communications earth & environment

A Nature Portfolio journal

Article

https://doi.org/10.1038/s43247-025-02140-4

East Antarctic tectonic basin structure
and its implications forice-sheet modeling
and sea-level projections

M| Check for updates

Samantha E. Hansen ® '{ & Erica L. Emry?

The volume of the East Antarctica Ice Sheet is equivalent to ~52 m of sea-level rise, but whether the ice
sheet is a major contributor to global sea-level increase remains debated. How an ice sheet responds
to climate-induced perturbations strongly depends on the physical conditions below the ice-bed
interface; therefore, constraining the solid Earth structure beneath East Antarctica is critical. However,
sparse seismic station coverage has limited our ability to image key characteristics. Here we employ
full-waveform ambient noise tomography, an approach that better resolves Earth structure in sparsely
sampled areas compared to traditional techniques, and our results reveal previously unrecognized,
low-velocity anomalies under the Wilkes and Aurora Subglacial Basins. Our findings suggest thinner-
than-expected lithosphere and thermally perturbed upper mantle, implying drastically different
geothermal heat flux and mantle viscosity inputs compared to those from prior tomographic studies.
This has notable implications for accurate ice-sheet modeling and future global sea-level projections.

Since the early 1980s, cumulative ice mass loss from Antarctica has
increased from ~50 to ~115 Gt year ', resulting in substantial contributions
to global sea-level rise"”. While the West Antarctic Ice Sheet has been widely
recognized as a major source of ice loss, the stability of the East Antarctic Ice
Sheet (EAIS) remains debated. Some studies suggest that cumulative EAIS
contributions to sea-level rise over the last four decades (4.4 + 0.9 mm) are
almost as large as those from West Antarctica (6.9 + 0.6 mm), with ice loss
occurring at a rate of ~50 Gt year ' between 2009 and 2017". These studies
further suggest that EAIS loss dominantly occurs in the Wilkes Land sector
(Fig. 1), a portion of the continent that may have substantially contributed to
sea-level rise during past interglacial cycles**. In contrast, other studies™"’
indicate that ice loss in East Antarctica has only averaged ~4 Gt year ™' over
the past several decades, suggesting that the EAIS mass balance is close to
zero and that this portion of Antarctica does not play a notable role in the
global sea-level budget.

These disparate estimates make the EAIS the most uncertain compo-
nent of Antarctica’s mass balance, and this is due, in part, to our limited
understanding of its underlying geologic structure and rheological
properties'"'”. The sensitivity, response, and resilience of the ice sheet to
climate change critically depend on solid-Earth-ice feedbacks, which can
either hinder or enhance ice flow. For example, rapid bedrock uplift in
response to loading changes can reduce ice outflux at the grounding line and
provide a stabilizing effect on the ice sheet, but this type of topographic
response depends on the thickness of the lithosphere and the viscosity
structure of the mantle'*". In the vicinity of subglacial basins, faster ice flow

often occurs, partially because basin sediments reduce basal friction and
promote sliding”. Additionally, some large-scale basins form in response to
rifting and lithospheric extension' and are associated with elevated geo-
thermal heat flux (GHF)"”. Under high-pressure conditions beneath thick
ice, increased GHF can promote melting and lubrication along the ice sheet
base'®"”. The large-scale Wilkes and Aurora Subglacial Basins in East Ant-
arctica (Fig. 1) may play noteworthy roles in EAIS behavior, but limited
sampling and discrepancies between both geophysical and geological
models have led to uncertainty regarding the basins’ structure and their
origins. These details are needed to determine how future EAIS stability will
be impacted by solid Earth feedbacks™.

The Wilkes Subglacial Basin (WSB; Fig. 1) is a 1400-km-long
depression that extends along the inland side of the Transantarctic
Mountains (TAMs)*. Early studies™ suggested that the WSB is a fault-
bounded extensional basin associated with Ross-age (~500 Ma) continental
rifting, but later investigations™ argued for a flexural origin, where the basin
isan “outer low” created by the Cenozoic uplift of the TAMs and the flexural
rigidity of the East Antarctic lithosphere. More recent studies™ have sug-
gested the WSB developed as a back-arc basin between the East Antarctic
craton and the Ross Orogen, with extension reactivated during the Jurassic-
Cretaceous break-up of Gondwana. A composite model for the WSB has
also been put forth, which suggests the basin geometry results from its
inherited crustal structure, glacial erosion, and flexural uplift””. Uncertain-
ties regarding the origin of the WSB largely stem from different geophysical
findings, all of which worked within their data and resolution limitations.
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Fig. 1 | Subglacial bedrock topography’' beneath Wilkes Land, East Antarctica.
Geographic regions of interest include the WARS West Antarctic Rift System, TAMs
Transantarctic Mountains, PSB Polar Subglacial Basin, VSH Vostok Subglacial
Highlands, WSB Wilkes Subglacial Basin, BSH Belgica Subglacial Highlands, ASB
Aurora Subglacial Basin, QML Queen Mary Land. Red triangles denote stations used
in our inversion. Black dashed lines denote faults interpreted by Cianfarra and
Maggi” and references therein. The area shown in the main map is shaded gray in the
inset, which also shows the location of the Lambert Rift (orange). WA West Ant-
arctica, EA East Antarctica.

Crustal thickness estimates beneath the WSB range from ~25 km™” to
~40 km™™, and lithospheric thickness estimates vary from 120 to 200
km’'™*. These different estimates have notably different implications for
EAIS stability.

Compared to the WSB, our knowledge of the Aurora Subglacial Basin
(ASB; Fig. 1) is even more limited. Geologic reconstructions of this 150-km
long, 25-km wide basin suggest it is underlain by a late Mesoproterozoic
craton that was sutured together during the Indo-Australian-Antarctic
collision, and some studies argue the area has been relatively unaffected by
later tectonic processes™. However, others suggest that late Paleozoic to
Mesozoic trans-tensional faults developed within the ASB™ and were
reactivated by late Cretaceous rifting when Antarctica separated from
Australia®. Alternatively, morphological interpretations of subglacial bed
relief suggest that extension within the ASB is associated with Cenozoic
tectonic activity, driven either by upper mantle plumes or by far-field
stresses in the Southern Ocean’ . The structural characteristics of the ASB
are poorly constrained. Crustal thickness estimates beneath the basin range
from 25 to 40 km*>**, while lithospheric thicknesses range from 80 to
200 km*'*,

To further understand the East Antarctic subglacial basins and how
they impact the EAIS, we have developed a new model of the lithospheric
and mantle shear-wave velocity (V) structure using a full-waveform, long-
period ambient noise approach. This computationally intensive method has
been shown to better resolve Earth structure compared to more traditional
tomographic techniques (Methods)*' ™, particularly within sparsely sam-
pled geographic regions'*”. This makes the full-waveform inversion
method well suited to our East Antarctic study region, where few long-
running seismic stations exist to date. Our results highlight previously
unresolved seismic structures within the WSB and ASB, which have
important implications for ice-sheet stability.

Results
Our tomographic model was developed using long-period ambient noise
recorded by 133 temporary and long-term seismic stations deployed across

Antarctica (Fig. 1). Interstation ambient noise correlation functions are
frequently presumed to approximate Empirical Green’s Functions (EGFs;
Methods)®. We extracted the Antarctic EGFs using a frequency-time
normalization technique that has been demonstrated to improve the EGFs
signal-to-noise ratio (SNR), thereby allowing longer-period signals to be
obtained” (Supplementary Figs. 1-4). Day-long records between each pair
of stations were cross-correlated and stacked, and the resulting EGFs were
then filtered into overlapping frequency bands ranging from 40 to 340s
(Methods; Supplementary Figs. 1-4).

Synthetic waveforms, simulated in a spherical grid using a 3D finite-
difference waveform propagation approach®”, were initially calculated
with a modified version of the AK135 velocity model™ that incorporates
crustal thicknesses from An et al.”! and crustal Vp, Vs, and density from
Laske etal.”’. We note that this same starting crustal model has been used in
previous tomographic studies of Antarctica®. As the 3D velocity model was
iteratively updated, the phase delay (misfit) between the synthetic wave-
forms and the EGFs was reduced (Supplementary Fig. 5). Sensitivity kernels,
which were computed with the scattering integral technique™ (Supple-
mentary Fig. 6), as well as different damping and smoothing parameters
were also employed in the inversion (Methods). We note that our model was
developed in a coordinate system rotated to the Equator to avoid the
longitude singularity at the South Pole. Our final model has an average phase
delay misfit of 1.66's, a significant improvement over that of the starting
model (10.34 s).

Our results show previously unresolved seismic structures beneath the
East Antarctic subglacial basins. Specifically, above ~150 km depth, thereis a
change from slow Vg beneath the northern WSB (Figs. 2 and 3; Anomaly I)
to faster Vg beneath the central portion of the basin (Anomaly II). At deeper
depths, the WSB is underlain by fairly uniform slow Vs down to ~350 km
depth (Anomaly IIT). A more pronounced slow anomaly (IV), concentrated
between ~150 and 300 km depth, is also observed near the southern end of
the basin. The slow ASB anomaly (V) is even more distinctive. Its slowest Vg
are concentrated between ~140 and 250 km depth, but the slow ASB sig-
nature persists to ~300-350 km.

The ASB is bordered by fast Vs beneath the Belgica Subglacial High-
lands (BSH; Anomaly VI) and Queen Mary Land (QML; Anomaly VII),
which extend to ~150-200 km depth (Figs. 2 and 3). These fast anomalies
are consistent with prior tomographic images and associated lithospheric
thickness estimates for these regions™, though we emphasize that our model
better delineates these different tectonic regions from one another. The fast
BSH structure coincides with a magnetic high and is likely associated with
the Terre Adélie Craton, a remnant of the Rodinia Supercontinent that was
later amalgamated to Antarctica (Ferraccioli et al.** and references therein).
The fast Vs in QML agrees with prior studies that suggest this area is
underlain by Mesoproterozoic lithosphere™.

Our model also shows several other seismic anomalies that match prior
continental- and regional-scale studies, thereby providing further con-
fidence in our results. For example, we observe an abrupt change from slow
Vs under the West Antarctic Rift System (Figs. 2 and 3, Anomaly VIII) to
fast Vg beneath the TAMs, about ~100 km inland of the TAMs front, which
previous investigations have associated with a 200-300 K temperature dif-
ference that may support the TAMs uplift™*. Thicker, faster structure
beneath the Miller Range (Anomaly IX) coincides with where Archean-age
rocks have been identified”, and the notably fast Vg beneath the Vostok
Subglacial Highlands (VSH; Anomaly X) that extends to ~300 km depth in
our model coincides with some of the thickest lithosphere modeled in East
Antarctica™. Slow Vg Anomaly XI (Figs. 2 and 3) underlies the Polar Sub-
glacial Basin and is consistent with a region of thinner, Proterozoic-aged
lithosphere™.

Both checkerboard and targeted resolution tests (Methods; Supple-
mentary Note 1) have been used to evaluate the East Antarctic seismic
anomalies (Supplementary Figs. 7-13), and these results indicate that our
model is best resolved between ~50 and 350 km depth. Lateral smearing is
somewhat more pronounced in the ASB and QML regions, and synthetic
input anomalies can vertically smear up to ~70 km, depending on their
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Fig. 2 | Tomography results and best-fit resolution test. Maps show our model
(left) and corresponding best-fit resolution test results (right) in the rotated coor-
dinate system where South Pole is at (0°, 0°). The locations of the cross-sectional
profiles shown in Fig. 3 are indicated on the 100 km depth panels. Green triangles

Rotated Longitude

indicate stations, and Roman numerals denote anomalies discussed in the text. In the
left panels, bedrock topography contours® at 500 and —500 m are highlighted by the
thin solid and dashed lines, respectively.

depth in the model space. That said, the main features of interest are well
resolved, which allows us to further evaluate the tectonic structure of the
East Antarctic basins. Sediment thickness estimates within the WSB and
ASB range from 1 to 4km and 4 to 13 km, respectively’””; however, our
targeted resolution tests (Supplementary Fig. 11) demonstrate that our
model is largely insensitive to such shallow structure. Our tests also show
that the slow basin structures cannot be attributed to offshore anomalies,
such as those identified by Lloyd et al.”, laterally smearing inland nor from
anomalies near the South Pole laterally smearing across East Antarctica
(Supplementary Figs. 10 and 13). The variable structure we observe
(Figs. 2 and 3) is also not well matched by the fairly uniform fast seismic
velocities shown throughout East Antarctica in prior global- and
continental-scale tomographic studies (Supplementary Fig. 12; Lloyd etal.”
and references therein). Therefore, the structure of the WSB and ASB
require further consideration.

Discussion

Most regional-scale seismic investigations do not image the detailed
structure of the WSB seen in our results, but White-Gaynor et al.”’ and
Zhang et al.”? reveal slow seismic velocities under the northern, coastal
portion of the WSB, with faster velocities further inland, similar to
Anomalies I and II (Figs. 2 and 3). These prior studies suggest that the slow,

northern WSB is associated with thermally perturbed upper mantle and/or
thin lithosphere. Potential field data™** and GHF estimates™*"** also
propose thinner lithosphere and higher heat flux beneath the northern WSB
compared to the rest of the basin. The deeper WSB seismic structure
(Anomaly IIT) resembles that previously imaged beneath the Lambert Rift™
in northern East Antarctica (Fig. 1), which is interpreted to be an intra-
continental rift basin that developed along pre-existing zones of lithospheric
weakness during the Permian and that was reactivated by Cretaceous trans-
tensional faulting (Ferraccioli et al.” and references therein).

Our Vj structure in this area is best replicated using a ~140 km thick,
+3% to +6% fast lithospheric lid in the central WSB (II), no discernible lid
in the northern WSB (I), and a —5% to —8% slow mantle anomaly (III;
Figs. 2 and 3; Supplementary Fig. 9). Given its comparable structure at
depths > 150 km to that imaged by Heeszel et al.”, we suggest the WSB is a
Ross-aged rift that was reactivated during the Mesozoic™. Anomaly II has a
fairly weak and varied seismic signature, which was difficult to replicate with
our synthetic tests, but this structure may reflect lithosphere that has
experienced metasomatism or some other type of modification®. Addi-
tionally, we suggest that the northern WSB has been further altered by
Cenozoic rifting (Frederick” and references therein), leading to thinner
lithosphere®”***° and higher GHF***"** in this area (Anomaly I). Paleogene-
Neogene lithospheric flexure and/or glacial erosion™ are not precluded by
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Fig. 3 | Cross-sections and resolution test results.
Profile locations are shown in Fig. 2. In (a)-(c), the
top panels show subglacial bedrock topography
(black line) and ice coverage (blue)*'. The bold
horizontal line denotes sea-level, and thin gray lines
denote intervals of 1 km. Geographic labels are the
same as in Fig. 1. The middle panels show the model
results along the profiles, where distance is in
degrees, depth is in kilometers, and Vg are relative to
the AK135 global average Earth model™. The bot-
tom panels are our best-fit synthetic resolution test
results, which are plotted in a similar manner to the
middle panels, but the thin black lines denote the
vertical grid used in the inversion. Roman numerals
denote anomalies discussed in the text. The dashed
line in (b) marks the interpreted base of the WSB
lithospheric lid.

8Vs (%)
relative to
AK135

our interpretation, but these cannot explain the deep structure we image
beneath the WSB.

In the ASB, our observations are best matched by a synthetic model
that includes a thin, seismically fast (~100 km, +4%) lithospheric lid within
the basin, underlain by a slow anomaly (—7%) that extends to at least
250-300 km depth (Figs. 2 and 3; Supplementary Fig. 9). Our lithospheric
lid interpretation is consistent with those from prior studies. For example,
Wiens et al.” presented lithospheric thickness estimates based on seismic
constraints’ and indicated 120-140 km thick lithosphere beneath the basin.
Comparable estimates were obtained from results based on thermal
isostasy” (80-100 km) as well as from a recent joint inversion of seismic,
gravity, topography, and mineral physics constraints™ (~120-160 km). We
note, however, that lithospheric thicknesses > ~150 km are too thick to
match our observations; therefore, our findings best agree with the lower
estimates provided by these previous investigations.

Our most notable finding is the pronounced slow velocity structure
beneath the ASB (Figs. 2 and 3, Anomaly V), which has not been recognized
by any previous seismic investigation. Early surface wave models from
Ritzwoller et al.** and Sieminski et al.”” provide some indication of reduced
Vs (~ —1.5%) between ~200 and 300 km depth in the ASB, though neither
study interpreted this region. While their results were based on very limited

station coverage, they may have partially resolved the same slow ASB
structure that we observe. More recent tomographic models (Lloyd et al.”
and references therein) do not show seismically slow upper mantle beneath
this portion of East Antarctica, but their seismic velocities in this region are
somewhat slower than those in neighboring areas. This is illustrated, for
example, in Fig. 4, which shows a comparison between our Vg structure and
that of Lloyd et al.”>. At 200 km depth, the Lloyd et al.” results indicate fast
Vs beneath the ASB as well as across the rest of Wilkes Land, but the Vg in the
vicinity of the basins and near the coast is somewhat lower compared to
regions further inland. It is challenging to directly compare resolution
between our model and that from Lloyd et al.”. Both models employ phase
delay measurements with fairly comparable surface wave frequency
content”, so we must expect that the differences shown in Fig. 4 are pri-
marily due to differences between the spatial and temporal coverage of the
respective datasets (Supplementary Note 2). That said, it is encouraging that
Lloyd et al.”> show a relative Vi decrease in the upper mantle beneath the
ASB compared to other parts of East Antarctica (Fig. 4), and it is also worth
noting that the Lloyd et al.”” model displays pronounced low velocities in the
vicinity of the ASB near mantle transition zone depths. While this slow Vg
structure is deeper than that suggested by our model, both datasets are likely
responding to a low-velocity anomaly beneath this region.
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ANT-20, 100 km

Fig. 4 | Tomography comparison. Our tomographic model is shown on the left, and the Lloyd et al.”” model (ANT-20) is shown on the right. Both have been plotted with the

same color scale (at a given depth) and are shown in true geographic coordinates.

We interpret the slow ASB anomaly as thermally perturbed
upper mantle. GHF estimates for East Antarctica, including the ASB,
based on prior tomographic models assume uniform, fast velocities
down to 250-350km depth and average ~50 mW m?, consistent
with stable cratonic lithosphere’*’. However, GHF estimates based
on other data types disagree and suggest higher heat flux in the ASB,
consistent with our tomographic results and interpretation. For
example, models derived from magnetic data®"* suggest GHF values
of 60-70 MW m™ in the ASB region, while those based on thermal
isostasy”’ suggest GHF of ~90-100 mW m?, perhaps even exceeding
120mW m ™ in the area near Lake Vostok. Other lines of evidence
also suggest thermal perturbation within the ASB upper mantle. For
instance, the ASB area contains the greatest concentration of sub-
glacial lakes in Antarctica””, and it has been argued that this
requires a high geothermal contribution”. The presence of thermo-
philic bacteria in Lake Vostok also suggests geothermal activity®™.

High basal melt rates beneath the EAIS have been recognized within
portions of the ASB (Pelle et al.”” and references therein), and these
could be influenced by the underlying geologic structure as well.
Additionally, O’Donnell & Nyblade* argued that the high subglacial
topography in central East Antarctica, such as that in the VSH,
requires dynamic compensation. They suggested this could be asso-
ciated with a mid- to lower-mantle source; however, that inter-
pretation was dependent upon prior tomographic models that display
fast upper mantle velocities throughout East Antarctica. Our results
suggest that thermally perturbed upper mantle beneath the ASB
could instead help to provide the required topographic
compensation.

Far-field stresses associated with kinematics in the Southern Ocean
may have reactivated a fault system within the ASB™ (Fig. 1), leading to
Cenozoic extension, and this could explain the thin lithosphere advocated
by our model. However, in this scenario, the slow ASB anomaly would be
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produced by decompression melting beneath the stretched lithosphere, a
process that typically occurs only at depths above ~100 km™*”". This is
inconsistent with our observations that show the slowest ASB velocities are
between ~140 and 250 km depth. Alternatively, Baranov and Lobkovsky™
suggested that accelerated mantle flow and the development of local plumes
led to late Cenozoic rift (re)activation within the ASB. Our model suggests
that the slow ASB anomaly extends to at least 300-350 km depth, and while
it may extend further, decreased resolution prevents us from constraining its
full vertical extent. A localized mantle upwelling, thinning the ASB litho-
sphere from below, is not only consistent with our seismic observations but
also with studies that advocate for geothermal activity beneath this portion
of East Antarctica™"*",

It is also worth noting that the slow ASB anomaly could be linked to
Anomaly IV at the inland end of the WSB (Figs. 2 and 3). This feature is
similar to structure imaged by Zhang et al.”, though their slow velocities are
concentrated at shallower depths (above 200 km) than what we observe and
are underlain by a seismically fast region. Zhang et al.* attributed their
observations to a two-layer lithosphere with rift-induced cracks causing the
upper, slow anomaly. While our results do not suggest such layered struc-
ture, they may still be consistent with rifting and/or thinned lithosphere.
Using radar, gravity, and magnetic constraints, prior studies (Cianfarra and
Maggi™ and references therein) have interpreted a series of rift segments
throughout Wilkes Land (Fig. 1); however, the specific orientation and
extent of these faults are unknown. Anomaly IV as well as the adjacent
region with somewhat fast Vg (Fig. 2) may denote where East Antarctic rifts
separate the fast cratonic blocks beneath the BSH, VSH, and QML. Further,
if a mantle upwelling is present beneath the ASB, as suggested above, the
buoyant plume material could laterally spread beneath East Antarctica,
channelized by the variable lithospheric structure, and be directed from the
ASB region to the southern WSB, where it may pond beneath the thinned
lithosphere’. The distribution of buoyant plume material could also
broaden the lateral effects of dynamic compensation providing support for
the high East Antarctic subglacial topography™.

Our newly imaged Vg structure beneath Wilkes Land could have
profound implications for ice-sheet models and the future behavior of the
EAIS. Thin lithosphere and thermally perturbed upper mantle beneath the
basins, especially the ASB, suggest increased GHF, which could dramatically
impact EAIS basal melt rates. A recent study by McCormack et al.” esti-
mated the minimum GHF needed within the ASB to raise the basal tem-
perature to the pressure melting point, taking ice thickness and flow
velocities into account. As noted previously, the ASB area contains the
greatest concentration of subglacial lakes in Antarctica®"’, which suggests
that large portions of the basin should be at the pressure melting point™.
McCormack et al.” find a basin-average minimum GHF of 55 mW m?,
slightly higher than the GHF estimates provided by prior, tomographic-
based models™*, but they also emphasize that their estimates are spatially
variable. Portions of the ASB require higher heat flow to reach the melting
point, and the minimum GHF for these regions averages 96 mW m . If the
slow Vg anomaly we have imaged under the ASB is associated with a mantle
upwelling, as we have suggested, the GHF beneath the ASB could be twice as
high as that beneath “normal” continental environments'’, meaning that
basal conditions beneath the EAIS would readily exceed the pressure
melting point. High basal melt rates can reduce ice-sheet stability and lead to
accelerated ice discharge"*>">".

The solid Earth response to ice mass change can also affect the
stability of the EAIS. Lower viscosity mantle (resulting from
increased temperature) and thinner elastic lithosphere lead to faster
and more pronounced bedrock uplift when surface loading is
reduced, which can slow or even prevent further ice-sheet retreat’.
Using prior tomographic constraints”, Gomez et al."* estimated an
upper mantle viscosity of ~10”Pa s beneath Wilkes Land and noted
that this higher-than-average viscosity would limit bedrock uplift,
thereby leading to greater ice loss in the WSB and ASB. However, our
slow subglacial Vs anomalies, particularly beneath the ASB, are
similar to seismic velocities found beneath portions of West

Antarctica by Lloyd et al.”’, which are associated with much lower
mantle viscosity (~10'®Pas)". This could result in greater bedrock
uplift, perhaps generating ice-sheet stabilizing conditions, such as
those suggested for portions of Wilkes Land’.

Ultimately, to resolve how the EAIS contributes to Antarctica’s
mass balance'”, the solid Earth structure beneath Wilkes Land needs
to be considered. Accurate assessment of global sea-level is critical
because it has profound impacts on coastal communities and infra-
structure worldwide”. As such, we encourage future geophysical
studies to more fully explore the lithospheric and mantle structure
beneath East Antarctica and cryospheric modeling efforts to evaluate
how the variable solid Earth structure, such as that suggested by our
results, could alter prior estimates of EAIS behavior.

Methods

Data extraction and EGF processing

Following the frequency-time normalization method described in
Shen et al.*’, EGFs were extracted from ambient noise recorded by all
openly available Antarctic seismic stations with latitudes below 60°S,
including both permanent and temporary broadband deployments.
The Shen et al.” method has been shown to improve the SNR of
EGFs when compared to the one-bit normalization process’®, thereby
allowing longer period signals to be obtained (Supplementary
Figs. 1-4). It is worth noting that other approaches for EGF
extraction also exist”, which can also provide improvements when
compared to traditional one-bit normalization.

Vertical component ambient noise data were collected in 24-hour
increments, plus a four-hour overlapping buffer, and the instrument
response was removed from each day-long segment. Incomplete days with
large gaps were removed from further processing. The data were then split
into discrete time and frequency windows, were normalized, and any time
periods coinciding with M,, 5.5+ earthquakes were removed. For each
station-station pair, the day-long signals were cross-correlated, stacked, and
filtered into nine broad, overlapping frequency bands (7-40, 25-55, 40-80,
60-100, 80-140, 110-180, 145-225, 180-260, and 220-340 s). That said, the
two lowest bands (7-40 and 25-55 s) were not used in the inversion due to
the computational demands needed to propagate short-period waveforms
(see subsequent section). SNRs were computed for the remaining frequency
bands, and then the EGFs were stacked in 30-day increments (i.e., monthly
stacks). The monthly stacks from each station-station pair were used to
calculate the phase delay variances that are used in the inversion.

High SNR long-period EGFs typically require at least one year of
continuous data recorded by instruments with 120+ s corner periods”. We
required the EGFs to have SNR > 5, and some of the Antarctic stations either
did not operate long enough or were not optimal for the applied analysis;
hence, they were not included in the inversion. Further, a small number of
stations across Antarctica were intentionally omitted for later use in
tomographic validation studies. Supplementary Tables 1-3 summarize the
examined stations, highlighting those that contributed EGFs to the inver-
sion and providing metrics to demonstrate data quality, and Supplementary
Figs. 1-4 show example EGFs and station-to-station EGF distribution. Of
the examined 309 stations, 133 returned at least one high-quality EGF for
one or more of the examined period bands (Fig. 1). Those EGFs were then
convolved with the same Gaussian source-time function used in the
simulation (see below).

As noted in the main text, it is commonly presumed that noise cor-
relation functions approximate the EGFs between stations* ~*; however, this
is not a perfect assumption. For example, strongly heterogeneous noise
distribution, if present, can affect the resulting tomography**’. In such
cases, the heterogenous noise sources result in pronounced asymmetry in
the correlation functions (here assumed to be EGFs). To address this con-
cern, Supplementary Figs. 1-4 demonstrate the quality and symmetry of our
EGFs, illustrating that the noise source distribution for our Antarctic study
does not strongly suffer from this issue (see Supplementary Note 2 for
further details).
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Numerical waveform simulation

Using the same approach as Lloyd et al.”, the crustal component of
our starting model was developed using the parameters (Vp, Vg,
density) from CRUST1.0” but with thicknesses from An et al.”' to
more accurately represent the crustal structure beneath Antarctica.
This crustal structure was then underlain by the AK135 reference
velocity model™. Our starting model was used to calculate synthetic
waveforms, each of which is represented by a Gaussian source-time
function (centered at 22.5s, half-width 7.5s) virtual source, ema-
nating from one of the 133 examined stations (Fig. 1). The synthetic
data were simulated in a spherical grid using a 3D finite-difference
waveform propagation method that uses complex-frequency shifted,
perfectly matched layers to prevent artificial reflections™".

As noted in the main text, the grid was rotated to the Equator to avoid
the longitude singularity at the South Pole, and it has uniform, horizontal
0.1° lateral spacing. The computation time needed to model all station-to-
station synthetics trades off with the requirement to maintain a dense
enough grid to ensure the shortest period waveforms are accurately modeled
(i.e., at least ~15 grid points/wavelength for surface waves)'. The employed
0.1° lateral spacing allows periods 40s and longer to be accurately
represented*"*. The vertical grid spacing is irregular and increases with
depth, changing from ~1/3 the horizontal spacing at the surface and
becoming equivalent to the horizontal spacing at ~100-km depth. This
approach improves the computational efficiency for the waveform simu-
lations as short-period Rayleigh waves (sensitive to shallow depths) require
denser grid spacing to accurately represent their shorter wavelength signals
while long-period, longer wavelength Rayleigh waves can be simulated with
a more dispersed grid™.

Although we focus our interpretation on the Wilkes Land sector, our
model domain extends from (23.5°S, 28.5°W) to (23.5°N, 28.5°E) in the
rotated coordinate system, covering the entire continent of Antarctica. This
is necessary to image the deeper seismic structure with long-period data,
particularly since most of the high SNR EGFs are associated with East-
Antarctic-to-West-Antarctic station pairs (Supplementary Fig. 1). The
high-performance computing facilities at the Alabama Supercomputing
Authority were used to model our synthetics and to run the waveform
inversion.

Waveform inversion

The synthetic waveforms were cross-correlated with the long-period EGF
data (convolved with the source-time function) to determine associated
correlation coefficients and phase delays. Data with correlation coefficients
> 0.7 were used to constrain the model, and a maximum allowable phase
delay was also enforced during each iteration (i.e., 25 s for the first iteration
and 39 s for later iterations). Ellipticity corrections were calculated from the
original, unrotated station locations. The phase delays were inverted for
both Vp and Vi structure using a sparse, damped least-squares approach®’;
however, at the depths that we interpret, the waveforms are primarily
sensitive to the Vg structure. As the 3D velocity model was iteratively
updated, the fit between the synthetic and observed waveforms improved;
therefore, the number of convolved EGFs constraining the model increased
as the inversion proceeded (Supplementary Fig. 5). Both compressional-
and shear-wave sensitivity kernels (Supplementary Fig. 6), which were
computed with a scattering integral technique™, were also updated and
employed during each iteration of the inversion to ensure that spatial var-
iation effects on the wavefields were accurately represented. Trade-off
curves were used to select damping and smoothing parameters that mini-
mized data variance while maintaining low model variance, and Supple-
mentary Table 4 summarizes how these parameters varied with model
iteration. Initially, our inversion was constrained with a subset of EGFs that
had SNR > 6. This was done to robustly capture the overall regional struc-
ture. In later iterations, all EGFs with SNR > 5 were employed. The model
converged after five iterations (Supplementary Fig. 5 Supplementary
Table 4).

Evaluating model resolution

Resolution tests allow us to evaluate how well our model recovers the
seismic structure within the study region, which is not uniform since
the spatial distribution of the data is uneven. That said, the same
amount of forward modeling and inversion computation time as that
needed to create the tomographic model would be needed for each
individual test case, meaning that generating a full suite of resolution
tests is resource prohibitive. Therefore, as in Emry et al.¥’, our
resolution tests show the recovery of synthetic input anomalies after a
single iteration; specifically, we use the sensitivity kernels from the
final model iteration, which again correspond to stations that had
SNR > 5 at each examined period range. These tests demonstrate the
reliability of our tomographic model and provide guidance for
interpreting the results (Figs. 2 and 3; Supplementary Figs. 7-13).

Data availability

Most of the seismic data used in this study are openly available through the
SAGE Data Management Center (http://ds.iris.edu/mda). Networks 5F and
5K (see Supplementary Table 1) were operated by The University of
Strasbourg and The University of Tasmania, respectively, and were pro-
vided by the corresponding institutions. Supplementary Table 1 sum-
marizes the seismic networks used in this study. Our final model is available
via the EarthScope Earth Model Collaboration (https://doi.org/10.17611/
DP/EMC.1) and the U.S. Antarctic Program Data Center (https://www.
usap-dc.org/view/project/p0010139).

Code availability

The waveform simulation and inversion codes were developed by Dr. Yang
Shen and colleagues at The University of Rhode Island and are available
upon request.
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