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The extent of ice-free land across Antarctica will increase in awarming

world, drivenby ice sheet retreat and sea-level change. Here we project
anup to~-120,000 km? (-550%) increase in the extent of Antarctic ice-free
land over the next three centuries, using a state-of-the-art sealevel model
combined with ice sheet melt predictions for arange of greenhouse gas
emission scenarios. New ice-free land is projected to emerge in all regions
with existing territorial claims as well as in the unclaimed sector in West
Antarctica. The geologic setting and distribution of known mineral
occurrences indicate that ice-free land emergence will expose new mineral
depositsin these regions. With the likely rise in the economic viability of
Antarctic mineral resources over the coming centuries, the environmental
impacts of mineral resource extraction activities will be weighed against
societal pressure for sustainable resource development.

The Antarctic Treaty was signed in 1959 by three categories of states:
those with territorial claimsin Antarctica (thatis, Argentina, Australia,
Chile, France, New Zealand, Norway and the United Kingdom; Fig. 1),
non-claimantstates (that s, Belgium, Japanand South Africa) and the
USA and the Soviet Union (now Russia)". Although seven states maintain
territorial claimsin Antarctica, many other countries do not recognize
these claims'. Additionally, both the USA and Russia still maintain a
basisto claim territory in Antarctica’. Article IV of the Antarctic Treaty
assertsthatnothinginthe treaty renounces astate’s previously asserted
rights or territorial claims in Antarctica or prejudices a state’s “rec-
ognition or non-recognition of any other State’s right of or claim to
territorial sovereignty in Antarctica”’. Only one sector of Antarctica
remains unclaimed (Fig. 1). Furthermore, the Antarctic Treaty estab-
lishes Antarcticaas aregionreserved exclusively for scientific research
and peaceful purposes’.

At present, less than 0.6% (21,745-70,586 km?) of Antarctica is
estimated to be free of ice cover*®, withice-free areas including coastal
environments, mountain ranges, nunataks, valleys, islands and cliffs

(Fig. 1). The Antarctic ice sheet has undergone rapid thinning and
grounding-lineretreat over the past few decades’®, andice sheet retreat
is expected to continue over the coming centuries’. This anthropo-
genically driven process will lead to the emergence of ice-free land
(henceforth ‘land’) due to both the direct effect of ice margin retreat
andtheEarth system response to changesinice loading—that s, glacial
isostaticadjustment (GIA). Regarding the latter, at the margin of arap-
idly meltingice sheet, sealevel will fall due to the combined impact of
post-glacial uplift and the loss of gravitational attraction between the
ice and the surrounding oceans'.

Land emergence in Antarctica over the coming centuries will have
wide-ranging environmental impacts and implications for mineral
resource development prospects, both of which will play key roles
in shaping Antarctic geopolitics. Antarctica’s terrestrial biodiversity
is largely concentrated in ice-free areas®''?, and these regions are
also particularly important for geologic, fossil and soil sampling™'.
Furthermore, scientific research stations and associated infrastruc-
ture—including wharfs, roads and airfields”—are commonly built on
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Fig. 1| Territorial claims in Antarctica and known mineral occurrences.
Grounded ice and ice shelves are shown in white and blue, respectively®. Rock
outcropsare plotted in dark red*. West Antarctica (WANT), East Antarctica
(EANT), the Antarctic Peninsula (AP) and the Dufek Intrusion (DI) are labelled.
The symbols, with the legend at the bottom left, indicate known mineral
occurrences®.

land: 81% of buildingsin Antarcticaarelocated onice-free land, with 76%
concentrated inice-free areas within just 5 km of the coast’. Research
stations are known to substantially impact their surrounding environ-
ment through contamination, habitat damage and the introduction of
non-native species'®'®, Finally, with the growing demand for mineral
resources'”?, interest in mineral resource development of ice-free
areasin Antarctica s likely to intensify> .

TheProtocol on Environmental Protection to the Antarctic Treaty
(commonly known as the Madrid Protocol, or more precisely, the
Environmental Protocol) provides the current framework for compre-
hensive environmental protection in Antarctica®. The Environmental
Protocol—part of what hasbeen called the Antarctic Treaty System—has
two main objectives: to establish an environmental protection regime
and prohibit all activities related to mineral resource development in
Antarctica indefinitely. The Environmental Protocol does, however,
allow for activities related to mineral resourcesif they are for scientific
purposes (Article 7).

Starting in 2048, any of the Antarctic Treaty Consultative Parties
will be permitted to call for an Article 25 review conference of the
Environmental Protocol®. At such a conference, proposed modifica-
tions or amendments “shall be adopted by a majority of the Parties,
including 3/4 of the States which are Antarctic Treaty Consultative
Parties at the time of adoption of this Protocol”, and a “modification
or amendment...shall enter into force upon ratification, acceptance,
approval or accession by 3/4 of the Antarctic Treaty Consultative Par-
ties, including ratification, acceptance, approval or accession by all
States which are Antarctic Treaty Consultative Parties at the time of
adoption of this Protocol” (Article 25)*. Furthermore, any change to
therestriction on mineral resource activitiesin Article 7 will not go into
effect unless anew binding legal regime has beenratified and entered
into force (Article 25)*.

Growing interest in the mineral resource potential of Antarctica
may spur calls to modify the Environmental Protocol to allow mineral
resource development or, alternatively, motivate state or non-state

actors to disregard the protocol altogether®”*, An Article 25 review
conference would also make it possible to review the Antarctic Treaty
itself', which could be destabilizing to the entire Antarctic Treaty Sys-
tem?. To anticipate the nature of these issues, itisimportant to explore
projections of the spatio-temporal pattern of land emergence and the
mineral resource potential of Antarctica. To this end, we present pro-
jections ofland emergence over the next three centuries. We focus on
emergent land with potential mineral deposits and the connection of
theseregions to both claimed and unclaimed territories.

Resource potential of Antarctica

The currentunderstanding of Antarctica’s mineral resources remains
limited; however, mineral occurrences identified in select ice-free
regions across the continent have established the presence of poten-
tially valuable deposits, including copper, iron, gold, silver, platinum
and cobalt (Fig. 1), Insight into potential mineral deposits can be
developed by considering both Antarctica’s tectonic history and its
lithospheric structure, which we consider below.

Antarctica had a central positionin the Gondwanan sector of the
Pangea supercontinent®¢, and all continents that bordered Antarc-
tica during this period host large mineral deposits, including South
America, Africa, Indiaand Australia®. Because these continents share
asimilar geologicarchitecture, itis reasonable to assume that compa-
rable mineral deposits also exist in Antarctica®. The spatial distribu-
tion of mineral deposits is generally governed by a combination of
geologicalfactors, including tectonic setting, structural controls and
the presence of certainlithologies”. Individual deposits are commonly
partoflarger mineralized belts that align with major structural features,
suchas orogenicfold belts, or are associated with specific lithological
units, such as greenstone belts”*’. Several Phanerozoic fold belts in
South America, Africa, India and Australia extend into Antarctica®,
and mineral belts associated with these structures are also likely to
continue into Antarctica®>*,

Anexample of such a continuationis found in the Transantarctic
Mountains of northern VictoriaLand. During the Palaeozoic era, Ant-
arcticawaslocated on the active palaeo-Pacific margin of Gondwana,
and northern Victoria Land was, more specifically, located adjacent
to southeastern Australia and New Zealand***. Mountain-building
and hydrothermal events along this margin led to the formation
of gold deposits***°. The Dorn Gold Deposit located in northern
Victoria Land has been linked to the same tectonic processes that
produced gold provinces in Australia (New South Wales, Victoria
and Tasmania) and New Zealand™. A second, important example of
a geological continuation is the connection between the southern
Andean margin of South America and the Antarctic Peninsula®?%*,
which we return to below.

Potential mineral resourcesin Antarcticacanalsobeinferred from
existing constraints on solid Earth structure. Base metal deposits (cop-
per, lead, zinc and nickel) and associated by-products are broadly clas-
sified as being either sediment-hosted or magmatic-hosted, depending
on whether their formation is primarily associated with sedimentary
processes or magmatic activity. Globally, it has been shown that 85% of
sediment-hosted base metal deposits (including all that contain >10 Mt
of metal) are located within 200 km of the transition between thick
and regular continental lithosphere*. Likewise, magmatic processes
have also been invoked as a mechanism that concentrates metals at
the margins of thick lithosphere* . In Antarctica, substantial base
metal deposits are therefore most likely to be located adjacent to the
Transantarctic Mountain front, in select sectors of East Antarcticaand
offshore of the Antarctic Peninsula, all regions where transitions from
thicker to thinner lithosphere occur (Fig. 2).

Although no proven oil or gas reserves have been identified in
Antarctica, substantial resources are likely to existin thick sedimentary
basins offshore of the continent, including in the Ross Sea, the Weddell
Sea and the East Antarctic margin®>***,
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Fig. 2| Lithospheric structure of Antarctica. a, Map of lithosphere-asthenosphere boundary (LAB) depth in Antarctica®®. The black dashed line contours 170-km LAB
thickness. b, LAB gradient map based on a. The symbols, with the legend at the bottom centre, indicate known mineral occurrences®.

Ice-free land emergence

Over the next three centuries, land exposure will depend on the
spatio-temporal pattern of ice sheet retreat and associated sea-level
changes. To estimate land exposure over the coming centuries, we
computed sea-level change for high, moderate and low ice melt
projections using a high-resolution global GIA model that incorpo-
rates realistic, 3D variations in solid Earth structure**~' (Methods
and Extended Data Fig. 1). The GIA model solves for gravitationally
self-consistent sea-level changes for aspecified space-time geometry
ofice coverandasolid Earth viscoelastic structure model, accounting
for both migrating shorelines and Earth rotational effects®>*. Because
Greenland iceloss will contribute to future sea-level rise in Antarctica,
we accounted for ice melt fromboth Antarcticaand Greenland in com-
puting sea-level change (Extended Data Fig. 2).

We predict that 120,610 km?, 36,381 km? and 149 km? of new land
will emerge in Antarctica by 2300 due to the combined effects of ice
retreat and sea-level change for the high, moderate and low ice melt
scenarios, respectively (Fig. 3, Extended DataFigs. 3 and 4 and Extended
Data Table 1). The upper bound, corresponding to the high ice
melt scenario, represents a ~550% increase in land relative to the
estimate of present-day ice-free land (21,745 km?) reported by
Burton-Johnson etal.*. A45,072 km?increase in land area is projected
under the high ice melt scenario for 2200, and a 1,351 km? increase is
projected for 2100.

Land emergence varies regionally over the next three centuries
(Figs.3and 4 and Extended Data Figs. 3-5). Land emergence is largest
in West Antarctica over the remainder of this century; that region is
projected to gain1,013 km?ofland by 2100 in the high ice melt scenario
(Fig. 3a). By 2200, land gains in the Antarctic Peninsula (37,535 km?)
far surpass those in West Antarctica (3,763 km?) for the high ice melt
scenario, and by 2300, land emergence reaches 75,510 km?in the Ant-
arctic Peninsula (Figs. 3 and 4b). Widespread land gains also occur
in coastal East Antarctica in this case, particularly between Enderby
Land and Queen Mary Land (Fig. 4c), reaching 16,819 km?by 2300. Our
results indicate that an average regional ice thinning of ~200-300 m
is sufficient to expose tens of thousands of square kilometres of new
landinagivenregion.

Including the effects of sea-level change in land gain estimates
resultsin larger projections of ice-free areas than estimates based on
icesheetretreat alone (Figs. 3 and 4 and Extended Data Figs. 3-5). For
the highice meltscenario, 21% of the new land exposed by 2150 results
fromsea-level change (Fig.3d). Under the moderate ice melt scenario,
therelative contribution of sea-level change to land exposure peaksin
2200, accounting for 18% of the land gain (Extended Data Fig. 3b,d).
Finally, in the low ice melt scenario, 74% of the land exposed in 2300
results fromsea-level change (Extended DataFig. 4). At the local scale,
accounting for sea-level change in projections of land emergence can
cause smaller ice-free areas to coalesce into larger ones, often result-
ing in the formation of larger islands or peninsulas (Fig. 4), as has
been shown in other marine areas of the world>. Despite the overall
expansioninice-freearea, someregions experience localized land loss
duetoice sheet advance or sea-level rise. For example, in the high ice
melt scenario, up to 613 km? of land loss in such regions is predicted
to occur by 2300.

Land emergence in claimed territories
The emergence of land over the coming centuries may influence the
willingness of Antarctic Treaty states, including those with and without
territorial claims, to advocate for mineral resource development in
Antarctica. The largest land emergence across the continent is pro-
jectedtooccurinthesector of the Antarctic Peninsula that is claimed
by Argentina, Chile and the United Kingdom, with 36,043 km? of land
gain by 2200 and 70,992 km? by 2300 for the high ice melt scenario
(Sector 8inFig. 5). The analogous figures for the moderate ice melt sce-
nario are 2,776 km?and 33,542 km? (Extended DataFig. 6). In contrast,
14 km? of land loss is projected in the same sector for the low ice melt
scenario by 2300 (Extended Data Fig. 7). The sector of the Antarctic
Peninsula claimed by Argentina, Chile and the United Kingdom hosts
abroadrange of known mineral occurrences (Fig.1), including copper,
gold, silver andiron, suggesting that land emergence will expose new
deposits (Fig. 6).

Because our understanding of Antarctica’s mineral resources
remains limited, known mineral occurrences in the Antarctic Pen-
insula cannot be taken as reliable indicators of the size of unknown
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Fig. 3| Land emergence for the high ice melt scenario. a-c, Projections of
ice-free land area change due toice sheet retreat and sea-level change for 2100,
2200 and 2300. Land areain 2015, calculated from the initial ice sheet extent of
the adopted ice sheet model and high-resolution bedrock topography, is plotted
inyellow (‘Ice-free in 2015’). Note that we did not plot ice-free land observed at
present as shownin Fig.1; we only plotted the change inice-free land exposure
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duetoice sheetretreat and associated sea-level change. The extent of grounded
icein2100,2200 and 2300 is shown in blue (see legend). d, Total ice-free land
change from 2015 through 2300. The contributions fromice sheet retreat and
sea-level change are plotted inblack and red, respectively. Figure 4 provides
higher-resolution plots for select regions for 2300. Extended Data Figs. 3 and 4
provide plots of land emergence for the moderate and low ice melt scenarios.

deposits. Abetter, albeitimperfect, measure of the latter can be based
on a comparison with known mineral deposits in the Andean margin
of South America, amagmatic arc that shares ageological history with
the Antarctic Peninsula®?**, As an example, we estimated the amount
of porphyry-hosted copper in the Antarctic Peninsula on the basis of
the size of published porphyry-copper depositsin the Andean margin.
Using geological province boundaries®® and a global compilation of
porphyry deposits*, our analysis indicates ~420 Mt of porphyry-hosted
copper distributed over ~1.2 million km?in the Andean margin, corre-
sponding to ~350 tonnes of copper per square kilometre. Therefore,
our estimates cited above of land gain in the Antarctic Peninsula by
2300 for the high and moderate ice melt scenarios, 70,992 km? and
33,542 km?, respectively, yield estimates of ~24.8 Mt and ~11.7 Mt of
porphyry-hosted copper within this newly exposed region. As a final
point, we note that transitions from thinner to thicker lithosphere
alsooccurinthisregion, raising the possibility of other mineralization
styles*? (Figs.1and 2).

The Dufek Intrusion, a large layered mafic intrusion similar in
structure to the Stillwater Complex (USA) and the Bushveld Complex
(South Africa)*™*®, is also situated in the territory claimed by Argentina,
Chile and the United Kingdom (Fig. 1). Layered mafic intrusions such
as the Dufek Intrusion are of global interest for their potential to host
platinumgroup elements*. For example, ~70% of the world’s platinum

is currently mined from the Bushveld Complex®. While our projections
show limited land emergence in the Dufek Intrusion region by 2300,
the projected retreat of the Filchner-Ronne Ice Shelf’ and widespread
land emergence on the nearby Antarctic Peninsula may enhance the
logistical feasibility of mineral resource development in the region
(Figs.5and 6).

Beyond the Antarctic Peninsula, notable land emergence is pro-
jectedinterritories claimed by Australia (16,843 km?gain by 2300) and
New Zealand (13,511 km? gain by 2300) for the high ice melt scenario
(Fig. 5 and Extended Data Table 2). Copper and iron are the primary
metals that have beenidentified in Australia’s claimed territory to date
(Fig. 1). Continued land emergence may also expose new, potentially
valuable mineral resources in the region. For example, New Zealand’s
claimed territory is situated near a strong transition in lithospheric
thickness along the Transantarctic Mountains front, making it possi-
ble that new mineral deposits will be exposed in the region by 2300*
(Fig.2).Finally, the Dorn Gold Deposit is located in the territory claimed
by New Zealand®, yet minimal land emergence is projected to occur
near the location of the deposit (Fig. 6).

Up to 14,315 km? of land is projected to emerge in the unclaimed
territory in West Antarctica by 2300 in the high ice melt scenario
(Fig. 5). Ice sheet retreat and sea-level change will lead to widespread
land emergence throughout the West Antarctic region, including the
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Fig. 4 |Regional-scale view of land emergence in 2300 for the high ice melt
scenario. a, Map delineating the regions shown inb-d.b, Land emergence in
the Antarctic Peninsulain 2300. The labelled geographic features include King
George Island (KGI), Beethoven Peninsula (BP), Monteverdi Peninsula (MP),
Latady Island (LI) and Spaatz Island (SI). ¢, Land emergence in a coastal sector of
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East Antarctica, with the Lambert Graben (LG) and Prydz Bay (PB) labelled.

d, Land emergence in the Ross Sea, Marie Byrd Land and Amundsen Sea sectors of
West Antarctica. The labelled geographic features include Mount Murphy (MM)
and King Peninsula (KP). Extended Data Figs. 4 and 5 provide analogous plots for
the low and moderate ice melt scenarios.

development of many new smallislandsin the Amundsen Sea and Ross
Sea sectors (Fig. 4d). Given the region’s prolonged history of rifting
and magmatism from the early Jurassic through the present****¢,
this unclaimed territory is prospective for various types of deposits.

In addition to exposing new mineral resources, projected land
emergence andiceshelfretreat will probably ease challenges to hydro-
carbon explorationand exploitationin Antarctica’s thick sedimentary
basins. These include prospective hydrocarbon deposits inthe Weddell
Sea, Ross Seaand Bellingshausen Seaand near Prydz Bay*>***’—all areas
that fall within territories claimed by Argentina, Australia, Chile, New
Zealand and the United Kingdom (Fig. 5).

Discussion

With the accelerating global demand for critical mineral resources
Antarctic land emergence over the next three centuries may spark
increased interestin mineral resource development on the continent.
Newly exposed land will almost certainly reveal previously unidenti-
fied mineral deposits. Moreover, by increasing areas suitable for con-
structing infrastructure, land emergence will also reduce formidable
logistical barriers that are currently limiting the economic viability of
mineral resource developmentin Antarctica. A given state’sinterestin
advocating for mineral resource development may be linked to whether
it holds a territorial claim, the economic value of mineral resources

62

’

within that claimed territory and the extent of land emergence. How-
ever, thisinterest may also come fromstates without territorial claims
or non-state actors. Geopolitical tensions are likely to rise with increas-
ingland emergence, particularly concerning areas such asthe Antarctic
Peninsulaand Weddell Sea sector, where territorial claims by Argentina,
Chile and the United Kingdom overlap.

Since 1998, the Environmental Protocol has prohibited all activi-
ties related to mineral resource development in Antarctica. However,
looking ahead—especially to 2048, when Consultative Parties to the
Antarctic Treaty will be permitted to call for a review of the Environ-
mental Protocol—the question of mineral resource development in
Antarctica is likely to energetically resurface. Antarctica remains the
only continent on which mineral resource extraction has not occurred.
Whether this continues to be the case, and whether the spiritand intent
of the Environmental Protocol remain intact, will be a complex issue.
Although the commercial viability of mineral resource development
in Antarctica remains uncertain due to its remoteness and extreme
environmental conditions®, the success of Arctic mining and hydro-
carbon operations demonstrates that resource extraction in polar
environments can be economically viable and technically feasible®*.
In a warming world, where emergent mineral resources in Antarc-
ticamay become economically viable, the substantial environmental
impacts of mineral exploitation will be weighed against the necessity
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of developing mineral depositsimportant for sustainable development
and the clean energy transition.
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Methods

GIA modelling

The GIAmodelused in this study requires two key inputs: a viscoelastic
Earth model and a model of spatio-temporal variations in ice cover
(thatis, anice model). The Earthmodelincludes an elastic lithosphere
with variable thickness and a mantle with laterally varying viscosity
(Extended Data Fig. 1). Variations in lithospheric thickness are based
on the model of An et al.*® in Antarctica and the model of Conrad and
Lithgow-Bertelloni® globally (Extended Data Fig. 1). Lithospheric
thicknessis scaled to have anaverage value of 96 kmin Antarctica, with
aminimum thickness of 40 km (ref. 68). Mantle viscosity variations®
are based on the ANT-20 shear-wave seismic model” for the upper
mantle beneath Antarctica and the GLAD-M25 shear wave model”
across therest of the globe (Extended Data Fig. 1). Variations in mantle
viscosity are estimated from relative variations in seismic velocity**”%
Mantle viscosity variations are superimposed on a one-dimensional
reference viscosity profile, which has viscosities of 5 x10?° Pas and
5x10% Pa s in the upper and lower mantle, respectively. The elastic
and density structure of the Earth model varies radially and is based
on the STW105 seismic tomography model”. GIA simulations were
performed on a global tetrahedral grid with a surface resolution of
3-4 km over Antarctica and Greenland and 12-15 km elsewhere using
the Seakon GIA model*, revised to allow for lateral grid refinement
and composite Earth models®.

We computed relative sea-level changes for low, moderate and
highice meltscenarios using output from SICOPOLIS ice sheet model
simulations®**"’*, The ice melt scenarios are adopted from Antarctic
and Greenlandice sheet simulations forced with either Coupled Model
Intercomparison Project Phase 5 (CMIP5) or CMIP6 oceanic and atmos-
pheric conditions” from 2015 to 21007 extended to 2300 using a
sustained late-twenty-first-century climate forcing for Greenland*°
and a climate-index method for Antarctica®. The low ice melt scenario
combines Antarcticand Greenland ice sheet simulations forced by the
low-emission Representative Concentration Pathway 2.6 (CMIP5) /
Shared Socioeconomic Pathway 1-2.6 (CMIP6) pathway**°". Under the
lowice melt scenario, Antarcticaand Greenland respectively contribute
~13 cmand -8 cmto global mean sea-level rise by 2300. The moderate
and highice melt scenarios combine Antarcticand Greenlandice sheet
simulations forced by the high-emission Representative Concentration
Pathway 8.5 (CMIP5) / Shared Socioeconomic Pathway 5-8.5 (CMIP6)
pathway*°°', By 2300, Antarctic ice loss contributes ~1.5 m to global
meansea-level risein the moderate ice melt scenario and ~-3.5 min the
highice meltscenario. Both the moderate and high ice meltscenarios
adoptthe same Greenland ice melt trajectory, which contributes~54 cm
to global mean sea-level rise by 2300.

The Antarctic ice melt scenarios used in this study span much of
thesealevel contribution range projected by the Ice Sheet Model Inter-
comparison for CMIP6 (ISMIP6) ensemble, which suggests a sea level
contributionbetween-37.4 cmand +62.2 cm under the low-emission
pathway and between —-0.6 m and +4.4 m under the high-emission
pathway by 2300°. The adopted ice sheet simulations also show a
spatial pattern and magnitude of retreat comparable to other Ant-
arctic and Greenland ice sheet simulations®’®”°, More specifically,
under the high-emission pathway, the adopted Antarctic ice sheet
simulations predict significant retreat in West Antarcticaand modest
retreat elsewhere over the next three centuries, broadly matching
other ISMIP6 simulations’.

In our sea level calculations, we specifically used grounded ice,
extracted fromtheice height and bedrock topography fields provided
intheice sheet model output. Horizontal resolutionin the SICOPOLIS
ice sheet simulationsis 8 km for Antarctica® and 5 km for Greenland*,
which s sufficient to capture grounding line migration dynamics®®®’,

Our estimates of land exposure do not account for sea-level
changes resulting fromice loading changes following the Last Glacial
Maximum (LGM). Estimates of relative sea-level change and vertical

crustal motion associated with ice loading changes since the LGM differ
widely inthe literature**®* ¢, and there remains significant uncertainty
inice loading changes in Antarctica throughout the Late Pleistocene
and Holocene® *°, Present-day vertical motion rates associated with
ice loading changes since the LGM generally range from -3 mm yr™
to llmmyr™ (refs. 49,82-86). Over the ~300-year period considered
in this study, these vertical crustal motion rates correspond to maxi-
mum of ~3 m of crustal deformation due to GIA from post-LGM ice
loading changes.

Computingice-free land exposure
We determined ice-free land exposure by adding modelled topog-
raphy changes (negative sea-level changes) at selected times of
interest to initial bedrock topography and checking that the area
is both above sea level and free of grounded ice. Initial bedrock
topography for the ice-free land exposure calculations is from the
30-arc-second-resolution (-1 km) ETOPO 2022 Global Relief Model”,
which adopts BedMachine bedrock topography in Antarctica®. The
30-arc-second-resolution initial bedrock topography, grounded ice
extent (8 kmresolution) and modelled sea-level changes (-4 km resolu-
tion) were allinterpolated ontoa common, near-uniform~1kmspheri-
caltriangular grid covering the Antarctic domainto compute ice-free
land area exposure at selected times of interest.

Furthermore, we defined aland mask operator onthatgrid acting
onafield F:

M(F) =1ifF> 0 )

M(F) = 0if F< 0 2

where M(F) =1corresponds toice-free land. At sometime, ¢, the ice-free
land mask can be expressed as

L) = M[T(D)] x {1 - M[IAF(D)]} ©)]

where Tand IAF are topography and ice above flotation, respectively.
The spatial extent of ice-free land changes, dL(¢), with respect to the
reference time, ¢, at time¢, is then simply:

dL(t) = L(8) — L(trer) 4)

Note that dL > O corresponds to a land gain resulting from either
iceretreat or sea-levelfall, while dL < O corresponds toaland loss result-
ing fromeitherice advance or sea-level rise. To single out the contribu-
tion of sea-level change alone, dD(¢), to the above expression at time ¢:

dD(6) = {M[T()] — M(t,e)} x {1 — MIIAF(D)]} )

Weshow positivedD(¢)inredinFigs.3-6 and Extended Data Fig.3-7.
Thedifference dL(t) — dD(¢) is the contribution toice-free land change
duetoiceretreat,showninblackinFigs.3-6 and Extended DataFig.3-7.

To assess the sensitivity of ourice-free land emergence estimates
to the resolution of the initial bedrock topography, we computed
ice-free land emergence in 2300 for the high ice melt scenario using
five different topography resolutions for the Antarctic Peninsula sec-
tor claimed by Argentina, Chile and the United Kingdom (Sector 8
in Fig. 5). We specifically computed land exposure using the ETOPO
2022 Global Relief Model at 15-arc-second (~0.5 km), 30-arc-second
(-1km) and 60-arc-second (-2 km) resolution. We also computed land
exposure using the 8-km-resolution bedrock topography provided
with the adopted Antarctic ice sheet models and a 4-km-resolution
bedrock topography interpolated from the 60-arc-second ETOPO 2022
model. The bedrock topography resolution tests showed that higher
grid resolution yields more accurate land exposure estimates in Sec-
tor 8 (Extended Data Table 3). However, calculating land exposure on
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higher grid resolution comes with anincrease in computational cost. To
balance computational cost withland exposure calculation accuracy,
we used 1-km-resolution bedrock topography for Antarctic-wide land
exposure calculations throughout this study. Overall, the resolution
tests indicate that ice sheet retreat and modelled sea-level changes
primarily control ice-free land emergence estimates, rather than the
resolution of the adopted bedrock topography.

Data availability

Ice-free land and sea-level change projections from this study are
available via Dryad at https://doi.org/10.5061/dryad.f7m0Ocfz9j (ref.
93). Antarctic and Greenland ice sheet models*>! used for sea level
projections can be accessed via Zenodo at https://doi.org/10.5281/
zenodo.7773727 (ref. 94) and https://doi.org/10.5281/zenodo0.5880517
(ref. 95), respectively. The ETOPO 2022 Global Relief Model used for
ice-free land exposure calculations can be accessed at https://doi.
org/10.25921/fd45-gt74 (ref. 96). The figures were generated using the
Generic Mapping Tools” and ParaView®.

Code availability

The code needed to reproduce the results and figures presented in this
study is available viaZenodo at https://doi.org/10.5281/zenodo.7126141
(ref. 99). Procedures for reproducing the ice-free land emergence
projections using the sea-level change projections and initial bedrock
topography are outlined in the Methods.
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Extended Data Table 1| Land emergence for the high, moderate and low ice melt scenarios

High ice melt Moderate ice melt Low ice melt

Year Totalice-free area Ice-free area change from  Total ice-free area Ice-free area change from Totalice-free area  Ice-free area from sea
change (km?) sea level change (km?) change (km?) sea level change (km?) change (km?) level change (km?)

2100 1,351 14 917 -9 29 -8

2150 6,136 1,261 1,424 35 223 32

2200 45,072 2,422 4,262 769 63 42

2250 75,231 3,512 15,272 1,533 161 52

2300 120,610 6,652 36,381 2,215 149 110

We include values for both the total change in ice-free area and the change in ice-free area resulting from sea level change for each ice melt scenario. Positive values indicate ice-free area gain,
while negative values indicate ice-free area loss.
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Extended Data Table 2 | Land emergence by sectors with territorial claims for the high, moderate and low ice melt scenarios

Highice melt Moderate ice melt Low ice melt
Country 2100 2200 2300 2100 2200 2300 2100 2200 2300
Norway (1) 0 99 385 0 0 28 1 1 1
Australia (2) 284 3124 16,843 239 562 994 134 92 191
France (3) 18 18 47 18 18 0 18 18 18
New Zealand (4) 322 967 13,51 177 438 628 14 -37 -86
Unclaimed (5) 775 3,328 14,315 389 454 1,085 172 26 66
Chile (6) 2 2 25 2 2 9 2 27 -27
Chile + UK (7) 75 1,496 4,329 13 13 75 13 0 0
Argentina + Chile + UK (8) 27 36,043 70,992 79 2,776 33,542 20 -10 14
Argentina + UK (9) 0 4 7 0 0 4 0 0 0
UK (10) 0 0 -54 0] 0 0 0 0 0

The number following each country or group of countries in the first column corresponds to the numbering used in Fig. 5 and Extended Data Figs. 6, 7. Positive values indicate ice-free area

gain, while negative values indicate ice-free area loss.
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Extended Data Table 3 | Sensitivity of ice-free land emergence estimates to topography grid resolution

Topography grid resolution Number of grid points in sector 8 (Fig.5)  Totalice-free area change (km?)  Percent error relative to the bedrock topography

grid with 0.5 km resolution
8km 1,21 74,097 3.8%
4km 36,702 69,408 2.8%
2km 167,137 70,375 1.4%
1km 637,260 71,053 0.5%
0.5 km 2,510,571 71,390 n/a

Results from topography resolution sensitivity tests performed for the high ice melt scenario in the Sector 8 of the Antarctic Peninsula (Fig. 5).
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Extended Data Fig. 1| 3-D Earth model used for GIA simulations. Mantle viscosity at 100 km, 200 km, and 300 km depth. The lithosphere, based on the model of (66),
extending to 100 kmand 200 km depth is shown in saturated dark blue.
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Extended Data Fig. 2 | Relative sea level change projections. Relative sealevel change in 2100, 2200, and 2300 with respect to 2015 for the a-c high, d-fmoderate, and

g-ilowice meltscenarios.
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Ice-free land area change (km?)
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Ice-free at 2015 | Grounded ice [lice sheet retreat [l Sea level change
Extended Data Fig. 3| Land emergence for the moderate ice melt scenario. isalso plotted. d, Total ice-free area gains from 2015 through 2300. The
a-c, Projections of land emergence due to ice sheet retreat and sea level change contributions fromice sheet retreat and sea level change are plotted inblack and
for2100,2200, and 2300. Land areain 2015, calculated from the initial ice sheet red, respectively. Extended Data Fig. 5 provides higher resolution plots in select

extent of the adopted ice sheet model and high-resolution bedrock topography, regions for 2300.
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Extended DataFig. 4 | Regional-scale view of Land emergence by 2300 for the
lowice melt scenario. a, Map delineating regions shown inb-d. b, Ice-free land

inthe Antarctic Peninsula at 2300. ¢, Land emergence in a coastal sector of East Antarctica.

Antarctica, with the Lambert Graben (LG) and Prydz Bay (PB) labelled.d, Land
emergence in the Ross Sea, Amundsen Sea, and Marie Byrd Land sectors of West
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Extended DataFig. 5| Regional-scale view of land emergence by 2300 for the Land emergencein a coastal sector of East Antarctica, with the Lambert Graben
moderate ice melt scenario. a, Map delineating regions showninb-d.b, Ice-free (LG) and Prydz Bay (PB) labelled. d, Land emergence in the Ross Sea, Amundsen
land in the Antarctic Peninsula at 2300. King George Island (KGI) is labeled. ¢, Sea, and Marie Byrd Land sectors of West Antarctica.
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Extended DataFig. 6 | Land emergence in claimed territories for the moderate ice melt scenario. a, Land exposed at 2300 for the moderate ice melt scenario. Gray
lines delineate sectors with territorial claims; numbers 1 through 10 correspond to countries or groups of countries labeled in the bar chartinb. b, Land emergence by
sector for2100,2200, and 2300.
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Extended DataFig. 7| Land emergence in claimed territories for the low ice melt scenario. a, Land exposed at 2300 for the low ice melt scenario. Gray lines delineate
sectors with territorial claims; numbers 1through 10 correspond to countries or groups of countries labeled in the bar chartin b. b, Land emergence by sector for 2100,
2200, and 2300.
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