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Spatially variable response of Antarctica's ice sheets to orbital forcing during
the Pliocene.

M.O. Patterson!, C. Rosenberg!, O. Seki?>, M. Yamamoto?, O.E. Romero*>, M. Nelissen®, F.
Sangiorgi®, N.R. Golledge’, G. Grant®, W. D. Arnuk!, B. Keisling’, T. Naish’, R. Levy’?, S.
Meyers!?, N. Sullivan'®, J. Ash!!, Kulhanek!-'>!3, B.W. Romans'4, N. Varela Valenzuela'*!'>, H.
Jones!, F. Beny'®, 1. Browne!”, G. Cortese®, 1. Cordeiro de Sousa'8, J. P. Dodd'®, O. M. Esper?°,
J. Gales?!, D. Harwood??, S. Ishino?®, S. Kim?4, S. Kim??, J. S. Laberg?$, R. M. Leckie?’, J.
Miiller?®, A. Shevenell'’, S. Singh?3°, S. T. Sugisaki?*, T. van de Flierdt}!, T. van Peer’>33, W.
Xiao*4, L. De Santis®>, and R. McKay’.

"Department of Earth Sciences, Binghamton University, Binghamton, NY, USA

2Institute of Low Temperature Science, Hokkaido University, Japan

3Environmental Earth Science, Hokkaido University, Japan

*‘MARUM-Center for Marine Environmental Sciences, University of Bremen, Germany

SAlfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Am Alten Hafen 26, 27568
Bremerhaven, Germany

®Marine Palynology and Paleoceanography, Department of Earth Sciences, University of Utrecht, The Netherlands
" Antarctic Research Centre, Victoria University of Wellington, Wellington, New Zealand

8GNS Science, Lower Hutt, New Zealand

°Jackson School of Geosciences, The University of Texas at Austin, TX, USA

9Department of Geoscience, University of Wisconsin-Madison, Madison, WI 53706, USA

Department of Earth, Environmental and Planetary Sciences, Rice University, Houston, TX, USA
PInternational Ocean Discovery Program, Texas A&M University, TX, USA

BInstitute of Geosciences, Christian-Albrechts-Universitit zu Kiel, Kiel, Germany

YDepartment of Geosciences, Virginia Tech, Blacksburg, VA, USA

5Department of Environmental Sciences, University of Virginia, Charlottesville, VA, USA

1L aboratoire d'Océanologie et de Géosciences, UMR 8187 CNRS/Univ Lille/lULCO, 8 Cité scientifique, F-59655
College of Marine Science, University of South Florida, St. Petersburg, FL, USA

3Geotop Research Center in Earth System Dynamics and Département des sciences de la Terre et de I’atmosphére,
Université du Québec a Montréal (UQAM), C.P. 8888 Succursale Centre-Ville, Montréal, QC, H3C 3P8, Canada
¥Department of Geology and Environmental Geosciences, Northern Illinois University, DeKalb, IL, USA.
20Helmholtz Centre for Polar and Marine Research, Alfred Wegener Institute, Bremerhaven, Germany

21School of Biological & Marine Sciences, University of Plymouth, UK

2Department of Earth and Atmospheric Sciences, University of Nebraska-Lincoln, Lincoln, NE 68588-0340, USA
ZResearch Institute of Geology and Geoinformation, Geological Survey of Japan, National Institute of Advanced
Science and Technology (AIST), Tsukuba, Japan

240Ocean Climate Response & Ecosystem Research Department, Korea Institute of Ocean Science & Technology,
Republic of Korea

ZDivision of Polar-Earth System Sciences, Korea Polar Research Institute, Republic of Korea

Z6Department of Geosciences, University of Tromsg — the Arctic University of Norway, Norway

YDepartment of Geosciences, University of Massachusetts Amherst, MA, USA

ZMarine Geology, Alfred Wegener Institute, Bremerhaven, Germany

PPolar Biology Lab, National Centre for Antarctic and Ocean Research (NCAOR), India

3%Department of Botany, Institute of Science, Banaras Hindu University, India

31Department of Earth Science and Engineering, Imperial College London, London, UK

32National Oceanography Centre Southampton, University of Southampton, Southampton, UK

3School of Geography, Geology and the Environment, University of Leicester, Leicester, UK

34State Key Laboratory of Marine Geology, Tongji University, China

33Geophysics Division, Istituto Nazionale di Oceanografia e di Geofisica Sperimentale, Trieste, Italy

Variations in Earth’s orbit pace global ice-volume/sea-level changes, but the variability in the
response for different sectors of the Antarctic Ice Sheet (AIS) to orbitally-forced climate change
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remains unclear. We present geological records of iceberg-rafted debris (IBRD) and other proxies
from locations adjacent to the West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet
(EAIS) spanning ~3.3-2.3 Ma. Iceberg calving events from the WAIS recorded in Ross Sea sediment
cores show a linear response to orbital forcing at timescales corresponding to obliquity (40 kyr) and
precession (23-19 kyr) modulated by eccentricity (100 kyr). This contrasts with records adjacent to
the EAIS, which lack obliquity pacing. Geological data and ice sheet model sensitivity tests show the
WALIS is highly dynamic and responsive to oceanic melt driven by changes in Southern Ocean
circulation, together with atmospheric forcing through variations in local insolation. Conversely,
the EAIS appears less responsive to oceanic forcing, despite being the dominant source of
meltwater to the global ocean during the mid-Pliocene. Our results imply a significant role for
atmospheric warming on mid-Pliocene sea-level.

Paleoclimate reconstructions of the Pliocene provide insights into the response of Earth system
components under climate forcing scenarios that are analogous to future projections'. Proxies developed
from these records suggest that the mid-Pliocene (~3.26 to 3.0 Ma) was the last time atmospheric CO;
levels exceeded 400 ppm***°and global mean temperatures were >2°C above pre-industrial values and
even warmer in polar regions>°. Discontinuous ice-proximal drill core data indicate that marine-based
portions of the WAIS advanced and retreated across the continental shelves at orbital periodicities’, while
ice sheet models® and paleoenvironmental data®'® show that WAIS variance was largely regulated by
shifts in oceanic heat flux to the Antarctic continental margin. The deep ocean benthic §'*0 proxy, and
far-field sea level records'"'? provide continuous records of the pacing and magnitude of global ice
volume changes, compared to the often discontinuous nature of ice-proximal and marginal records. While
benthic 3'*0 and sea level records are globally integrated signals, they lack the ability to determine if
there exist spatially differences in how sectors of the AIS respond to different orbital frequencies, and
thus mask potentially sensitivities of WAIS and EAIS margins to different kinds of environmental change
predicted to provoke ice-sheet response in the future.

Here, we address how variations in orbitally-driven insolation manifest as climate and oceanic
feedbacks to directly influence AIS mass balance at a catchment scale and the implications for global sea-
level. Previous studies from the Antarctic margin have identified eccentricity (~400 and 100-kyr),
obliquity (~41-kyr) and precession (~20-kyr) regulated AIS variance, and attributed these to temporal
shifts in the dominant orbital frequencies to long-term secular variations in atmospheric CO, and Earth’s
mean climate state”'*'*"', In this context, it has been hypothesised that marine ice sheets are inherently
more sensitive to obliquity-paced forcing”'®'>!". This is because changes in Earth’s axial tilt strongly
regulate mean annual insolation and the pole-equator temperature gradient, altering the zonal position of
Southern Hemisphere westerly winds®¢*7. When these wind fields are further south, the resultant
upwelling brings relatively warmer Circumpolar Deep Water into contact with ice shelf cavities and
marine-grounding lines'®?’ triggering marine ice sheet instabilities*¢*'** and a pronounced response to
obliquity-driven ocean forcing. In contrast, variations in local insolation forcing primarily result from
shifts in seasonal intensity and duration associated both with 400 and 100-kyr eccentricity-modulated
precession (20 kyr) cycles, in addition to obliquity®®- '*%*, However, long-term changes in local summer
insolation can directly influence the general nature of glacial-interglacial AIS variability®*-'°. When
atmospheric warming thresholds are crossed, the sea ice that rings the Antarctic continent melts, allowing
incursions of oceanic heat“®-* and atmospheric rivers®¢? to the AIS margin'®'®, thus driving surface
melt of the ice sheet its fringing ice shelves, leading to enhanced iceberg calving through hydrofracturing
of ice shelves and the creation of unstable ice-cliffs?.

Here, we compare geological records from two different marine-based sectors of the AIS, the
Ross Sea and Wilkes Land margins. Ice sheet model sensitivity tests suggest these two sectors have
different thresholds for oceanic and atmospheric warming to trigger marine-ice sheet instabilities, with the
entire WAIS (including the Ross Sea) and Recovery Basin region of EAIS being highly sensitive to
oceanic warming even in the absence of atmospheric warming, whereas Wilkes Land and Aurora
subglacial basins require atmospheric warming of >3°C for marine ice sheet loss to be triggered™’. In
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order to test this model result and determine if WAIS and EAIS responded the same or differently to
orbital forcing in a similar-to-present (Pliocene) background climate, we compare a newly obtained,
continuous mid- to Late Pliocene record of Iceberg Rafted Debris (IBRD) Mass Accumulation Rates
(MAR) from Ross Sea International Ocean Discovery Program (IODP) Site U1524 adjacent to the WAIS
margin with IODP Site U1361 offshore of the Wilkes subglacial basin adjacent to the EAIS' (Fig. 1).
Modern iceberg trajectories demonstrate the source margins for icebergs across these two sites are
distinct, despite their close proximity to one another (Fig. 1). Iceberg tracks are closely tied to surface
ocean currents. Thus, the majority of icebergs in the Ross Sea sector are sourced from the WAIS and
become entrained in the gyre system and flow northward. In contrast Site U1361 is under the influence of
bergs generated along the George V Coast of the EAIS, which are entrained by the eastward flowing
coastal counter current. During the Pliocene these bergs were locally sourced** 2,

IODP Site U1524 is located ~120 km north of the Ross Sea continental shelf edge at 74°13.05'S,
173°37.98'W and in 2394 meters water depth (Fig. 1) on the crest of the levee adjacent to the Hillary
Canyon submarine channel, the largest conduit for newly formed Antarctica Bottom Water (AABW) into
the Pacific Ocean®'. Sediment deposition at this site is influenced by the low-energy (non-erosive)
suspension settling out of turbid spill-over from downslope cascading AABW. The transport of fine-
grained muds and biogenic detritus from surface water plankton (i.e., diatoms) results in finely-laminated,
diatom-rich muds and diatom oozes, superimposed with coarse sand and gravel deposited as IBRD (Fig.
2; see Supplementary Information for details on depositional setting)**. This succession provides an
expanded Pliocene (3.3 to 2.6 Ma) interval and is the most continuous high-resolution record of this time
interval recovered from the Antarctic continental margin (~20 cm/kyr). In Fig. 2 we plot time series of
IBRD MARs, alongside paleoceanographic proxy data of biogenic opal MAR, and organic geochemical
proxies (lipid biomarkers) for SST variability and meltwater input.

We assigned a downcore age scale via linear interpolation of a highly resolved bio-
magnetostratigraphy correlated to the GPTS (geomagnetic polarity timescale)*>** (see Methods). Our
datasets were not astronomically-tuned, or tied to the benthic 8'*0 foraminifera record cycles, in order to
avoid biases associated with proxy-based interpretation of globally-integrated ice volume change®*. This
avoidance of astronomical-tuning introduces some noise to our spectral analysis, particularly if there are
large shifts in sedimentation rate that is unaccounted for by the coarser resolution bio-
magnetostratigraphy (Supplementary Information). Our age model indicates an up-core decrease in
sedimentation rate, associated with declining input of biogenic silica, but also indicates relatively
continuous deposition that is not hindered by stratigraphic hiatuses as observed in the continental shelf
AND-1B site’ (Fig. 2). Notably, variability in sedimentation rates between paleomagnetic reversals, long-
term shifts in sedimentation rate, and stochastic processes are not significant enough to distort a pure
astronomical signal embedded within the Site U1524 record, thus providing additional confidence in our
proxy times series results (Supplementary Information). Given that the WAIS is currently losing ice
through iceberg discharge and supra- and sub-glacial melt processes®°, we interpret the variability
embedded in our IBRD and meltwater-based proxies to reflect repetitive cycles of marine-based ice sheet
mass change, that contributed to global sea level fluctuations with an amplitude of 5-25m during the mid-
to Late Pliocene'?. Our interpretation of the organic meltwater proxy (8D of n-Cis, see Methods) are
consistent with freshwater dinoflagellate indicators (Supplementary Information).

Spectral analysis of the untuned Ross Sea IBRD MAR time series reveals statistically significant
cycles that align with orbital frequencies associated with precession (~20-kyr), obliquity (~40-kyr), and
eccentricity (~400 and ~100-kyr) (Fig. 4; Supplementary Information). The IBRD MAR signal is so
robust that even with the addition of red noise to the data set, orbital frequencies are still statistically
significant (Supplementary Information). Evolutive power spectral analysis demonstrates that between 3.4
and 2.8 Ma, strong and significant variance occurs within both eccentricity (~400 and ~100-kyr) and
obliquity (~40-kyr) bands. However, after ~2.8 Ma the ~100-kyr eccentricity and 20-kyr precession
signals dominate the record (Fig. 3). Untuned paleoceanographic proxy records in U1524 sediments for
the mid-Pliocene interval between 3.3 to 3.0 Ma demonstrate that surface ocean productivity (Biogenic
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Opal MAR) is significantly influenced by eccentricity and precession, whereas the 8,H Cis fatty acid, an
organic geochemical meltwater proxy, is primarily paced by obliquity (Fig. 2 and Supplementary
Information).

We correlate cycles identified in the sedimentary proxies of Site U1524 with the cycles from a
more proximal, but stratigraphically-less complete, Ross Sea geological record — ANDRILL AND-1B
(Fig. 1 and 3). The latter captures WAIS grounding-line advance and retreat events on the continental
shelf, as well as surface water conditions during interglacials’. Thus, we are able to link the direct
evidence for obliquity-paced glacial-interglacial advance and retreat recorded at AND-1B’ with the
continuous high-resolution offshore record of iceberg rafting at Site U1524, in order to obtain a complete
understanding of WAIS dynamics and associated oceanographic variability in the Ross Sea region.

West Antarctic Ice Sheet sensitivities to orbital forcing

Biogenic opal MAR and Natural Gamma Radiation (NGR) provide a measure of the relative
abundance of diatom and terrigenous mud content (Fig. 2 and Supplementary Information). Within the
mid-Pliocene Warm Period (mPWP) interval between 3.26-3.0 Ma (U1524, 270-200 m), low NGR and
relatively high biogenic opal MAR values characterize a prolonged interval of diatom ooze deposition,
that consists of highly fragmented frustules®”. This interval is interpreted as reflecting highly-productive
warm surface waters on the outer Ross Sea continental shelf - the source region for sediment passing
down the Hillary Canyon and supplying deposition at the U1524 site. Low amplitude peaks in
eccentricity and obliquity occur in the IBRD MAR throughout this interval, particularly when biogenic
opal MAR values are relatively high. The high diatom-particulate burial flux in this interval (Fig. 2)
suggests either an overall increase in surface water productivity during the warmer mid-Pliocene climate
(3.3 to 3.0 Ma)>®, or a decrease in supply of glacimarine terrigenous sediment to the outer Ross Sea
continental shelf. In either case, this increase in the biogenic component is interpreted to be a function of
a distal AIS grounding line relative to the continental shelf break. This inferred reduction in the marine-
based extent of West Antarctica is consistent with relatively lower IBRD MAR values compared to
younger intervals. This interval correlates with the presence of mud-rich diatom facies in correlative
interglacials in the AND-1B core associated with motif 2a. This interval in the AND-1B core is
interpreted to represent a setting consistent with a southward retreat of the WAIS grounding and calving
fronts in the Ross Sea sector compared with the Holocene, and an increased influence from surface-and
basal melt processes. The significant precession (~20-kyr) signal identified in the biogenic opal MAR
supports the notion that local, insolation-driven surface warming had a significant role in promoting the
calving flux along this margin. However, the organic geochemical meltwater proxy reconstructions also
demonstrate the significant role of surface-and or basal meltwater alongside calving fluxes in driving
grounding line advance and retreat recorded in the lithological cycles of AND-1B’ (Fig. 2).

While the IBRD MAR record appears to be strongly influenced by eccentricity and precession
modulated changes in local insolation relating to surface melt processes in this interval (Fig. 2 & 3), the
occurrence of obliquity in IBRD is consistent with rapid melt out and pulsing of icebergs from fast
moving glaciers in the absence of an ice shelf*’ as they are exposed to an oceanic margin with sea surface
temperatures (SST) of between 2 and 4°C’ (Fig. 3). The Ross Sea records demonstrate that under the
warmer climate regime of the mid-Pliocene, when local insolation is strong and sea ice extent along this
margin is minimal, both atmospherically-driven surface warming modulated by eccentricity, and ocean-
driven feedbacks associated with obliquity may contribute to WAIS ice volume changes reflected in the
globally integrated benthic 5'*0 LR04 ice volume record (Fig 3). However, the dominance of eccentricity
and precession in far-field sea-level records'*** during this time implies a subordinate contribution of
obliquity driven meltwater to global ice volume change.

After 3 Ma, the AND-1B record indicates that a cooling climate and ocean resulted in a decrease
of outwash muds during interglacials that was interpreted as an increasing influence of iceberg calving
processes on ice sheet mass balance (Fig. 2g)’*. While the AND-1B record, contains an unconformity
sometime between 2.9 to 2.7 Ma, the Site U1524 record supports this interpretation of shifting controls on
WALIS mass balance, as there is an increased amplitude and shift in cyclicity associated with the IBRD
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MAR record. Alongside this, NGR and MS values both increase, indicating of an increase in overall
terrigenous input most likely related to an increase in erosional surface area along the shelf from more
extensive periods of ice advance and a relative decrease in surface water productivity over the shelf break.
Stratigraphically, the increased flux of IBRD within the middle of the Gauss subchron coincides with
evidence in the ANDRILL-1B core of a transition in the WAIS to a polar style ice sheet with reduced
meltwater influence®®, cooling SSTs (to ~1-2°C) and increased presence of perennial sea ice in the Ross
Sea”’*. Consequently, the sedimentary packages in the AND-1B record indicate the development of
larger marine-based ice sheets, and ice-shelves during some interglacials.

Twenty-thousand-year ice sheet model simulations starting with a 1000-year linear increase in
atmospheric and ocean temperatures, initiated from present day conditions, demonstrate the relatively fast
response in the percent change of grounded, and subsequently floating, ice in the WAIS Siple Coast and
Amundsen Sea catchments. The loss of floating ice or ice shelves along the WAIS margin triggered by
ocean-induced thinning and surface melt would have reduced buttressing and enhanced ice discharge and
icebergs entering the into Southern Ocean (Supplementary Information). Notably, during the transition
from the warmer 3.6-3 Ma climate recorded in the AND-1B record (Fig. 3), the obliquity signal in the
IBRD record of Site U1524 is the strongest (Fig. 2). Thus, the data from U1524 and AND-1B, as well as
model sensitivity tests demonstrate that the WALIS is inherently sensitive to all orbital forcing factors
through atmospheric and marine driven processes, but the influence of those factors may change with
time due to boundary conditions and warming scenarios. This may explain the disappearance of the
significant obliquity signal after ~2.8 Ma in the Site U1524 record, although this signal reappears later in
the Pleistocene in IBRD MAR records from the same margin®.

Marine-based West and East Antarctic sensitivities to ocean and atmospheric forcing

The power spectra of IBRD MAR from WAIS (U1524) and EAIS (U1361) both demonstrate
sensitivity to 100-kyr eccentricity modulation of local insolation from 3.3 to 2.3 Ma. Thus, WAIS and
EAIS marine based margins in the Pacific Ocean sector were both sensitive to Southern Ocean or
atmospheric feedbacks associated with austral summer insolation, controlled by precession and modulated
by eccentricity'>***. However, the WAIS record deviates from the EAIS signature during the mid-
Pliocene warm period from ~3.2 to 2.9 Ma, with a greatly enhanced sensitivity to obliquity- and
precession- paced oscillations, which regulate changes in mean annual insolation and latitudinal
temperature gradients. After ~2.9 to 2.75 Ma the reduction in obliquity coincides with an interpreted shift
in the glacial regime, as inferred from the AND-1B record (Fig. 3). While the exact mechanistic influence
that obliquity exerts on Pliocene AIS variability remains elusive®® "#*#! it has recently been
hypothesized that the ice sheet becomes most sensitive to obliquity forcing when it is grounded in a
marine environment and when sea ice is limited during warm climates'’. Consequently, we propose that
obliquity amplifies wind-driven oceanic upwelling and basal melting processes that trigger ice sheet
destabilization'®'**%, This is consistent with the pronounced precession signal in the astronomical solution
during the warm mid-Pliocene compared to obliquity. When local insolation is most intense under a warm
climate, only a small change in obliquity is required to amplify processes associated with, and driving,
basal melt (Fig. 3).

While the Ross Sea sector of WAIS may have experienced an additional sensitivity to obliquity
forcing when the coastal sea ice field was significantly reduced and the ice sheet extended into marine
embayments during parts of the warm mid-Pliocene’?, the 100-kyr pacing throughout the mid-Pliocene to
Early Pleistocene (3.3 to 2.3 Ma) in the Ross Sea sector of WAIS and along the marine-based EAIS
Wilkes Land margin is consistent with large amplitude changes in sea level. These large amplitude
changes require contributions from both marine-based WAIS and EAIS catchments (13 + 5 m)'%!4272843
prior to the build-up of extensive ice sheets in North America (~2.7 Ma). Notably, the recently recovered
geological records from IODP Expedition 382 in the Weddell Sea sector also demonstrates a significant
eccentricity and precession pacing'®. Relatively smaller coastal catchments along that margin may have
experienced similar sensitives to atmospheric warming as the Wilkes Subglacial Basin along the George
V coast™ providing an additional contribution to sea level.
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The lack of a significant obliquity pacing in the WAIS record after 2.75 Ma, and throughout most
of the Wilkes Land EAIS record offshore the Wilkes Subglacial Basin, relative to the persistence of
obliquity throughout LR04 record suggest the 41-kyr obliquity signal is primarily sourced from growth
and decay of the Northern Hemisphere Ice Sheets (NHIS) (Fig. 3). Other ice sheet catchments around the
AIS margin, such as the Recovery Basin of the EAIS in the Atlantic Ocean sector’’, could have been
sensitivity to obliquity forcing. However, the Weddell Sea sector records do not demonstrate a strong and
persistent obliquity signal until after ~2 Ma'®, similar to the Pleistocene Ross Sea IBRD MAR records®.
Additionally, our modeling component highlights the longer response time of marine-based margins of
EAIS compared to the WALIS for all potential warming scenarios.

In summary, we observe a non-linear response of marine-based Antarctic ice sheet catchments to
natural temperature forcing mechanisms. This observation is supported by modeling that demonstrates a
stronger sensitivity of the WAIS margin to oceanic forcing compared to EAIS during the warm mid-
Pliocene. We conclude that if global mean temperatures exceed 2°C and sea ice conditions in the Ross
Sea sector decrease, as analogous to the mid-Pliocene conditions, the Pacific Ocean sector of WAIS will
undergo enhanced ocean-driven melt, consistent with modeling experiments.

East
Antarctica

dHdt (mm yr:1)

) ; "‘ °
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Figure 1. Location of IODP sites U1524 and U1361 and sources margin of icebergs tracked
from 1978 & 1992 to 2021. The relative sensitivity of each Antarctic catchment to atmospheric
forcing with a spatial uniform air temperature increase of 4°C. Ice mass loss through basal melt

dominates West Antarctica catchments in the vicinity of U1524. Surface melt is the primary



281  process that contributes to ice mass loss associated with East Antarctic catchments associated
282  with the Wilkes subglacial basin (WSB).
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286  Figure 2. Depth series develop for IODP Site U1524 between 3.3 to 2.3 Ma. Stratigraphic and
287  chronologic summary for the depth interval 270-100 m incudes: biogenic opal MAR, IBRD
288 MAR, TEXses derived SST (°C) estimates, and 5:H Cis fatty acid record a proxy for meltwater
289  are compared to the LR04 5'%0 stack®*. Power spectral estimates for paleoceanographic proxies
290  with significant precession (P) and obliquity (O) bands are highlighted in grey.
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Figure 3. Power spectral estimates and multi-taper method time-frequency analysis (see
Methods) of WAIS and EAIS IBRD MAR records and comparison with known obliquity
paced 40-kyr glacial advance-retreat cycles, and the ice sheet-ocean-sea ice evolution in the
Ross Embayment based on the AND-1B record (a)’*-*°, the LR04 3'30 stack(d)**, and
orbital parameters of eccentricity-tilt-precession (ETP)*. Power spectral estimates include
significant orbital frequencies (e.g., E1, E2, O1, P1, P2, P3) identified in time series data (see
Methods) and multi-taper method time-frequency analysis (see Methods) displays normalized
power (colour scale) in b-e. Red dashed lines in power spectral estimates identify significance
levels above 85%, 90% and 95% above confidence limits*® respectively. f, summarizes Southern
and Northern Hemisphere orbital forcing ice sheet scenarios discussed in this manuscript.
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Methods
IBRD MAR

Six hundred and ninety samples of 20 cm?® samples were freeze dried and wet sieved in
order to determine the weight percent of the 250 pm to 2 mm fraction of coarse sand following the
method of ref.!®. The calculation of an Iceberg Rafted Debris Mass Accumulation Rate (IBRD
MAR) of the coarse sand fraction was estimated using the following equation:

IBRD MAR = CS% * DBD * LSR,

where IBRD MAR is the mass accumulation rate (g/cm?/k.y.), CS% is the coarse-sand weight
percent, DBD is the dry-bulk density of the “nearest” value (g/cm?) and LSR is the sampled
interval average linear sedimentation rate (cm/k.y.).

Biogenic opal (Oscar)
Biogenic silica (opal) was measured using a sequential leaching technique in the MARUM

Opallab (University of Bremen, Bremen, Germany)*’. The precision of the sequential leaching
technique is better than 0.5%%7. The spatial resolution of bSi measurements were taken every 40
cm. The precision of the overall method based on replicate analyses is mostly between & 0.2 and
+ 0.4%, depending on the composition of the material analyzed. For standard deviations of
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biogenic silica measurements, we refer to*’. For the interval 3.31-2.42 Ma, biogenic silica ranges
5.39 and 75.0wt.% (average 29.70+11.06wt. %).

Palynology (Fran)
Sample processing was performed at Utrecht University, following standard techniques

of the Laboratory of Palacobotany and Palynology. Samples were oven-dried and weighed (~15
g dry weight sediment each). One Lycopodium clavatum tablet with a known amount of marker
spores was added for quantification of palynomorph abundances*:.

Samples were treated with 10% HCI (Hydrochloric acid) and cold 38% HF (Hydrofluoric
acid), then sieved over a 10 um mesh with occasional mild ultrasonic treatment. To avoid any
potential processing-related preservation bias, no oxidation or acetolysis was carried out. The
processed residue was transferred to microscope slides using glycerine jelly as a mounting
medium, and 2 slides were analysed per sample at 400x magnification. Slides were examined for
detailed marine palynomorphs (dinoflagellate cysts, acritarchs and other aquatic palynomorphs).
Dinocysts were identified based on a taxonomical index* and informally and formally described
species in the literature>®>!. Dinocyst percentages were calculated based on the total in situ
dinocysts counted, excluding reworked specimens. Reworked dinocysts include few specimens
or fragments of Eocene and Oligocene taxa (mostly Vozzhennikovia spp.). In situ dinocyst and
other palynomorphs like the brackish water algae Cymatiosphaera spp. absolute abundance
(specimens/g dry weight) were calculated by counting the amount of Lycopodium clavatum
spores encountered, following the equation of ref.>.

Organic Geochemical proxies (Osamu)

Lipid compounds were extracted from homogenized dry sediment with Dionex-ASE200.
Total extracts were separated into neutral and acid fractions by aminopropy] silica gel column
chromatography>?. The acid fraction was methylated by using methanol-acetyl chloride, and
then purified with silica gel column chromatography. 8D (%0, vVSMOW) of n-C;s fatty acid
methyl esters was measured using a gas chromatograph-thermal conversion-isotope ratio mass
spectrometry (GC-TC-IRMS) system consisting of HP7890 GC, thermal conversion interface
and an Elementar isoprime visION mass spectrometer. The measured 8D value of n-Cis fatty
acid methyl esters was corrected by an isotopic mass balance equation for the contribution of
hydrogen added during esterification.

The neutral fraction was further separated into subfraction for glycerol dialkyl glycerol
tetracther (GDGT) analysis. GDGTs were analyzed using high performance liquid
chromatography-mass spectrometry (HPLC-MS) with an Agilent 1260 HPLC system coupled to
6130 quadrupole mass spectrometer. The standard deviations of crenarchaeol, GDGT-I, GDGT-
I and GDGT-III measurements in replicate LC/MS analysis were 1, 1, 3 and 2% in sediment
samples, respectively. TEXgs" index was converted into temperature using ref.>* equation: T =
50.8 x TEXge" + 36.1.

Age model
The age model consists of a highly resolved magnetostratigraphy (average sample

spacing = ~0.6 m; 3 kyr resolution for the Pliocene; 13 kyr resolution for the Pleistocene) guided
by well-constrained age-diagnostic biostratigraphic events, and is correlated to the GPTS
(geomagnetic polarity timescale)*>32, The error surrounding paleomagnetic reversals is on
average of ~1.0 m or ~5.6 kyr, based on linear sedimentation rates within each chron/subchron
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and spacing of discrete paleomagnetic samples. This error is an order of magnitude less than the
error in another published Antarctic ice marginal record from a similar setting, IODP Site
U1361, along the Wilkes Land margin, where orbital scale variability of the ice sheet was
quantified!>>3,

Time series analysis

Time series analysis for this study used “Astrochron: An R package for
Astrochronology™®. Prior to analysis all data was resampled at a median sample resolution or
greater and detrended. All power spectral analysis used the multitaper method (MTM)?, with
three 27 prolate tapers and identified significant orbital frequencies using three red noise
confidence level estimates*®>7-38, based on the orbital solution of ref.**. Time-frequency MTM
analysis included a 450-kyr window at a time-step equal to or greater to the sample resolution.
Each window was linearly detrended before analysis. All code is available as Supplementary
Information.

Ice Sheet Modeling

To objectively investigate the differing responses of West and East Antarctic ice sheet
catchments and to quantify their respective behaviours we use an ensemble of ice sheet model
experiments that capture a broad range of possible climate (ocean and atmosphere) scenarios®.
Our simulations use the Parallel Ice Sheet Model version 0.6.3%%%, a fixed-grid hybrid ice flow
model that superposes velocity solutions from both the shallow ice (SIA), and the shallow shelf
(SSA), approximations of the Navier-Stokes flow equations. This hybrid scheme allows for a
spatially consistent representation of flow by internal deformation (creep) and by longitudinal
stretching, enabling dynamically diverse regions such as the slow-flowing ice sheet interior as
well as faster-flowing outlet glaciers, ice streams, and fully-floating shelf ice to be captured in a
contiguous manner. Basal sliding of grounded ice occurs in an entirely emergent way depending
on the thermal state of the basal ice and the yield strength of subglacial sediments. This latter
term is initialised from an elevation-dependent piecewise-linear prescription of till friction angle,
such that deeper beds are given lower friction values in recognition of their greater likelihood of
containing soft (potentially marine) sediments. Higher elevation topography is assigned higher
friction, on the assumption that sediment cover may be less, and bare bedrock may be more
common. Pore water arising from basal melting of ice is allowed to permeate the substrate and in
doing so reduces its yield strength. Cyclic oscillations may therefore arise in which thickening
ice leads to greater basal melt that triggers sliding, which in turn thins the ice, reducing basal
melt and sliding, and allowing renewed thickening®!-62,

To accurately track the changing position of the junction between grounded and floating
ice we employ a grounding-line scheme that uses a subgrid interpolation®®. This scheme as
implemented in these experiments interpolates basal driving stress across the grounded-floating
transition but is not used to interpolate basal melting, meaning that sub-ice shelf melt rates are
only applied to fully floating cells and do not extend landward. Bed deformation due to ice
loading is accounted for following the fast-Fourier transform model of%, which accurately
captures the multi-millennial scale viscous deformation of the mantle relevant to the orbital
timescales of our study. Melting at the base of ice shelves (and at the grounding line) is
calculated from a three-equation model®>%¢ that determines the freezing point in the boundary
layer from prescribed spatial fields of ocean temperature, salinity, and depth.
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To enable computational tractability of our ensemble of 42 x 20,000 year-long
simulations we employ a spatial grid size of 20 km. Our experiments all start from a present-day
ice sheet configuration that is close to a steady state, using air temperatures from ref.%” and a
surface mass balance field from ref.®®. The model is run for 2000 years under these (constant)
conditions, followed by a 1000-year-long linear increase in both oceanic and atmospheric
temperatures that is then held constant for the remainder of the run. Temperature anomalies are
applied in a spatially uniform manner. Perturbed atmospheric temperatures are linked to
precipitation, such that the latter increases by 5.3% for each degree of atmospheric warming, in
line with observations and models®. Further information on the model used and previous
implementations can be found elsewhere®®-°,

Data availability
Data and scripts will be made available as supplementary information during time of publication.
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