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Glaciers in Antarctica’s Amundsen Sea sector are retreating and thinning due
to warm ocean inflow beneath ice shelves that buttress (restrain) glacier flow,
but their future trajectory and implications for ice-mass loss remain uncertain.
Here we present detailed cosmogenic-nuclide exposure-age data from the
Hudson Mountains that document concerted thinning of Pine Island Glacier
and its tributaries 8-5 ka. We contextualise this thinning using numerical ice-
sheet modelling of the last deglaciation to link grounding-line dynamics and
thinning characteristics. The model reconstructions attribute pauses in overall
rapid thinning to ice-shelf pinning on bedrock highs, underscoring the
importance of such features for ice-shelf stabilisation. Ice-flow paths from the
sample sites all converge in the same grounding/calving-line region through-
out the deglaciation, implying a common buttressing history and response to
marine-grounding-line retreat that propagated upstream, controlling thin-
ning. Our results support a key role for ice-shelf buttressing in influencing ice-
sheet thinning in this region through the Holocene and into the future.

This paper presents an integrated data-model comparison of the
Holocene deglacial behaviour of the Pine Island Glacier (PIG) system,

drains an area of 175,000 km*. Together with the neighbouring
Thwaites Glacier, it has been thinning, retreating and accelerating

situated in the Amundsen Sea sector of West Antarctica (Fig. 1a). To
link grounding-line dynamics with ice-sheet thinning characteristics,
we compare numerical ice-sheet model simulations of the last degla-
ciation with cosmogenic-nuclide exposure-age data obtained from
rock samples collected from the Hudson Mountains, adjacent to PIG
(Fig. 1b), during field campaigns spanning the last two decades.

Ever since the Amundsen Sea sector was described as the “weak
underbelly of the West Antarctic Ice Sheet” nearly fifty years ago',
scientists have regarded PIG (Fig. 1; one of the West Antarctic Ice
Sheet’s major outlet glaciers) as vulnerable to runaway retreat. PIG

since the late 1990s*, driven primarily by the incursion of warm ocean
water beneath its ice shelf - the floating extension of the glacier®’.
PIG is currently the largest contributor to global sea-level rise
from Antarctica®. Modelling suggests its ongoing thinning and retreat
will continue in future decades’'® and may be enhanced by anthro-
pogenic ocean forcing”. However, the rapid pace of thinning and
retreat of PIG observed over the past three decades is not unprece-
dented. Geological evidence from both marine and terrestrial archives
suggests that PIG has retreated and thinned since the Last Glacial
Maximum (LGM; ~20 ka), with particularly pronounced changes during
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Fig. 1| Location of study area in the Amundsen Sea sector of Antarctica. a Map
of ice velocities and bathymetry’®, with location of Hudson Mountains and Pine
Island Bay shown alongside other places mentioned in the text. b Map of Hudson
Mountains, showing nunatak sites sampled for exposure dating and location of
Pine Island, Larter and Lucchitta glaciers. The coloured symbols denote the glacier
whose history corresponds to exposure-age data from each sample site (orange
circles: Pine Island Glacier; purple squares: Larter Glacier; green diamonds:
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Lucchitta Glacier); bold symbol outlines and placenames indicate study sites from
which the new data were collected. The dashed lines indicate location of main ice
divides. Ice surface velocities (blue scale, 0-4218 myr)” are overlain on Landsat
Image Mosaic of Antarctica (LIMA)*® in (a) and a Landsat-8 Image acquired on 13
March 2022, courtesy of the U.S. Geological Survey, in (b). In both panels, the

grounding line (2022; dark blue line) is from ref. 81 and the coastline is from ref. 82.

the Early and Mid Holocene. Radiocarbon dating of foraminifera in
marine sediments offshore in Pine Island Bay showed that the
grounding line of PIG had retreated across the continental shelf to
reach a location within 120 km of its present position by ~9.2 ka'>"* and
cosmogenic-nuclide dating of glacial deposits on mountain peaks
adjacent to PIG revealed a very rapid phase of thinning at 8-7 ka,
during which time the ice sheet thinned by at least 700 m to within
100 m of its current elevation'*",

In an earlier study, Johnson et al."* speculated that such changes
were the result of a reduction in buttressing by Pine Island Ice Shelf
(PIIS; Fig. 1b), which is thought to have been present in Pine Island
Bay until at least 7.5 ka'®. A similar mechanistic link has been
demonstrated elsewhere in Antarctica over a range of scales span-
ning the modern observational period to the geological past. For
example, observational studies before and after the Larsen-B Ice
Shelf collapse on the Antarctic Peninsula in 2002 showed that loss of
ice-shelf buttressing can trigger subsequent flow acceleration,
grounding:-line retreat and thinning” ™. Similarly, data-model com-
parisons of Holocene behaviour of East Antarctic Ice Sheet glaciers
suggest that reduced buttressing played a role in rapid upstream
thinning?®?. Numerical ice-sheet modelling of the response of
upstream ice to changes at the grounding line also confirms that
marine-based ice sheets such as the West Antarctic Ice Sheet (WAIS)
are particularly sensitive to changes in ice-shelf buttressing®. Several
processes can result in reduced buttressing, for example, ocean-
induced melting, fracturing, damage, and unpinning from bedrock
highs. Retreat, thinning and unpinning can also be driven by rising
sea level, as occurred during the demise of the Northern Hemisphere
ice sheets following the last glaciation®.

To test the earlier speculation and investigate a possible link
between weakening of ice-shelf buttressing and upstream thinning in
the Holocene (the last 11.7 ka), we compare new ice-sheet thinning
histories derived from exposure dating of glacial deposits adjacent to
PIG’s former tributaries, Larter and Lucchitta glaciers (Fig. 1b), with
existing exposure-age data from adjacent to PIG itself. The new data
not only expand the dataset to provide deglacial histories for the

tributary glaciers but also substantially increase the density of expo-
sure ages at higher elevations above the modern ice margin, providing
new constraint on the maximum LGM ice-sheet thickness.

Both Larter and Lucchitta glaciers presently flow into a northern
segment of PIIS that became separated from the rest of PIIS by retreat
of the calving front of PIG in 2015*. It is not known if this northern ice
shelf thinned or collapsed during the Holocene when upstream thin-
ning was taking place. However, from 1996 to 2016 it lost extent and
thinned in response to ocean warming®, raising the possibility that
ongoing warming could further reduce buttressing and cause Larter
and Lucchitta glaciers to thin dramatically in the coming decades.
Determining how the relative pace and timing of thinning of these
tributaries—both individually and collectively—varied in the past would
shed light on the mechanisms that drive surface elevation changes in
the PIG system.

We present a spatially and temporally detailed thinning history,
comprising 82 cosmogenic nuclide (°Be) exposure-age data—includ-
ing 41 new ages and 41 previously-published ages (see Methods)—from
erratic cobbles and boulders at 14 nunataks in the Hudson Mountains,
a mountain range situated adjacent to PIG and dissected by the two
tributaries (Fig. 1b). These data enable us both to track the relative rate
and timing of thinning of PIG and its tributaries in the Holocene and to
determine the associated impact on ice thickness at individual nunatak
sites along a transect extending from near the present grounding line
to 75 km upstream?®. Since the precision of exposure dating is such
that it cannot yet reliably capture decadal or centennial-scale changes
in ice thickness”, the geological data presented here reflect broad
patterns of change over millennial timescales and we cannot rule out a
different pattern across the PIG system on shorter timescales. Deter-
mining broad patterns of millennial-scale change during the Holocene
—when Antarctic climate was similar to, or warmer than, today**—is
nonetheless valuable for constraining the range of ice-sheet beha-
viours that are possible in the warmer-than-present climate anticipated
in coming centuries. Varying temporal thinning and retreat responses
of neighbouring glaciers has been detected elsewhere in Antarctica,
for example in coastal Dronning Maud Land, where glacier behaviour
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was broadly synchronous over a few millennia during the Mid
Holocene” but asynchronous over the last few decades®.

Here, using a high-resolution ice-sheet model that reconstructs
ice-sheet evolution on geological timescales, we explore the regional
conditions that influenced the observed pattern of thinning of PIG
and its tributaries. Models are driven by time-evolving ocean and
climate forcings through the last deglaciation. In the Hudson
Mountains, however, bed elevation, ice thickness, and ice velocity
can vary at much smaller spatial scales than can be represented in
coarse-resolution (typically 20 km or higher) continental-scale ice-
sheet models; in fact, Larter and Lucchitta glaciers' trunks are not
even resolved at these spatial scales. We therefore downscale
continental-scale ice-sheet model simulations, performing ‘nested’
modelling™ over two targeted domains: the entire Amundsen Sea
embayment as a 5 km-grid-resolution domain, to capture fine-scale
grounding-line retreat patterns; and Pine Island, Larter and Lucchitta
glaciers as a 2 km-grid-resolution domain, to reconstruct high spatial-
resolution thinning patterns (see Methods). These nested model
simulations better resolve ice-sheet thinning and complex flow pat-
terns across high-relief topography, enabling high-resolution data-
model comparison. We use them here to reconstruct the grounding-
line backsteps associated with pulses in thinning detected at our
sampling sites and thereby attribute thinning events to regional
deglacial characteristics. In turn, this allows us to substantiate the
previous speculations about the mechanism of rapid onshore thin-
ning that occurred approximately 8-7 ka. We also consider the
implications of our findings for future sensitivity of the PIG system to
climate change.

Results

Exposure-age data - Holocene ice-sheet thinning

Exposure histories derived from °Be exposure age versus elevation
profiles from 14 of the Hudson Mountains nunataks are shown in Fig. 2.
The 82 exposure ages range from 14.0+ 0.9 to 4.0 + 0.3 ka, with the
vast majority (all but six) in the range 8.2+ 0.5 ka to 5.1+ 0.5 (Supple-
mentary Data 1), with clustering around 7.0 ka (Supplementary Fig. 1).
None of the erratics sampled yielded exposure ages older than 14.0 ka
and only three are older than 10 ka (MEY-102, UNN-106 and JF-03, with
ages 10.3, 12.4 and 14.0 ka, respectively; Fig. 2), implying that none
have retained significant inherited °Be from exposure prior to the last
glacial period. At all sites, the exposure ages get younger downbhill.
Together, they show lowering of the ice-sheet surface by up to 700 m
between 8 and 5 ka. We interpret this as thinning of the three glaciers
flowing through the Hudson Mountains: Lucchitta Glacier, Larter Gla-
cier and Pine Island Glacier®.

Samples from erratic cobbles collected from the summits of the
highest exposed peaks in the Hudson Mountains (Siren Rock, 830 m
asl; Mount Moses, 800 m asl; Inman Nunatak, 779 m asl), which today
rise >500 m above the modern ice sheet surface, yielded °Be exposure
ages in the range 7.5+ 0.5 ka to 4.0 + 0.3 (Supplementary Data 1). This
finding supports inferences from glacial-geomorphological
observations? suggesting that all the Hudson Mountains nunataks
were completely covered by the ice sheet during the LGM (19-26.5
ka*) and implies that it is not possible to determine the maximum LGM
ice sheet thickness from any sites there because none were exposed
above the ice-sheet surface at that time.

Similarly, exposure ages of Late Holocene age (<4.2 ka*) are
almost entirely absent in our dataset (Fig. 2), including at nunataks
where sampling extended down to the modern ice surface. Only one
sample, MOS-104, yielded such a young age (4.0 + 0.3 ka). It was col-
lected from a col close to the summit of Mount Moses, 500 m above
the present ice-sheet surface. Samples from three further erratics at
the same elevation (MOS-101, MOS-102 and MOS-103) have ages that
overlap within error (7.0 £ 0.5, 6.6 + 0.4 and 6.7 + 0.4 ka, respectively),
suggesting that the 4.0 ka age is anomalous and not a reliable

deglaciation age; other than perhaps the presence of prolonged local
snow cover, we have no explanation for why this sample has such a
young age. Exposure ages collected from samples close to (within
60 m) of the modern ice surface at several of the nunataks (Winkie,
Meyers and Maish nunataks, Dean Nunataks Knoll and Mount Moses;
7.2+0.5t05.3 £ 0.4 ka) imply that the ice-sheet surface had reached its
modern elevation by -5 ka across the Hudson Mountains.

Glacial-geomorphological observations imply that the exposure
ages can be interpreted as reflecting regional ice-sheet thinning rather
than retreat of a local ice cap. Specifically, erratics are of exotic
lithology® suggesting a non-local source®, there are no moraines
present that would indicate locally fed glaciers®®, and striated bedrock
was not observed on nunatak summits*. Furthermore, the rare stria-
tions that exist on bedrock surfaces at lower elevations are not
oriented radially outward from the summits as would be expected for
retreat of a local ice cap®.

The timing of ice thinning determined from the exposure-age
dating is broadly synchronous across the Hudson Mountains (Fig. 2).
However, the very high spatial density of the dataset—with data from
nunataks close to the grounding line as well as at several intervals up to
75 km upstream along the three glaciers—allows us to detect hetero-
geneity in past ice-sheet thinning behaviour that is often not identifi-
able in exposure-age datasets that are smaller or restricted to just a few
nunataks. We observe the following key features. Firstly, the average
rate of thinning (reported as the average over tens to hundreds of
metres of thinning; Supplementary Table 1) was not identical between
sites. Secondly, at some sites, there is evidence for changes in thinning
rate through time. For example, at Mount Moses, initially rapid thin-
ning was followed by a period of slower thinning as the ice sheet
neared its modern surface elevation. At Maish Nunatak and Evans
Knoll, only rapid thinning is observed, but at those sites, absence of
data from within 34 and 144 m of the modern ice sheet surface,
respectively, means we cannot rule out a later slower phase. In con-
trast, thinning was steady (and, on average, slower) at other sites such
as Slusher Nunatak and Siren Rock. Lastly, at a few sites (specifically
Meyers Nunatak, Webber Nunatak, Dean Nunataks), there is insuffi-
cient density of data or sampled elevation range to permit determi-
nation of the pattern and/or rate of thinning.

Model simulations - regional context for ice-sheet thinning
The output from our high-resolution model provides a physics-based
and internally consistent framework that allows us to link thinning
patterns at the Hudson Mountains nunatak sites to regional deglacial
behaviour. Using Lucchitta Glacier as an example, Fig. 3 shows how
modelled ice thickness changes as the marine grounding line retreats
across the continental shelf of the Amundsen Sea embayment. It
reveals an overall stepwise thinning trajectory—pulses of fast thinning
interspersed with short pauses in thinning—associated with discrete
grounding-line backstepping.

A broadly similar pattern and timing of ice-sheet elevation change
is generated by the model along the trunks of PIG and Larter Glacier
(Fig. 4); thus, to afirst order, all three glaciers in the PIG system appear
to have thinned in concert. The first pulse of modelled thinning is rapid
(Pulse 1, average rate of 0.24-0.33 myr™’; Supplementary Table 1) and
is associated with grounding-line recession across the outer- and mid-
continental shelf (Fig. 3b; initiated at ~12 ka in this model simulation). A
subsequent pause in thinning (here, initiated at ~-10.6 ka) corresponds
with the model grounding line reaching the Brownson Islands on the
inner continental shelf (Fig. 1a). At Lucchitta Glacier, this hiatus is
accompanied by a short-lived (-1000-year) increase in model ice
thickness (Fig. 3a) while at PIG and Larter Glacier the hiatus is less
pronounced, resulting in a pause in thinning but no associated
increase in ice thickness. Thinning after the pause continues at a rapid
pace, but slower than during Pulse 1 (Pulse 2, average rate of
0.03-0.07 myr’;; Supplementary Table 1). Another short pause then
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Fig. 2 | Exposure ages versus elevation for each nunatak, shown along each of
the three glacier flowlines. Top row: Pine Island Glacier; middle row: Larter Gla-
cier; bottom row: Lucchitta Glacier. Error bars indicate 1o external uncertainties.
Sites with new data are indicated with titles in bold font and the new data points are
represented by white symbols (see legend). At Dean Nunataks, “DNC” refers to
samples from the crater; the other symbols relate to samples from the knoll (see
Methods). Dashed blue lines indicate elevation of the local modern ice-sheet

Exposure age (ka)

surface adjacent to each nunatak and horizontal solid black lines indicate elevation
relative to the main glacier trunk (see Supplementary Information for how these
elevations were determined). The exposure ages cluster around 7.0 ka (mode 7.02
ka; Supplementary Fig. 1). Note: Three samples at Mount Moses were collected
from erratic boulders situated below the modern ice surface next to a windscoop
(see ref. 14); they were not sampled subglacially.

occurs (at 7 ka; Fig. 3a) as the ice sheet becomes briefly pinned on the
Backer Islands in Pine Island Bay (Fig. 3b). During the final phase of
grounding-line retreat (reaching modern limits by ~5 model ka in this
simulation; Fig. 3b), thinning is markedly slower.

Although the modelled thinning pattern through the Holocene is
broadly synchronous across the Hudson Mountains, finer-scale varia-
tions are apparent at some nunatak sites adjacent to PIG and Larter

Glacier after 10 model ka (the ice sheet stays thicker for longer at
Mount Manthe, Winkie Nunatak and Shepherd Dome than at other
sites, for example; Fig. 4 and Supplementary Movie 1). These variations
are likely related to local ice-flow patterns around nunataks, which
produce features such as windscoops and local thickening®. The pre-
sence of these variations only in the later stages of deglaciation sug-
gests that bedrock topography has an increasing influence on the
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Fig. 3 | Modelled deglaciation of the Lucchitta Glacier trough and corre-
sponding model grounding-line positions. a Modelled thinning profile of Luc-
chitta Glacier. Colours correspond with model years, as in (b). Arrows indicate two
pauses in thinning mentioned in the text (filled arrow indicates pause that corre-
sponds with pinning on Backer Islands, and open arrow corresponds with pinning
on Brownson Islands; see (b) for locations). b Map showing model grounding-line

positions from 14-4 model ka, with modern ice shelves presented in white and
modern grounding line as a black line. Note: This figure shows deglaciation of
Lucchitta Glacier trough; in the model, Lucchitta and Larter glaciers both experi-
ence the same history of marine forcing, and their modelled flowlines likewise
converge (see also Fig. 5).

pattern of thinning as the ice-sheet surface lowers through the last
200-300 m above present elevation.

We estimate that the overall regional (across whole PIG catch-
ment) reduction in ice-sheet volume associated with thinning/retreat
Pulses 1 and 2 contributed 0.0889 m to eustatic sea-level change in
7000 years. The model indicates a stepwise pattern in the trajectory of
both grounding-line retreat and thinning of grounded ice at the inland
nunatak sites, providing regional context for the measured thin-
ning rates.

Data-model comparison - rates and phases of Holocene ice-
sheet change

A common challenge when comparing modelled deglacial histories
with geological datasets is that geological observations, such as thin-
ning histories derived from exposure dating, are often discontinuous

and are unlikely to capture the full deglacial history. It can also be
difficult to determine the exact relationship between sample and
model elevations, and thus which phase(s) of a site’s deglacial history
are recorded by the exposure-age data.

Figure 4 shows the relationship between modelled and observed
thinning at sites adjacent to PIG, Larter and Lucchitta glaciers. Most of
the empirical data overlap with the modelled thinning profiles and
correspond with modelled thinning Pulse 2. However, some data-
model mismatches are still evident (cf. ref. 36) and model repre-
sentations of finer details of thinning, particularly in the latter phases
of deglaciation, are not reflected in the empirical data (particularly at
nunataks adjacent to Larter Glacier and PIG; Fig. 4b, ). The data-model
comparison further suggests that the exposure-age data may not be
capturing a possible earlier faster phase of thinning (modelled thin-
ning Pulse 1), even though we sampled the summits of the highest
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Fig. 4 | Comparison of exposure-age data with modelled thinning profiles for
Pine Island Glacier and its tributaries through the Holocene. Each panel shows
the averaged modelled ice-sheet thinning profile (15 ka to present; six points each)
for the centreline of each glacier (thick line) and at nunatak sites (thin lines),
alongside exposure-age data from the adjacent nunataks (coloured circles with
error bars indicating 1o external uncertainties; Supplementary Data 1). a Lucchitta
Glacier trough and exposure ages from Dean Nunataks and Slusher Nunatak.

b Larter Glacier trough and exposure ages from nunataks on both its northern
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margin (Maish Nunatak, Mount Moses and Siren Rock) and southern margin
(Webber Nunatak, Mount Manthe and Wold Nunatak). Note: Three samples (from
Mount Moses) are located below the modern ice elevation next to a windscoop (see
ref. 14). ¢ Pine Island Glacier trough and exposure ages from Evans Knoll, Winkie
Nunatak, Shepherd Dome, Inman Nunatak and Meyers Nunatak. In the model, ice
elevation is represented as thickness above modern (time = 0). The spatial evolu-
tion of ice thinning at these sites is shown in Supplementary Movie 1.

nunataks in the Hudson Mountains. The only samples that might have
been high enough to constrain Pulse 1 are those from the uppermost
slopes of Mount Moses (Fig. 4b), but unlike the majority of the dataset,
their exposure ages appear to record deglaciation 5000 years later
than modelled. It thus remains plausible that the modelled LGM ice-
sheet thickness is too high. An alternative explanation is that the high-
elevation exposure ages reflect later deglaciation of a local ice cap or
locally-fed glaciers rather than the main glacier trunks, but this inter-
pretation is not supported by geomorphological evidence (see
Results). Notwithstanding these challenges, although discontinuous,
the overall thinning pattern provided by our empirical data is broadly
consistent with the model simulations, implying that we can use the
model to provide physical context for our data-based observation of
concerted ice-sheet thinning across the PIG region.

Discussion
Here we use the relationships between the measured thinning histories
and modelling of the marine grounding line to determine possible
influences on Holocene surface-elevation changes at PIG and its tri-
butary glaciers.

Regional drivers of Holocene ice-sheet thinning

The relatively short time range covered by the °Be exposure-age
dataset (8.2-5.1 ka, with the majority of ages clustered around 7 ka)
suggests that the glaciers presently draining the Hudson Mountains
(PIG, Larter and Lucchitta) thinned broadly synchronously during a
period of less than 3000 years in the Mid Holocene. To understand
what drove this concerted behaviour, we examined modelled
grounding-line position and ice-flow paths through the main episode
of rapid Holocene ice-sheet thinning (Fig. 5). Modelled ice flowlines
extending from our sample sites in the Hudson Mountains all converge
downstream and follow a similar path across the continental shelf
during the deglaciation. Thus, the flow of each glacier is affected
throughout the deglaciation by the same downstream dynamic forces
from a common marine terminus region. It follows that any changes in
buttressing are expected to have affected PIG and its tributaries
simultaneously, resulting in a synchronous pattern of thinning across

the Hudson Mountains region. This is what we observe in the thinning
histories obtained from the glacial erratics. Their shared deglacial
history and the similarity in the overall pattern of model thinning (and
buttressing - see later discussion) of PIG, Larter, and Lucchitta glaciers
therefore suggests that their deglacial evolution was controlled by
regional-scale processes and shared boundary conditions, with the
minor differences resulting from local bedrock geometry. Such
regional-scale processes were likely driven by inflow of warm Cir-
cumpolar Deep Water, which was enhanced in the Amundsen Sea
sector following the LGM and into the Early Holocene, including
immediately prior to the observed thinning of the PIG system®. The
direct influence of warm Circumpolar Deep Water on Holocene ice-
shelf instability and inland ice-sheet thinning has recently been
demonstrated with ice-sheet modelling in East Antarctica, where
thinning occurred simultaneously with Pulse 2 of the PIG system via a
mechanism induced by meltwater release from the retreating WAIS*®.

Influence of the seafloor on Holocene ice-sheet retreat and
thinning

Cross-correlating our geological data and modelled thinning profiles
enables exploration of where the grounding line was likely situated
during specific phases of Holocene ice-sheet elevation change and how
the seafloor topography influenced deglaciation. Figure 6 shows the
model grounding-line location and concurrent ice-sheet geometry for
a snapshot corresponding with a pause between modelled thinning
Pulses 1 and 2 at all three glaciers (see Fig. 4). The flowline intersects
with two distinct bedrock topographic highs on the inner continental
shelf (Fig. 6a) that are co-located with the presently exposed Brownson
and Backer Islands groups (Fig. 3). During the pause, the ice shelf is in
contact with these highs, resulting in increased buttressing on their
upstream side (Fig. 6b). The model suggests that ice was grounded
(‘pinned’) on the bedrock highs for a period long enough to exert back
stress (which provides resistance to inland sliding and thinning),
impeding the flow of ice downstream through the Hudson Mountains
and into the northern PIIS. It links these pinning points to an abrupt
change in the rate of upstream thinning along each glacier that lasted
up to 1000 model years (Fig. 4) - temporary slowing (PIG; Fig. 4c),
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Fig. 5 | Modelled ice flowlines from sample sites in the Hudson Mountains
through the episode of rapid thinning (panels show model snapshots at 12, 10
and 4 ka). At all timesteps, the flowlines in Lucchitta (green), Larter (purple), and
Pine Island (orange) glacier troughs converge downstream of the sample sites.
A-C show close-up views of the location of sample sites in the Hudson Mountains
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(coloured stars) and modelled flowlines (solid lines, corresponding colours) feed-
ing the three glaciers. The modelled (labelled “mGL”) and observed (modern;
labelled “GL”) grounding lines are represented by the yellow and white lines,
respectively. In all panels, bed elevation is displayed underneath ice velocity (scale
bars below panels).

stabilisation (Larter; Fig. 4b) or reversal (Lucchitta; Fig. 4a), respec-
tively. The duration of these changes is broadly consistent with the
extent of an earlier stillstand recorded by a grounding-zone wedge
situated on the middle continental shelf near Burke Island (“GZW5”)*
that is estimated to have taken 600-2000 years to form*’. After this
pause, resumption and/or acceleration of modelled thinning is corre-
lated with unpinning from the topographic highs and accompanied by
a concomitant increase in the rate of grounding-line retreat.

This model exploration of onshore thinning patterns modulated
by marine pinning points can be applied to the geological records of
deglaciation of the PIG system. Specifically, the results support a
combination of two earlier hypotheses proposed by ref. 14 to explain
rapid mid-Holocene thinning in the Hudson Mountains: rapid land-
ward migration of the PIG grounding line after decoupling and
unpinning from a topographic high, and a reduction in ice-shelf but-
tressing triggered by the unpinning. The results also highlight the role
of seafloor pinning points in driving temporary grounding-line stabi-
lisations that in turn impact inland ice-surface elevation. This process
continues to be important for predicting future changes in

the Amundsen Sea sector as it has been modelled as a key driver of
future retreat of the neighbouring Thwaites Glacier®.

Importance of a holistic approach to understanding drivers of
regional deglaciation

Our study demonstrates the benefit of a combined data-model
approach for contextualising palaeo records of ice-sheet change
derived from geological datasets. Here, rather than interpreting evi-
dence from the data-based thinning records in isolation, we con-
textualise them using ice-sheet modelling. This holistic approach
ensures our interpretations of data-based observations of ice-sheet
behaviour have a robust physical basis. For example, relating the pat-
tern and timing of both past inland ice-sheet thinning and grounding-
line retreat across the continental shelf along individual glacier flow-
lines enabled us to i) determine the relationship between ice-sheet
elevation changes at intervals up to 75 km upstream as well as at the
grounding line, and ii) determine the possible drivers of these changes
by linking them to physical processes. We show that the rate of thin-
ning of glacier ice flowing through the Hudson Mountains in the
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Fig. 6 | Modelled ice-shelf buttressing of the Pine Island Glacier system. a The
Pine Island Glacier system at 10.4 model ka, with a flowline (dashed line, A-A")
propagated along the Larter Glacier trough. The ice shelf colour reflects the but-
tressing factor (see Methods), with yellow representing little to no buttressing, and
red indicating a high degree of buttressing. b Cross section of the flowline shown in
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(a). Theice sheet and ice shelf are represented in blue, and the bed is represented in
dark brown. Two distinct pinning points occur under the floating portion of the ice
shelf. The ungrounded portions of the ice-shelf base are coloured according to
buttressing factor, indicated by the vertical scale bar (right).

Holocene can be attributed to variations in back stress induced by
pinning/unpinning of the retreating ice shelf on seafloor topographic
highs in Pine Island Bay. This demonstrates that the topography of the
bed in Pine Island Bay, over which the ice sheet slides during retreat,
plays a key role in driving upstream ice-sheet behaviour.

Our holistic approach also highlights challenges and nuances
associated with correlating data with model simulations. The high
spatial and temporal resolution of our exposure-age dataset enabled
exploration of the relationship between offshore grounding-line
retreat and inland thinning at different times during deglaciation in a
single catchment. However, due to the logistical and technical diffi-
culties commonly encountered when working in the remote polar
regions, exposure-age datasets from those areas are often geo-
graphically sparse and discontinuous (as an example, it took three field
campaigns conducted over the course of 14 years to build the detailed
Hudson Mountains exposure-age dataset presented here). Thus, they
typically provide information covering only snapshots of the last
deglaciation, making it challenging to link them either together and/or
with other geological records such as those from marine sediments.
For example, although we know from the marine record that retreat of
grounded ice from the eastern Amundsen Sea embayment was
underway by 20.6 ka>* and reached close to the current configuration
by 9.2 ka®, our exposure-age data record thinning in the Hudson
Mountains over only a comparatively short—and later—period (-8-5
ka). There is thus no temporal or spatial overlap between the two
datasets. It follows that they record different deglacial events and
accordingly we should not routinely assume that an episode of rapid
onshore thinning must correspond with the period of greatest marine
grounding-line backstepping. Furthermore, a data gap covering the
last ~5000 years of thinning history of the PIG system remains, leaving
open the possibility that PIG and its tributaries may have thinned
below the modern surface and rethickened during this period (as was
detected 300 km west near Pope Glacier [Fig. 1a] via recovery and
cosmogenic nuclide analysis of subglacial bedrock*?). Nested ice-sheet
modelling can help overcome such data limitations by interpolating to
simulate a thinning and retreat history that is consistent with all
available geological datasets and covers the full deglacial period, not
just snapshots in time.

Implications for future ice-mass loss from Pine Island Glacier
Finally, our synthesis of new and existing exposure-age data from the
Hudson Mountains provides evidence that the Hudson Mountains

were covered by the Antarctic ice sheet during the Early Holocene (and
probably also at the LGM), concurring with earlier model predictions
of ice-sheet thickness in the Amundsen Sea embayment during the
past 20,000 years™). Rapid regional deflation of the PIG system fol-
lowed into the Mid Holocene. The later phase of this deflation is
reflected in our geological data and physically-based model as broadly
synchronous thinning across the Hudson Mountains (albeit with finer-
scale variations in local ice-surface elevation changes around nunataks;
see earlier discussion). The concerted nature of this thinning across all
three glaciers, including Larter and Lucchitta glaciers that currently
feed the northern PIIS, implies that the glaciers experienced similar
buttressing throughout the deglaciation. The associated reduction in
ice-sheet volume across the PIG catchment would have contributed up
to 90 mm to eustatic sea level rise over 7000 years in the Early to
Mid Holocene and may have been temporarily stabilised by episodic
ice-shelf pinning on seafloor highs on the inner shelf of Pine Island Bay.

The results of our study demonstrate that, if a reduction in but-
tressing simultaneously affects several tributaries that feed a major
outlet glacier in a marine-based ice sheet such as WAIS (as occurred in
the Mid Holocene in the PIG system), there is potential for rapid
regional ice-mass loss. Since they impact pinning, the topography and
properties of the bed influence the rate and style of both retreat and
associated inland thinning. Although knowledge of the bed topo-
graphy beneath the northern PIIS is very limited (only poorly con-
strained airborne gravimetry observations exist****), it is likely that the
rugged crystalline bedrock interspersed with occasional pockets of
sediment that dominates the seafloor of inner Pine Island Bay*®"
(Supplementary Fig. 2) extends beneath it. Thus, additional pinning
points that might help stabilise future retreat are likely present. Several
ice rumples measuring a few kilometres in length are visible in the
surface of the northern PIIS (Supplementary Fig. 2). Such prominent
surface features indicate locations where the ice shelf is currently
pinned on the underlying bed*®, providing buttressing (to upstream
flow) that would be reduced or lost if unpinning were to occur in
future. If the PIG system continues to be subjected to incursion of
warm Circumpolar Deep Water beneath its ice shelves'®—perhaps in
future amplified by anthropogenic-induced forcing trends™*—
grounding-line stabilisation via pinning on seafloor highs would likely
be only short-lived, and further retreat and loss of ice would not pause
for long. The consequence could be another episode of rapid wide-
spread thinning across the PIG catchment, with an associated rise in
sea level. Although glacial-isostatic uplift resulting from continuing
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ice-mass loss®® could provide a counter-effect”, coupled ice-ocean
modelling of the PIG system’ (Supplementary Fig. 3) suggests that
unpinning and associated regional ice-sheet deflation could occur
within the next century, possibly even without further anthropogenic
forcing.

Methods
Field sampling
In this paper, we present new cosmogenic-nuclide analyses of 41
erratic cobbles and boulders from the Hudson Mountains and compile
these with all other published exposure-age data from the area (the
complete dataset comprises a total of 82 exposure ages; Supplemen-
tary Data 1). Forty-one previously-published exposure ages are from
granitoid erratic cobbles and boulders collected over three field sea-
sons (2006, 2010, 2019-20; by J.S.J. and James Smith, British Antarctic
Survey) and are reported in refs. 14,15,52. Site descriptions and field
sampling methods for the 41 new erratics are described in detail in
ref. 26; we provide a short summary in the paragraph below.
Samples from the new erratics were collected by J. S. J. (under UK
Foreign & Commonwealth Office section 6 permit #BAS-S6-2019/10)
during the 2019-20 austral summer season, as part of a field campaign
supported by British Antarctic Survey Operations Team for the Inter-
national Thwaites Glacier Collaboration ‘Geological History Con-
straints’ project. Of the 17 Hudson Mountains peaks, 15 were visited
and exposure ages were obtained from 14 of those; Velie Nunatak and
Koehler Nunatak (Fig. 1b) were not accessed due to both time con-
straints and challenging terrain (including extensive crevassing
between Slusher and Velie nunataks), and cobbles at World’s End Bluff
were not analysed because their depositional history was uncertain
(possibly weathered out of the underlying bedrock rather than gla-
cially-transported; see ref. 26). Erratics of exotic lithology (i.e. not
derived from locally outcropping bedrock) perched on horizontal or
gently sloping bare/scoured bedrock (entirely free of till, sediment,
soil or snow) were preferentially chosen for sampling to minimise the
chance of periodic snow cover or post-depositional movement asso-
ciated with periglacial activity or mass wasting, as these would affect
the interpretation of cosmogenic-nuclide measurements. The position
(latitude, longitude, elevation) of each erratic was measured with a
Javad Triumph II GPS receiver and the heights above ellipsoid cor-
rected to orthometric heights (height above geoid EGMOS8) using
Precise Point Positioning software. At all sites, the degree and direction
of topographic shielding of each erratic were measured using a com-
pass clinometer and recorded along with the geomorphological set-
ting. Sample information required for exposure-age calculation
(latitude, longitude, elevation, topographic shielding correction fac-
tor, and sample thickness) is provided in Supplementary Data 2.

Cosmogenic-nuclide analysis

As described above, analytical data and methods for the existing
exposure ages are reported in refs. 14,15,52. For the new analyses,
analytical data and exposure ages (including °Be/°Be ratios and °Be
concentration) are provided in Supplementary Data 3, procedural
blanks are provided in Supplementary Data 4 and information for-
matted for online exposure-age calculator input are provided in Sup-
plementary Data 5. We describe the laboratory and analytical methods
used to determine the new exposure ages below.

We prepared 41 purified quartz samples for cosmogenic-nuclide
analysis in the CosmIC Laboratory, Imperial College London. We
applied typical quartz isolation procedures (e.g. ref. 53), including
crushing, milling, sieving, magnetic separation, froth flotation**, HCI
leaching, and HF-HNO; etching. Quartz purity was tested using
inductively-coupled plasma optical-emission spectrometry (ICP-OES).
We performed isotope-dilution chemistry for °Be analysis using the
methods described by ref. 55. For each sample, as well as three repeat
measurements, we dissolved between 3.8 and 28.7 g of pure quartz

(Supplementary Data 3) and approximately 338 mg of low-background
°Be carrier solution (775.23ug Be g and °Be/’Be=2.6 x107°+6.9
x10™7; Supplementary Data 3) using concentrated hydrofluoric acid
(HF) and nitric acid (HNO3). We also prepared three ~0.5 g aliquots of
quartz of the laboratory intercomparison material CRONUS-A>®
(see below).

We measured °Be/’Be ratios at the Centre for Accelerator Sci-
ence, Australian Nuclear Science and Technology Organisation
(ANSTO) using procedures described in refs. 57,58. The °Be/°Be
measurements are normalised to the KN-5-3 standard with an assumed
ratio of 6.320 x10™ (t;,=1.36 Ma*; Supplementary Data 3). Two
secondary standards were run as unknowns to confirm the linearity,
accuracy, and precision of the measurements. One procedural blank
(carrier-only) was processed for every 11 samples, and each batch of
samples was assigned a batch number (see Supplementary Data 3-5).
The procedural blank used to correct the °Be concentration of each
sample is dependent on the period during which it was processed in
the CosmlC Laboratory (see Supplementary Data 4). Beryllium was
extracted from samples in batch 1 at the same time as the samples
presented in refs. 15,42,60. Therefore, the blank value used to correct
the '°Be concentrations in batch 1 is the same as that used to correct
Be concentrations in the aforementioned studies (the mean and
standard deviation of 12 batches of samples, °Be/’Be=1.73
x1075 £ 4.82 x107%, 30287 + 8456 °Be atoms; Supplementary Data 4).
Samples in batch 2 were processed in the year following those in batch
1and are corrected with a different blank value (the mean and standard
deviation of two process blanks, BLK300822 and BLK050922,
0Be/’Be =2.71 x10™°+3.61 x107, 47410 + 6255 °Be atoms; Supple-
mentary Data 4). Samples in batches 3-5 were processed later in the
same year as those in batch 2 and the procedural blanks for batches
3-5 exhibit a greater degree of scatter than those in previous batches.
We therefore used a batch-specific blank value to correct the °Be
concentrations of samples in batch 3 (BLK120922, '°Be/’Be =2.13
x105 £3.41 x107', 37088 + 5939 °Be atoms), batch 4 (BLK260922,
Be/’Be =1.86 x10™°+3.88 x107%, 32550+ 6786 '°Be atoms), and
batch 5 (BLK041022, °Be/’Be = 4.50 x107™° +5.31 x107'¢, 78589 + 9262
1Be atoms; Supplementary Data 4). In all cases, uncertainties in the
sample and blank values are propagated in quadrature.

To verify accuracy and reproducibility, we also measured the °Be
concentration of three field replicates (samples SIR-104R, WOL-104R,
and MOS-105R; Supplementary Data 3) and three aliquots of the
laboratory-intercomparison material CRONUS-A* (Supplementary
Data 3). The °Be concentrations of samples SIR-104R, WOL-104R, and
MOS-103R differ from their accompanying measurements by 6.1, 3.9,
and 6.3 %, respectively, which are within 1.650 (90 % confidence)
uncertainties. We therefore use the average and standard deviation of
the two °Be concentrations for each sample in the exposure-age cal-
culations described below. The three aliquots of CRONUS-A yield °Be
concentrations of 3.43 x10” + 8.38 x10%, 3.60 x10” + 6.99 x10°, and 3.50
x10” + 6.73 x10° atoms g which are only ~0.4, 5.3, and 2.4 % different
from, and therefore consistent with, the consensus value of 3.42+ 0.1
x107 (10) atoms g™ of ref. 56 within 26 uncertainties.

Exposure-age calculations

Exposure ages (both new and existing) were calculated using version 3
of the online exposure-age calculators formerly known as the CRONUS
Earth online calculators (http://hess.ess.washington.edu)® with the
“primary” production rate calibration dataset®’. The online calculators
use the “LSDn” production rate scaling method for neutrons, protons,
and muons following ref. 63 and summarised in ref. 64. For all samples,
we used a sample density of 2.7 g cm™ and assumed no erosion and a
single period of exposure. In Supplementary Data 3, we also include
exposure ages calculated using the “St” production rate scaling
method® to aid comparison with other studies and to assess the
impact of the choice of scaling method on the resulting exposure ages.
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For the new exposure ages, use of the St scaling method produces ages
on average ~400 years (or 5.6 %) older than those using the LSDn
method (see Supplementary Data 3). Thus, choice of scaling method
does not alter our interpretations. We do not use a glacial-isostatic
adjustment (GIA) correction to calculate the exposure ages. Whilst use
of a GIA correction would make the calculated ages slightly older, this
offset may be counteracted by incorporating the effect of atmospheric
redistribution on past production rates.

Ice-sheet modelling

We leverage existing model frameworks to provide physical context
for the measured terrestrial thinning histories. For this, we use a 3-D
ice-sheet model (PSU-ISM) that has been widely applied to simulate
ice-sheet evolution on geological timescales®®®’. We perform three
different high-resolution nested model simulations with varied para-
meters to provide different physical realisations of the last ice-sheet
deglaciation in support of our analysis of local thinning patterns and
their regional footprint, but do not attempt ad-hoc parameter tuning
to precisely reconstruct the retreat chronology with our simulations.
The 3-D velocity field (x and y components) is computed for each
discrete element of the model, at every timestep of the simulations.

The PSU-ISM model iteratively solves for internal ice temperature
and ice thickness, using hybrid shallow-ice/shallow-shelf ice dynamics
and a velocity-based grounding-line parameterisation®®. These simpli-
fied physics enable computations spanning long timescales and com-
pare reasonably well to higher-order models®’. The PSU-ISM includes
bedrock rebound in response to changes in ice loading, by modelling
deformation as an elastic lithospheric plate above local isostatic
relaxation. The model is able to represent marine ice-shelf
instabilities”®, although these mechanisms are only triggered in
warmer-than-present climates and therefore do not significantly
impact LGM-to-present simulations (e.g. ref. 67).

The model includes an internal calculation for bed-elevation
change in response to ice loading change (via an elastic-lithosphere
and viscously relaxing-asthenosphere module) and is forced by
eustatic deglacial sea-level change, but is not coupled to a solid-Earth/
sea-level model and thus does not simulate relative sea-level response
to gravitational change. Gravitational effects would cause additional
relative sea-level to fall in the Amundsen Sea region during the last
deglaciation (e.g. ref. 23), potentially enhancing ice-shelf pinning.

As in ref. 67, deglacial atmospheric forcing is derived by scaling a
present-day climatology (ALBMAP"") by a uniform cooling perturba-
tion based on deep-sea 807 Oceanic forcing is provided by a global
coupled climate-ocean model simulation of the last 22 kyr”, eustatic
sea-level variation is from ICESG™. Further details of the model for-
mulation can be found in refs. 66,75.

The nested domains receive 3-D ice thickness and ice-velocity
boundary conditions at the domain edges every 500 years, provided
by the continental simulations to be downscaled. The nesting domains
encompass both the relevant exposure-age site locations as well as any
fast-flow regions (for example, upstream glacial catchment regions)
that need to be resolved in order to accurately capture deglacial
behaviour. The model parameters varied in our ensemble are CSHELF
(a basal sliding coefficient value for regions outside of the modern
inversion product, with values from 10°, 10°, or 10’ [m yr™ Pa™, cor-
responding to “C” in Eq. (11) of ref. 75]), OCFACMULT (a sub-ice
oceanic melt coefficient, with values 1, 3, and 5 [non-dimensional;
corresponding to “K” in Eq. (17) of ref. 66]), and TLAPSEPRECIP
(modifies the scaling of precipitation with temperature, with values 7,
10, and 35 that correspond to a Clausius-Clapyeron temperature-pre-
cipitation relationship). More details on nesting, initialisation, model
setup, and model parameters can be found in ref. 31.

We selected three model ensemble members that score reason-
ably well against the terrestrial datasets for the Amundsen Sea region,
balancing the float scores and exceedance scores calculated by ref. 31.

We downscaled three different model ensemble members, with para-
meter combinations given by [CSHELF]_ [OCFACMULT]_[TLAPSEPRE-
CIP]: 527, 5235, and 6_5_7. This repetition allowed us to ensure that
the linkages we infer between terrestrial thinning patterns and regional
deglacial characteristics, such as grounding-line retreat, are robust
across different parameter combinations and thus different styles of
modelled deglacial characteristics. The primary model output that we
analyse and plot here is 52 7. The other model ensemble members
revealed similar terrestrial-marine linkages in terms of grounding-line
configurations that corresponded to rapid inland thinning. We use
depth-averaged velocity here as a diagnostic to understand ice flow
paths through the deglaciation.

From the ice sheet model simulation, we output and analyse the
buttressing factor 8—described in ref. 76 and calculated by their Eq. (2)
—to characterise the amount of back-stress provided by an ice shelf
caused by pinning points or lateral forces acting further downstream.
This buttressing factor 0 is defined as the ratio of vertically averaged
horizontal deviatoric stress normal to the grounding line. Here we plot
and analyse 0 (specifically, the norm of 6, and 6,) as in ref. 76, although
we have reversed end-member values for clarity so that a value of 1
indicates minimal buttressing and lower values correspond to greater
resistive stresses exerted by the ice shelf.

Data availability

The data that support the findings of this study are available as fol-
lows: Cosmogenic-nuclide data and exposure ages can be acces-
sed from Nichols, K., Rood, D., Wilcken, K. & Johnson, J. Cosmogenic
10Be data and calculated surface exposure ages from nunataks adjacent
to Pine Island Glacier in the Hudson Mountains, West Antarctica
(Version 1.0) [Dataset]. NERC EDS UK Polar Data Centre. https://doi.
0rg/10.5285/9ddd50c8-cd08-4afe-b245-f6891f1d9a3f  (2023) and
Nichols, K., Rood, D., Johnson, J., Wilcken, K. & Brown, K. Cosmogenic
Be data and calculated surface exposure ages for 41 cobbles and
boulders collected from nunataks adjacent to Larter and Lucchitta
glaciers in the Hudson Mountains, West Antarctica (Version 1.0)
[Dataset]. NERC EDS UK Polar Data Centre. https://doi.org/10.5285/
de4a62bc-9c01-4aa3-9fd8-c64d706cfcl3  (2025). Model output
including model fields of ice-sheet thickness and velocity, bed topo-
graphy, and calculations of ice-sheet volume and global sea-level
equivalent can be accessed from Peters, S. & Halberstadt, A. R. Syn-
chronous Holocene thinning of Pine Island Glacier and its tributaries
influenced by ice-shelf unpinning [Dataset]. Zenodo. https://doi.org/
10.5281/zen0do.19861145 (2026). Model output shown in Supple-
mentary Fig. 3 can be accessed from Bett, D. Amundsen Sea sector ice-
ocean model output focused on pinning point ungrounding in the Pine
Island Glacier system [Dataset]. Zenodo. https://doi.org/10.5281/
zenodo.21128994 (2026). Detailed maps of each nunatak site are
freely available from ref. 26, Appendix A.

Code availability
The ice-sheet model code version is from ref. 77. The model runs
conducted here are downscaled simulations directly following ref. 31.
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