











drawnodirect conclusions for the period 130-126 ka, but we suggest that
regrowth of WAIS under such warm conditionsis unlikely tohave occurred.

Our findings are compatible with ice-sheet model simulations in
which retreat occurred mainly in the Amundsen Sea sector®, but they
are not consistent with simulations in which ocean warming and MICI
led to great loss of ice in the Weddell (and Ross) Sea sectors™. This has
some important consequences. First, if the main centre of ice loss was
the Amundsen Sea sector, with continued ice shelf buttressing of ice
flowing into the Ronne and Ross ice shelves, then the magnitude and
rate of LIG sea-level rise above present as a result of Antarctic ice loss
are probably well below those proposed in ref. 10. Although estimates
of LIG sea-level contributions from Antarctica in simulations that retain
the large ice shelves vary across ensembles of model realizations (for
example, Fig. 4), values of 4 m (ref. 9) are cited, and lower values still
could be expected if not all the Amundsen Sea sector ice was lost, as
our small isotopic change might suggest. This is sufficient to explain
more modest recent estimates of LIG sea-level rise**, but cannot be
reconciled withthelarger values used in many reviews and earlier stud-
ies’?** unless Greenland contributed earlier than expected or there was
asignificant contribution from East Antarctica. Asecond conclusionis
that our finding that the Ronne Ice Shelf survived the LIG weakens the
observational basis to support projections of the most extreme WAIS
loss by 2200, as suggested by simulations involving significant LIG
sub-ice shelf ocean warming and the MICI mechanism'®", Finally, our
resultsrefine the recent evidence from octopus DNA® suggesting that
WAIS was significantly reduced in size during a part of the LIG which was
only modestly warmer thantoday. They do, however, pose a challenge
to understand how long a period of seaway opening is sufficient to lead
to the genomic findings, and whether there are mechanisms that can
explain how the genetic material is transported under several hundred
kilometres of covered ice shelf. Further ice cores reaching the LIG,
such as that planned for Hercules Dome, along with high-resolution
modelling of a range of possible WAIS configurations, will be crucial
to advance our use of the LIG to constrain future Antarctic ice loss.
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Methods

The ice core at SIR was drilled to bedrock at 651 min the field season
2018-2019*, and analysed using continuous flow analysis (CFA) as well
as discrete sampling between 2019 and 2021%,

Dating

Beyond the top 2,000 years*S, the ST22 age scale used here was cre-
ated using the Paleochrono inverse model and a range of tie points
that fix the age scale to AICC2012 ages®. Tie points came from ice
chemistry and°Be in the ice and from CH, and 6'®0,,,, in the air. It was
established that there is flow disturbance below 605 m (108 ka), and
thatice fromtheearly peak of the LIG (126-130 ka) and the penultimate
glacial maximum is missing. Nonetheless the combined use of CH, and
80, across the main part of the LIG provides clear evidence that the
sectionfrom117to126 kais present and in the correct sequence. Paired
CH,-8"0,,, values are found that have not occurred anywhere elsein
thelast200 kaother thanintheHHoloceneandinthe LIGaround122 ka
(Extended Data Fig. 5). The estimated uncertainty in age during the
Holocene reference periodisabout100 years. The quoted uncertainty
fortheLIGislessthan300 years, althoughitis difficult, given the flow
disturbance above and below this section, tobe sure that there are not
nonlinear age-depth relationships between the CH,/8®0,,,, measure-
ments, which are1-2 kyr apart.

We do not know exactly why ice from about 127-140 ka, below the
dated LIG section, is missing. Detailed examination of CH,/80,,,
values®in four data pointsinthe 5 moficeimmediately below the LIG
sectionmatch reference datawith ages140-180 ka. Looking further up
the core, we find no possible matches younger than this until at least
60 kain three cases. Given that 60 kaice is 80 m higher up the corein
aregion with flat radar horizons and no evidence of disturbance, we
feel confident in saying that ice of age 140-180 ka is present below
our LIG section®, which suggests that ice remained present at SIR
throughout the penultimate glacial maximum and LIG, as predicted
inallice modelling studies of the LIG that we are aware of. As discussed
inmore detail elsewhere®, we conclude that flow disturbance caused
by interaction between ice of different rheologies is responsible for
the missing ice.

Analyses
Naand Cawere measured using ICP-MS and CFA*. The ssNawas calcu-
lated by correcting for the terrestrial component,

_ R.[Na]-[Ca]

ssNa R-R.

()]

where R, and R, are the weight ratio of Cato Nainaverage crustandin
seawater (1.78 and 0.038), respectively*®*. The average correction for
both the Holocene (0-10 ka) and the LIG (120-126 ka) is only 3%. The
uncertainty in concentration between the different periods shown is
determined by the uncertainty in calibration, which was estimated at
1.6% (ref. 45).

Stable water isotopes (60 and 8D) were measured continuously on
the CFA meltstream using a Picarro L2130-I cavity ring down spectrom-
eter’, The continuous measurements were compared with those made
ondiscrete samplesusingasimilarinstrument but that could be more
carefully and regularly calibrated. The discrete samples were taken
approximately once every 10 mfor the Holocene, whereas, for the LIG,
discrete samples were collected throughout at 10 or 20-cm intervals.

Only the discrete samples were used to calculate deuterium excess
(dxs =8D - 85'®0), whichis particularly sensitive to small uncertainties
inthe calibration of the twoisotopes. The 24 deuterium excess values
for thelast 2 kyr have amean of 6.1%. with an s.d. of 1.1%. (s.e.m. 0.22%o);
for126-120 ka, 33 discrete values have a mean of 4.9%., with an s.d. of
0.65%o (s.e.m. 0.11%o).

TAC was measured using discrete samples of approximately 60 g
of ice using a wet-extraction method*. Data (not corrected for cut
bubbles) are shown in Extended Data Fig. 3. At various depths we used
elongated cuboid samples of different dimensions to estimate the
cut-bubble correction*®; plotting measured TAC against the ratio of
sample surface areato volume (§/V); theinterceptis the corrected TAC
forthe given depth, whereas the gradient allows for correction of other
samples withknown §/V (Extended DataFig. 6). Between100 and200 m
(approximately 0.45-2 ka), the cut-bubble correction (excluding one
outlier) is 6 £ 1.1% (mean, s.e.m.) for typical 60 g samples with dimen-
sions 28.5 x 28.5 x 90 mm?®. The data for ice of different sizes are too
scattered at most depths to derive a robust relationship between the
cut-bubble correctionand depth (Extended Data Fig. 6). If we assume
thatthe LIGand Holoceneice had similar numbers and shapes of bub-
bles at the lock-in depth, which is estimated at 48 m in both the Holo-
ceneand the LIG*, then we expect the cut-bubble correction to reduce
as bubbles get smaller with depth (D), so that fewer of them intersect
the edge of the sample, as D™2. This then implies that, to compare data
from the LIG (about 600 m) with the late Holocene (100-200 m), we
needtoadjustLIGdataby -2.8 + 0.7%. We apply this adjustment to LIG
datain the calculations of elevation that follow, but we refrain from
correcting individual TAC values at this stage to avoid introducing
assumptions about bubble number and shape forintermediate depths,
including the last glacial maximum.

Estimating how muchisotopic change is due to elevation change
The pressure atthe time and depth of close-off (closely related to atmos-
pheric pressure) is given by:

TAC), (T.),
P[ V. Nﬂ A @

where TAC is the total air content after correction for cut bubbles, V.
and T are the pore volume per unit mass and temperature at close-off,
and Ty and Ps normalize the data to standard temperature and pres-
sure. T, is calculated using the difference in 5'®0 between the LIG and
early Holocene, and anisotopic lapse rate of 0.8 + 0.2%. per 100 m,
whichwas estimated® on the basis of earlier dataand model studies**°.
Early work® suggested that V,increases with site temperature, at least
spatially, with arelationship derived for warmer sites such as Skytrain
of V.=4.5x107* x T+0.02, where V_is in ml kg™ and T is temperature
(K). However, itis not clear if thisapplies temporally. Site elevation for
Antarctica canbeestimated as -7588 x In(P,/989.1) (ref.52), so that the
difference in elevation between two time periods (1and 2) is

P
Agjey =—7,588 x ln(il] (3)
Fa

We then use TAC and 60 in two sections in which TAC is relatively
constant with depth (126-120 ka and 2-0.45 ka) along with the LIG
cut-bubble adjustment described above and the §®0/T gradient to
estimate the elevation change using equations (2) and (3). We used a
Monte Carlo calculation to propagate the uncertainties in the values
of TAC at the two time periods, the cut-bubble adjustment and the
580/ T gradient for two different cases, one in which V. changes with
Taccordingto the spatial gradientand onein whichitis invariant with
temperature.

The smallchangein elevationbetween the LIG and Holocene is used
inthe text to estimate how much of the observed LIG-Holocene change
in 80 results from a lapse rate change in temperature. We used the
same isotopic lapse rate as above.

Water isotope modelling
Estimates of the expected change in water isotopes across Antarc-
tica owing to the atmospheric circulation changes associated with



areduced or collapsed WAIS are taken from a paper® that used the
high-resolution Weather Research and Forecasting model with the
addition of water isotope physics. For its main case, an Antarctic Ice
Sheet (AIS) orography was used® in which WAIS experienced total
collapse. The Ronne and Ross ice shelf elevations were reduced to sea
level although they remained ice-covered. The change in 60 at SIR
centred on 4.5%., making it a particularly sensitive site to WAIS loss.
As SIR in the provided orography was reduced in elevation by about
50 m, the elevation-corrected change in §'0 can be estimated for this
model run as 4%o.. A related modelling study (but with a lower resolu-
tionmodel and withoutisotopes) found that the atmospheric circula-
tionresponse and associated surface temperature (and, by inference,
water isotope) signal is linear as a function of elevation change®. This
supports our inference that the ice loss for the real WAIS might have
been only about halfas much as for the ‘full collapse’ scenario. Finally,
the high-resolution simulations* indicate a reduction in deuterium
excess (dxs = 8D - 88'0) at SIR of about 1% with full collapse. Deute-
rium excess at SIRis 1.2%0 lower in the LIG (126-120 ka) thanin the late
Holocene (2-0 ka), using only our well-calibrated discrete samples,
further supporting the interpretation that the SIR data do indicate
some WAIS loss.

Estimating ice shelf extent

To estimate the extent of the Ronne Ice Shelf, we followed the same
procedureasinarecentstudy of the Holocene at SIR*, A thorough study
of the concentration of sea salt ions with distance from the ice shelf
edge onthe Ronne Ice Shelf* allows us (after converting their chloride
values to the equivalent ssNa concentration using sea salt ratios) to
deriveastronglinear relationship of In[ssNa] versus distance from the
iceshelfedge (Fig. 2). Thisrelationshipis represented by the equation,
[ssNa] =460 x exp(-0.0029x), where xis distance from the edge of the
iceshelfinkilometres. The present-day ssNaconcentration of SIR falls
very close to the best fit line. We then plot (Fig. 2) the concentrations
for different times in the LIG to estimate the changing distance from
the ice edge and therefore changing extents of the ice shelf.

Although distance fromthe sourceis afirst-order control onseasalt,
we acknowledge that sea ice extent, atmospheric lifetime and wind
strength/direction play second-order roles and could alter the slope
of the best fit line we show in Fig. 2c. This would somewhat alter the
estimates of ice shelf extent we give, but such effects cannot plausibly
negate the factor 10 increase in sea salt we would have expected if the
ice shelf had disappeared.

In making these estimates, we assume that any change in elevation
has a minimal effect on Na concentration compared to the effect of
source distance. This is supported by previous work>* from shallow
ice cores, which found no change in Na concentration acrossa900-m
gradient in elevation around Berkner Island. At SIR, sea salt did not
significantly change during an early Holocene isotopic event which
was interpreted as being a400 m elevation change’®.

We note that ice sheet model simulations in which ice from the
Amundsen Seasector of Antarcticaisremoved could place open water
closer to SIRin that direction (for example, Fig. 4). However the exist-
ence of the Ellsworth Mountains and aremnant high elevationice sheet
around it would restrict transport from that direction. Additionally,
atmospheric models indicate that the removal of WAIS ice tends to
strengthen surface winds on the Ronne Ice Shelf from the Weddell
Sea direction®. If some salt does reach SIR from the Amundsen Sea
direction in the LIG this would further lower the contribution from
the Weddell Sea, requiring an even more distant ice shelf edge than
we have estimated.

Icesheet modelling

To assess whether it is possible to retain a Ronne Ice Shelf of a com-
parable extent to present throughout the LIG, while also allowing for
the significant loss of WAIS as suggested by genomic data, we explore

a previously published ensemble of LIG simulations®. Those experi-
ments used the parallel ice sheet model (PISM)* to transiently simulate
the evolution of the AIS through the penultimate glacial maximum
and into the LIG?. Taking environmental boundary conditions from
transient CCSM3 ocean-atmosphere simulations for termination 1
as well as termination 2, the PISM experiments explored a range of
glaciological and solid-earth parameters to find a combination with
whichice sheet advance to last glacial maximum extent and retreat
to present-day extent, could be captured. These parameters were
then used to investigate how much more ice loss may have occurred
during the LIG. It was concluded’ that the AIS could have sustained
approximately 4 m sea-level-equivalent ice loss (compared to the
modelled present-day extent using the same parameters), reach-
ing amaximum at around 126 ka. Yet the LIG ice sheet configuration
produced in that experiment was one of partial, not complete, WAIS
collapse. Subsequent research shows that open seaways may have
existed during the LIG that connected the Weddell, Amundsen and
Ross Seas, necessitating more complete WAIS collapse. Here we pre-
sentascenarioin which those open seaways are captured, while also
allowing persistentice shelvesin the Weddell and Ross embayments.
However, this scenario is based on a parameterization that uses an
unrealistically viscous mantle (10 Pa s™). This parameterization
does notreflect the much weaker mantle characteristics of WAIS that
geophysical studies have shown, nor does it allow for a last glacial
maximum-to-present simulation that fits well with observations.
Because of these shortcomings, we emphasize that the reconstruction
presentedin Fig. 4 is notempirically validated. Its value, however, isin
itsinternal glaciological consistency (the physics governingice flow
are robustly captured) and in its ability to demonstrate that such a
configuration is physically plausible. No doubt there may be other
parameterizations in which a similar ice sheet/shelf pattern could
bereproduced while also fitting more closely to the present-day. Full
details of model parameterization and simulation methodology are
presented in previous papers®?,

Data availability

Thewaterisotope, Naand TAC datapresented in this paper are archived
in the Pangaea database®®* . The map in Fig. 1 was generated using
QGIS with the Quantarctica mapping environment, under a Creative
Commons licence CC BY 4.0. The rock outcrop data in the Quantarc-
ticaenvironment, and shown in Fig. 1 are from ref. 60, European Geo-
sciences Union, under a Creative Commons licence CC BY 3.0. The
model output maps in Fig. 4 and Extended Data Fig. 4 were plotted
using Generic Mapping Tools v.6.
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Extended DataFig.1|ssNadataover thelastglacial cycle, showing the
interglacialsin context. (a) Deuterium record of climate at Dome C°to provide
context for the progression of climate across Antarctica. (b) ssNaat EDML®
for comparison with SIR(c) ssNaat SIR (100 year means, dated sections only);
adatapointat481.0 mwherethereis avisible ash layeris not plotted. Thered
line shows the average concentration of ssNaatSIRin the period from 7-5ka.
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Extended DataFig. 2|80 for the the SIRice and East Antarctic cores

over thelast glacial cycle. (a) Reference datafor EDC® (red, 8D) and EDML**
(blue, §®0), scaled 8:1, with the horizontal line being an indicative level for the
late Holocene. (b) SIR core data, shown only for the sections with reliable dates.
Thered crosses are discrete measurements, while the blue line is those made
from the CFA meltstream. The dashed lineis the average of 2-O ka. All 3 records
aresynchronised to the AICC2012 age model. Note that the y-scaling is different
inthe two panels.
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Extended DataFig.4|Atimeseries of modelledice sheet andice shelfextentinthe Weddell Seasector of Antarctica. Thisis the time series for the model run
highlightedin Fig. 4, which shows the 127 ka time slice in more detail. Model output maps were plotted using Generic Mapping Tools v.6.
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Extended DataFig.5|SIR CH,and §°0,,,,between100 and130 ka
emphasizing the robust nature of the dating for the LIGsectionusedin
this paper. (a) 5'0,,,,; discrete measurements from SIR shown as symbols,
while thesolid lineis reference data.(b) Same as (a) but for CH,. Sections with
unreliable ages (605-617 mand >627 m) are greyed out. The error bars are the
combined uncertainty (at1sigma) of the Skytrain and reference data. Figure
reproduced fromref. 35, Copernicus Publications, under a Creative Commons
licence CCBY 4.0.
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Extended DataFig. 6 | Plots used to estimate the cut-bubble correction for TAC at different depths. The y-axis is the measured air content (mLkg™), while the
x-axisis S/V (cm™).See methods for explanation of how these plots were used.



Extended Data Table 1| Concentrations of ssNa at different
times atSIR

Time period ssNa average Indicative distance
ka ug kg km

0.1-0 (recent) 65 680 (actual)

7-5 59 700

10-8 26 980

120-118 52.1 740

125-121 414 820

Indicative distance is the distance between SIR and the Ronne Ice Shelf edge calculated
based on the best fit line of the spatial data®’.
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Extended Data Table 2 | Differences in measured water isotope ratios between the LIG and the Holocene around Antarctica

Mean Mean

Age model 0-7.5ka 120-126 ka D or 180 D diff 018 diff
Vostok AICC2012 -440.1 -437.81 D 2.29 0.29
EDC AICC2012 -396.7 -387.01 D 9.69 1.21
EDML AICC2012 -44.62 -44.15 180 0.47
Taldice AICC2012 -36.35 -36.17 180 0.18
Dome Fuji AICC2012 -54.71 -53.73 180 0.98
Taylor Dome st9810 -39.74 -38.4 180 1.34
Average 0.74

ST2022-
Skytrain AICC2012 -30.9 -28.7 180 22

Differences in 8D are converted to equivalent differences in 8'®0 using a ratio of 8:1. Original isotopic data for Vostok®, EDC®, EDML*, Taldice®®, Dome Fuiji®* and Taylor Dome®.





