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Long-term changes in radiative forcings (COz, orbital variations) are thought to be the primary driver of
the Cenozoic evolution of the Antarctic Ice Sheets (AIS), but the tectonic evolution of Antarctica may
also have played a substantive role. Deep-sea foraminiferal oxygen isotope records (8'%0) provide a
combined measure of global continental ice volume and ocean temperature, but do not provide direct
insights on non-radiative influences on AIS dynamics. Here, we generate the first Antarctic-proximal
(Ross Sea and Wilkes Land) Cenozoic compilation of upper ocean temperature, and find that trends of
ocean temperature, atmospheric CO2 and §'30 do largely co-vary. However, this relationship is less
clear for the late Oligocene, when high latitude cooling occurred, despite §'0 values implying global
warming and ice volume loss. We propose West Antarctic Ice Sheet retreat occurred in response to a
tectonically-driven marine transgression at this time, with warm surface waters precluding marine-based
ice sheet growth. Marine-based ice sheet expansion only occurred when ocean temperatures cooled
enough during cold orbits and low atmospheric COz at the Oligocene-Miocene transition. Our results
support hypotheses of a threshold response to atmospheric CO2, below which Antarctica's marine ice

sheets grow, and above which ocean warming exacerbates their retreat.

It is well-known that the AIS is sensitive to multi-millennial scale variations in Earth’s astronomical
configuration' ™. However, million-year timescale trends in AIS volume are generally controlled by
more gradual changes in greenhouse gas concentrations’, changing continental configurations
modulating heat flow towards Antarctica®, and topographic changes driven by subsidence and erosion

t7,8

on the continent’:. Benthic deep sea §'*0 records provide critical insights into Cenozoic climate

variability>, but are a signal of both deep ocean temperature and global ice volume change, and
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additional information from Antarctic-proximal archives are required to fully understand the controls

on past AIS dynamics.

Models and near-field geological data indicate the AIS in the Ross Sea region is sensitive to climate
forcings such as local insolation, ocean heat flux and local sea level changes, and records variability of
both the East (EAIS) and West Antarctic Ice Sheets (WAIS)"!%"'2, Millions of years of erosion,
sedimentation, thermal subsidence and tectonic rifting in the Ross Sea’*® have resulted in West
Antarctica evolving from an elevated and subaerial region capable of sustaining a large terrestrial ice
sheet in the Oligocene'?, to the present day over-deepened, subsided continental shelf bathymetry

occupied by marine-based ice sheets (Fig. 2a)”!4!5.

Here, we investigate the role of climatic and non-climatic drivers on long-term AIS variability by
examining the relationship between high-latitude temperature, atmospheric CO:2 and ice volume. We
hypothesize that if AIS volume changes were driven directly by radiative forcing and related ocean
temperatures, then Southern Ocean sea surface temperatures (SST) should largely covary with
atmospheric CO2 and benthic §'®0 records. To test this, we reconstruct Cenozoic upper ocean
temperatures in the Ross Sea and Wilkes Land margin region from a compilation of sediment and
outcrop samples (Fig. 1) using glycerol dialkyl glycerol tetracthers (GDGTs), membrane lipids formed
by archaea and some bacteria'® (Supplementary Information S1). We apply the recently developed
OPTiMAL machine learning-based temperature calibration to new and legacy GDGT datasets to assign

SST estimates (average standard deviation is 3.61°C)!”. We compare these to other GDGT-based



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

temperature calibrations and temperature estimates from fossil assemblages and other geochemical
datasets at high southern latitudes (Supplementary Information S1 and Supplementary Table S1).
Compiling a long-term Cenozoic Antarctic proximal temperature record necessitates the use of multiple
core sites across a complex glacimarine continental shelf to rise depositional transect, influenced by
changing water masses and the proximity of ocean fronts. This is particularly the case for Integrated
Ocean Drilling Program (IODP) Site U1356 on the Wilkes Land continental rise. This site is proximal
to the southern boundary the Antarctic Circumpolar Current (ACC) where glacial-interglacial (G-I)
scale variability is influenced by frontal migration'®!° (Fig. 1), compared to sites located >14° of
latitude further south in the Ross Sea (Fig. 1). These caveats are discussed in more detail in

Supplementary Information S2.

Cenozoic SST compilation

Mid-Eocene (~48-38 Ma) Ross Sea glacial erratics, eroded from subglacial strata and deposited during
subsequent ice sheet advances (Fig. 1; Methods; paleolatitude of ~80°S) display highly variable
OPTiMAL SSTs (average ~10 °C; maximum values reaching 20 °C), likely reflecting a range of
climate states and/or depositional environments over a wide time range (Fig. 2d)*°. Such values are
consistent with temperate terrestrial palynomorph assemblages, shark teeth, mollusc assemblages and a
probable crocodile tooth (Supplementary Table 1). Mid and upper Eocene SSTs in the CIROS-1 drill
core (Fig. 1, Extended Data Fig. 1) indicate Ross Sea temperatures were 4-6.5 °C by ~36 Ma (Fig. 2),
consistent with a range of qualitative indicators of Southern Ocean cooling and ice growth ~2 million

years prior to widespread AIS expansion across the Eocene Oligocene Transition (EOT; 34 Ma)
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(Supplementary Table 1)?!*2. During the EOT (Fig. 2), Ross Sea SSTs dropped to as low as 2.4 °C,
comparative with mid- to high-latitude Southern Ocean cooling of ~5 °C?*. By the early Oligocene,
SSTs warmed again, reaching similar values to the late Eocene (~4-6 °C) (Fig. 2), a warming also
observed at the Wilkes Land margin (Site U1356; Fig. 1). However, at this more northern site
(paleolatitude of ~59°S) SSTs were significantly warmer (reaching 15-20 °C), with a ~10-15 °C
temperature gradient reflecting the ~14 degrees latitudinal offset (~1650 km) between sites in our
compilation, as well as warmer lower-latitude water masses bathing the Wilkes Land margin prior to

Tasmanian Gateway widening'®.

A substantial latitudinal temperature gradient persisted throughout the Oligocene, although both regions
experienced cooling at ~25 Ma (Fig. 2 and 3). Following the Oligocene-Miocene Transition (OMT; ~23
Ma), Ross Sea SSTs in the early Miocene averaged 3 °C (standard deviation of 1.5°C), with variability
likely driven by astronomically-paced climate cycles. GDGT-based SSTs in the Ross Sea during the
Miocene Climate Optimum (MCO; ~17-15 Ma) average 2.2 °C (standard deviation of 1.5°C). However,
warmer values up to 6-8 °C occur during peak MCO warmth (Fig. 2)!!, comparable with estimates from
carbonate clumped isotope (A47) analysis and leaf wax isotopes in AND-2A cores (Fig. 1)!!"*, and
vegetation assemblages in Transantarctic Mountain lake sediments® (Supplementary Table S1). Wilkes
Land SSTs remained warmer than the Ross Sea, averaging 7.5 °C, with a larger standard deviation of
3.6 °C (Fig. 2) attributed to warm-water incursions due to weakened Southern Ocean frontal systems
that influence Site U1356'". The middle Miocene Climate Transition (MMCT, ~14.6-13.8 Ma) is

characterised by Ross Sea SSTs averaging ~2.5 °C, but not exceeding 5 °C, although only five samples
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were examined due to extensive erosion from continental shelf-wide ice-sheet grounding events limiting
availability of datable stratigraphic material'""!>. Across the MMCT, surface cooling and decreasing
temperature gradients between Wilkes Land and the Ross Sea likely reflects intensification or
southward migration of the Antarctic Divergence proximal to Site U1356 (Fig. 2). Early Pliocene Ross
Sea GDGT-based SSTs derived from AND-1B (Fig. 1) averaged ~6°C, consistent with diatom
assemblages and evidence of limited summer sea ice during peak interglacials of the early Pliocene®® .
Such surface temperatures are consistent with mid-Pliocene global mean annual SST reconstructions of
2-3 °C above pre-industrial, assuming 2-3x polar amplification?’. The return to warm values similar to
the Oligocene and MCO seems surprising at face value, but AND-1B is inherently biased toward
interglacial values (Supplementary Information S2). In addition, the warmest temperatures in AND-1B
occur during the transitions into and out of the peak interglacial intervals, when sedimentary facies and
geochemical proxies indicate enhanced glacial meltwater processes and seasonal sea ice melt, which

acts to enhance thermal stratification and warm upper ocean temperatures®. Cold temperatures of 1-3°C

predominantly characterised the late Pliocene-Pleistocene in the Ross Sea (Fig. 2).

Late Oligocene ice sheet retreat in a cooling climate

Our 46 million-year Ross Sea temperature record shows a trend of ocean cooling in concert with
declining atmospheric CO: and increasing benthic foraminiferal §'%0 values®?%%, implying high
latitude temperature and ice volume are largely coupled over the Cenozoic (Fig. 2). However, this
relationship is notably weaker during the late Oligocene (Fig. 3). Following a positive isotope excursion

at ~27 Ma (Oi2b event), average §'30 values then decrease by -0.4 to -0.6 %o over a ~3 million year
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period, a trend widely interpreted as an interval of prolonged global warming®. Evidence of circum-
Antarctic warm conditions between 27 and 25 Ma include (i) warm-water nannofossil assemblages over
Maud Rise and the Kerguelen Plateau®, (ii) Ross Sea dinocyst assemblages and TEXss-based SSTs
(DSDP Site 274)3!, and (iii) dinocyst and sedimentary evidence of limited sea ice and ice-rafted debris
from offshore Wilkes Land®>*. In the Ross Sea, late Oligocene surface water temperature data are
lacking prior to 25.5 Ma in DSDP Site 270, with samples between 25.5-25 Ma recording relatively
warm SSTs (~6-7°C) and diverse foraminifera assemblages with more temperate affinities compared to

younger Oligocene assemblages®*.

After ~25 Ma, the deep sea 5'%0 record continues to trend towards lower values, implying warming
(Fig. 3), yet our temperature reconstructions show ocean surface cooling in the Ross Sea and Wilkes
Land. Paleoenvironmental proxies also suggest SST cooling and sea ice cover at this time in the Ross
Sea, including nannofossil, marine palynomorph, and marine macrofossil assemblages in uppermost
Oligocene sediments from Cape Roberts Project (CRP)*® (Supplementary Table 1). Sedimentary facies
analysis, and chemical weathering indicators in the CRP and CIROS-1 cores also suggest a minimal
change or a long-term cooling trend during the late Oligocene, with conditions periodically cold enough
to allow for orbitally-paced marine-based EAIS outlet glacier advance into the western Ross Sea
(Supplementary Table 1)*. Seismic disconformities also indicate Wilkes Land continental shelf marine-
based ice advance also occurred after ~25 Ma, and are associated with mass transport deposits on the

continental rise at IODP Site U1356 (Supplementary Table 1).
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The contrast of a cooling Antarctic climate from ~25 Ma with inferred warming and/or ice volume
decrease from deep sea 3'%0 records has previously been attributed to reduced proto Antarctic Bottom
Water formation, and increased warmer, Northern Hemisphere-sourced deep waters influencing drill
sites north of the ACC3%*’. While this may explain the latitudinal 5!%0 gradient, it does not fully explain
the trend to lower 8'30 values (reaching a minima at ~24 Ma) in both the Pacific and Atlantic oceans
(Fig. 3), especially if the precursor surface waters that form Antarctic Bottom Water in the Ross Sea are
cooling as our SST compilation implies. There is also considerable heterogeneity in global SST records
over this time*®, with high southern latitudes (discussed here) and equatorial Atlantic records suggesting
warming peaked between 26 and 25 Ma, while North and Southwestern Atlantic records show
continued warming until 24-23.5Ma*®. In the context of these records, we present a hypothesis that
reconciles evidence of Antarctic cooling on a background of subsidence-driven ice sheet retreat in West
Antarctica, that we argue provides a mechanism to explain the observed trends in global ocean §'*0 and

globally distributed ocean temperature records for the Late Oligocene®”-*.

Ice sheet modelling studies that use restored Antarctic paleotopographies show a largely subaerial West
Antarctica in the Oligocene could accommodate a much larger reservoir of terrestrial ice than today,
even with warmer-than-present ocean temperatures in the Ross Sea”*3%%, Marine-based ice is
inherently more sensitive to ocean warming, and retreat is exacerbated by non-linear processes®*!. We
suggest that a transgression of relatively warm water across West Antarctica due to tectonic subsidence
and glacial erosion drove ocean-induced retreat of the terrestrial WAIS, resulting in a gradual and

progressive decrease in ice extent and volume in warmer-than-present late Oligocene climates. The
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evidence for regional tectonic subsidence comes from a dense network of seismic reflector correlations
to DSDP Site 270, for which age control and paleodepth reconstructions show an extended episode of
late Oligocene deepening of the sea-floor between ~26 Ma and the early Miocene’'>34*? (Fig. 3).
Terrestrial to shallow marine sediments at the base of DSDP site 270 are overlain by mudstones with
benthic foraminiferal assemblages indicating water depths of ~200 m between 25.5-24.8 Ma, deepening
to ~500 m by ~24.5 Ma, with ongoing subsidence continuing after this time (Fig. 3). As the mid-Ross
Sea paleocontinental shelf subsided below sea level, and despite cooling of local SSTs, ocean
temperatures remained too warm (Fig. 3) for significant marine-based ice development, driving a long-

term decrease in Antarctic ice volume and contributing to the decreasing trend in global benthic §'%0.

Model experiments show that under constant atmospheric CO2 concentrations of 500 ppm, changes in
bed elevation alone between EOT and OMT topographies can account for an ice volume difference of
5.7x10° km? using the ‘median’ reconstruction of ref. ¥ (see Methods). Interestingly, a larger, terrestrial
WAIS serves to buttress and increase the size of the EAIS, and subsidence-driven retreat in the Ross
Sea would also lead to a significant loss of the inland EAIS**. If most of the subsidence between the
EOT and OMT occurred in the late Oligocene, as indicated by seismic data and the DSDP site 270
reconstructions, then subsidence could account for ice loss equating to an average §'%0 shift of -0.2 %o
(see methods)*°. However, this example was performed under constant climate state, feedbacks in the
earth system or orbitally driven climate changes over long-time periods are not accounted for in this
estimate. The total 5'%0 decrease from Oi2b at 26.7 Ma to 24 Ma is on the order of -0.4 to -0.6 %o, and

it is likely that the earliest phase of this signal was indeed amplified by climate-driven retreat following
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the warming out of the ~27 Ma Qi2b glacial event!® . However, following the initiation of cooling in our
compilation at ~25 Ma, 8'80 declines by a further ~0.05-0.2 %o (Fig. 3a), which is consistent with
continued long term tectonic-driven retreat. As noted earlier, this signal has previously been explained

by heterogeneity in deep water temperature signals®®>’

and indeed tectonically-driven Late Oligocene
marine AIS retreat could have driven this heterogeneity. Models for the Pliocene show AIS loss in West
Antarctica and Wilkes Land acts to slow the ACC and Pacific Ocean overturning circulation - leading to
reduced AABW formation, increased heat transport to the North Atlantic, and divergence of global deep
water mass temperatures in the Pacific and Atlantic ocean**. Shifts in ACC circulation and zonal winds
relating to contracted AIS volume could also shift surface water connectivity between the ocean basins,

and wind-driven upwelling systems?¢, contributing to the significant heterogeneity in global surface

water trends through this time*3.

In summary, we suggest that a continuous decline in average ice sheet volume occurred between ~27-24
Ma. This was likely driven initially by the shift to warmer climatic conditions following the 27 Ma Oi2b

glacial event!®

, but despite subsequent cooling from ~25 Ma in the Ross Sea and Wilkes Land, the
marine sectors of AIS continued to retreat due to basin subsidence and marine incursion across West
Antarctica (Fig. 3). Ross Sea SSTs had cooled to ~3 °C by 24.5 Ma, coinciding with a 1.2 Myr node in
obliquity, an astronomical configuration favourable to ice sheet expansion®. Proximal glacimarine
sedimentary facies were deposited at DSDP site 270 at this time and mark a period of ice sheet

grounding line advance into the Ross Sea (Fig. 3)***. A major increase in obliquity sensitivity (Sos) is

also observed at ~24.5 Ma, a metric associated with marine ice sheet advance and enhanced AIS and

10



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

ocean connectivity (Fig. 3)*. Atmospheric COz records through the Oligocene are sparse and there is
still considerable uncertainty surrounding the absolute values assigned to individual data points, but a
clear decline in CO: values occurs between the early and late Oligocene (Fig. 2)°*°. Pleistocene to

Pliocene-based model-data comparisons'-5#!

suggest values much lower than 400 ppm (e.g. ~280 ppm)
are required for marine ice sheet advance onto the mid-continental shelf of the Ross Sea, while above
400 ppm marine-based ice is absent from West Antarctica, and sectors of East Antarctica*!. Higher-
resolution atmospheric proxy COz records, alongside further validation of absolute values, in this
critical interval would allow for a better understanding of these thresholds. However, the episode of
marine ice sheet advance at 24.5 Ma was transient, and relatively muted in scale in the §'%0 record.
Following this, a trend towards a smaller WALIS is reflected by deeper water, ice distal facies in the

latest Oligocene in DSDP site 270 (Fig. 3)***? and the continued decrease in average deep sea 5'%0 until

24 Ma.

After 24 Ma, Ross Sea SSTs continued to cool, crossing a threshold to enable marine-based ice sheets to
migrate across the deep continental shelf (Fig. 3). This culminated in the Mi-1 glaciation at 23 Ma,
which peaked during a 400 kyr eccentricity minimum and a 1.2 Myr node in obliquity, an optimal
configuration for ice growth due to extended low seasonality and cool summer temperatures>. Some

proxy atmospheric CO2 reconstructions suggests values reached as low as 265 ppm (26*12f ppm)

. The Mi-1 event is associated with regional seismic unconformities'”, and major
1#7. The Mi-1 t ted with | fi ties'>, and

during Mi-
disconformities in DSDP site 270*? and CRP-2/2A*, while §'%0 records indicate it lasted ~200-300 kyrs

before rebounding in the earliest Miocene towards late Oligocene values. This is consistent with a rapid
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increase in atmospheric CO2*’, an astronomical configuration favouring warming, and marine-based ice
sheet retreat over the subsided Ross Sea continental shelf. Between 17.8-17.4 Ma, SSTs of ~1.5-3.4°C
at AND-2A indicate the threshold for marine-based WAIS advance was again crossed, as evidenced by
recent provenance studies from IODP Site U1521 indicating a large WAIS advance resulted in further

lowering of elevations in the interior of West Antarctic via glacial erosion®.

Our compilation of proximal Antarctic temperatures provide climatic constraints on the late Oligocene
expansion of marine-based ice sheets, on the background of competing influences on AIS volume
resulting from crustal subsidence in West Antarctica. These results are consistent with the concept of a
threshold response suggested by previous studies to occur at atmospheric CO: values of ~400

1,10,11,45

ppm , above which ocean warming at Antarctica’s margin greatly exacerbates marine ice sheet

retreat into interior subglacial basins, with profound consequences for global sea level.
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Figure 1: Location Map of the drill core and sample locations used in this study. Annual sea surface
temperatures*® and positions of the southern Antarctic Circumpolar Current Front (SAACF), Antarctic
Polar Front (APF) and Subantarctic Front (SAF)*. WAIS- West Antarctic Ice Sheet, EAIS- East

Antarctic Ice Sheet. Plotted using Ocean Data Viewer (https://odv.awi.de).
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Figure 2. Sea surface temperature compilation from Ross Sea and Wilkes Land sample sites. a)
Topographic reconstructions from Paxman et al., 2019. b) 1 Myr moving average of benthic 6'0
stack®. ¢c) OPTiMAL SSTs for site U1356 Wilkes Land have been recalibrated based on GDGT

abundances reported prew’ouslylg’19

, with vertical error bars representing the standard deviation of the
temperature estimate (1a). Samples with nearest neighbour values above 0.5 and samples from mass
transport deposits have been removed from the compilation. The black line represents a 1 Myr moving
average d) OPTiMAL SSTs for Ross Sea sample sites, with vertical error bars representing the standard
deviation of the temperature estimate (1a). Samples with nearest neighbour values above 0.5 have been
removed from the compilation. The black line represents a 1 Myr moving average. e) Atmospheric CO:
concentrations, with the black line representing a 2 Myr moving average, (see methods). Dashed
horizontal bars represent atmospheric COz thresholds for a terrestrial AIS*', and marine AIS'. Vertical
bars indicate significant climate events; E/O= Eocene/Oligocene boundary, O/M= Oligocene/Miocene

boundary, MCO= Miocene Climate Optimum, MMCT= Middle Miocene Climate Transition, NHG=

Northern Hemisphere glaciation.
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Figure 3. Late Oligocene- Early Miocene climate transition. a) 500 kyr moving averages of high
resolution benthic '%0 records for the late Oligocene from ODP 1218* and ODP 1264/1265%°. b)
Wilkes Land OPTiMAL temperatures with a 500 kyr moving average in black. c) Ross Sea OPTiMAL
temperatures with a 500 kyr moving average in black. d) Atmospheric CO2 with a 1 myr moving
average in black (see methods). e) Obliquity sensitivity® . f) DSDP 270 paleo water depth schematic*?,
with core log beneath. The light brown on the core log represents an estuarine, shallow marine
depositional setting, light grey represents a deepening shelf setting, the green box signifies glacially

derived diamictite, and dark grey colour represents an outer shelf to deeper marine setting.

Methods

Sampling Sites and Age Models

Proximal Antarctic cores contain frequent unconformities, which is often the product of ice sheet
overriding or other erosional processes in a glacimarine environment. In order to compile a long-term
Cenozoic record of ocean temperatures from the Ross Sea, this has necessitated using multiple sampling
sites and core sites from across the region (Fig. 1). We present data from the McMurdo Erratics,
CIROS-1, DSDP 270, CRP-2A and DSDP 274, and compile this with previously published data from
ANDRILL 1B and 2A. Age models have been developed using published age datums (Supplementary
Data Table 3), but in order to ensure a consistent approach for assigning ages to core depths between
datums, we use the Bayesian age-depth modelling functionality in the R package Bchron

(Supplementary Data Table 3)°'. The sites included in the Ross Sea compilation are detailed below. We
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have compared our Ross Sea compilation to a previously published dataset from IODP U1356, offshore

the Wilkes Land margin, with GDGT abundances, age model and lithologies'®33-2,

McMurdo Erratics

The oldest sediments used in this compilation are glacial erratics, collected from the Mount Discovery
and Minna Bluff region (Fig. 1)>*. The erratics have been eroded from sediments deposited in sub-ice
basins in the western Ross Sea associated with early Cenozoic rifting during Gondwanaland breakup.
These rift-fill sediments were subsequently eroded (likely from the Discovery Deep region) and
transported to surficial morainal deposits by expanded ice sheets during past glacial periods. The
erratics sampled in this study were deposited in coastal-terrestrial and nearshore marine environments>>.
Ages for the erratics from the volumes in Harwood and Levy (2000)* have been updated to most recent

ages for the described taxa (Supplementary Data Table 2).

CIROS-1

The CIROS-1 core was drilled in McMurdo Sound in 1986 (Fig. 1)**. The upper part of the core (366-0
mbsf) is glacially influenced, with major glacial advances represented by massive and stratified
diamictites>. Below an unconformity, the lower sequence of the core (702-366 mbsf) displays
significantly less subglacial influence, containing marine mudstones and sandstones, but with ice rafted
debris indicating the presence of marine terminating glaciers at the coastline®”. The upper part of the
core is late Oligocene/early Miocene in age>®. Age control for the lower part of the CIROS-1 core has

undergone a series of revisions since recovery in 1986°->°. Our age model for the Eocene-Oligocene
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boundary interval is an improvement on previous attempts, as we incorporate new observations of
dinoflagellate cysts with occurrences recently described in other Antarctic and Southern Ocean
cores’>%092 These new observations allow precise constraint of the updated paleomagnetic record> of
to the geomagnetic polarity timescale®. In addition, we include updated range data to constrain the ages
of biostratigraphic events previously identified in the core. Microfossil reworking has long been
recognised as a significant problem in the glacial sediments of Antarctica® . In constructing our age
model, we have given preference to ensuring conformity to biostratigraphic first occurrences, and are
much less concerned about apparent last occurrences in this setting. In addition to the biochronologic
controls, we include new 87Sr/*®Sr isotope ratio ages from disarticulated bivalves between 460 and 470
mbsf in the core. Measurements were undertaken at the CSIRO laboratory in Sydney. These ages are

interpreted to represent minimum ages.

Biostratigraphic datums are shown in Supplementary Data Table 1, the age-depth chart in Extended
Data Fig. 1, and tie points of Age Model 1 used for linear extrapolation of environmental proxies in
Supplementary Data Table 3. Four age models were explored; Model One is preferred. Model One and
Model Two minimise inconsistency with biostratigraphic first occurrences, place the E-O boundary at
547 mbsf, and assign the interval of normal polarity between 435 and 503 mbsf to Chron C13n. Model
One and Model Two place different priority on inconsistencies with biostratigraphic last occurrences,
and the robustness of intervals of magnetic reversals constrained by only a few observations. Model
One minimises inconsistencies with the geomagnetic polarity record, but does not seek to minimise

biostratigraphic last occurrences. In contrast, Model Two requires that the intervals of normal polarity at
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408 m and 421 mbsf, constrained by only one and two measurements of magnetic polarity
respectively”’, are a transient, local signal not reflective of the global magnetic field. Models Three and
Four explore the possibility that the interval of normal polarity between 435 and 503 mbsf is Chron
C15n (Model Three) or Chron C12n (Model Four). Model Three is the most unlikely, as it contains
seven inconsistencies with biostratigraphic first occurrences across four fossil groups. Model Four is
consistent with the paleomagnetic record, and the biostratigraphic first occurrences, but is inconsistent
with every available biostratigraphic last occurrence. It would also require a pronounced increase in the
proportion of protoperidinioid dinoflagellates cysts observed between 495 and 530 mbsf to have

occurred more than 2 million years later than observed in other circum-Antarctic cores®?.

One perplexing aspect of the CIROS-1 biostratigraphy is the virtual absence of the dinoflagellate cyst
Malvinia escutiana, which has a first occurrence in the earliest Oligocene in other Southern Ocean
records®!. A single specimen of M. escutiana was recorded in CIROS-1, at 376.39 mbsf, within
Subchron C11n.2n of age Model One (this study). M. escutiana has been identified in the nearby CRP-
3 core®2. Those authors do not report their count data for their CRP-3 dinoflagellates cysts, but note that
specimens of M. escutiana were recorded somewhere in the interval between 13.4 and 151.97 mbsf.
Following the age model for CRP-3 (Age Model 3°7), this would place the CRP-3 occurrences of M.
escutiana within Chron C12n to upper C12r. This suggests M. escutiana may not have a significant
presence in the Ross Sea in the earliest Oligocene, in contrast to observations on the Wilkes Land

margin at IODP Site U13562¢2,
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DSDP 270

Deep Sea Drilling Project Site 270 was recovered from the Eastern Basin of the central Ross Sea in
1973 (Fig. 1)%® (The Shipboard Scientific Party, 1975a). This core records a deepening sequence of
glacimarine sediments, represented by glacimarine mudstones, interstratified mudstones and sandstones,

34,42,68

and massive and stratified diamictites . Samples for this study have been taken from glacimarine

sediments between 387.9 and 27.8 mbsf, dated as late Oligocene to early Miocene*.

CRP 2/2A

The Cape Roberts Project recovered CRP 2/2A off the Victoria Land coast of Antarctica in 1999 (Fig.
1)%. Samples have been taken from three glacimarine sediment sequences in the upper Oligocene/lower

Miocene section of the core, recording the expansion and contraction of the East Antarctic Ice Sheet

(EAIS)®°,

ANDRILL-2A

The AND-2A core was recovered in 2007 from Southern McMurdo Sound as part of the ANDRILL
program (Fig. 1)'!. Samples for this compilation were collected from the lower Miocene to mid-
Miocene section of the core, and were published as TEX}, values'!, calibrated to Kim et al. (2012)"!
(Supplementary Data Table 4). Glacimarine sediments through this section represent ice-distal to ice-

proximal, and occasionally subglacial settings, reflecting advance and retreat of grounded ice across the

drill site’>7.
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DSDP 274

DSDP Site 274 was drilled on the lower continental rise in the northwestern Ross Sea in 1973 (Fig. 1),
Samples for this study were taken from middle Miocene diatom-rich silty clay at 156-142 mbsf. Ages
have been assigned using the relaxed hybrid CONOP model of Crampton et al. (2016)"* (Supplementary
Data Table 3). This model does not extend below 141.26 mbsf. For samples below this depth, the same
linear sedimentation rate that occurs above 141.26 mbsf is used. This is constrained by the first
appearance of Denticulopsis maccollumii at 141.26 mbsf (dated to 17.05 Ma) and the first appearance of
Actinocyclus ingens at 113.6 mbsf (dated to 15.83 Ma). The continuation of this sedimentation rate is

supported by the apparent lack of a hiatus or change in lithology through this interval®®,.

ANDRILL-1B

The AND-IB core was drilled in 2006 as part of the ANDRILL McMurdo Ice Shelf Project (Fig. 1), and
samples were compiled from published data from the Plio-Pleistocene section of the core'
(Supplementary Data Table 4). Pliocene sediments reflect successions of advance and retreat of the
marine-based ice sheet in the Ross Sea, and consist of cycles of diamictite, mudstone and diatomite,

bounded by glacial erosion surfaces?®.

GDGT processing and analysis

Samples from DSDP 270, CRP-2/2A and DSDP 274 were processed for glycerol dialkyl glycerol
tetraethers at the Birmingham Molecular Climatology Laboratory, University of Birmingham. Lipids

were extracted from ~10-15 g of homogenised sediment by ultrasonic extraction using dichloromethane
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(DCM):methanol (3:1). The total lipid extract was fractionated by silica gel chromatography using n-
hexane, n-hexane:DCM (2:1), DCM, and methanol to produce four separate fractions, the last of which
contained the GDGTs. Procedural blanks were also analysed to ensure the absence of laboratory

contaminants.

Samples were filtered using hexane:isopropanol (99:1) through a 0.4 um PTFE filter (Alltech part
2395), before being dried under a continuous stream of N2. Samples were then sent to Yale University
for analysis. Samples were redissolved in hexane:isopropanol (99:1), and analysed and quantified on an
Agilent single quadrupole Liquid Chromatography/Mass Spectrometer (LC-MS) 6100 series using
previously established protocols”. Due to frequent low abundances of compounds, some samples were
re-run at higher concentrations, and integrations derived from these re-runs were favoured. Samples
were integrated multiple times and averaged to account for potential integration variation, with an
average TEX3s standard deviation of 0.007 between integrations. The areas of individual GDGTs, as
well as calculated indices and temperature calibrations are recorded in supplementary Data Table 4.
Methodology for samples from AND-1B and AND-2A are described in previous works'!"-?°.
Unpublished results for samples from CIROS-1 and the McMurdo Erratics were processed and analysed
at NIOZ using methods outlined in Schouten et al. (2007). A further 4 previously unpublished results
for samples from DSDP 274 (depths 153.63 mbsf, 155.68 mbsf, 163.75 mbsf, 174.2 mbsf) were also
added to the compilation. These were extracted using an accelerated solvent extractor, then fractionated

by Al203 column chromatography using hexane:DCM (9:1, v:v), hexane:DCM (1:1) and DCM:MeOH
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(1:1). The samples were then dissolved in hexane:isopropanol (99:1, v/v) and filtered over a 0.45-um
polytetrafluoroethylene filter, before being analysed following procedures outlined in Hopmans et al.
(2016). As samples were processed at three different laboratory facilities (University of Birmingham,
Yale University and NIOZ), and analysed between two facilities (Yale University and NIOZ), the
potential for interlaboratory biases must be considered. Previously reported results from a comparison
of 35 laboratories and found that TEXss and BIT indices were not significantly affected by differences
in sediment extraction and processing techniques’®. TEXss measurements had an interlaboratory
reproducibility for different samples ranging from 0.023 to 0.053, with the differences suggested to be
due to instrumental characteristics. The BIT index was found to have good reproducibility at the
extremes of the index, where values were close to either 0 or 1, but poorer reproducibility for
intermediate values with values typically overestimated. Samples from AND-1B were processed and
analysed at both Yale University and NIOZ. Chromatograms of samples analysed in each laboratory
were integrated by members of the other for comparison and were found to have an average SST
difference of +0.8°C, when the TEX}, calibration”” was used?®. Four samples processed at Yale
University were also analysed at NIOZ with an average SST difference of 0.8°C?%. The results discussed
above suggest that while some interlaboratory differences are possible, they are likely to have a minor

influence on reported SST values?®7°.

CO: compilation.
The compilation of atmospheric CO2 concentrations, is based off previous compilations*”-’®7, but

updated with more recent datasets*’’*7*#>_ One outlier value of 2622 ppm has been removed at 36.48
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Ma. Moving averages for COz and temperature datasets were been derived using 'mwStats' in the R-

package 'astrochron'®¢.

Ice sheet model

Modelling sensitivity tests have previously demonstrated large ice volume differences can result solely
from changing topographic boundary conditions through time®3%4%87 To assess the potential impact
topographic changes between the EOT and OMT may have had on oxygen isotope shifts in deep sea
records, here we expanded on previous ice sheet modelling experiments of Paxman et al., (2020)% by

rerunning selected experiments with an isotope enabled ice sheet model®®

. Experiments run under a steady
state climate with an atmospheric CO2 concentration of 500 ppm and an imposed 5°C warming of the
ocean relative to present show a larger AIS (34.6 x10° km?) was in place with an EOT topography relative
to experiments with the same climate and an OMT topography, which had a greatly reduced ice volume
(28.9 x10% km?), with most of this change occurring in the WAIS. Our isotope enabled simulations suggest
that solely due to changes in topography, there would have been a shift in the oxygen isotope composition
of seawater of 0.2 %o. These experiments did not include the Marine Ice CIliff Instability (MICI)*' and
were chosen as they demonstrated the greatest sensitivity to topographic change with the chosen climate
forcing. Although beyond the scope of this study we expect that at a lower atmospheric CO2 forcing and

ocean warming there would be comparable (or greater) sensitivity to changes to topography in

experiments including MICI.
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Extended Data Figure 1. Age model for CIROS-1, based on the paleo-magnetic record from Wilson et al. (1998)
and new biostratigraphic events described in Supplementary Data Table 1. The preferred age model is shown in

green (model 1), as described in Methods section.



