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M Check for updates

Early to Middle Miocene sea-level oscillations of approximately 40-60 m estimated from
far-field records' > are interpreted to reflect the loss of virtually all East Antarcticice
during peak warmth? This contrasts with ice-sheet model experiments suggesting most
terrestrialicein East Antarcticawasretained even during the warmest intervals of the
Middle Miocene**. Data and model outputs can be reconciled if alarge West AntarcticIce
Sheet (WAIS) existed and expanded across most of the outer continental shelf during the
Early Miocene, accounting for maximum ice-sheet volumes. Here we provide the earliest

geological evidence provinglarge WAIS expansions occurred during the Early Miocene
(-17.72-17.40 Ma). Geochemical and petrographic data show glacimarine sediments
recovered at International Ocean Discovery Program (IODP) Site U1521in the central
Ross Sea derive from West Antarctica, requiring the presence of a WAIS covering most of
the Ross Sea continental shelf. Seismic, lithological and palynological datareveal the
intermittent proximity of grounded ice to Site U1521. The erosion rate calculated from
this sediment package greatly exceeds the long-term mean, implying rapid erosion of
West Antarctica. This interval therefore captures a key step in the genesis of a
marine-based WAIS and atipping pointin Antarctic ice-sheet evolution.

Reconstructing past Antarctic ice sheet change informs predictions of
the continent’s contribution to future sea-level rise®’. Since the 1970 s,
drilling efforts proximalto Antarctica have revealed the general Cenozoic
evolution of Antarcticglaciation®™, but fundamental stepsin the devel-
opmentoftheicesheets remain poorly constrained. One key uncertainty
isthe timing of West Antarctic Ice Sheet (WAIS) initiation and expansion
across the outer continental shelf. Deep-seabenthic foraminifer oxygen
isotoperecords and Antarctic abyssal plain sedimentary sequences sug-
gested WAIS formation occurred in the Late Miocene or early Pliocene'",
However, drilling from the Antarctic margin™'*" and ice-sheet modelling
studies**'® have raised the possibility that WAIS expansions into areas
below sea-level could have occurred during the Early Miocene or earlier,
facilitated by a subaerial West Antarctic topography™%,

Without widespread WAIS expansions across the continental shelfin
the Early Miocene, maximum ice volumes are low enough that global

sea-level fluctuations of ~40-60 m estimated from far-field strati-
graphic records' and oxygen isotope-derived ice volume estimates??
require the near complete loss of the East Antarctic Ice Sheet (EAIS)
during the warmest Middle Miocene periods® Such an outcome is
incompatible with current ice-sheet model outputs, which suggest
retention of most terrestrial East Antarctic ice even during the warmest
feasible Middle Miocene environmental conditions*. This is mainly due
to hysteresis effects driven by height-mass balance feedbacks; once the
icesheetis present, partsof it canberetainedinaclimate warmer than
thatwhichwould permitice-sheetinception on anice-free landscape*”.

Marine sediments, deposited on the continental shelf of the Ross Sea,
canreveal whether the WAIS expanded across the continental shelf dur-
ingthe Early Miocene. However, ice proximal geological records have
been hampered by poor recovery, unconformities and/or influence
from East Antarctica® . Seismic data suggest that significant volumes
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Fig.1|Site U1521location and surrounding geology. The outcroppingregional
geology around the Ross Sea*? (© SCAR GeoMAP and GNS Science 2019) is
overlain on the BedMachine AntarcticaVlmodernbed topography*>**.

The MEaSUREs groundingline, ice-sheet margin and basins are used****and the
map was produced using ArcGIS software. IODP Site U1521is located on the outer
continental shelf of the central Ross Sea. Locations referenced inthe textare
labelled, including the ANDRILL 2A (AND-2A) and Cape Roberts Project 1(CRP-1)
drillsites. The white dashed line indicates the boundary between East and West

oflower Miocene glacimarine sediment exist around the West Antarctic
margin?> 2, However, seismic data require constraints from drilling
to determine the age of the sediments, and to differentiate between
detritus from continental-scale ice-sheet expansion and localice caps
on (paleo)topographic highs?>?, Consequently, WAIS grounding across
the Ross Seashelfis only clear inseismic data after the Middle Miocene
Climate Transition (-14 Ma)**?; it remains uncertain whether there
were earlier WAIS expansions across the Ross Sea shelf.

I0DP Site U1521 and provenance approach

I0DP Expedition 374 Site U1521 (75°41.0’ S, 179°40.3’ W; 562 m water
depth) was drilled to 650.1 m below sea floor (mbsf) in the Pennell
Basin on the outer continental shelf of the Ross Sea (Fig. 1). The site
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Antarcticlithosphere*’. Orange triangles show Cenozoic subglacial volcanic
edifices detected based on morphological characteristics, gravity anomalies
and magneticanomalies®. Theinset shows anice-sheet model simulationusinga
‘cold’ climate (‘cold’ orbitand a climate with280 ppm atmospheric CO,
concentrations) and an estimated Middle Miocene topography (inset map
reproduced with permission fromref.*, PNAS). Provenance indicators fromSite
U1521Sequence2sediments are broadly consistent with anice sheet similar toor
exceeding the extent of thismodel output.

wasdrilledin aregion thatice-sheet models indicate is one of the last
locations where ice grounds during glacial maxima, makingitanideal
location to assess the timing of past WAIS expansions onto the outer
continental shelf*!%, The sediments from the base of the borehole
up to 209.17 mbsf are split into four chronostratigraphic sequences
(1-4; Fig. 2), which constitute an expanded lower Miocene section
(-18t0~16.3 Ma; Supplementary Information) with 73% recovery. These
sediments provide a unique window for detailed analysis of ice-sheet
behaviourimmediately before the onset of the Miocene Climate Opti-
mum (MCO, ~-17 Ma; Fig. 2; Extended Data Fig.1; Extended Data Table1).

Site U1521 sediments below 209.17 mbsf are predominantly muddy
to sandy diamictites, often interbedded with thin laminae and beds
of mudstone (Supplementary Information)®. Palynological counts
on 23 samples revealed sparse palynomorphs in Sequences 1and 4A,
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Fig.2|Selected provenance proxies fromIODP Site U1521 compared with
Early Miocene climaterecords. The light-blue-shaded section (Sequence 2)
highlights theinterval with sediments of predominantly West Antarctic
provenance. The depth of Ross Sea Unconformity (RSU) 4aand 5 and seismic
surface D-bareindicatedinred®.a, Site U1521inclination dataafter20 mT
demagnetization (red points)* and polarity interpretation (white=reverse
polarity, black=normal polarity, grey =nointerpretation). b, Site U1521
lithostratigraphy®. ¢, Chronostratigraphic sequences. The circled letters
between (b) and (c) mark the depths of the zircon U-Pb samples (Fig. 3).

d, Magnetic susceptibility measured on the whole core?. e, Neodymiumisotope
signature of the fine fraction. Error barsare 2 s.d. external reproducibility; for
provenanceinterpretations, see Extended DataFig.4 and references
inSupplementary Information. f, Abundance of Eocene-Oligocene dinocystsasa

common reworked dinoflagellate cysts in Sequence 2, and evidence
for high biological productivity in Sequence 3B (Extended Data Fig.2;
Supplementary Information). These lithological and paleontological
datafrom Sequences1,2,3A and 4A indicate anice-proximal glacima-
rine (and potentially subglacial) setting, while data from Sequence 3B
suggest an ice-distal setting. Notably, the ~190-m-thick succession of
Sequence 2, containing a high proportion of reworked dinoflagellate
cysts, was deposited rapidly (0.592 mm yr™) within a -317 kyr interval
spanning -17.72-17.40 Ma (Extended Data Fig. 1).

Through comparison with terrestrial rock outcrops, the sediments
recovered at Site U1521 were traced back to their source regions. A dif-
fering geological history of the rocks beneath the EAIS and WAIS (Fig.1)
gives the sediment eroded by each ice sheet a distinct geochemical,
petrological and mineralogical composition, allowing expansions of the
EAIS and WAIS to be distinguished. To avoid bias towards, or omission
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percentage (black) and concentration (thatis, counts per gram of sediment;
grey).g, Dolerite clastabundance. Errors shownin (f) and (g) are 95% confidence
intervals*®, Magnetostratigraphic tie points between the polarity interpretations
fromshipboard data (a)** and geomagnetic polarity timescale (h)*’ are marked by
purpledashed]lines. i, Obliquity sensitivity, indicating the strength of obliquity in
the 8'®0record relative to the theoretical strength of obliquity forcing. This has
beeninterpreted asrepresenting the presence of marine-based Antarcticice®.
j,Sea-levelrecord based onan oxygenisotope splice’. Red-and blue-shaded
intervalsindicate pronounced sea-level highstands (>40 m) and lowstands

(<-20 m), respectively. MCO =Miocene Climatic Optimum.k, CO, reconstruction
withaLOESS smoothing (shaded regionindicatesloerror)*.1, Simplified
lithologicallog fromthe AND-2Arecord, with diamictites differentiated based on
agrounding-zone proximal versus distal glacimarine depositional setting™*,

of, any lithologies, we applied multiple sediment provenance proxies?.
Specifically, we analysed the detrital fine fraction of 37 samples for
neodymium (Nd) and strontium (Sr) isotope compositions (<63 pm)
and 23 samples for clay mineralogy (<2 pm). Nine samples were also
processed for U-Pb dating of detrital zircons (<300 pm) and five for
“0Ar/*Ar dating of detrital hornblende grains (150-300 pm). Addition-
ally, the petrological composition 0f 15,740 clasts >2 mmwas identified
down-core (Extended Data Fig. 3).

Evidence for Early Miocene WAIS growth

AtSite U1521, detrital &4 values are consistently more radiogenic (higher) in
Sequence2 compared withthe sediments above andbelow (Fig. 2e),imply-
ingacontribution fromamoreradiogenicend member. Thisend member
can be traced to beneath the WAIS; the g4 values, ranging between -7.2
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Fig.3|Site U1521detrital zircon U-Pb age distributions. a, Data displayed as
kernel density estimates (KDEs). When present, large Ross Orogeny
(-600-500 Ma), Triassic (-240-190 Ma) and Cretaceous (-100 Ma) age peaks are
labelled. The age ranges of the Ross Orogeny, Grenville Orogeny and an-2.7 Ga
eventrecordedinRoss Seasedimentarystrataareillustrated using
grey-shaded bars. The sub-bottom depth midpoints of the samples are shown
inFig.2andlisted in the Methods section. b, Same dataasin (a), displayedasa
multidimensional scaling (MDS) map calculated using the Kolmogorov-
Smirnov statistic®. Stress (ameasurement of the goodness of fitbetween the
disparities and the fitted distances®) = 0.072. An MDS plot visualizes the
degree of similarity between samples, with the proximity of sample points

and-5.9,areingood agreement with measurements of Upper Quaternary
diamicts from the eastern Ross Sea shelf, adjacent to West Antarctica®.
Here, the radiogenic end member is hypothesized to be the Cenozoic
alkalivolcanicrocks of Marie Byrd Land, West Antarctica (Extended Data
Fig.4)*.Subaerial outcrops of the Marie Byrd Land volcanic province are
limited, but magnetic and gravity anomalies associated with subglacial
cone-shaped structures indicate the presence of numerous subglacial
volcanoes (Fig.1)®. We hypothesize that the Marie Byrd Land volcanic
provinceis the more radiogenic end member in Sequence 2. Conversely,
thelessradiogenic (lower) yq valuesseeninSequences1,3A and 4Areflect
amixture of lithologies present in the (East Antarctic) Transantarctic
Mountains and fall within the range of Upper Quaternary Ross Sea tills
of Transantarctic Mountain provenance (Extended Data Figs. 4, 5)%°°.
Theseless radiogenic sediments also show higher and more variable mag-
netic susceptibility (Fig. 2)*. The patterns seenin the £y, dataare broadly
mirrored by detrital Srisotope compositions (Extended Data Fig. 2).
Single-grain geochronology/thermochronology and clast petrography
provideinsightsinto specific source terranes. In the Transantarctic Moun-
tains, Precambrian rocks were affected by the pervasive Ross Orogeny
(615-470 Ma), which was accompanied by intrusive felsic magmatism

reflecting their similarity. The axis scales are dimensionless and have no
physical meaning. The colour of Site U1521 samples (A toI) corresponds to their
&ng Value. Previously published zircon U-Pb data from Kamb, Whillans and
Bindschadlerice streamsin West Antarctica, as well as Transantarctic
Mountain moraines frominland and coastal regions, are shownin grey
The KDEsand region of the MDS plotinterpreted as having a West Antarctic
provenance are shadedinlight blue, consistent with the blue shading in panel
(a) and Fig. 2. Note that although Whillans Ice Stream drains the WAIS, it is
excluded fromtheblue-shaded area duetoits proximity to the Transantarctic
Mountains (Fig.1), resulting in a subglacial sediment provenance signature
indistinguishable from East Antarctic detritus®.

32-34

(Supplementary Information)™. Zircon age populations from Sequences1,
3Aand4Ashowastrong peak towards the earlier part of the Ross Orogeny
(595t0535Ma)anda6to21% population of Archaeanand Paleoprotero-
zoic (>1,600 Ma) zircon grains (Figs. 1, 3). These features, together with
alack of grains younger than 250 Ma, resemble data from moraines in
the Transantarctic Mountains®*, Clasts in sequences 1, 3A and 4A also
correlate with rocks in the Transantarctic Mountains, with lithologies
includingcommon felsic granitoids and meta-sediments alongsiderarer
limestones, marbles and sandstones (Extended Data Fig. 3)*. Although
arelatively minor component, dolerite clasts are found throughout
Sequences1,3A and 4A (Fig. 2g) and can be traced to the Jurassic Ferrar
Group, which predominantly crops outin the Transantarctic Mountains
(Fig.1). Furthermore, rare Protohaploxypinus pollen, adistinctive compo-
nentofthe Permian Beacon Supergroup in the Transantarctic Mountains,
are observed in Sequence 3A%. Overall, the sediments comprising Site
U1521 Sequences 1, 3A and 4A are predominantly sourced from erosion
of the Transantarctic Mountains in East Antarctica.

In contrast, Sequence 2 is characterized by the highest gy, values
and contains zircons with Cretaceous (-100 Ma) U-Pb ages (n =16;
Fig.3a).Suchages areindicative of a West Antarctic provenance as they
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are currently only found beneath the modern Siple Coastice streams,
including Kamb Ice Stream and those closer to Marie Byrd Land®~¢.
The age spectra of samples from Sequence 2 share other features
with data from the Siple Coast ice streams, including a broad Triassic
(-240-190 Ma) age peak, few pre-Mesoproterozoic zircons (<5% of
grains) and ayoung (-515-505 Ma) Ross Orogeny peak (Fig. 3)*. Detrital
hornblende *°Ar/**Ar ages from Sequence 2 further corroborate a West
Antarctic provenance. Unlike zircon grains, which can survive multiple
sedimentary cycles, hornblende grains are less resistant to weather-
ing. The absence of Grenvillian (-1,100-900 Ma) ages in the Sequence
2 hornblende sample (Extended Data Fig. 6) therefore suggests a
WestAntarctic provenance, as Grenville-age rocks are absent there®.
The scarcity of Ferrar Group dolerite clasts, common in the Transant-
arctic Mountains, is also consistent with a West Antarctic provenance
(Figs. 1, 2), asis a high proportion of smectite in the clay fraction at
the bottom of Sequence 2 (<58%; Extended Data Fig. 3), with smec-
tite percentages similar to Quaternary sediments in the eastern Ross
Sea®. Additionally, Sequence 2 contains evidence for recycling of older
marine detritus, most likely from the lower Cenozoicrrift-fill strata that
existin the eastern Ross Sea region of the West Antarctic Rift System?.
This is inferred from the dominance of reworked Eocene-Oligocene
species in the diatom and spore-pollen assemblages?, alongside the
common (13-21%) reworked Eocene-Oligocene marine dinocysts,
which are rare (<1.5%) in younger sediments (Extended Data Fig. 2).

Smectite abundance declines significantly up-section within
Sequence 2 and is accompanied by an increase in the proportion of
basalt clasts (Extended Data Fig. 7). This anticorrelationis unexpected
given that smectite is a weathering product of basalt and volcanic
rocks. We infer that lower in Sequence 2, basaltic bedrock was pre-
dominantly weathered to smectite and was thus largely confined to
thefiner grain size fractions. Over time, this more weathered regolith
layer was removed, leading to erosion of progressively more pristine
continental detritus containing more basalt clasts. This scenario is sup-
ported by more radiogenic gy values measured in the <63 pm fraction
lower in Sequence 2 (Fig. 2, Extended Data Fig. 7), as Marie Byrd Land
basalts are more radiogenic than other lithologies (Extended Data
Fig.5).Sequence 2 (17.72-17.40 Ma) could therefore record anadvance
of the WAIS over parts of West Antarctica that had not been covered by
grounded ice for an extended period.

Further evidence for WAIS expansion can be found in seismic data,
which cantrace the sediment package deposited at Site U1521 between
17.72and 17.40 Ma (Sequence 2) across the Ross Sea continental shel .
The sediment package, which is thicker towards the eastern Ross Sea
(thatis, West Antarctica), contains glacial features including wide-
spread progradational wedges and high relief morainal banks**%,
Coupledwiththelithological and palynological evidence for ice prox-
imity at Site U1521, this shows that marine-terminating ice was present.
Transport of large volumes of West Antarctic detritus as far west asthe
Pennell Basinin the central Ross Seais evidentin our provenance data,
which, alongside common reworked marine microfossils, proves this
marine-terminating ice derived from an Early Miocene WAIS, which
intermittently extended across most of the outer continental shelf.

Our data therefore reveal WAIS expansions across the Ross Sea
continental shelf date back to at least 17.72 Ma, which is significantly
earlier than previously suggested'>>*?**° Advance of the WAIS into
marine-based areas (thatis, regions grounded mainly below sea level) at
17.72-17.40 Maissupported by acorresponding period of high sensitivity
of the marine 80 record to obliquity forcing (Fig. 2i). High obliquity
sensitivity is considered a proxy for enhanced ice-sheet sensitivity to
ocean dynamics and thus the presence of marine-based ice®.

Birth of amarine-based WAIS

The mean erosion rate for the WAIS catchments draining to the Ross
Seabetween17.72 and 17.40 Ma can be estimated using the volume of
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the corresponding seismic package east of Site U1521%, Assuming that,
at the time of deposition, the area of the Ross Sea drainage sector of
the WAIS was approximately the same as today (+ 20%), the inferred
sediment volume requires amean catchment erosion of approximately
87 min ~317 kyr (Extended Data Table 2). The mean erosion rate of
~0.275 mmyr*duringthis interval greatly exceeds the long-term mean
rate of 0.012mmyr” calculated for this part of the WAIS between 23 and
14 Ma'®; even when the full uncertainty is taken into account (Extended
Data Table 2), it is still more than an order of magnitude higher.
Thishighlightsthe17.72t017.40 Mainterval asone of unusually rapid ero-
sion, with erosion rates comparable to modern subpolar to temperate
glacial catchments*°. Transporting this large volume of subglacially
eroded debris quickly to the WAIS margin required abundant meltwater
attheice sheet bed, as well as fast-flowing ice streams that extended
into marine settings where broad deposition took place. Ocean
temperatures must therefore have been sufficiently cool to permit the
advance of marine-based ice, yet atmospheric conditions must have
remained warm enough to provide sufficient precipitation to drive
dynamicice flow and enhanced basal erosion®.

Since most of West Antarctica, apart from Marie Byrd Land, was
thermally subsiding throughout the Miocene'®, the high erosion rate
at17.72to017.40 Ma is unlikely to have been driven by tectonic uplift.
The eroded sediments therefore reflect ice expansion and enhanced
glacialincision of the terrestrial West Antarctic hinterland, plusinfilling
of the Ross Sea basins. This erosive event occurred at a time when
topographic reconstructions indicate a transition from a terrestrial
West Antarctic topography (23 Ma) to a largely submarine West
Antarctic topography (14 Ma)®®. The timing and large volume of sedi-
ment deposited in Sequence 2 at Site U1521 suggests that the 17.72
to 17.40 Ma interval records a critical step in the transition of the
WAIS from a largely terrestrial ice sheet to one that was primarily
marine-based. This significant alteration to West Antarctic topography
occurred just before major changes affecting the Antarctic cryosphere
and global climate during the MCO?"., Subglacial erosion may therefore
have driven changes in ice-sheet evolution and behaviour as, after
~17.40 Ma, a greater submarine area in central West Antarctica would
have made the mass-balance control of the WAIS more sensitive to
external drivers such as sea level and oceanic forcing>'®. We propose
thatice retreat at the onset of the MCO may be partially attributable
to the crossing of this topographic tipping point and that Sequence
2records the birth of a marine-based WAIS. This event dates to well
before14 Ma, the timeslice at which topographicreconstructions first
show a largely sub-marine West Antarctica'®.

Sea-level reconciliation

Grounded ice flowing from West Antarctica was close to Site U1521
towards the end of the Early Miocene. We therefore validate recent
modelling studies suggesting that an ice sheet nucleating on a par-
tially terrestrial West Antarctica could expand extensively into the
marine realm under Early Miocene climatic and paleotopographic
conditions***¢, Our data are consistent with anice extent similar to, or
exceeding, the largest modelled Early to Middle Miocene Antarcticice
sheets (Fig.1), containingice volumes of approximately 80 msea-level
equivalent depending on the topographic reconstruction used***.
This expanded WAIS contained approximately 14-15 msea-level equiva-
lentofice, butalso acted to buttress the EAIS resulting in significantly
larger-than-present ice volumes**¢. These maximum ice volume con-
straints indicate that far-field sea-level amplitudes of ~40-60 m did
not require the loss of nearly all terrestrial East Antarctic ice during
subsequent warm periods during the MCO' 3, consistent with modelled
EAIS hysteresis effects*. By providing the earliest conclusive evidence
foralarge marine-based WAIS, our dataalso dispellong-held inferences
that a WAIS, able to significantly impact global eustacy and climate,
was not present until the Middle or Late Miocene'*>%,
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Methods

Neodymium and strontium isotopes

Samples were disaggregated and wet sieved toisolate the <63 um frac-
tion, which was then dried at 60 °C. This size fraction represents the
bulk composition, as samarium and neodymium are incorporated in
equal proportions into most rock-forming minerals, meaning grain-size
sortingis not likely toimpact results®***, However, the Rb-Sr systemis
subject to elemental fractionation during weathering and grain-size
sorting, which caninfluence ¥Sr/®Sr ratios (see ‘Provenance Changes
within Sequence 2’ sectionin Supplementary Information). Toremove
authigenic Fe-Mn oxyhydroxide phases, samples were leached in a
mixture of 0.05M hydroxylamine hydrochloride, 15% acetic acid, and
0.03MEDTAata pH of 4%, A carbonate removal step was not included
duetothe very low carbonate content®. Leached sediment was dried,
homogenized, and 50-mgaliquots were digested on a hotplate in con-
centrated HF (2ml), HCIO, (0.8 ml) and HNO, (1 ml) for three to five days,
with a subsequent 6 M HCl step. The Nd was isolated from the sample
matrix using a cation exchange resin (AG50W-X8,200-400 pm mesh)
and HClinincreasing molarity, followed by alow molarity HCI Ln-Spec
resin procedure (50-100 pm mesh). The sample matrix from the cation
exchange step was dried down, taken up in HNO,, then loaded onto
Eichrom SrSpec resin to wash down the matrix and elute the Sr (ref.>).

Neodymium isotopes were measured in the MAGIC laboratories
at Imperial College London on a Nu high resolution multi-collector
inductively coupled plasma mass spectrometer (HR MC-ICP-MS).
To account for instrumental mass bias, isotope ratios were corrected
usingan exponential law and a **Nd/**Nd ratio of 0.7219. Although
negligible, interference of **Sm on"**Nd was corrected for. Bracketing
standards were used to correct measured “**Nd/**Nd ratios to the com-
monly used JNdi-1value of 0.512115 (ref.*®). USGS BCR-2 rock standard
was processed alongside all samples and yielded **Nd/**Nd ratios
consistently withinerror of the published ratio® 0f0.512638 + 0.000015.
Full procedural blanks for Nd ranged from 7 to 30 pg (n = 6)."*Nd/**Nd
ratios are expressed using epsilon notation (gy), which denotes the
deviation of a measured ratio from the modern Chondritic Uniform
Reservoir (0.512638)% in parts per 10,000.

Strontium isotopes were measured in the MAGIC laboratories at
Imperial College Londonona TIMS (thermal ionization mass spectrom-
eter).10% of the sample was loaded in 1 pl of 6 M HCl onto degassed
tungsten filaments with 1 pl of TaClsactivator. The measured ¥Sr/5¢Sr
ratios were corrected for instrumental mass bias using an exponential
law and an ®8Sr/%¢Sr ratio of 8.375. Interference of ¥Rb was corrected
for using an *Rb/®Rb ratio of 0.386. Analyses of the NIST 987 standard
reference material were completed every four unknowns, yielding a
mean of 0.710290 + 0.000041 (2s.d., n =36). Samples were corrected
to the published value™ of 0.710252 + 0.000013. The relatively poor
reproducibility for our NIST 987 runs was due to technical issues, butis
stillmore than sufficient for interpreting sample results, which change
in the third to fourth digit. Accuracy of results was confirmed using
rock standard USGS BCR-2, processed with every batch of samples,
which yielded ¥Sr/%Sr ratios of 0.705010 + 0.00029 (2s.d., n=18).
Thisiswell withinerror of the published ratio of 0.705013 + 0.00010%".

Detrital zircon U-Pb dating

The sub-bottom depth midpoints of the nine samples are: A: 220.23,
B:270.03,C:335.72,D:373.58, E: 410.82, F: 487.40, G: 546.55,H: 588.00
and I: 642.21 mbsf. To ensure there were enough grains for statistical
analysis, the above samples were taken over 40-cm intervals. Samples
were disaggregated, dried and sieved at 300 pum. Zircons from the
<300 pum fraction were concentrated using standard gravity settling
and magnetic separation techniques. Samples were then mounted in
resin, polished and analysed using an Agilent 7900 laser ablationinduc-
tively coupled plasmamass spectrometer (LA-ICP-MS) witha25-35 um
pit diameter in the London Geochronology Centre at University

College London. Approximately 150 grains resembling zircons were
randomly selected for analysis from each sample. PleSovice zircon®
was used as a primary standard to correct for instrumental mass bias
and depth-dependentinter-element fractionation. Approximate U and
Thconcentrations were calculated by comparison with NIST 612 glass®°.

Datareduction of the time-resolved mass spectrometer data was
performed using GLITTER 4.5 (ref. ®*). Ages younger than 1,100 Ma
were calculated using the 2°°Pb/?*8U ratio while older grains used the
207pp/2%°Pb ratio. Data were filtered to exclude non-zircons based on
zirconium concentrations (>10° counts per second) and a -5/+15%
discordance threshold was applied. This yielded at least 92 grains per
sample, giving a 95% confidence that any age populations comprising
more than 7% of the sample will be measured®. GJ1zircon®* was used as
asecondary standard to verify accuracy of the data. Repeat analyses
using zircons with and without existing ablation pits were made to
check sample reproducibility; these agreed within the uncertainties
associated with random sampling. Final data were processed and visu-
alized using the R package IsoplotR®*.

Clast petrography

The gravel fraction (>2 mm) was characterized in continuum along
the core between 648.17 and 209.17 mbsf. Clasts exposed in the cut
surface of the archive half core were measured, logged and described
onthebasis of macroscopic features (for example, shape, colour, tex-
ture). Logging aimed to identify the distribution and variation of the
gravel-size clasts along the core length. Clast logging followed the
methods previously applied to the ANDRILL and Cape Roberts Project
drill records from the Ross Sea. On the basis of macroscopic features,
clasts were grouped into seven main lithological groups: igneous
rocks, quartz fragments, dolerites, volcanic rocks, metamorphicrocks,
sedimentary rocks and sedimentary intraclasts® %, Data processing
involved counting the occurrence of each lithological group over
10 cm core intervals and summarizing this for each core (Extended
DataFig.3). Thetotal number of clasts was also summed for each metre
interval (Extended Data Fig. 3). To highlight the along-core variation
indolerite and volcanic clasts — two of the most indicative lithologies
for provenance constraint — the number of these clasts was divided by
the total number of clasts in each core (Extended Data Fig. 3). A total
of 73 pebble to cobble-sized clasts were sampled for petrographic
analysis, of which the most representative of each lithological group
were analysed using standard petrographic methods with polarized
light microscopy.

Palynology
Sample processing was performed at Utrecht University, following
standard techniques of the Laboratory of Palaeobotany and Palynol-
ogy.Samples were oven-dried and weighed (-15 g dry weight sediment
each). One Lycopodium clavatumtablet withaknown amount of marker
spores was added for quantification of palynomorph abundances®.
Samples were treated with 10% HCI and cold 38% HF, then sieved
over al0 pm meshwith 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
microscopeslides using glycerine jelly as amounting medium, and two
slides were analysed per sample at 400 x maghnification. Slides were
examined for detailed marine palynomorphs (dinoflagellate cysts,
acritarchs and other aquatic palynomorphs) and, at screening-level,
terrestrial palynomorphs (pollen and spore) at Utrecht University.
Subsequent detailed analysis of terrestrial palynomorphs on a sub-set
of seven samples was undertaken at GNS Science. Of the 23 palyno-
logical samples analysed for dinocysts, two contained <60 dinocysts
(Sequence 1; 594.48 mbsf and Sequence 2; 567.75 mbsf) and one was
almost barren (yielding only 12 in situ dinocysts, Sequence 3A; 374.9
mbsf). The almost barren sample is excluded from all plots. The two
low abundance samples are included in our plots but require careful



interpretation. Samples between 594.48 and 567.75 mbsf and below
594.48 mbsf (cores 65R, 67R, 69R and 71R) were also checked, but
yielded few dinocyst specimens. Those present comprised of frag-
ments of mostly reworked dinocysts.

Pollen and sporeidentification followed taxonomic compilations’”,
augmented by key Antarctic literature’™. For pollen and spores, scan-
ning continued until an entire cover slide was completed, ora100 count
reached. Results are presented as specimens per gram, and percentage
of all terrestrial 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.
The percentages of other palynomorph groups such as brackish and
freshwater algae (Cymatiosphaera spp. and Pediastrum spp.) and
reworked dinocysts were calculated using the total palynomorphs
counted (Fig. 2; Extended Data Fig. 2). In situ dinocyst and terrestrial
palynomorph absolute abundance (specimens/g dry weight) and the
absolute abundance of the other palynomorph groups were calculated
by counting the amount of Lycopodium clavatum spores encountered,
following the equation of Benninghoff®.

Protoperidinioid (P) dinocysts are mostly represented by the genera
Brigantedinium, Lejeunecysta and Selenopemphix. Gonyaulacoid (G)
dinocysts mostly include Batiacasphaera spp., Operculodinium spp.
and Spiniferites spp. Protoperidinioid cyst percentages (heterotrophic
% in Extended Data Fig. 2) and percentages of the most common spe-
cies (Brigantedinium spp. Lejeunecysta spp., Selenopemphix spp. and
Selenopemphix antarctica) were calculated to identify productivity
trends and/or the presence of seaice (Supplementary Information). Itis
likely that P dinocysts are produced by heterotrophic dinoflagellates®
and, at present, they dominate the assemblages in Antarctic sediments
inareas with high nutrients and/or (year-round) sea-ice cover. At pre-
sent, samples in quasi perennial sea-ice covered areas are dominated
by Selenopemphix antarctica (-75%), with abundant Brigantedinium
spp. and rare occurrence of other species® 5. G cysts are generally
produced by phototrophic dinoflagellates. Operculodinium spp. is the
mostabundant, has species representatives among the extant cysts and
hasbeen selected torepresent temperate-warm conditions. At present,
itisalmostexclusively foundin temperate areas of the Southern Ocean
north of the Subantarctic Front and never occurs in circum-Antarctic
sediments south of the Polar Front®. In contrast, it is common to abun-
dantin other Antarctic warm Miocene records®**¢, Reworked dinocysts
include Eocene and Oligocene taxa (mostly Vozzhennikovia spp., but
also few Spinidinium spp. and Enneadocysta diktyostila).

Sediment volume estimate
The volume of sediment comprising Sequence 2 was estimated based on
seismic data for the Ross Sea continental shelf?>, The isopach maps were
developed by interpolating between available seismic reflection pro-
files®, giving a total volume 0f 175,526 + 17,553 km®. The 10% uncertainty
accounts for uncertainty in seismic velocities, which vary from1,700-
2,700 ms™ at Site U1521 based on tomography and 1,970-2,480 ms™
based ondown-hole measurements. As the provenance datasuggesta
West Antarctic sedimentsource for Site U1521 Sequence 2, we assume
that all the sediments east of 180° and south of 73° are derived from
West Antarctica. This is the vast majority (123,627 + 12,363 km®) of the
sedimentacross the shelf. Our sediment volume estimate is conserva-
tive, as the top of Sequence 2 (surface D-b) has been truncated across
much of the continental shelf by RSU4%. Significant sediment volumes
are also likely to be present beyond the edge of the seismic data from
the continental rise. Any sediment beneath the modern Ross Ice Shelf
isalso unaccounted for, although this componentislikely to be small.
Totranslate this sediment volumeinto an erosionrate, the approach
and uncertainty range of Paxman et al.®® was used to account for poros-
ity and asmall biogenic sediment component (Extended Data Table 2).
We note that using generic valuesin our porosity calculationis crude,

with variationinthe porosity of these Antarctic sediments likely to be
significant,” but nevertheless sufficient for our order-of-magnitude
estimate of erosion. It is reasonable to assume the major ice divides
have remained in largely the same positions since the Early Miocene,
asindicated by various modelling studies using reconstructed topog-
raphies**'¢. The size of the eastern Ross Sea catchment (that is, Ross Sea
sector of the WAIS) was therefore assumed to be similar to the modern,
with a20% uncertainty. Some sedimentinthese units clearly contains
reworked material; there are high concentrations of Eocene-Oligocene
palynomorphs and diatoms. Although this means our erosion rate is
notindicative of pure bedrockincision, it still represents a significant
change to the topography and bathymetry of West Antarctica. It is
likely that the material removed exceeds our conservative estimate of
~87 macross the catchment. The 317,416-year durationis based on the
cyclostratigraphic analyses described in the age model section, witha
20,000-year uncertainty.

IODP Site U1521 age model

Theage modelfor IODP Site U1521 uses magnetostratigraphy, biostratig-
raphy, cyclostratigraphy, ¥Sr/%Sr dating of macrofossils, and *°Ar/*Ar
ages of hornblende grains to correlate rock units to the Geomagnetic
Polarity Timescale (GPTS)*. Key events and tie points are summarized
inExtended Data Table1and illustrated in Extended DataFigs.1and 8.
Biostratigraphic constraintsinclude firstand last appearance datums
of diatoms. The maximum and minimum age range reported for these
datums are derived from total and average ranges®*®° and hybrid range
models derived from Constrained Optimization (CONOP) methods®*®°.
Hybrid range model ages are used as primary constraints for our age
model. This is because they best account for up-section reworking
of microfossil datums, which is common in glacial sedimentary envi-
ronments, while recognizing that major down-section reworking is
unlikely (partly because of the rarity of bioturbated intervals). They are
marked by base of arrows in Extended Data Fig.1and mentioned inthe
text below. Biostratigraphic datums and magnetic polarity reversals
providetie pointsto construct lines of correlation (LOC) with the GPTS.
The age model presented here includes the interval of West Antarctic
sediment provenance (Sequence 2) and is described from the base of
the borehole at 650 mbsf to 75 mbsf.

Biostratigraphic constraints through the interval from 650 mbsfto
near the top of Sequence 3B (at -286.1 mbsf) are sparse as the sediments
are deeper than the Opal-CT transition and diatom preservation is
relatively poor. Our correlation of the four distinct magnetozones RS,
N4,R4,and N3 tothe GPTS s therefore primarily based on regional cor-
relation of prominent seismicreflectors to other dated drill cores from
the Ross Sea shelf, backed up by diatom biostratigraphic constraints.
The section from 650 mbsfto 567.95 mbsf at Site U1521 (Sequencel) is
characterized by reversed magnetic polarity but offers no constraints
that we can confidently use for correlating this reversed interval to
the GPTS. However, robust age constraint for sediments at the base of
Sequence 2 can be determined through regional correlation of RSU5
to other sites where chronostratigraphic data are available. RSU5
intersects Site U1521 at 567.95 mbsf (the base of Sequence 2) and is
correlated across the Glomar Challenger Basin and tied to DSDP Site
273 at 282 mbsf?. The LAD of T. praefraga is observed at 309 mbsfin
DSDP Site 273, which suggests that RSU5 is younger than 17.95 Ma a
t that site. RSU5 cannot be directly correlated into the western Ross
Sea, but a major unconformity (U2) occurs in the AND-2A drill site at
774.94 mbsf, and it is likely that this corresponds with RSU5 based on
chronostratigraphy™. Specifically, sediments that directly underlie U2
in AND-2A are characterized by a reversed magnetic polarity and are
correlated to Chron CSEr (18.636 to 18.497 Ma) based on constraints
thatinclude *°Ar/*Ar dates 0f 18.82 + 0.15 Ma on pumice clasts within
atuffaceoussiltstone at 831.66 mbsf. The age of sediments that overlie
U2 atthe AND-2A drill site are constrained by the FAD of T. praefraga at
771.5 mbsf (<18.46 t018.58 Ma), and a*°Ar/*Ar date of 18.04 + 0.31 Ma
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on pumice clasts within a tuffaceous siltstone at 709.17 mbsf. These
observationsrequire correlation of the reversed magnetic polarity zone
that characterize the sediments above U2 to Chron C5Dr.2r (18.007 to
17.676 Ma). All evidence presented above shows that between ~18.6 and
~17.8 Ma, a significant, regionally extensive, erosional event (or series
of events) created surface RSU5/U2.

Sediments deposited ontop of RSU5 at Site U1521 are characterized
by reversed magnetic polarity. Based on the known age of RSU5 at DSDP
Site 273 and U2 at AND-2A, we correlate the top of reversed magneto-
zone R5in Site U1521to Chron C5Dr.2r. Thisinterpretationis consistent
with the observation that T. praefragais not presentin a diatom-bearing
sample at 563 mbsf, despite comprehensive searches for this species
inthis sample as well as diatom-bearing samples higher in Sequence 2.
AsT.praefragaisasmalland compactdiatomnot proneto fragmentation
thatis likely to be preserved in the observed diatom assemblages, we
are confident this absence is not a result of poor preservation below
the Opal-CT transition. T. praefraga is a common species in upper
Oligocene and lower Miocene sediments recovered from several sites
across the Ross Sea, including Cape Roberts Project-2/2A, DSDP Site
273,and AND-2A™*?2, The total reported CONOP model based age range
for the LAD of T. praefraga is 17.95 to 16.82 Ma and the hybrid model
range is 17.95 to 17.36 Ma®*°, Consequently, we view the absence of
T. praefraga as strong evidence that the sediments above 563 mbsf at
Site U1521 are younger than 17.95 Ma.

We then correlate the magnetic polarity reversal (MPR) R5/N5
between 526.8 and 524 mbsfto C5Dr.1n/C5Dr.2r (17.676 Ma), the MPR
N4/R4 between 517.2 and 515.1 mbsf to C5Dr.1r/C5Dr.1n (17.634 Ma),
and the MPR R4/N3 between 400.5 and 397.2 mbsf to C5Dn/C5Dr.1r
(17.466 Ma). We extend a line of correlation from this MPR to the top
of Sequence 2, where it intersects with seismic surface D-b?. The cor-
relation presented here by interpolating through these MPRs indicates
sedimentsinSequence 2spanthetimeinterval from-17.7-17.4 Ma. The
occurrence of the diatom taxon Thalassiosirasp. cf. T. bukryi at 450.52
mbsf supports this correlation as the range reported for this taxon at
ODP Site 744 is 17.7-17.4 Ma®*®,

To refine the likely sedimentation rate and timespan of Sequence
2, acyclostratigraphic analysis was conducted on clast abundance
data (Extended DataFig.3) spanning 568 to 380 mbsf. These data were
analysed using TimeOpt*, which is a statistical optimization method
for astronomical time scale construction and astrochronologic test-
ing, executed by the astrochron package in R (function ‘timeOpt’)*.
Givenarange of plausible sedimentation rates and aseries of specified
astronomical periodicities (for precession, obliquity and eccentric-
ity), TimeOptidentifies the age model that resultsina time-series that
best aligns with the predictions of Milankovitch theory. Specifically,
two diagnostic attributes of the astronomical hypothesis are evalu-
ated: the hierarchy of cyclic frequencies expected of Milankovitch
Cycles, I ecrar and the match between eccentricity cycles and the
precession-band envelope, Peyeiope ***. These two values (1%, and
Penveiope) are multiplied to produce an %, value, which provides insight
into the strength of a hypothesized astronomical signal at each evalu-
ated sedimentation rate.

Assuming plausible average sedimentation rates between 40 cm
kyr'and 65 cmkyr?, TimeOpt yields an optimal sedimentation rate of
59.2 cmkyr for Sequence 2, with an r%,,,, of 0.396. To assess the statis-
tical significance of the result, a Monte Carlo astrochronologic test is
conducted to evaluate the null hypothesis that the observed variability
inclastabundance arises entirely by stochastic processes, rather than
astronomical forcing. The Monte Carlo simulations are generated using
the function ‘timeOptSim’, which creates a large number of similar
time-series of stochastic (‘red’) noise, to assess the probability that such
data sets can produce an r,,, value comparable to the one generated
by the clast abundance data®**®. This analysis yields a p value of 0.005,
indicating that the null hypothesis (that is, the data are generated from
astochastic ‘red noise’ process; specifically an AR1 process) can be

rejected with ahigh degree of confidence. Given that the astrochrono-
logically estimated sedimentation rateis derived independently from
the paleomagnetic data, their consistency is remarkable and provides
strong evidence in support of an estimated duration of ~317 kyr for
Sequence 2 (Extended Data Fig. 1)*.

Although the ‘floating’ TimeOpt-derived astronomical timescale
preserves information about elapsed time, it must be separately
anchored to a specific numerical age. To do so, we use the ‘slideCor’
functionin the astrochron package®; thisis an automated approach to
find the optimal anchoring of the floating TimeOpt-derived timescale
to the theoretical astronomical solution of Laskar et al.””. Specifi-
cally, we have applied a Taner bandpass filter®®, isolating the periods
between 60 ka and 27 ka for both the obliquity component of the
astronomical solution®, and for the TimeOpt-derived floating astro-
chronology. The optimal match between the astronomical solution
and floating astrochronology is identified using the squared Pearson
correlation coefficient.

Independent biostratigraphic and magnetostratigraphic constraints
mean we can restrict our ‘slideCor’ assessment to a feasible ~800 ka
interval; our lower limit (17.950 Ma) isbased on the absence of T. prae-
fraga and the correlations of RSU5 described above, and our upper
limit is based on the C5Cr/C5Dn MPR (17.154 Ma). Since the precise
relationship between clast abundance and astronomical forcing is
not known with certainty, any time-anchor for the astronomically
calibrated section should be treated as having an uncertainty of at
least a full obliquity cycle (-41ka). Application of the slideCor func-
tion identifies two plausible regions of the astronomical solution for
anchoring the Sequence 2 clast abundance data. The optimal match
(r*=0.8497) results in an astronomically calibrated section ranging
from 17.601 Ma to 17.918 Ma (+ 0.02 Ma). This would indicate that the
intervalis~140-220 kyr older than the age range suggested by the paleo-
magneticinterpretation, giving avery poor match withthe measured
polarities. However, aslightly less optimal match (r*= 0.7704) anchors
the sectionto span17.398 Ma to 17.715 Ma (+ 0.02 Ma), which places it
within -40 kyr of the paleomagnetic interpretation. This agreement
of geochronological frameworks derived from paleomagnetism and
astrochronology, which are broadly independent, provides strong
support for the age model presented here.

Uncertaintiesin the magnetostratigraphic age model, most notably
for Subchrons C5Dr.1n and C5Dr.1r and Chron C5Dn, may account for
some of the slight disagreement with the astrochronlogical approach
described above. The available astronomically tuned durations of these
(sub-)chrons agree within 10%°*'°°, The small discrepancies in dura-
tion of (sub-)chrons originate from the astronomical tuning approach
(carbon and oxygen isotopes tuned to eccentricity, tilt and precession
at Site 1090 (ref. *°) and carbonate content to eccentricity only at Site
U1336 (ref.'°°), as well as physical and palacomagnetic recording pro-
cesses such as bioturbation and the palacomagnetic lock-in depth'®%2,
Paleomagnetic measurement methods are discussed in detail in the
cruise report®.

We suggest 17.95-17.40 Ma as the absolute uncertainty of the tim-
ing of Sequence 2 deposition, based on the absence of T. praefraga
(17.95Ma) and occurrence of MPR C5Dn/C5Dr.1r (17.466 Ma) near the
top of Sequence 2. However, more precise constraint on the duration of
Sequence 2 deposition canbe achieved based on the remarkable agree-
ment of sedimentation rates based on the astronomical analysis of clast
dataandinterpolation through magnetostratigraphic tie points, which
suggest deposition occurred over ~317 kyr. Combined with the close
correlation between our astrochronological analyses and the timing of
MPRs, we suggest amore precise interval for the deposition of Sequence
2,spanning-~17.72-17.40 + 0.02 Ma. The -20 kyr error represents uncer-
tainty in the phase relationship between clast abundance and obliquity
forcing. This range coincides closely with many independent records
indicating ice-sheet growth, including a sea-level lowstand recorded
on the New Jersey continental margin (-17.8-17.46 Ma), evidence for



ice sheet growth in the AND-2A drill core sediments (-17.8-17.4 Ma)"
and a peak in obliquity sensitivity (~17.8-17.5 Ma)" (Fig. 2).

The age of Sequence 3A and 3B (324.20-209.17 mbsf), bracketed by
seismic surface D-b and regional unconformity RSU4a, is difficult to
tightly constrain. Diatom preservationincreases significantly inasam-
ple at 286.1 mbsf at the base of Sequence 4A and the FADs of Nitzschia
sp.17Schrader, Synedropsis cheethamii and Denticulopsis maccollumii
suggest sediments below this stratigraphic level are older than 17 Ma.
The LAD of F. maleinterpretaria in this sample provides a minimum
age constraint and suggests that the sediments below 286.1 Ma must
be older than 16.41 Ma. These constraints require that the sediments
between 344.6 and 286.3 mbsf, characterized by reversed polarity,
correlate witheither the Subchron C5Cn.2r or the base of Chron C5Cr.
Correlation to the base of Chron C5Cr is our favoured option as this
wouldindicate that the interval of time missing across seismic surface
D-bisrelatively short, whereas regional unconformity RSU4a at the
top of this unit records a hiatus of longer duration. The alternative
interpretation is shown with a dashed line in Extended Data Fig. 1.

We constrain the slope of the LOC through Sequence 3B based on
the sedimentation rate indicated for the diatom-bearing Sequence
4B as the sediments are similar, although affected by diagenesis in
Sequence 3B. The sedimentation rate in Sequence 3A is assumed to
be comparable to the Sequence 2 diamicts. We also acknowledge that
theactualfirstappearance of the diatom taxaidentifiedin the sample
at286.1 mbsf may have originally been deeper, but their presence has
since been obscured by diagenesis. This would require that the LOC
sit to the left (younger) of its current position. Therefore, we include
an error box (orange box in Extended Data Fig. 1) in our age model to
show that the LOC could occur anywhere within this area depending
on the amount of time missing across D-b and the sedimentation rate
during deposition. We are confident that the MPR between 400.5 and
397.2 mbsf (N3/R3) is C5Dn/C5Dr.1r (17.466 Ma) based on constraints
above and below this interval outlined above and place our LOC through
the reversal. This LOC requires a time gap of ~180 kyr across regional
seismic surface D-b? that separates Sequences 2 and 3.

The relatively thin interval of reversed polarity within Chron C5Dn
(at ~380 mbsf) is not identified in the current version of the GPTS
(Extended Data Fig. 8), but a similar short-duration reversed polarity
eventroughly halfway through Chron C5Dnisrecorded inthe AND-2A
magnetostratigraphic record™. Taking the palaeomagnetic uncertain-
ties of ice-proximal sediments into account, we hypothesize that this
rarely recorded reversed polarity event could be a genuine feature of
the geomagnetic field that has not been detected in marine sediments
due to signal smoothing at low sedimentation rates'®.

The age of sediments above RSU4a are very well constrained by
diatom data, ¥Sr/%¢Sr ages and magnetostratigraphy. The LAD of
F. maleinterpretaria indicates that the sediments above 286.1 mbsf
must be younger than16.41 Ma. An¥Sr/*¢Sr date on shell fragments at
272.65mbsfindicates the interval with reversed polarity containing
the fragments correlates with Subchron C5Cn.1r (16.351t016.261 Ma).
This correlation means that the hybrid age model underestimates the
maximum age of the FAD of Nitzschia grossepunctata, which occurs at
286.1 mbsf, and suggests the age indicated by the total range model
age for this datum (16.23 Ma) is more likely. Together, these data indi-
catethat the base of Sequence 4A dates to less than ~16.351 Ma. We cor-
relate the MPR (R3/N2) between 209 and 205 mbsf'to C5Cn.1n/C5Cn.1r
(16.261 Ma). The sequence of well-dated shells through Sequence 4B
allows us to correlate the sediments between 209 and 106.3 mbsf
that are characterized by normal polarity with Subchron C5Cn.1n
(16.261t0 15.994 Ma) and the MPR between 106.3 and 105.5 to C5Br/
C5Cn.1n (15.994 Ma). The FADs of Denticulopsis lauta, Actinocyclus
ingens, Denticulopsis hyalina and Denticulopsis simonsenii at 84.99
mbsfindicate a major hiatus at this depth spanning from -15.83 Ma
to atleast14.48 Ma. This stratigraphic horizon correlates with RSU4,
amajor regional unconformity®.

Sediment provenance interpretations

To interpret the provenance data from IODP Site U1521, they must be
placedinaregional context. Inthe Supplentary Information, we there-
fore present ashort geological summary of the Ross Sea sector®¥10+170,
includinga compilation of published zircon U-Pb data®'%? We also
includeamore detailed discussion of our hornblende *Ar/* Ar3e154171-175
clast petrography, neodymium andstrontiumisotope'’* %2, clay miner-
alogy™818188 and palynology®7>788+18192 qata sets. Additional insights
into the sediment provenance of Sequences 1,2 and 3A are also explo
red®3338184193°19 A compilation of literature neodymium and strontium
isotope data (visualized in Extended Data Figs. 4 and 5) is provided in
Supplementary Table1.
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Extended DataFig.1|Age model constraints below 75 mbsfat Site U1521.
Fromlefttorightare: depth (metres belowseafloor), core number, core
recovery (black=recovered), inclination before and after 10 and 20 mT
demagnetisation (black, blue and red points, successively), and corresponding
polarity interpretations (black =normal, white =reversed, grey =no
interpretation). Note that the polarity interpretations have been simplified
comparedtothosein the cruise report?, with small uncertainties related to
coregaps removed. Note Site U1521isin the Southern Hemisphere. The

geomagnetic polarity timescale*® is shown across the top of the plot. The
orange shaded regionsindicate uncertainties in our age model and the dashed
line marks an alternative line of correlation for Sequence 3. The blueline
indicates the age model for Sequence 2 based on our astrochronological
analyses, with the light blue shading indicating the 20 kyr uncertainty
associated with the phase relationship between clast abundances and
obliquity. Thisastrochronological anchoring agrees closely with linear
interpolations between magnetostratigraphic tie points (blackline).
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Extended DataFig.2|Selected palynological counts compared to
strontium and neodymiumisotope data. Palynological dataarereported as
percentages (crosses) and counts/gram (circles). The blue shaded area
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represents Sequence 2, whichisinterpreted as consisting of sediments witha
West Antarctic provenance. Error barsindicate a95% confidence interval*s,
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Extended DataFig. 3 | Down-core clast and clay mineral distribution.
Theblueshaded area highlights Sequence 2, whichisinterpreted to consist of
sediments with a West Antarctic provenance. a) Core lithology. b)
Chronostratigraphic sequences. ¢) Clast abundance. d) Percentages of

different clastlithologies. e) Ratio between dolerite and total number of clasts
(red) and volcanic rocks and total number of clasts (green), with 95%
confidenceinterval shown as pale shading*®. f) Clay mineral abundances.
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Extended DataFig.4 | Map of approximate ¢4 valuesinrocks and offshore
sediments from around the Ross Seaembayment. Epsilon Nd values are
overlain on MODIS imagery?°® and the BedMachine Antarctica Vimodernbed
topography***, with the MEaSUREs grounding line and ice sheet margin
shown*#¢, The approximate boundary between West and East Antarctic
lithosphere is shown using a white dashed line*. Modern/late Holocene and
terrestrial tillsamples are represented by circles with the same colour bar?$3%55,
Althoughice flow patterns have changed since their deposition, Last Glacial

180°

Maximum tillsin offshore sediments are also plotted as squares to improve
spatial coverage®. Individual samples and references are reportedin
Supplementary Table 1. The bedrock map was produced by Kriging between
samplelocations withina group, then masking to the outcrop area. Beaconand
Ferrar Group (Fig.1) rocks are often not differentiated in geological mapping,
butare roughly equal volumetrically'®, with the uppermost Beacon
Supergroup formations having a Ferrar-like isotopic signature'®. We hence
assume a60% Ferrar,40% Beacon mixture is representative.
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Extended DataFig.7|Close up of the Site U1521interval with a West
Antarctic provenance. The stratigraphiclog (a) is displayed alongside the
percentage of reworked dinocysts (b), basalt clast fraction (c), relative
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Extended Data Table 1| Age tie points for Site U1521 below 75 mbsf

(Dr:;);?) DEer f;l: Event Event Description Type Age (Ma) Age Error  References Notes
84.99 85.55 A Di;',:l’gzls‘;pnsij.s FAD 14.48 14.14 89, 90
84.99 85.72 B Denticulopsis hyalina FAD 14.76 14.73 89, 90
84.99 85.55 C D. lauta FAD 16.72 14.99 89, 90
84.99 85.55 D A. ingens FAD 15.83 15.52 89, 90
" 15.83-
85.34 RSU4 Unconformity 14.48 23
105.9 +04 E C5Br/C5Cn.1n MPR 15.994 49
141.92 F Shell Fragments 87Sr/%6Sr (Bivalve) 16.039 +0.25
145.135 G Shell Fragments 87Sr/%6Sr (Bivalve) 16.211 +0.24
145.135 H Shell Fragments 87Sr/%6Sr (Bivalve) 16.272 +0.24
182.7 | Shell Fragments 87Sr/%6Sr (Bivalve) 16.117 +0.25
182.71 J Shell Fragments 87Sr/%6Sr (Bivalve) 16.319 +0.23
183.825 K Shell Fragments 87Sr/%6Sr (Bivalve) 16.071 +0.25
184.215 L Shell Fragments 87Sr/*%Sr (Bivalve) 16.196 +0.24
184.215 M Shell Fragments 87Sr/*%Sr (Bivalve) 16.149 +0.25
196.785 N Shell Fragments 87Sr/%6Sr (Bivalve) 16.257 +0.24
207.0 +2.0 o C5Cn.1n/C5Cn.1r MPR 16.261 49
220.23 £0.20 P Hmb'?gg 3:)'“ (150- “OArAr date 16.740 £0.90
270.03 +0.20 Q H°mb'e;‘g: S:)'” (150- “OAr9Ar date 17.080 +1.20
272.65 R Shell Fragments 87Sr/*0Sr (Bivalve) 16.304 +0.23
286.1 Opal CT S N. grossepunctata FAD 15.94 15.87 89, 90
286.1 Opal CT T F. maleinterpretaria LAD 16.41 16.5 88, 89, 90 Incomplete
286.1 Opal CT U S. cheethamii FAD 16.94 N/A 90
286.1 Opal CT \Y D. maccollumii FAD 17.05 16.77 89, 90
286.1 Opal CT w N .17 Schrader FAD 17.16 16.94 89, 90
286.30 RSU4a Unconformity 16.3-17 23
341.0 +3.6 X C5Cr/C5Dn MPR 17.154 49
373.58 +0.20 Y Hornblende grain (150- “OATAr date 19.17 +0.35 Grain likely
300 pm) reworked
" 17.25 -
380.04 D-b Unconformity 17.45 23
398.85 +1.65 z C5Dn/C5Dr.1r MPR 17.466 49
450.52 450.57 AA Tha'ass’zz’;a,yfp -of T Occurrence 17.7-17.4 89,93
567.95 RSU5 Unconformity 18.6-17.8 11,23

FAD: First Appearance Datum, LAD: Last Appearance Datum. Depth errors for the biostratigraphic datums reflect the position of the first downhole sample in which the reported species was

not observed. We cannot exclude the possibility that the true first observation occurs between this sample and that reported as the FAD. Opal-CT indicates that the lowermost occurrence is
uncertain due to poor preservation below the Opal-CT transition (~286.1 mbsf). Age errors for the biostratigraphic events are given as the maximum and minimum reported ages based on hybrid
range models®®®°. Magnetic Polarity Reversals (MPR) depths are given as midpoints between samples with differing polarities, with the depth error indicating the distance to these samples.
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Extended Data Table 2 | Values used in the erosion rate calculation

Median Erosion  Minimum Erosion Maximum

Estimate Estimate Erosion Estimate
Sediment Volume 123,627 111,077 136,177
(km?)
Mean Porosity 0.436 0.499 0.374
Terrigeljous 0.95 0.9 1
Fraction
Catchment Area 759,640 911,569 607,712
(km?)
Catchment 87.14 54.97 140.26
Mean Erosion (m)
Duration (years) 317,416 337,416 297,416
Mean Erosion Rate
0.275 0.163 0.472

(mm yr?)
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