifications just described are well-coupled with the SOT anomalies
(~+2°C). In particular, the concurrent increase in sub-surface tem-
perature (Fig. 3]) and primary productivity (Fig. 3, H and I) points
toward the presence of a relatively warm, nutrient-rich water mass
in the JOIDES Trough, likely reflecting the CDW intrusion over the
margin. Thus, given the time-transgressive changes observed at the
ice sheet edge, our biomarker findings suggest the intrusion of mod-
ified circumpolar deep water (mCDW) over the margin that likely
played a pivotal role in initiating the retreat of the ice shelf in the
JOIDES basin (Fig. 4, C and D).

The timing of SOT and primary productivity anomalies (~18 to
12 ka B.P) closely mirror well-known processes documented in the
Polar Front, notably (i) the southward shift of the westerly winds
(Fig. 3F), (ii) the general re-organization of the water column struc-
ture (Fig. 3C), and (iii) high opal fluxes (Fig. 3D). For example, Gray
et al. (19) described a poleward shift of westerly winds during this
period (19 to 12 ka B.P.) (Fig. 3F) that may have influenced the South-
ern Ocean nutrient upwelling (Fig. 3D) (17).In the Pacific sector of
the Polar Front, neodymium isotope data (PS7503-02; Figs. 1 and 3C)
from deep to abyssal waters (18) suggest widespread water column
destratification and reorganization during the last deglaciation. As a
result, the primary production in the Pacific sector of the Polar Front
increased substantially in response to wind-driven nutrient upwell-
ing (NBP98/02-06; Figs. 1 and 3D), combined with venting of CO,
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from old and deepwater masses previously isolated from the atmo-
sphere (Fig. 3B) (17). In summary, the observed synchronicity be-
tween our proxy records and previously documented climate patterns
farther north strongly suggests the presence of a common mecha-
nism operating across the Pacific sector of the Southern Ocean echo-
ing over the continental margin during last deglaciation.

Last, during the Holocene, our record documents a second im-
portant water column reorganization (Fig. 4E). This period is char-
acterized by oceanic cooling (Fig. 3]) combined with a sharp decline
in primary productivity proxies (Fig. 3, H and I), indicating an open
but less productive marine environment compared to the deglacia-
tion period, despite a retreating ice shelf system that should release
a large amount of macro and micro nutrients (47, 48). Overall, this
further supports the role of the CDW advection during last degla-
ciation that likely played first-order control on the primary produc-
tivity in the JOIDES region.

Role of the westerlies and further mechanisms

While the influence of westerly wind migration on upwelling and
primary productivity in the Polar Front during the last deglaciation
is well-established (17, 19, 24), its impact on the Ross Sea continen-
tal shelf, particularly regarding ocean-ice shelf interactions, remains
poorly investigated. Our results reveal a potential connection be-
tween changes in large-scale wind patterns and the initial RIS re-
treat. Today, the JOIDES Trough is one of the major conduits of
mCDW intrusion over the Ross Sea shelf (22, 23, 42). However, in
modern conditions, the exchange of warm and nutrient-rich mCDW
from the slope to the shelf is highly limited by the Antarctic Slope
Front (ASF) that defines the southernmost component of the Ross
Gyre (Fig. 1A) (42, 49). In modern conditions, upwelling of mCDW
onto the shelf occurs primarily during events of outflows of high-
salinity and dense shelf water originating from polynyas (i.e., dense-
water shelf setting) (23, 50-52). Our results might therefore suggest
that the Slope Current and associated ASF were relatively weak dur-
ing the last deglaciation, allowing more CDW transport over the
margin. This process is well-documented in other regions, such as
East Antarctica, where the weakening of the Antarctic Slope Current
enhances ocean heat intrusions toward the Totten Glacier (53). Giv-
en the role of the easterlies in driving the strength of the ASF (54, 55)
and the agreement between our record and ocean dynamics docu-
mented around the Polar Front, it is reasonable to propose a large-
scale reorganization driven by the southward migration of westerlies
and easterlies.

Spence et al. (55) assessed the impact of shifts in the wester-
lies and easterlies on the heat exchange for the Antarctic Peninsula.
Their model simulates rapid warming over the margin from an ad-
vective heat flux induced by weakened near-shore surface Ekman
pumping in response to weakened easterly winds. This in turn de-
creases the strength of the coastal and slope current promoting the
advection of CDW over the margin. In light of this proposed mech-
anism, the migration of the westerlies and easterlies farther south
during the last deglaciation might have resulted in a dynamic inter-
play between coastal winds, coastal currents, and heat transport
across a weakened ASF promoting the retreat of the ancestral RIS. In
modern conditions, the Ross Gyre is bounded by the Polar Front of
the Antarctic Circumpolar Current to the north, the Antarctic Slope
Current to the south. Historical reconstructions of the Ross Gyre
variability are scare. Its behavior is strongly driven by wind pattern
(56), and in the western Ross Sea, Tolotti et al. (57) suggested a
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Fig. 4. Cartoon describing the retreat in the Ross Sea (JOIDES Trough) from MIS 3-LGM to Holocene. At the top right of each panel is shown the narrow JOIDES
Trough geography and the early formation of the proposed embayment (JB, JOIDES basin; PB, Pennel Bank; MBC, Mawson and Crary Bank; CB, Central Basin), and red ar-
row indicates mCDW impinging from the outer shelf [modified after Prothro et al. (25) and Bollen et al. (22)]. Graphs on the top of each snapshot are showing the trend of
IPSO,5 and phytoplankton production, fingerprint of fast ice, and open marine conditions, respectively. (A) Full ice shelf coverage during the MIS 3 and the LGM. White
dots indicate the presence of sub-ice shelf foraminifera association. (B) Deglaciation inception and intrusion of mCDW driven by poleward shift of westerly winds, enhanc-
ing the melting of the floating ice shelf and sea algae production. White and pink dots indicate the co-occurrence of sub-ice shelf foraminifera association and T. earlandi
spinose, species that is associated with high hydrodynamics and extreme conditions (34). (C) Situation within the advanced deglaciation (16.6 ka B.P.), mCDW is bringing
heat causing the RIS to retreat southward, and this is detected by the highest peak in the IPSO,5 record. (D) Deglaciation (16.5 to 11.7 ka B.P) marked by heat and nutrient
upwelling driven by mCDW, which allows the blooming of pelagic plankton and enhancing the ice shelf retreat and basal melt. At this point, the retreat of the grounded
ice occurred within the time frames indicated by the available literature (approximately after 13 ka B.P.). (E) Snapshot at the onset of the Holocene, setting the conditions
for MISI and landward retreat of the ice sheet.
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southward shift of the southern limb of the Ross Gyre during last
deglaciation, implying a decrease of the Antarctic Slope Current in
line with our observations.

Alternatively, freshening derived by either local meltwater pro-
duction or externally sourced (i.e., meltwater from the Amundsen
Sea) could represent another mechanism responsible for ocean warm-
ing and ice shelf retreat. Specifically, glacial meltwater and change
in the salinity gradients can affect the heat exchange between open
waters and continental margins. Using high-resolution models to
resolve mesoscale eddies, Si et al. (58) showed how modern coastal
freshening can lead to increased shoreward heat transport in fresh-
shelf settings. This implies positive feedback to the RIS retreat that
should likely be considered in our interpretation. Similarly, other paleo
studies have inferred positive feedback linked to basal meltwater from
ice shelves. For example, Silvano et al. (59) simulated how freshwater
can counteract the salt injection during sea ice formation in the
Amundsen Sea (warm-shelf setting), preventing full-depth convec-
tion and formation of dense shelf water, which allow warm bottom
water to reach the ice shelves unaltered, accelerating their basal melt.
Similarly, Golledge et al. (60) have inferred reduced Southern Ocean
overturning circulation during meltwater pulse 1A (~14.8 ka B.P),
thus promoting the advection of subsurface warm waters on Antarctic
margins and producing positive feedback that further accelerated the
ice shelf retreat. Although the western Ross Sea is currently a dense-
water setting (49), positive feedback driven by freshwater input, as
modeled for fresh and warm shelf, could have accelerated the retreat.
However, some studies offer a different view highlighting the lack of
general consensus. Other simulations, in fact, suggest that meltwater
can isolate the margin preventing the heat exchange (61, 62), while
other simulations suggest that the freshwater release can even trigger
cooling in the Ross Sea (63).

Furthermore, warm and highly productive deglacial waters could
instead represent an intensification of the polynya activity and dense
water export from the Ross margin that, consequently, promoted the
intrusion of CDW (23). However, freshwater input from melting ice
shelves can prevent full-depth convection and the formation of dense
shelf water (59). Regardless, the presence of a strong polynya seems
not to be supported by the core lithology. Specifically, we do not ob-
serve evidence of strong bottom currents, such as sediment coars-
ening, with sediments becoming instead finer at the onset of the
deglaciation (low Zr/Rb ratio: Fig. 3K). Last, atmospheric warming at
the onset of the deglaciation (64) might have promoted the initial ice
shelf retreat possibly stimulating primary productivity by releasing
micro-nutrients trapped in ice (47, 48). However, the reconstructed
SOTs (Fig. 3]) and primary productivity (Fig. 3, H and I) do not mir-
ror the continental Antarctic warming (Fig. 3A). To conclude, among
the three proposed mechanisms, the intrusion of warm and nutrient-
rich CDW, driven by a southward shift in westerly and easterly winds
coupled with the weakening of the ASC (17, 19, 23, 24, 49, 57), best
aligns with the observed dynamics emerging as the most probable
hypothesis. More work is needed to further refine the dominant
processes, including a fully coupled ocean-atmosphere-cryosphere
modeling effort.

Initial embayment in the JOIDES floating ice shelf

Placing our outcomes within the context of a retreating AIS, it is evi-
dent that our reconstructed changes occurred much earlier (Fig. 3)
than the grounding-line retreat documented in the Ross Sea by other
studies (11, 20, 21, 25). For instance, using a wide range of atmospheric
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and oceanic forcings, Lowry et al. (65) modeled different grounding
line retreat rates, with the earliest scenario observed around 14.5 ka
B.P, while the rest of the simulations agree on the end of the deglaciation-
early Holocene. Similarly, Anderson et al. (11) and Halberstadt et al.
(21) documented, through sediment cores and geophysical data, a
rapid retreat only after 13 cal ka B.P. Recently, Danielson and Bart
(20) reported the ice sheet grounding duration in the JOIDES mid-
dle shelf, with the nearest retreat dated at 13 cal ka B.P. Last, Spector
et al. (46) indicated a rapid grounded ice retreat only occurring
since the early Holocene.

Overall, this suggests that the environmental changes documented
in the JOIDES Trough reflect the initial reshape of the paleo RIS front
driven by ocean-atmosphere-cryosphere interactions preceding the
potential MISI (Fig. 4). Specifically, this pattern of retreat implies a
fast reduction of the floating ice shelf along the axis of the JOIDES
Trough, while the ice sheet was well-pinned above the surrounding
banks, generating an embayment along the trough consistent with
recent models used to describe the retreat of the grounding line in
the Ross Sea (Fig. 4) (21, 66). The rapid formation of an embayment
might have directly influenced the ice flow, contributing to the
MISI. Specifically, the thinning of an ice shelf and atmospheric
warming can increase hydrofracturing leading to more frequent calv-
ing events and subsequent ice shelf retreat, which is highlighted by
IRDs discharge (Fig. 3M) (12). Ice shelves, in fact, play a crucial role
in regulating ice discharge from upstream glaciers by attaching to lat-
eral and bottom pinning points, providing buttressing and stabilizing
the upstream ice flow (13). Instead, the loss of buttressing accelerates
ice discharge, while increased basal melting near the grounding line
leads to its retreat and further thinning of ice shelves, potentially
leading to MISI in the late deglaciation and early Holocene (4, 14).

To conclude, the extent to which the poleward shift of warm
CDW intrusions over the Antarctic margins are a recent develop-
ment or have always been present is a subject of ongoing discussion
(67). Our record from the Ross Sea precisely reconstructed the time-
transgressive formation of the embayment along the JOIDES basin
and demonstrated the existence of mCDW at the base of the shelf
edge at the beginning of the last deglaciation. The protracted pres-
ence of mCDW over the margin coincides with a large-scale atmo-
spheric and oceanic reorganisation documented in the Polar Front.
This points toward a common mechanism associated with the south-
ward migration of westerlies and easterlies that, ultimately, regulated
the shoreward heat transport onto the Ross margin and possibly fa-
vored the retreat of the grounding line during the late deglaciation
and early Holocene by reducing the extent of the floating ice shelf.
While the precise mechanisms and feedback remain to be elucidated,
including the large-scale response in other troughs of the Ross Sea,
this study documents large-scale dynamics across the Pacific sector
of the Southern Ocean, highlighting the sensitivity of Antarctic ice
shelves to oceanic-atmospheric forcing during the last deglaciation.
Given the anticipated poleward shift and wind-driven increase in
warm mCDW transfer based on 21st century climate projections
(68-70), our findings collectively suggest a substantial reduction of
Antarctica ice shelves in the future, as described in our study.

MATERIALS AND METHODS

Sediment core and multicorer

Piston core TR17-02 (74° 01.9995’S, 175° 04.0752’E) was retrieved
in the JOIDES Trough on-board of the R/V Italica during the 2017
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austral summer in the frame of TRACERS (TephRochronology and
mArker events for the CorrElation of natural archives in the Ross
Sea) Programma Nazionale di Ricerche in Antartide project. In ad-
dition, we used a multicorer (GRT23-MC1) collected in 2023 in the
JOIDES Trough to refine the local radiocarbon reservoir correction
and estimate the coretop preservation by assessing the “manganese
spike” as described by Mangini et al. (figs. S2 and S3) (71). TR17-02
core is 7.97-m long and was split into 1-m-long sections and stored
at 4°C on the vessel. Detailed description of the full core and geo-
physics acquisition and elaboration (72) is available in fig. S1. In this
study, we focused on the upper 3.60 m. In the laboratory, split core
sections were analyzed using an AVAATECH core scanner for high-
resolution image acquisition and XRF analyses (0.5-cm sampling
interval). Magnetic susceptibility data were measured every 2 cm
along the entire core using a Bartington MS2C loop sensor. Subse-
quently, sediments were subsampled throughout the core every 5 cm
(1-cm-thick intervals) until 178-cm depth and then every 3.5 to
350.8 cm (n = 82 samples). All subsamples were stored in 20-ml
precombusted glass vials, freeze-dried, and ground for homogeniza-
tion before analysis at the Institute of Polar Sciences of the National
Research Council in Bologna, Italy. The water content (%) and grain
size distribution were estimated by weighing samples before and af-
ter the freeze-drying procedure (grain size analysis and IRDs count-
ing are thoroughly explained in the Supplementary Materials).

Foraminifera, radiocarbon dating, and age-depth model
Radiocarbon dates include carbonate material from monospecific
benthic (T. earlandi) and planktonic foraminifera (N. pachyderma)
(n = 6) and bulk organic carbon (n = 19) for a total of 25 (n = 25) ra-
diocarbon analyses (table S2). Samples selected to isolate foraminifera
were treated by gentle washing with distilled water with a 63-pm sieve
mesh, and then oven-dried at 40°C on paper filters. The foraminiferal
counts was carried out under a binocular stereo-microscope over the
>63-pm sediment fraction. Specimen classification followed the tax-
onomy of Loeblich and Tappan (73) and the Antarctic benthic forami-
niferal systematic (74). All the radiocarbon dates were performed via
accelerator mass spectrometry at Alfred Wegener Institute-Mini Car-
bon Dating System (AWI-MICADAS) laboratory (Bremerhaven).
Calibrations of radiocarbon ages obtained from carbon pools are not
in equilibrium with the atmosphere and require a correction due to
the influence of the reservoir effect (75). In addition to the global
mean marine reservoir (R) modeled using the Marine20 curve, a fur-
ther offset (AR) needs to be applied to accommodate the local reser-
voir. The Ross Sea represents a particularly challenging environment
for identifying the correct AR to use with different datable matrices
(table S1). Furthermore, additional care is necessary when targeting
the deglaciation time and LGM when the ocean circulation was differ-
ent from modern conditions. For specific details about the different
AR values used, see the Supplementary Materials. Our final age-depth
model TR17-02 (fig. S4) based on the 25 dates (table S2) was obtained
using the “Rbacon” CRAN package (28). The congruence between the
ages of foraminifera tests and bulk organic carbon samples, deter-
mined using distinct methodologies and in particular AR values,
strengthens the confidence in the assumptions used in calculating AR
values (table S1).

Bulk data and biomarkers
A total of 80 samples were selected for bulk and biomarker analyses.
Around 10 g of freeze-dried samples was powdered and homogenized
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in an agate mortar. Before the grinding, the coarse fraction compris-
ing coarse sand and gravel (>0.5 mm) was removed from the sedi-
ment by manual sieving. Samples were then analyzed for specific
biomarkers. Apolar (HBIs) and polar compounds (sterols and GDGTs)
were extracted following a modified method from Tesi et al. (76). A
known amount of internal standards [7-hexylnonadecane (7-HND);
9-octylheptadec-8-ene (9-OHD) and 5a-Andro-stan-3f-ol (C46
GDGT)] was added to ~1.0 g of sediments. Samples were left in a 5 wt
% KOH and MeOH:H,0 (9:1, v/v) solution at 70°C for 60 min to
complete saponification (76). The neutral fraction was then extracted
from the aqueous solution three times, after centrifugation with pure
hexane (HEX). Extracts were dried under N, stream and redissolved
in a mixture of hexane and dichloromethane (HEX:DCM,; 3:2, v/v).
Purification was performed using silica gel (60 to 200 pm) columns,
preconditioned with pure dichloromethane and HEX. The apolar
fraction (containing HBIs) was eluted with HEX and the polar frac-
tion (containing sterols and GDGTs) with MeOH:DCM (1:1, v/v).
The apolar dry extract was redissolved in hexane (500 pl) and trans-
ferred to (1 ml) GC vials, dried under an N, stream, and redissolved
in 30 pl of HEX before gas chromatography-mass spectrometry (GC-
MS) analysis. The polar fraction was split into two aliquots following
the same drying procedure, and then one fraction was redissolved in
DCM (500 pl) and transferred to GC vials, dried under an N stream,
and redissolved in 500 pl of DCM. This fraction, before GC-MS anal-
ysis, was subsampled and derivatized with N,O-bis(trimethylsilyl)tri-
fluoroacetamide organosilicon compound (BTSFA) and then placed
onto a heating plate (15", 50°C). The other fraction was dissolved in
HEX:isopropanol (99:1, v/v) and filtered through a 0.45-pm-sieve
PTEFE syringe filter. This step was repeated three times to ensure com-
plete retrieval of the compounds from the vial (see “Paleo sub-surface
water temperatures” for detailed analytical procedure).

HBIs were quantified via GC-MS using an Agilent 7820a chro-
matograph fitted with a J&W DB5-MS column (30-m length, 0.25-mm
inner diameter, and 0.25-mm film thickness) coupled to a 5977b
Mass Selective Detector (MSD) (76). The oven temperature ramp
was programmed from 60° to 280°C at 10°C/min. During the ramp,
the MSD operated in selective ion monitoring (SIM) and SCAN
modes. The injection of C8-C40 alkanes (Sigma-Aldrich) was used
to further check the retention times of IPSO,5 and HBI III (76). The
quantification of IPSO,5 and HBI III was achieved by integrating
peaks of ions mass/charge ratio (m/z) 348.3 and 346.3, respectively,
in SIM mode followed by normalizing to the corresponding peak
area of the internal standards (9-OHD;7-HND) and an instrumental
response factor obtained by analysis of a purified in-house standard.
The identification of retention times of brassicasterol was based on
its fragmentation pattern. Brassicasterol was quantified by integrat-
ing peaks of 470 m/z in SIM mode and normalizing the correspond-
ing peak area to that of the internal standard (5a-Andro-stan-3§-ol).
Instrumental response factor was calculated using the response of
5a-Andro-stan-3p-ol by comparing the peak areas of these com-
pounds in SIM mode and SCAN mode. Integrated peaks with ex-
tremely small areas, and thus, low fluxes (<0.0001 ng/cm” per year)
were expressed as “nondetectable”. Each proxy was then expressed in
mass accumulation rate (MAR) calculated by following the method-
ology proposed by Belt et al. (77).

Paleo sub-surface water temperatures
Reconstruction of paleotemperatures of seawater masses was per-
formed extracting GDGTSs, a class of membrane lipids produced by

90f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

certain archaea. Following the procedures previously described by
Tung et al. (78), GDGTs were analyzed on an Agilent 1260 Infinity
IT ultrahigh-performance liquid chromatography-mass spectrome-
try (UHPLC-MS) system, consisting of a G1712B binary pump, a
G7129A vial sampler with integrated sample thermostat, a G7116A
multicolumn thermostat, and a G6125C single quadrupole mass
spectrometer with an atmospheric pressure chemical ionization (APCI)
ion source. Chromatographic separation of the GDGTs was achieved
by coupling two UPLC silica columns (Waters Acquity BEH HILIC,
2.1 mm by 150 mm, 1.7 pm) with a precolumn of 2.1 mm by 5 mm,
but with the following chromatographic modifications: mobile phases
A and B consisted of n-hexane:chloroform (99:1, v/v) and n-hexane:
2-propanol:chloroform (89:10:1, v/v/v), respectively. The flow rate
was set to 0.4 ml/min and the columns were heated to 50°C, result-
ing in a maximum backpressure of 425 bar. Sample aliquots of 20 pl
were injected with isocratic elution for 20 min using 86% A and 14% B,
followed by a gradient to 30% A and 70% B within the next 20 min.
After this, the mobile phase was set to 100% B, and the column was
rinsed for 13 min, followed by a 7-min re-equilibration time with
86% A and 14% B before the next sample analysis. The total run time
was 60 min. GDGTs were detected using positive ion APCI-MS and
selective ion monitoring (SIM) of (M + H) + ions with the following
settings: nebulizer pressure of 50 psi, vaporizer and drying gas tem-
perature of 350°C, and drying gas flow of 5 liter/min. The capillary
voltage was 4 kV, and the corona current was +5 pA. The detector
was set for the following SIM ions: m/z 744 (C 46 standard), m/z
302.3 (GDGT-0), m/z 1300.3 (GDGT-1), and m/z 1298.3 (GDGT-2).
The resulting scan/dwell time was 66 ms and quantified in relation to
the internal standard C46 (m/z 744). The hydroxylated GDGTs OH-
GDGTO0 (m/z1318), OH-GDGT-1 (m/z 1316), and OH-GDGT2 (m/z
1314) were quantified in the scans of their related GDGTs (79).

Among different paleothermometers derivable from GDGTs,
RI-OH’ is a promising tool for polar regions in rapid development
(eq. S1) (39, 40, 80). However, because of the continuous upgrading
of calibration curves for polar areas and the necessity to create local
calibration parameters for the Ross Sea, we consider our results as
diagnostic evidence for the general water column reorganization,
without focusing on the absolute temperature record. We tested dif-
ferent calibration curves (table S4 and fig. S6) and used the curve
from (40) that better matched the modern values according to our
late Holocene record (fig. S6).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1to S6

Tables S1 to S4
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