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Deep water inﬂow slowed offshore expansion
of the West Antarctic Ice Sheet at the EoceneOligocene transition
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The stability of the West Antarctic Ice Sheet is threatened by the incursion of warm Circumpolar Deepwater which ﬂows southwards via cross-shelf troughs towards the coast there
melting ice shelves. However, the onset of this oceanic forcing on the development and
evolution of the West Antarctic Ice Sheet remains poorly understood. Here, we use singleand multichannel seismic reﬂection proﬁles to investigate the architecture of a sediment body
on the shelf of the Amundsen Sea Embayment. We estimate the formation age of this
sediment body to be around the Eocene-Oligocene Transition and ﬁnd that it possesses the
geometry and depositional pattern of a plastered sediment drift. We suggest this indicates a
southward inﬂow of deep water which probably supplied heat and, thus, prevented West
Antarctic Ice Sheet advance beyond the coast at this time. We conclude that the West
Antarctic Ice Sheet has likely experienced a strong oceanic inﬂuence on its dynamics since its
initial formation.
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oday, 25–35% of the West Antarctic Ice Sheet (WAIS)
drain into the Amundsen Sea Embayment (ASE)1,2. Warm
Circumpolar Deepwater (CDW) is currently upwelling on
the ASE slope and then ﬂows along the eastern and central parts
of deep bathymetric troughs at 118° W (Dotson-Getz Trough
DGT), 113°W (Pine Island Trough West PITW), and 108–102°W
(Pine Island Trough East PITE and Abbot Trough AT) across the
up to 400 km wide continental shelf to the coast3,4 (Fig. 1). CDW
then impinges into sub-ice shelf cavities and reaches the WAIS
grounding zones, thereby causing sub-ice shelf melting and
threatening the stability of the WAIS (e.g., refs. 5–8). Study of
proxies in shelf sediment cores indicates similar sensitivity
extends over millennia9. Although modelling studies simulate
past WAIS collapses driven primarily by warm water incursion,
e.g., during the Pliocene and some Quaternary interglacial
periods10,11, there is little observational evidence recording the

effects of oceanographic circulation on the longer term history of
the ice sheet. This applies also to its initial advance onto the
continental shelf.
Continental-scale Antarctic ice sheets are reported to have
reached sea level during the EOT following a drop in temperature
and atmospheric CO2, which is documented in the Earliest Oligocene Oxygen Isotope Step (EOIS)12–16. The inﬂuence of the
ocean on the formation and advance/retreat of the Antarctic ice
sheets at this time is unconstrained, since the ocean circulation
and location of the Southern Ocean frontal system during the
Oligocene are still debated17,18. Various scenarios have been
suggested based on regional studies. An East Antarctic Ice Sheet
(EAIS) with a size ﬂuctuating between larger and smaller than
today was reconstructed for the time interval from 34.1 to
32.7 Ma based on clast abundance variability in shelf sediments
from Cape Roberts in the southwestern Ross Sea16, whereas a

Fig. 1 Bathymetric map of the Amundsen Sea Embayment78. a The present day active currents and water masses are shown schematically:
AABW = Antarctic Bottomwater (purple double arrow)79, SBACC = Southern Boundary of the Antarctic Circumpolar Current (yellow dotted)60,
ASF = Antarctic Slope Front (dashed light blue arrow) and CDW = Circumpolar Deepwater (red arrow)3,4,80,81. The orange box shows the area enlarged in
(b). There, the locations of seabed drill Sites PS104_20-2 and PS104_21-3 (magenta diamonds) and seismic proﬁles (black lines, yellow lines displayed in
Figs. 2 and 5) are shown. AT = Abbot Trough, DGT = Dotson-Getz Trough, MR = Maud Rise, PIG = Pine Island Glacier, PIT = Pine Island Trough,
PITE = Pine Island Trough East, PITW = Pine Island Trough West, RS = Ross Sea, TG = Thwaites Glacier, TI = Thurston Island, WAIS = West Antarctic Ice
Sheet, WL = Wilkes Land.
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much reduced EAIS during the Early Oligocene, except for the
time period from 33.6–32.1 Ma, was inferred from microfossils in
sediments recovered offshore from the Wilkes Land region, East
Antarctica19. Olivetti, et al.20 concluded from the provenance of
some of the clasts in the Cape Roberts sediments their origins
from sources in the Transantarctic Mountains south of Byrd
Glacier, implying that the WAIS may have advanced onto the
Ross Sea shelf already during cold periods of the Early Oligocene
from about 32 Ma onwards. Furthermore, both bathymetry and
width of the Antarctic continental shelves and therefore the
potential pathways of deep water ﬂow towards the grounding
zone of the ice sheet changed signiﬁcantly since the onset of
glaciation but the exact timing and rates of these changes remain
uncertain21,22. Knowledge of the palaeobathymetry is essential to
identify possible water mass pathways such as troughs and
channels, allowing the protrusion of warm deep water from the
shelf break across the shelf and to the ice-sheet margins. Areas
currently most vulnerable to deep water intrusions, such as the
entire East Paciﬁc margin of Antarctica, are severely underrepresented in numerical simulations of palaeoenvironmental
changes in Antarctica and the Southern Ocean across the EOT
(including data-model comparisons). Reconstructions currently
are only available for the East Tasman Plateau, New Zealand, and
the Ross Sea23.
Here, we present seismic reﬂection data combined with age
information from shallow seabed drill cores from the ASE shelf to
investigate potential palaeo-intrusions of deep water at the EOT
by analysing the architecture of a sediment body identiﬁed in
seismic proﬁles.
Results
Seismic reﬂection data collected in Pine Island Trough (PIT)
reveal an asymmetric sediment body at the eastern ﬂank of the
trough. The sediment body shows a well-stratiﬁed convex-up
mounded morphology with its thicker part plastered against
reﬂection ASS-u2, and it progressively thins towards the west
(Fig. 2, blue horizon- top, cyan horizon- base of the sediment
body). Reﬂection ASS-u2 generally slopes north-westward but
shows a local high below the eastern part of today’s PIT (Fig. 2).
The sediment body is characterised by internal reﬂections (thin
blue lines in Fig. 2) of good lateral continuity, which terminate
(red arrows in Fig. 2) against the body’s base reﬂection ASS-u2
(downlap, onlap) and top (truncation). The internal reﬂections
mark subunits of the sediment body, which mimic its general
shape and in their extent document the growth of the sediment
body from the east towards the west (Fig. 2). The sediment
body shows a maximum thickness of around 250 ms two-way
travel time (∼310 m using a mean conversion velocity of
2500 m/s as derived during processing) and covers an area of
∼310 km2. Its shallowest point lies in the southeast (Fig. 3),
where the maximum in thickness is observed. The sediment
body is well stratiﬁed, which is inconsistent with a glacial
origin, e.g., formation as a grounding zone wedge or moraine,
since those features typically possess a semi-transparent to
chaotic seismic character24,25. Based on its geometry and
depositional pattern (convex-up morphology, mounded, wellstratiﬁed, good lateral continuity, progressive thinning), the
sediment body is interpreted as a plastered sediment drift
(see, e.g., Fig. 14.9 of Faugères and Stow26). Sediment drifts are
shaped by bottom currents interacting with bathymetry and
available detritus27,28. Plastered drifts are mounded sediment
bodies located along gentle slopes swept by low-velocity bottom
currents29. The sediment body identiﬁed in PIT is not associated with a moat but plastered drifts do not necessarily have a
moat30–32.
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The Coriolis effect strongly inﬂuences the internal ﬂow structure of an oceanic current, deﬂecting the downstream velocity
core towards the left on the southern hemisphere33,34. Therefore,
detritus supplied in meltwater plumes originating from the ice
sheet margin in the south and ﬂowing northwards would result in
deposition on the western ﬂank of a trough or channel, there
shaping sediment drifts. The same would apply to northward
transport of ﬂuvial sediment input. However, reﬂection ASS-u2,
which forms the sediment drift’s base, does not show a trough. A
sediment drift below the western ﬂank of present-day PIT can
neither be identiﬁed (Fig. 2c). A sediment body plastered to the
eastward rising reﬂection ASS-u2 thus can only have been shaped
by a southward ﬂowing water mass (Fig. 4).
The plastered drift is identiﬁed in the lower part of seismic unit
ASS-3 (Fig. 2, refs. 35,36). Seismic unit ASS-3 forms one of six
seismic units identiﬁed on the Amundsen Sea shelf (ASS)35,37.
The seismic units are separated by seismic unconformities ASSu1 to ASS-u5. Seismic units ASS-1 and ASS-2 were sampled at
seabed drill Site PS104_20-2 and found to be of Late Cretaceous
age and Late Eocene (40 Ma or younger) age, respectively36
(Figs. 5 and 6). Seismic horizon ASS-u1 thus forms an unconformity separating the Cretaceous (seismic unit ASS-1) from the
Late Eocene strata (seismic unit ASS-2), which has a thickness of
∼550 ms (∼640 m using conversion velocities as derived from
processing) at the location of Site PS104_21-3. The drift body
down- and onlaps onto seismic horizon ASS-u2 (Fig. 2), which
forms the top of seismic unit ASS-2. In this part of the ASE shelf,
this reﬂection is observed as a conformable seismic horizon
indicating non-deposition or a change in deposition. The lower
part of seismic unit ASS-3 itself was sampled during RV Polarstern Expedition PS104 in 2017 (Site PS104_21-3 located ∼12 km
west of the drift, see Figs. 1, 2c and 5, cf. Klages, et al.38). The
dinoﬂagellate cysts Lejeunecysta katatonos and L. acuminata,
which have been used as regional biostratigraphic markers of the
Rupelian stage in marine sediments offshore Wilkes Land and at
Cape Roberts, East Antarctica39,40, regularly occur at Site
PS104_21-3. Lejeunecysta specimen are well preserved and their
dominance throughout the entire record provides no evidence of
any reworking. Seismic horizon ASS-u2 can be found about
200 m below the base of Site PS104_21-3. A rough age estimate
for seismic horizon ASS-u2 can be derived assuming a constant
sedimentation rate for seismic units ASS-2 (∼640 m thickness,
max 40 Ma36) and the ∼200 m of sediment observed between
seismic horizon ASS-u2 and the base of Site PS104_21-3
(33.8 ± 0.6 Ma38). The resulting sedimentation rate of 14 cm/ky
is not unrealistic36. This then places seismic horizon ASS-u2 at
∼35 Ma, i.e., the latest Eocene or around the Eocene/Oligocene
boundary and, in combination with the biostratigraphic age, the
formation of the plastered drift into the latest Eocene or earliest
Oligocene.
The ﬁrst advances of grounded ice to the middle shelf have
been inferred for seismic units younger than ASS-335 (Fig. 6).
Truncational erosion of older strata, aggradational deposition on
the outer shelf and increasing formation of prograding sequences
commenced in seismic unit ASS-4.
Seismic horizon ASS-u2 (Eocene/Oligocene boundary?)
underlying the sediment drift (Fig. 3a) gently dips northwestward.
The palaeotopographic/palaeobathymetric reconstructions of
Paxman, et al.22 and Hochmuth, et al.41 for 34 Ma similarly show
a seaﬂoor rising towards the east in this area, which would have
facilitated the formation of plastered drifts by low velocity bottom
currents (Fig. 3b). Biostratigraphic and palaeoenvironmental
evidence from sediment cores collected in the area of the West
Antarctic Rift System (WARS), Marie Byrd Land42, provide
additional constraints for the palaeo-depth of this region of
West Antarctica. This is only consistent with the minimum
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palaeotopography/palaeobathymetry of Paxman, et al.22 and
Hochmuth, et al.41, which we therefore use for our interpretation.
The minimum palaeotopography/palaeobathymetry has been
adjusted for ﬂexural isostasy (rebound for ice sheet loading) and
sea level variations22,41. Furthermore, the absence of an ice sheet
or even the far distance to an ice sheet or high-elevation ice-cap
4

will not have had a signiﬁcant isostatic effect on the shelf. Geometry and internal reﬂection conﬁguration of a plastered drift
result from the ﬂow direction of the shaping water mass. A drift
crest and the thickest accumulation document deposition to one
side of the path of strongest ﬂow, whereas erosion/non-deposition
occurs below the ﬂow path34. The observed drift is plastered to
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Fig. 2 Architecture of the sediment drift at the eastern ﬂank of PIT as imaged by seismic reﬂection proﬁles. Seismic proﬁles AWI-20100122 (a), -20100137
(b), and -20170012 (c) show the sediment drift (the top is marked by the thick blue horizon) lying above horizon ASS-u2 (cyan). The thin blue horizons mark
internal reﬂections of the sediment drift separating convex-up mounded subunits. Small red arrows mark reﬂector terminations. PS104_21-3 marks the location of
the seabed drill site, where Early Oligocene sediments were recovered38,72. Seismic proﬁle AWI-20170012 further shows that the sediment drift still inﬂuences
the present day seabed morphology (mounded structure above thick blue horizon). Circles with a dot in dashed ellipse mark the inferred ﬂow direction of the
deep water out of the ﬁgure plane, i.e., southwards (blue refers to ﬂow in Early Oligocene, yellow in Pliocene/Quaternary). Seismic sections are shown in two-way
travel time (TWT). The data gap in (b) results from an interruption in data acquisition due to the occurrence of marine mammals. For information on the ghost
reﬂection see ‘Methods’. For location of seismic lines see enlarged map in Fig. 1. The uninterpreted version of the proﬁles can be found in Supplementary Fig. 1.

Fig. 3 Palaeobathymetry and inferred palaeocirculation. a Depth of seismic horizon ASS-u2 (in ms TWT below seaﬂoor) and thickness of the imaged
sediment drift lying on top of horizon ASS-u2 (in ms TWT). Dashed blue line shows inferred outline of the interpreted sediment drift. The red arrow shows
the schematic deep water pathway inferred for the latest Eocene to earliest Oligocene. Thin blue lines show the location of seismic reﬂection proﬁles (for
location of seismic lines shown in Figs. 2 and 5 see Fig. 1). Grey isolines and shaded area show the present day bathymetry with depths (m) labelled78.
Magenta diamonds mark locations of Sites PS104_21-3, where Early Oligocene sediments were retrieved38,72, and PS104_20-2, where Late Cretaceous to
Late Eocene (or younger) deposits were retrieved36. BI = Burke Island. b Minimum palaeotopography/palaeobathymetry for the ASE22,41,82. The box
shows the area enlarged in (a). Magenta diamonds show the locations of Sites PS104_21-3 and PS104_20-2 in accordance with the palaeotopographic/
palaeobathymetric reconstruction by Paxman, et al.22 and Hochmuth, et al.41. Arrows/lines schematically show the inferred pathways/location of deep
water DW (red), potential slope front SF (dashed light blue), and the southern boundary of the proto-ACC (dashed yellow).

the eastward rising ﬂank of seismic horizon ASS-u2 with the
shallowest and thickest part in the southeast (the drift crest)
(Fig. 2). The drift shows thinning towards the north and west.
This drift geometry points towards a southward water mass
transport (Fig. 2, open circles with dots indicate a ﬂow path out of
the ﬁgure plane, and 3, red arrow) with the Coriolis effect
enhancing deposition on the left-hand side33,43, i.e., the same ﬂow
direction as today’s CDW. The overall form of the sediment drift
inﬂuences the present-day seabed morphology, as documented in
the mounded structure observed at the seaﬂoor on seismic proﬁles AWI-20170012 (CDPs 1550 to 2100) and AWI-20100137
(CDPs 600 to 1500) (Fig. 2).
Since we can rule out the formation by subglacial processes,
meltwater pulmes, or sediment supplied by rivers, we hypothize
that a southward ﬂowing deep water mass, which has upwelled
onto the continental shelf, shaped the observed drift between the
Late Eocene and Early Oligocene. A deep water mass impinging
on the shelf would have been capable of shaping a sediment

drift, as can be seen by comparison to today’s CDW44,45. Deep
water masses can intrude onto continental shelves due to Ekman
driven pull46 particularly where the shelf break is interrupted by
troughs or canyons3,4 (see paleo-trough mouth/canyon in the
shelf break in Figs. 3 and 7). There, they can then form shallow
water sediment drifts47,48. Sediments retrieved at Site PS104_202 about 30 km south of the observed sediment drift (Fig. 5) and
at Site PS104_21-3 north of the drift northwest of the drift
indicate a temperate and cool-temperate Late Eocene (Extended
Data Fig. 4 of Klages, et al.)36 and Early Oligocene38, respectively. Material input via a coastal/estuarine system and/or
resulting from biogenic productivity would have been entrained
by the southward ﬂowing deep water thus shaping the observed
sediment drift (Figs. 3 and 7).
Mertz Drift on the George V Land shelf, East Antarctica, is
an example for a sediment drift formed by upwelling of deep
water onto the shelf and shows similarities to the drift observed
on the ASE shelf. The drift is located in an ∼850 m deep trough
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on the shelf and covers an area of ∼400 km2,44,49. The drift is
max 20 m thick and shows a well-stratiﬁed mounded structure
with a steeper ﬂank in the southwest. It appears plastered to the
eastern ﬂank of the trough. Mertz Drift is interpreted to have
been formed by modiﬁed CDW upwelling onto the shelf44,45,49.
Both the inﬂow and outﬂow of modiﬁed CDW entrain and
transport ﬁne-grained detritus shaping Mertz Drift. Sediment
cores have shown that Mertz Drift is covered by a layer of
glacimarine sediments deposited at or after the Last Glacial
Maximum LGM, which, together with seismic data, indicate
that Mertz Drift was formed in pre and/or at the LGM times
and provides evidence for deep water upwelling onto the shelf
during these times45. The sediment drift observed on the ASE
shelf has a similar spatial extent as Mertz Drift and has also
been formed against a south- and westward sloping seaﬂoor
(see Fig. 3).
So far, no such sediment drifts associated with CDW have been
observed in the outer parts of the western and eastern Pine Island
Troughs and Abbot Trough. However, seismic coverage of the
outer ASE shelf is sparse, and often a dense sea ice cover limits
both the acquisition and quality of the seismic data.

Fig. 4 Conceptual model showing formation of the sediment drift on the
ASE shelf. Upwelled deep water DW (red arrow) ﬂows southwards into the
trough in the shelf break and then is steered by the eastward rising sea ﬂoor
carrying/picking up sedimentary material. The DW is then deﬂected to the
left in relation to the ﬂow direction due to Coriolis effect (black arrow
C)33,34. There, the ﬂow velocity is reduced and the material is deposited
thus forming a plastered sediment drift against the sloping seaﬂoor. With
the onset of cooling, deep water is upwelled less vigorously only into the
outer trough (purple dashed arrow) and then ﬂows back into the
deeper ocean.

Discussion
Observations constraining the palaeoceanography and palaeoenvironment of the Amundsen Sea during the EOT are very limited.
This knowledge is essential to understand the regional and
chronological development and stability of glaciation within the
different sectors of Antarctica, especially in areas where today
marine based ice sheets are observed17. While local ice caps at low
altitudes are assumed to have existed in Marie Byrd Land as early
as 29–27 Ma50,51, and the WAIS may episodically have advanced
onto the Ross Sea shelf during cold periods around 32 Ma
already20, biostratigraphic and palaeoenvironmental evidence in
sediments recovered from beneath the WAIS indicate marine
incursions into the WARS between the Marie Byrd Land coast
and the Transantarctic Mountains for the Late Paleogene Marine
Event (∼34.5–31.5 Ma)42.
According to Paxman, et al.22, the hinterland of the ASE was
mostly above sea-level at the EOT, unlike today. This suggests
that any early kind of a WAIS was still far away from the shelf.
Therefore, any end moraines or other glacio-morphological features documenting former ice-sheet extent would have been
restricted to areas on land but not on the shelf.
Deep ocean temperatures were cooler in the Early Oligocene
and the seasonality was more pronounced than during the
Eocene52. Warmer deep water has been reported for the Wilkes
Land margin and the Ross Sea19,53–55. The opening of the Tasmanian Gateway has had a strong effect on the circulation and
ocean temperatures near Wilkes Land56,57 while east of the
Tasman Rise a proto-Ross gyre already existed before the
opening56,58. The proto-Ross gyre would have deﬂected oceanographic frontal systems southwards towards the continental slope
at its eastern ﬂank, where the Amundsen Sea is located, potentially driving upwelling onto the ASE shelf as observed today
(Fig. 3) (e.g., refs. 59–61). Therefore, the effect of the opening of
the Tasmanian Gateway may not have fundamentally changed
the circulation in the ASE.
Several studies suggest that conditions for a proto-Antarctic
Circumpolar Current (ACC) were met already during the Late
Eocene62–64. This resulted in upwelling in the high-latitude South
Paciﬁc63, which was further increased after opening of the Drake
Passage in the Early Oligocene62. During warm phases in the
Oligocene the westerly wind system is thought to have migrated
further south, which in combination with weak easterlies and a
moderate ACC ﬂow would have favoured upwelling of deep water
onto the Antarctic shelf19,55, especially where troughs/canyons
interrupted the shelf break3,4, and therefore possibly facilitated

Fig. 5 Seismic transect connecting drill Sites PS104_20-2 and PS104_21-3. Note that different acquisition parameters characterise seismic proﬁles
NBP9902-11 (single-channel65) and AWI-20100136 (multi-channel35) resulting in different frequency content and resolution. The red boxes show the
locations and penetration of the two seabed drill sites36,38,72. Seismic sections are shown in two-way travel time (TWT). For location of seismic lines see
enlarged map in Fig. 1.
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drift formation on the ASE shelf. A westerly wind system located
further north, moderate easterlies and a weak ACC during cold
phases in the Oligocene would have resulted in weak upwelling
onto the shelf55.
Our new seismic data have revealed a mounded structure
interpreted as a sediment drift resulting from deep water
upwelling onto the ASE shelf in the latest Eocene or earliest
Oligocene. This upwelling was probably related to a southerly
location of the ACC fronts during a warm phase. Upwelling of
deep waters far onto the shelf was most likely further enhanced by
the presence of a trough/channel in the ASE shelf break (Figs. 3
and 7). The deep water was then steered by the south-eastward
rising seaﬂoor and shaped the sediment drift picking up material

Fig. 6 Seismostratigraphic model. The model is based on the original
interpretations of Gohl, et al.35 (&) and Gohl, et al.37 ($) but incorporates
information from Sites PS104_20-236 (*) and PS104_21-338. The age of
seismic horizon ASS-u2 (#) has been inferred in this manuscript. From left
to right: chronostratigraphic age, seismic units, seismic horizons, and age
ranges sampled by the two seabed cores.

provided by a coastal/estuarine system or biogenic production36.
We propose that the intrusions of potentially warm deep water
prevented a cooling of shelf waters and thus an advance of an ice
sheet onto the ASE shelf during the globally observed cooling in
conjunction with the EOT by buffering heat on the shelf. Later in
the Oligocene, increasing global cooling will have relocated the
westerly wind system northwards and inﬂuenced the intensity of

Fig. 7 Conceptual model for the upwelling of deep water onto the ASE
shelf in EOT. a The minimum reconstruction of the palaeotopography/
palaeobathymetry for 34 Ma shows a trough mouth or canyon in the shelf
break22,41,82, which enables the intrusion of deep water (rose arrows) onto
the shelf as the result of southward Ekman transport (white E, white arrow)
within the easterly winds (eW). The southward ﬂow of deep water is
steered by the higher topography on the eastern ASE shelf and shapes the
sediment drift (red lines). b Later in the Oligocene, increasing global cooling
will have relocated the wind system (eW) northwards and inﬂuenced the
intensity of upwelling. Deep water (purple arrows) now can only upwell into
the outer trough and is recirculated back into the deeper ocean. This may
have ended the formation of the observed sediment drift plastered against
seismic horizon ASS-u2 below the eastern ﬂank of the present-day PIT.
eW= easterly winds, E, S, W = East, South, West.

Table 1 Acquisition and processing parameters of used seismic data.
survey

ANT-XXVI/3

PS104

NBP9902

Seismic source
Streamer
Recording parameters

3 GI-guns
240 channel, 3000 m active length
1 ms sample rate, 10 s record length

2 GI-guns
96 channels, 600 m active length
1 ms sample rate, 5 s record length

1 GI-gun
Single channel
0.25 ms sample rate, 2 s
record length

Processing
parameters

25 m CDP interval, velocity analysis, nmo
correction, multiple suppression fk ﬁlter,
stacking, time migration
Water column mute, bandpass ﬁlter
20–200 Hz

25 m CDP interval, velocity analysis, nmo
correction, multiple suppression fk ﬁlter,
stacking, time migration
Water column mute, bandpass ﬁlter
20–200 Hz

Display parameters
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upwelling. This may have ended the formation of the observed
sediment drift plastered against seismic horizon ASS-u2 below the
eastern ﬂank of the present-day PIT.
The bathymetric/topographic setting in the ASE is different
from the other sectors of Antarctica. Paxman, et al.22’s minimum
reconstruction for 34 Ma shows much higher elevations for East
Antarctica while the Ross Sea area and the ASE are largely located
below sea level. A cooling in East Antarctica thus will have had a
stronger effect enabling the growth of larger ice sheets as has been
suggested for the Ross Sea sector of Antarctica16,55. Olivetti,
et al.20 also suggested Early Oligocene marine terminating ice in
the Ross Sea sector but an extensive advance into the marine
realm was only inferred for close to the Oligocene-Miocene
boundary. The ASE shelf thus may have been the last Antarctic
sector that experienced full glaciation since here oceanic circulation inﬂuenced by bathymetry appears to have delayed advance
of the WAIS during the EOT. Therefore, our results highlight the
importance of oceanic forcing for the evolution of the WAIS since
the onset of Antarctic glaciation.

Data availability
All data needed to evaluate the conclusions in the paper are present in the main text or
the Supplementary materials. All data are publicly available at the following repositories:
AWI seismic data, Pangaea (https://doi.org/10.1594/PANGAEA.933264, https://doi.org/
10.1594/PANGAEA.933266, https://doi.org/10.1594/PANGAEA.933265, https://doi.org/
10.1594/PANGAEA.933269)73–76, NBP9902 seismic data, IEDA (https://doi.org/
10.1594/IEDA/307363)77.
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