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Abstract Dynamic mantle processes are known to influence oceanic basins with implications for ocean
circulation and climate. This study exploits an interdisciplinary approach to probe present-day mantle and
lithosphere beneath Antarctica's fringing oceanic basins to better understand sub-crustal processes and
implications for the continental realm. To quantify dynamic topography in the Southern Ocean, observed depth to
basement is corrected for isostatic loading to isolate the residual bathymetric signal, a robust proxy for dynamic
mantle support. In this way, a comprehensive suite of oceanic residual depth measurements (n = 1120) are
calculated from seismic reflection profiles in the Southern Ocean. This data set is correlated with free-air gravity
anomalies and tomographic models to determine which region of the mantle contributes most significantly to
dynamic support, with results indicating the upper 530 and 350 km, respectively. These oceanic observations also
provide spatial context for onshore studies, where ice-loading and complex geological histories complicate
residual elevation estimates. Rare earth element modeling of Neogene basalt samples links offshore dynamic
swells and thinned lithosphere to Marie Byrd Land, the West Antarctic Rift System, and the Transantarctic
Mountains, with isolated support beneath the Antarctic Peninsula. This pattern aligns with gravity anomalies and
slow shear-wave velocity zones. By refining constraints on dynamic mantle support, these results offer
benchmarks for geothermal models, mantle convection simulations, oceanographic studies and ice sheet
reconstructions, ultimately improving our understanding of Antarctica's role in global climate evolution.

Plain Language Summary The way in which ice sheets slide across Earth's surface, and how ice
sheet margins advance and recede, is highly dependent on how hot it is beneath the ice, and the slope of the
landscapes over which it flows. Both of these factors are linked to stirring of warm material in the Earth's
interior. In an attempt to understand the extent of such processes in Antarctica, we look for evidence at the
surface that there is excessively warm material sitting beneath Earth's outermost layer. This includes finding
regions with uncharacteristically high elevations and geologically recent volcanic activity. Complexities in
conducting studies onshore mean we focus initially on collecting data in the oceans to provide spatial context for
work onshore. Our analysis finds that warm material extends from beneath the ocean to under most of West
Antarctica and can be used to understand how landscapes have been influenced through time by Earth's interior
processes. In turn, these results impact how we consider the Antarctic Ice Sheet to have evolved through time,
and how it will react in a warming world.

1. Introduction

It is widely recognized that dynamic mantle processes exert an influence on overlying topography up to am-
plitudes of 1-2 km and over wavelengths of 1,000-10,000 km (Hoggard et al., 2016; Holdt et al., 2022; Ste-
phenson et al., 2024). This “dynamic topography” arises primarily due to geodynamic processes, in which heat
within the Earth's mantle causes convection and drives transient vertical plate motion (Braun, 2010; Forte &
Rowley, 2022; Hager et al., 1985; Jordan, 1978; Moucha et al., 2008; Pekeris, 1935; Richards & Hager, 1984).
Exactly what processes result in dynamic topography have been debated. Here we adopt the most encompassing
definition which includes not only topography arising directly from convective flow within the mantle, but also
that which is the result of the buoyancy induced by such temperature variations, as well as the consequent changes
in lithospheric thickness, given that the lithosphere—asthenosphere boundary functions as a thermal boundary
layer (Forte et al., 1993).

Dynamic topography provides a unique window into sub-crustal processes, offering critical insights into mantle-
lithosphere interactions. Constraining the magnitude, spatial extent, and evolution of dynamic topography is
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therefore helpful to understanding these processes. In Antarctica, where ice sheets obscure and modify the un-
derlying terrain, dynamic topography's role in shaping the continent's topographic features remains poorly
constrained. Extensive glaciation conceals a diverse range of topographic features, as revealed by ice-penetrating
radar data (Figure la). The degree to which this topography is dynamically supported by mantle processes,
however, remains poorly constrained. To first order, dynamic support is spatially coincident with positive free-air
gravity anomalies, slow shear-wave velocity anomalies, thin lithosphere and Neogene (<23 Ma) intraplate
basaltic volcanism (Parsons & Daly, 1983; A. M. Forte & Mitrovica, 2001; Moucha et al., 2009; Braun, 2010;
Hoggard et al., 2017; Ball et al., 2021; Holdt et al., 2022; Stephenson et al., 2024). For Antarctica, such data sets
suggest mantle support of the Antarctic Peninsula, Marie Byrd Land (MBL), and the Transantarctic Mountains
(TAM), and potential support of Dronning Maud Land (DML) and the Gamburtsev Subglacial Mountains
(Figures 1b-1d).

Here, we primarily consider dynamic topography in the oceanic realm by building on the residual depth database
of Holdt et al. (2022). Observed depth to basement from seismic experiments is corrected for isostatic loading to
isolate the residual bathymetric signal, a proxy for dynamic mantle support. In this way, a comprehensive suite of
oceanic residual depth spot measurements (n = 2105) is calculated (Data set S2). These results are then inter-
preted alongside the free-air gravity anomaly, residual tomographic models, seismic lithospheric thickness, and
Rare earth element (REE) modeling of intraplate Neogene basaltic volcanic samples (n = 364). This multi-
disciplinary approach is motivated by three key goals.

First, by expanding the residual depth database, dynamic swells in the Southern Ocean are better delineated and
provide constraints for their onshore continuation beneath the Antarctic Ice Sheet. Onshore, the extent of dynamic
mantle support influences key boundary conditions in ice sheet models, such as palacotopography and basal heat
flux (Austermann et al., 2015; Fox et al., 2024; Golledge et al., 2015; Hasterok, 2010; Lowe et al., 2024). Due to
sparse data coverage, uncertainties associated with ice-sheet loading, and variable ways of modeling the complex
architecture of continental lithosphere, existing models of onshore residual elevation show considerable differ-
ences across Antarctica (Pappa et al., 2019; Paxman, 2023). Offshore and onshore anomalies globally, however,
are largely contiguous (Stephenson et al., 2024). By augmenting the residual depth database, important context
for interpretation of onshore anomalies is provided.

Secondly, residual bathymetry plays a key role in climatic and oceanic studies, as interpreting palaeo-shorelines
and continental flooding in the context of eustatic sea-level change requires knowledge of transient dynamic
topography (Cao et al., 2019; Conrad & Husson, 2009; Moucha et al., 2008; Muller et al., 2008; Rovere
etal., 2014). Elsewhere (e.g., beneath the North Atlantic Ocean), periodic mantle upwellings, temporally coherent
with climate aberrations, have been used to suggest a causal relationship between mantle processes and climate, in
part through changes to oceanic gateways and currents (Conway-Jones & White, 2022). Around Antarctica,
dynamic mantle processes may similarly influence the Antarctic Circumpolar Current (ACC), a key driver of
global thermohaline circulation (Toggweiler & Samuels, 1995). ACC onset is considered pivotal in reducing
meridional heat transfer sufficiently to sustain significant glaciation in Antarctica, as well as being linked to
northern-hemisphere polar warming (Kennett, 1977; Toggweiler & Bjornsson, 2000).

Topographic features in the Southern Ocean influence the ACC's fronts, which regulate this heat transport
(Gille, 1994; Gille et al., 2016; Martinson, 2012; Nowlin & Klinck, 1986). Southern Ocean fronts typically
converge on large bathymetric features (e.g., Southwest Indian Ridge) and remain sparsely distributed over
abyssal plains (e.g., Australia-Antarctic basin) (Sokolov & Rintoul, 2009). Proximity of warming ACC fronts to
continental shelves positively correlates with ice sheet mass loss due to coupling between continental and oceanic
realms (Gille et al., 2016). Hence, changes in the extent of dynamic bathymetric support in the Southern Ocean
could be of considerable consequence to the evolution of the ACC, its climate feedbacks, and ice dynamics.

Finally, despite only representing a snapshot of modern day dynamic topography, an augmented residual depth
database will facilitate a better understanding of mantle-lithosphere interactions through time, as well as the
depths within the mantle from which this topography predominantly arises. Recent decades have seen an
increased popularity in using computational models to predict both present-day and past dynamic topography to
further investigate consequences of transient mantle processes (e.g., Hager et al. (1985); Steinberger (2007);
Conrad and Husson (2009); Yang and Gurnis (2016)). Global compilations of residual depth anomalies bench-
mark such models but expose deficiencies in their ability to reproduce present-day dynamic topography, bringing
into question their use in predicting historic mantle flow (Hoggard et al., 2017; Steinberger et al., 2019). Newer
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Figure 1. Polar stereographic projection of Antarctic continent. (a) Bedrock topography after Airy-isostatic correction for ice-
loading assuming asthenosphere and ice densities of 3.25 Mg m™ and 0.917 Mg m~>, respectively (Morlighem et al., 2020).
SS = Scotia Sea; WS = Weddell Sea; BS = Bellingshausen Sea; AS = Amundsen Sea; MBL = Marie Byrd Land;

WARS = West Antarctic Rift System; RS = Ross Sea; TAM = Transantarctic Mountains; WSB = Wilkes Subglacial Basin;
BI = Balleny Islands; AAD = Australia-Antarctic Discordance; GSM = Gamburtsev Subglacial Mountains; KP = Kerguelen
Plateau; DML = Dronning Maud Land; AR = Astrid Ridge; GR = Gunnerus Ridge. (b) GOCOO06S free-air gravity anomaly
bandpass filtered between spherical harmonic degrees / = 4-55 (730-10,000 km), representative of long-wavelength, non-
hydrostatic anomaly (Kvas et al., 2020). Yellow circles = intraplate Neogene volcanism (Data set S1) augmented from Ball
etal. (2021), Hole (1988), Hart et al. (1995), Hagedorn et al. (2007), Hole (1990), Hole and LeMasurier (1994), and Panter et al.
(2021). (c) ANT-20 relative shear-wave velocity anomaly averaged between 100 and 200 km (Lloyd et al., 2020).

(d) Lithospheric thickness (F. Richards, Hoggard, White, & Ghelichkhan, 2020).

studies are now using residual depth measurements to evaluate and improve models (e.g., Brown et al. (2022)),
but the relatively sparse coverage of data in the Southern Ocean limits such opportunities in Antarctica.

Increasing observational coverage of residual depth in the region is therefore beneficial not only to quantifying the
present day extent of mantle support in the Southern Ocean, but also in enhancing our ability to reconstruct
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variations in mantle dynamics over geological time. Such models of mantle convection are essential for defining
temporally variable boundary conditions in ice and ocean models, including palaeobathymetry/topography and
heat flux, helping elucidate the onset and evolution of the ACC and Antarctic glaciation.

2. Residual Depth Measurements

In the oceans, bathymetric variation primarily results from the cooling and thickening of lithosphere through time
(Parsons & Sclater, 1977). Observations show oceanic lithosphere to be largely homogenous, allowing for a clear,
age-dependent model of isostatically driven plate subsidence to be established (Crosby et al., 2006; Holdt
et al., 2022; Richards et al., 2018; Stein & Stein, 1992). By isolating and removing this isostatic signal from depth
to basement observations, global studies consistently show that a fraction of vertical surface deflection, ac-
counting for up to =1 km of bathymetry, cannot be explained by average trends in plate cooling or variations in
crustal or sedimentary thickness and density (Hoggard et al., 2016, 2017; Holdt et al., 2022; Winterbourne
et al., 2014). Residual depth anomalies (i.e., deviations from expected subsidence predicted by a plate cooling
model) can therefore be used to assess the extent of mantle support or drawdown (Menard, 1973). Collective
efforts, culminating in the database of residual depth anomalies presented by Holdt et al. (2022), constitute a
comprehensive global study of residual bathymetry, but there is a relative paucity of observations in the Southern
Ocean.

2.1. Seismic Database

In order to account for isostatic processes, the effects of sediment and crustal loading of oceanic lithosphere on the
observed depth to basement must be corrected for (Menard, 1973). These corrections require accurate quanti-
fication of the thickness and density of both the sedimentary and crustal columns. The relationships established by
Czarnota et al. (2013) and refined by Holdt et al. (2022) between two-way travel-time (TWTT), thickness, and
density for both sediments and crust allow augmentation of the global database in the Southern Ocean through the
use of multi-channel seismic (MCS) experiments, made available through the Scientific Committee on Antarctic
Research Seismic Data Library Service (Figure 2; SDLS, http://SDLS.ogs.trieste.it). This open archive holds
SEG-Y data from seismic reflection surveys surrounding the Antarctic continent, providing a great opportunity to
increase the density of residual depth measurements in the region.

The MCS data hosted by the SDLS consistently images the sediment-basement interface which usually produces
a strong reflection. The Moho can also be identified in surveys where the fold of coverage is higher, the upper
basement horizon is smooth enough to limit scattering of reflections, and/or seabed multiples do not obscure
deeper imaging. Figure 3 showcases examples of the data available in the SDLS and how key interfaces are
defined for the isostatic corrections.

Four additional wide-angle seismic experiments in which the Moho refracted phase was clearly evident are
contributed by this study to the compilation (Table 1, Figure 2). Alongside the lines of Ewing et al. (1971) in the
Scotia Sea (SS) which were included in the Holdt et al. (2022) compilation, these experiments provide depth
constraints for key interfaces by creating a velocity model of the crust. All reflection and wide-angle experiments
are detailed in Data set S3.

By using age models (e.g., Wobbe et al. (2012); Seton et al. (2020)) and magnetic anomalies from the EMAG2
database (Maus et al., 2009), it was ensured only reflection and wide-angle profiles sampling bona fide oceanic
crust were interpreted.

2.2. Isostatic Corrections

Having used seismic reflection data to identify the TWTT to the seabed, basement and, where data quality
permits, the Moho, methods revised by Holdt et al. (2022) can be used to perform isostatic corrections and
determine the water-loaded depth to basement. The method, as summarized schematically in Figure 4, uses a suite
of variables and parameters, outlined in Table 2.

First, the isostatic effect of any sediment deposited upon oceanic basement is accounted for by replacing it with an
isostatically equivalent water load (Czarnota et al., 2013). This sedimentary correction, Cy, is given by
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Figure 2. Seismic databases. Bathymetric map of Antarctica. White region = continental landmass as defined by grounding
line; blue region = extent of ice shelves; blue lines = location of seismic experiments compiled by Holdt et al. (2022)
including single and multi-channel reflection and wide-angle seismic experiments; red lines = 483 seismic reflection lines
contributed by this study from SDLS (http://SDLS.ogs.trieste.it; Supporting Information S1); green lines = legacy wide-
angle seismic experiments added in this study; white squares I-XII = location of seismic profiles presented in Figure 3.

¢ = (22, M)
a ~ Pw

where the density of asthenosphere p, = 3.25 Mg m~ and the density of water p,, = 1.03 Mg m=3. 5, and z, are
the average density and thickness of the sedimentary layer as interpreted from the seismic reflection data.

In order to define p; and z,, the observed thickness of the sedimentary column in TWTT, ¢, must be converted to
depth, z, accounting for effects of compaction and composition on velocity. This relationship is defined empir-
ically such that:

=)= (9)

Vsg w sg

where the decay constant 4 = 2.3 km, initial porosity ¢, = 0.67, acoustic velocity of solid grains v,, = 4.50 km
s~! and acoustic velocity of pore fluid v,, = 1.5 km s~!. These parameters are defined using coincident seismic
reflection and wide-angle experiments (Holdt et al., 2022). By using a compaction-based relationship, it then
follows that the mean density of the sedimentary column, p,, relates to the thickness, z, such that:

7,(2) = pyy + %(pw ~Pyg) [1 — exp (%Z)] 3)
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Figure 3. Multi-channel seismic (MCS) reflection images of oceanic crust. s = seabed; b = sediment-basement interface;
m = basement-mantle interface; TWTT = two-way travel time. (I) MCS reflection profile of 110 Ma oceanic crust, Weddell
Sea. (IT) Riiser-Larsen Sea (133 Ma). (IIT) Enderby Land (135 Ma). (IV) Pyrdz Bay (130 Ma). (V) Pyrdz Bay (125 Ma). (VI)
Wilkes Land (108 Ma). (VII) Wilkes Land (42 Ma). (VIII) Antarctic Ridge (18 Ma). (XI) Ross Sea (RS) (29 Ma). (X) RS
(52 Ma). (XI) Antarctic Peninsula (23 Ma). (XII) Antarctic Peninsula (15 Ma). Note pronounced seabed multiples on several
panels (e.g. III, VIII, XI, XII). Crustal ages taken from augmented version of Seton et al. (2020) global age grid (Figure 6).
SEG-Y data from http://sdls.ogs.trieste.it.
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Table 1 where the solid grain density of quartz p,, = 2.65 Mg m™3, the density of

Additional Wide-Angle Seismic Experiments in Which Moho Refracted
Phase, Pn, is Observed

seawater p,, = 1.03 Mg m~3 and 1 and ¢, are the same as in Equation 2. Full
methods can be found in Holdt et al. (2022).

Lines

Reference

AWI20060200
I
96,100, 96,110

Amundsen Sea

Secondly, in instances where the Moho is identifiable, a crustal correction C,,
Lindeque et al. (2016) s applied to correct the water-loaded depth to basement for variations in the
Allen (1966) average crustal density, p., and thickness, z., relative to the global average

Jokat et al. (2004) crustal density, p,, and thickness, Z,, such that:

CC= <pa_pc>zc_ (pa_pr)zr. (4)
a — Pw Pa — Pw

Reference crust has mean thickness zZ, = 6.38 km, and mean density p, = 2.84 Mg m™, and p, and z, are the
measured density and thickness of the crustal layer, respectively (Holdt et al., 2022).

To convert seismic observations of the crust from TWTT to thickness a velocity conversion is required. For the
crustal layer, this conversion is dependent on the thickness of the layer in time. Compositional changes associated
with varying thickness of oceanic crust give rise to variations in average velocity with crustal thickness; for a
given thickness in TWTT, there is a unique average velocity which can be used to convert from TWTT to
thickness (See Figure 7 in Holdt et al. (2022)). Similarly, Carlson and Herrick (1990) have established a rela-
tionship, based on laboratory measurements, between the average p-wave velocity of oceanic crust and its density.
By using these two empirical relationships, both p,. and z, can be determined, defining the crustal correction, C,.,
as a function of TWTT.

The majority of seismic profiles in the study did not permit a precise crustal correction to be calculated since no
Moho reflection was evident in the MCS data. In a conciliatory attempt to account for the sparseness of crustal
observations in Antarctica, crustal corrections contributed by this study, as well as from wide-angle seismic
experiments in Holdt et al. (2022) were interpolated alongside their uncertainties between data points using a

Sediment Crust Geoid
Observed
Corrected Corrected Corrected
e o __ Cg N\
e
GEOID
4 =
sb = c p
A Ps 4 e Z
Z .......
’ ) Zyf-enmeene e
Pc
o,
ZC
| Rt —— PR
_—— - ' dL +< ar SR 3 (_\ +  F -‘-<b
+ o+ o+ ] -+ + +
TS _++++++ F o F g P
F + + +
e | e ——
fGB= = pa __As(h’?ﬂna%s‘%heric _______________________________________ T

a b c d

Figure 4. Corrections applied to seismic observations. (a) Observed column of oceanic crust. SL = mean sea level;

ICD = isostatic compensation depth; z,b = observed depth to basement; z; = sedimentary thickness; z, = crustal thickness;

p, = average sediment density; p. = average crustal density; p, = asthenospheric mantle density. Thicknesses and densities
constrained from seismic data (Holdt et al., 2022). (b) Column where sediments have been replaced with isostatically equivalent
water load through sediment correction, C;. (c) Column where crustal heterogeneities in thickness and density have been
accounted for, relative to global average crustal thickness, Z,, and density, p,., through crustal correction, C,. (d) Column where
measurements defined relative to geoid through geoid correction, C,. Residual depth, z,., measured relative to expected water-
loaded depth to basement, z,,, as determined from plate cooling model. Diagram not to scale.
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Table 2

Symbols and Values of Parameters for Calculating Residual Depth/Topography

Symbol Parameter Value Units

C. Correction due to oceanic crustal thickness - km

Cy Correction due to geoid - km

Cy Correction due to sedimentary load - km

A Compaction decay length 2.3 km

b, Porosity, initial 0.67 dimensionless

Pe Density of oceanic crust (observed mean) - Mg m™3

Pa Density of asthenospheric mantle 3.25 £0.02 Mg m~3

P Density of oceanic crust (global mean) 2.84 = 0.07 Mg m™3

Ps Density of local sediment (mean) - Mg m™3

Pse Solid grain density 2.65 £ 0.05 Mg m~?

Pu Density of seawater 1.03 = 0.01 Mg m™3

t Two-way travel time (TWTT) - S

Vp Average velocity of oceanic crust o km s™!

Vg Acoustic velocity of solid grains 4.50 = 0.50 km s~}

Vyp Acoustic velocity of pore fluid 1.50 £ 0.01 km s™!

z Depth - km

Ze Oceanic crustal thickness - km

Zo Depth to water-loaded basement (observed) - km

Zr Residual depth - km

% Oceanic crustal thickness (global mean) 6.38 + 1.12 km

Zs Sediment thickness - km

Zsb Depth to seabed - Tem

Zw Depth to water-loaded basement (expected) - km
tensioned biharmonic spline interpolation in GMT. A tension of 1 was used to produce a harmonic surface,
ensuring that minima and maxima across the interpolation are only associated with data points and are not
artificially inflated. Due to the high uncertainties of such an interpolation, this additional correction was only
applied to seismic profiles within 500 km of definitive Moho (Figure 5).
For all measurements without a robust crustal correction, an indication of whether the consequent residual depth
measurement should be considered a minimum/maximum constraint based on whether the crust is regionally
thicker/thinner than average oceanic crust is provided symbolically. In this way, the symbols used throughout the
following figures in this study uniquely highlight the highest quality observations in which both a sedimentary
correction and a precise (i.e., not interpolated) crustal correction has been applied.
Once corrections to account for both sedimentary and crustal loading are defined, the water-loaded depth to
basement, z,,, measured relative to the geoid is defined as:

Z, =2+ C;+C.+ C,, )
where 7, is the observed depth to the seabed and C, is the height of the geoid. The geoid is an equipotential
surface of Earth's gravity field that defines mean sea level and exhibits long-wavelength relief due to deep mantle
density anomalies. Because bathymetric observations are referenced to mean sea level, applying this correction
prevents long-wavelength geoid relief from being misinterpreted as residual bathymetry.
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Figure 5. Southern Ocean crustal constraints. Crustal correction, C., interpolated up to 500 km from locations at which Moho
was identifiable and used to correct measurements without crustal constraints. Black circles = location of crustal thickness
observations from seismic reflection profiles, recorded in TWTT; white circles = location of crustal thickness observations
from seismic wide-angle experiments, recorded in depth.

2.3. Global Plate Model and Age of Oceanic Crust

Having determined a water-loaded depth to basement, this value can then be compared to that predicted by a plate
model. This study utilizes the revised plate model of Holdt et al. (2025). This global model is pressure and
temperature dependent, produced by jointly inverting global water-loaded subsidence measurements and oceanic
crust heat flow data. Observations globally fall within £1.5 km of this plate model, as do the new measurements
obtained in this study throughout Antarctica's fringing oceanic basins (Figure 6b).

In measuring residual depth relative to a plate model, the accuracy of any consequent dynamic topographic
observations is intrinsically linked to the accuracy of the underpinning crustal age model. Figure 6a presents the
age model which has been used in the study to determine the expected depth to basement and calculate residual
depth anomalies. Initially, the Seton et al. (2020) age model was used. However, the resultant residual depth
measurements highlighted regions in which the age of oceanic crust led to erroneous residual depths, deviating
considerably from the typical =1 km seen globally, most notably in the east-central SS (Figure 7).

The age of the east-central SS region is debated (Figure 7). Traditionally considered to be formed by rifting in a
Miocene back-arc basin (Hill & Barker, 1980), Eagles (2010) inferred a Mesozoic age using heat-flow mea-
surements, gravity and magnetic data. The interpretation of Eagles (2010) resolved a deficiency of the Hill and
Barker (1980) interpretation; a spreading ridge which could have produced such young crust could not be
identified (Livermore et al., 1994). However, residual depths calculated using this age imply up to 2.9 km of
dynamic support which falls considerably outside of the expected range of =1 km in global studies (Figure 7c).
The crust would need to be between ~20-25 km thick to elicit a correction which would bring these observations
in line with the global database. Such thick crust seems unlikely, especially given the result of legacy refraction
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Figure 6. Age of oceanic crust. (a) Augmented crustal age model Seton et al. (2020), including updates to East Central Scotia
Sea (Hill & Barker, 1980) and Bellingshausen and Amundsen Seas (Wobbe et al., 2012). Dark blue polygon = sub-region
shown in Figure 7. (b) Plate model used to calculate residual depth from water-loaded depth to basement. Black line and gray
dots = plate model against which residuals are measured and global age-depth inventory (Holdt et al., 2025); blue to red
colored circles = age-depth measurements contributed by this study colored according to magnitude of residual depth
anomaly.

experiments in the region which show the crust to be only 4.15 km thick (Allen, 1966). Similarly, wide-angle
experiments south of South Georgia show the oceanic crust to be between 5 and 6.5 km thick (Allen, 1966;
Ewing et al., 1971). Whilst both these experiments fall on the edges of the debated region, evidence for thick crust
in the east-central SS is still lacking. Therefore, the only way to reconcile the observed water-loaded depth to
basement measurements with global observations is to return to the interpretation of Hill and Barker (1980), but
fundamental questions regarding the origin of this young crust remain.

Minor adjustments were also made to the continent-ocean boundary and oldest crust in the Amundsen Sea. Whilst
of minimal consequence to the residual depth anomalies, this update reflects revised magnetic anomalies used by
Wobbe et al. (2012) to constrain the rifting of West Antarctica from Zealandia which were not included in the
Seton et al. (2020) compilation. Similarly, in the Macquarie region, the transtensional fracture zone offsetting the
Pacific-Antarctic ridge appears to have been oversimplified in the Seton et al. (2020) compilation. To rectify this

DUNN ET AL.

10 of 25

85U8017 SUOWIWOD BATea10 3ol dde aup Aq peusenob afe Sa(olife YO ‘@SN J0 Se|nJ Joj A%Iq1T8UlUO A8]IA UO (SUONIPUOO-pUB-SLURY/LID™A8 | 1M Afe.d 1 [Bu[UO//:SdNL) SUONIPUOD PUe Swie | 38U} 885 *[9202/€0/0€] Uo ARiqi]auliuo Ae|im ‘“Aenins opomeiuy usiiig Aq TOTEE0ENSZ02/620T OT/10p/Wo A8 |im Aze.q 1 pul|uo'sqndnBe/sdny woly papeoiumod ‘f ‘9202 ‘9SE669T2



. Y d N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2025JB033101

Water-loaded basement depth, km

100 150 200
Age, Ma

Figure 7. Alternative age models for East Central Scotia Sea (SS). (a) Crustal age in East Central SS as presented in Seton
et al. (2020), based on heat flow measurements (Eagles, 2010). Light blue circles = location of spot measurements in panel
(c). (b) Crustal age based on magnetic anomalies interpreted by Hill and Barker (1980) used throughout this study. Dark blue
circles = location of spot measurements in panel (c). (c) Effect of changing crustal age on age-depth measurements. Black
line = plate model against which residuals are measured; light gray circles = global scatter of age-depth inventory; light blue
circles = age-depth measurements based on sea floor ages depicted in panel (a); dark blue circles = age-depth measurements
based on sea floor ages depicted in panel (b).

issue, the Seton et al. (2020) model is replaced with an interpretation from Croon et al. (2008) and Eagles
et al. (2009) to reflect the young spreading seen in magnetic data along this section of the ridge. This change
makes residual depth measurements in the region consistent with the amplitude range seen both throughout the
Southern Ocean and globally.

It is important to consider that this age-dependent correction only accounts for the expected effects of lithospheric
thickening as a function of plate age. No direct observations of lithospheric thickness were made or corrected for.
In this way, small-scale deviations in lithospheric thickness caused by temperature anomalies at the base of the
lithosphere can still exert a buoyancy effect on the bathymetry which is therefore included in the residual
bathymetric signal.

2.4. Results

Upon binning observations made along 483 additional seismic reflection lines into intervals of 1°, the SDLS
archive has provided 780 further spot measurements of residual depth, bringing the total number south of —50° to
2,105. In the Southern Ocean specifically (south of —60°), there has been an almost three-fold increase in the
number of measurements to 1,120 when compared to Holdt et al. (2022), thus greatly improving density of
coverage in proximal Antarctic oceanic regions (Figure 8a, Data set S2).

Despite improved coverage, there is still an uneven distribution of measurements across the Southern Ocean. It is
therefore commonplace to fit a spherical harmonic representation to produce a smoothed and damped repre-
sentation of the data. Residual topography and bathymetry measurements have been historically used to obtain
such spherical harmonic representations of dynamic support (e.g., Hoggard et al. (2017); Holdt et al. (2022)),
allowing for evaluation of the power spectra, the shape of which has consequences for our understanding of
mantle flow. Holdt et al. (2022) demonstrated that a power spectrum, which peaks at spherical harmonic degree
| = 2 with power out to and including / = 40, can be robustly recovered from global residual spot measurements.
This spectrum suggests a lower bound for convection-related topography of 1 ~10° km and the spectral slope
shows that the power of dynamic topography decreases with increasing wavelength as a function of k~'. This
slope is a manifestation of pink noise, and is analytically consistent with mantle convection as the product of
Stokes' flow (viscous, laminar) as opposed to more turbulent or plate-driven flow which would exhibit different
gradients across the power spectrum (Hoggard et al., 2017; Holdt et al., 2022).
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Figure 8. Antarctic map of residual depth and spherical harmonic representation. (a) Colored circles/triangles = residual depth measurements averaged over 1° bins.
Circles = measurements with both sediment and crustal corrections applied; downward/upward pointing triangles = measurements that are upper/lower limits with only
sedimentary corrections as inferred from regional crustal constraints. Triangles within 500 km of crustal constraint have had crustal correction applied (Figure 5) but are
still represented by triangles due to inherent uncertainty in regional correction. (b) Spherical harmonic representation of residual bathymetry calculated using regularized
least-squares inversion of Hoggard et al. (2016) global database and additional Southern Ocean data out to, and including, degree [ = 40. WS = Weddell Sea;

MBL = Marie Byrd Land; Dronning Maud Land = Dronning Maud Laud; BI = Balleny Islands; AAD = Australia-Antarctic Discordance; KP = Kerguelen Plateau.
(c) Power spectrum. Bold line with gray band = power spectrum and uncertainties estimated from range of gradient regularization and amplitude damping coefficients
(10%3-10*%5 and 102-103, respectively) for the global database augmented with data from this study; dashed black line = power spectrum from Holdt et al. (2022).

Following this approach, we use the regularized least-squares inversion of Hoggard et al. (2016) to update the
global spherical harmonic representation of dynamic topography, combining the new Antarctic data with the
oceanic database of Holdt et al. (2022) and the continental database of Stephenson et al. (2024) (Figure 8b). The
additional measurements provided by this study better constrain the spatial distribution of dynamic swells in the
Antarctic, but result in little change to the power spectrum compared to that of Holdt et al. (2022). There remains
considerable power out to and including spherical harmonic degree [ = 40, beyond which point it may become
challenging to disentangle dynamic topographic signals from flexural loading, or discern it given the uncertainty
in the data (Figure 8c).

Regions of notable dynamic support up to 1 km include south of the Kerguelen Plateau (KP), the Marie Byrd
Seamounts, the Ballenny Islands, and offshore DML. The Weddell Sea and Australia-Antarctic Discordance
(AAD) make up major regions of negative residual bathymetric observations.

3. Relation of Residual Depth Measurements to Other Observations
3.1. Free-Air Gravity Anomalies

It has long been recognized that dynamic topography can be inferred from geoid and gravity anomalies due to the
causal density anomalies which induce vertical plate motion (Hager & Richards, 1989; Panasyuk & Hager, 2000).
Admittance is the proportionality between gravity anomalies and surface topography, quantifying how subsurface
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density structure is expressed within the observed gravitational field. More specifically, the scaling between long-
wavelength free-air gravity anomalies and known dynamic topographic anomalies has defined the oceanic
admittance value, Z = 30 mgal km™', which is used to predict dynamic topography in the absence of direct
observations (Crosby et al., 2006; Hoggard et al., 2016; Winterbourne et al., 2009). This relationship is predicated
on the long wavelength gravity field being insensitive to shallow density anomalies that affect isostatic topog-
raphy, and instead reflects deeper density anomalies in the mantle which drive dynamic support. This augmented
Antarctic data set provides new opportunities to gauge the applicability of using admittance as a predictive tool for
dynamic topography.

Scaling of the long-wavelength (4 > 730 km) free-air anomaly by an admittance of Z = 30 mgal km™! results in
predictions which can deviate considerably from residual depth observations (see Hoggard et al. (2017)). For
residual depth measurements in the Southern Ocean, the Pearson correlation coefficient with the free-air anomaly
stands at only » = 0.28. These discrepancies can be mostly attributed to the depths to which gravity fields and
topography are sensitive. Surface response kernels and tomographic correlations suggest that the majority of
dynamic topography is generated by upper mantle anomalies shallower than 500 km, whereas gravity observa-
tions are sensitive down to the lower mantle (Holdt et al., 2022; Richards et al., 2018). The differences between
the observational data set and gravity-derived predictions can therefore be accounted for, owing to the different
regions of the mantle sampled.

In this study, we test whether it is possible to improve the correlation between the free-air gravity anomaly and
residual depth measurements through bandpass filtering of the gravity anomaly (Figure 9). We sweep through a
series of upper and lower spherical harmonic bandpass filter limits for the gravitational field and calculate the
Pearson correlation coefficient, r, between the filtered free-air gravity anomaly and the spherical harmonic rep-
resentation (! = 40) of dynamic topography, only at the location of spot measurements (Figure 9). The correlation
is greatest when removing spherical harmonic degrees / < 12 and [ > 29 from the free-air gravity anomaly, despite
the spherical harmonic model of residual bathymetry being composed of all degrees out to and including / = 40
(Figure 9a). Removing the longer wavelength/low spherical harmonic degree components of the field significantly
improves the spatial correlation, whereas the maximum spherical harmonic degree has negligible effect on the
correlation, especially beyond / = 35. This trend implies that the gravity signal at shorter wavelengths is
beginning to be contaminated by crustal and ice signals which are not reflected in the residual depth spot mea-
surements and the correlation is therefore insensitive to these wavelengths. Assuming a very simplified relationship
between the wavelength of an anomaly and the causative body, such that the depth is approximately half the
wavelength, density anomalies deeper than ~ 530 km need to be filtered from the gravity signal to most improve the
correlation (Bowin et al., 1986). Whilst this relationship only serves as a rough estimate of the depth of causative
anomalies, the observation is consistent with response kernel studies which show dynamic topography to be most
sensitive to the upper mantle, especially on shorter wavelengths (Holdt et al., 2022; Richards et al., 2018).

The improved co-location of free-air gravity anomalies and residual depth anomalies provides a more reliable
insight into potential support in the continental realm (Figure 9c). Notably, the positive increase in residual depth
anomalies moving south from the AAD toward the continent is reflected in the positive filtered free-air gravity
anomalies along the coastline. The MBL anomaly also continues significantly further inland when the longest
wavelengths are filtered from the gravity data, implying greater dynamic support beneath the West Antarctic Rift
System (WARS) compared to interpretations drawn purely from the non-hydrostatic anomaly (see Figure 1b).
However, there still remain regions of significant divergence between the two data sets (Figure 9d), consistent
with other observations that notable dynamic topography can exist in the absence of a corresponding free-air
gravity anomaly, and that a single admittance value cannot capture the complexity of dynamic mantle support
on regional scales (Colli et al., 2016). Such observations highlight the importance of using direct observations of
the crust rather than relying on potential field data when quantifying dynamic support and gauging upper mantle
convective patterns.

3.2. Residual Shear-Wave Tomography

Further assessment of the relationship between residual depth and geodynamic mantle processes can be gained
through considering results in light of surface-wave tomographic models. In the same way that the bathymetry of
the oceans varies as a function of plate age, velocity anomalies in the upper mantle are dominated by lithospheric
cooling, masking anomalies which contribute to sub-plate buoyancy. By stripping out this cooling signal from
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Figure 9. Correlation between residual depth and free-air gravity anomalies. (a) Pearson's correlation coefficient, r, between spherical harmonic representation of
residual depth, (at locations of spot measurements) and free-air gravity anomaly bandpass filtered. Dashed lines and cross mark best correlating combination of

Imin = 12 and [, = 29 for filtering. (b) Cross plot showing correlation between optimal bandpass filtered free-air gravity anomaly and residual depth. (c) Optimal
bandpass filtered (4 &~ 3300-1,400 km) free-air gravity anomaly. Colored circles/triangles = residual depth measurements as in Figure 8; black line = transect shown in
(d). (d) Transect from x - x’. Colored circles/triangles = residual depth measurements within 100 km of transect; colored band = spherical harmonic representation of
residual depth out to and including degree [ = 40; black line = free-air gravity anomaly as in panel (c).

tomographic models, Richards, Hoggard, Crosby et al. (2020) identified a correlation between positive residual
depth anomalies and slow shear wave velocity anomalies within the upper 400 km of the Earth's mantle on a
global scale. The revised residual depth database and resultant spherical harmonic model presented here provide
new opportunities to assess the correlation between residual depths and seismic velocity anomalies in the
Southern Ocean.

The shortage of permanent seismic stations in Antarctica and surrounding regions limits available broadband
seismic data for tomographic imaging. However, incorporating recent temporary deployments across East and
West Antarctica, Lloyd et al. (2020) developed a continental-scale adjoint tomographic model of upper mantle
shear-wave velocity. By including surface-wave data they were able to image small-scale anomalies associated
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Figure 10. Correlation between residual depth and residual tomographic models. (a) Relationship between age, depth and
shear-wave velocity for ANT-20 tomographic model for the Southern Ocean (Lloyd et al., 2020). (b) For varying stacking
intervals, Pearson's correlation coefficient, r, between spherical harmonic representation of residual depth (at locations of
spot measurements) and residual shear-wave velocities. Residual velocities calculated by stripping relationship in (a) from
ANT-20, based on age grid in Figure 6. (c) Residual tomographic model averaged over optimal stacking depth 125-175 km as
determined in (b). Colored circles/triangles = residual depth measurements as in Figure 8 in 2° bins. (d) Cross plot showing
correlation between residual shear-wave velocity and residual depth for optimal stacking window.

with advection beneath Antarctica for the first time, making it the most appropriate model to use in assessing the
extent to which upper mantle anomalies contribute to dynamic topography. We also consider global models,
namely SL2013 and CAM2016 (Ho et al., 2016; Schaeffer & Lebedev, 2013), which image mantle velocity
anomalies at lower resolutions than regional models but have been shown to correlate reasonably well with
dynamic topography elsewhere (Richards, Hoggard, Crosby et al., 2020).

Anomalies associated with convective flow are isolated by removing the component of absolute velocity asso-
ciated with plate cooling, following the method of Richards, Hoggard, Crosby et al. (2020). Anomalous regions
are first excised from the data, including major fracture zones, seamounts and large igneous provinces, as defined
by Hoggard et al. (2017). Velocity data are then stacked as a function of depth and plate age into 2 Myr bins, using
the revised age model (Figure 10a). This method allows for an average velocity to be calculated for any given age/
depth and subtracted from the observed velocity. This residual velocity is therefore independent from all effects of
plate cooling, making it more comparable with residual depth measurements which have also had the effects of
plate cooling stripped.

To ascertain which mantle depths contribute most to dynamic support, for a given residual model, tomographic
slices are stacked and averaged across a suite of top and base stacking depths at 5 km intervals. Both the stacked
grids and the spherical harmonic representation of residual depths, up to and including spherical harmonic degree
| = 40, are sampled point-wise at locations where spot measurements of residual depth have been defined. A
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Figure 11. Circum-Antarctic transects showcasing residual tomographic anomalies. Transect from x—x’ as in Figure 9. (a) Colored circles/triangles = residual depth
measurements as in Figure 8 within 100 km of transect; colored band = spherical harmonic representation of residual depth out to and including degree / = 40; red
bands = regions of Neogene intraplate basaltic volcanism. (b) Residual shear-wave velocity for ANT-20 (Lloyd et al., 2020). Gray = oceanic lithosphere as defined by F.
Richards, Hoggard, White, and Ghelichkhan (2020); dashed lines = upper and lower stacking depths used to obtain best correlation between residual velocity and residual
depth. For 125-175 km, r = —0.45. (c¢) Same for SL2013 (Schaeffer & Lebedev, 2013). For 175-250 km, r = —0.42. (d) Same for CAM2016 (Ho et al., 2016). For 170—

210 km, r = —0.37.

Pearson correlation coefficient, , between the two data sets is then calculated to determine the mantle depth range
most greatly influencing bathymetry.

Figure 10b shows how the r value varies as a function of the stacking interval depth range. For ANT-20, the best
statistical correlation with residual depth is achieved with tomographic slices averaged between 125 and 175 km
(r = —0.45). The residual shear-wave anomaly for this interval is shown in Figure 10c and the extent of the
correlation is highlighted by the crossplot in Figure 10d. This distribution suggests that all of the upper
asthenosphere is contributing toward supporting oceanic bathymetry.

Residual tomographic anomalies are also calculated for the two global models, SL2013 and CAM2016. As with
ANT-20, SL2013 shows correlations throughout the upper mantle, down to depths of 350 km with the best
correlation window at 175-250 km (» = —0.42). CAM2016 shows a much poorer affinity to residual depth
measurements, though again the best stacking interval is within the upper mantle at 170-210 km (» = —0.37).
The residual tomographic anomalies are visualized on a circum-Antarctic transect, highlighting the best corre-
lating depth windows (Figure 11).

Positive dynamic swells coincident with Neogene volcanism along the transect peak at +1 km and are centered on
Peter I Island, the Marie Byrd seamounts, and the Scott Seamounts (Figure 11). Neogene volcanism at Peter I
Island and the Scott Seamounts is consistently underlain by slow residual shear-wave velocity anomalies. The
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extent of mantle anomalies beneath the Marie Byrd Seamounts is less robust, with no major tomographic anomaly
evident in SL2013 (Figure 11c). However, the ANT-20 model, with improved horizontal resolution, shows a clear
anomaly in this region (Figure 11b). Rifting initiated in this region ~90 Ma but *°Ar/*°Ar ages of 65-56 Ma for
the majority of the Marie Byrd Seamounts indicate formation significantly postdates ridge formation (Kipf
et al., 2014). Cenozoic volcanism has also been identified at Peter I Island (0.1-0.35 Ma (Prestvik et al., 1990);
1.8 Ma (Kipf et al., 2014)) and one Marie Byrd Seamount (3.0 Ma (Kipf et al., 2014)), showing distinct phases of
intraplate magmatism. There is no indication of an age-progressive spatial trend as typically characteristic of
mantle plumes. Given that the Antarctic plate has been relatively stationary throughout the period of volcanism, as
determined in hotspot reference frames and from plate kinematic reconstructions (Eagles et al., 2004; Wobbe
et al., 2012), a plume origin cannot be ruled out. Alternatively, volcanism could also result from continental
insulation flow (Kipf et al., 2014). Collectively, the coincidence of residual depth and tomographic anomalies
with intraplate volcanism supports an upper mantle origin for dynamic support, though the source of this warm
material specifically remains to be determined.

Other major peaks in residual depths are over the Enderby basin, south of the KP, and the Astrid Ridge (AR)
(Figure 11). Break up of India and Antarctica ~ 133 Ma initially began with magma-poor rifting, resulting in thin
crust close to the continental margin. This was followed by impingement of the Kerguelen plume and extrusion of
a large igneous province with thicker oceanic crust, leading to the formation of the KP (Frey et al., 2000). Even
after accounting for these observed variations in crustal thickness, there remain substantial residual depth
anomalies of up to +1 km in Enderby Basin. The lack of causative anomalies for these observations in the SL2013
and CAM2016 models (Figures 11c and 11d) would suggest that dynamic support in this region may be domi-
nated by lithospheric thinning rather than asthenospheric upwelling, though there is a major slow residual shear-
wave velocity anomaly seen in the ANT-20 model (Figure 11b). The AR similarly formed during the break up of
Gondwana. Wide-angle experiments in the region suggest rifting resulted in significant magmatic underplating
and volcanic provinces in the region which could account for the +600 m residual depth anomalies (Jokat
et al., 2004; Siddiquie et al., 1988). There is also evidence for more recent uplift, based on fault scarps cross-
cutting the youngest sediments deposited in the region (Siddiquie et al., 2006). Such uplift can be accounted
for by the slow residual velocity anomalies seen throughout tomographic models.

The two major regions of negative residual depths, up to —1 km, are at the AAD and the Gunnerus Ridge (GR)
(Figure 11). The AAD is considered to be the product of downward mantle flow which has resulted in low mantle
temperatures and reduced melting at the south-eastern section of the Indian Ridge (Sempeéreé et al., 1991). This
has been challenged by Gurnis and Muller (2003) since global shear-wave models do not exhibit fast velocity
anomalies. However, stripping out the velocity anomaly associated with the relatively young plate age in this
region shows that the residual tomographic anomaly is broadly consistent with the negative residual measure-
ments. Likewise, the dual-domal residual depth draw downs straddling the GR are mirrored in the fast residual
tomographic anomalies in ANT-20 and SL2013 and a laterally smeared anomaly in CAM2016, supporting an
upper mantle origin for the residual depth anomalies (Figure 11).

Despite broad similarities, no tomographic model produces a correlation coefficient with residual depth mea-
surements exceeding » = —0.45, and none are capable of spatially reproducing all of the dynamic swells posited
by these measurements. As with the free-air gravity anomaly, such discrepancies, as well as a lack of consistency
between different tomographic models, highlights the importance of residual depth observations.

3.3. Neogene Intraplate Volcanism

The relative age of continents in comparison with the oceans means continental lithospheric architecture is
considerably more complex, with greater variation in thermo-chemical composition due to depletion within the
lithosphere (Jordan, 1975). This complexity, along with uncertainties associated with accounting for ice sheet
loading, leads to higher uncertainty in calculating and correcting for isostatic contributions to Antarctica's con-
tinental topography. Furthermore, models of crustal thickness throughout Antarctica diverge considerably
depending on both the specific data sets and methods used to define the Moho. Consequently, existing models of
residual elevation show considerable differences throughout both East and West Antarctica (Pappa et al., 2019;
Paxman, 2023). Offshore and onshore anomalies globally, however, are largely contiguous, meaning the new
oceanic database can be exploited to provide spatial context to onshore studies against which continental ob-
servations can be considered (Stephenson et al., 2024).
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Figure 12. Inverse modeling of rare earth element (REE) concentrations in intraplate Neogene basalts. (a) Black circles = location of intraplate Neogene basalt samples;
colored circles = samples which fit the criteria for REE modeling; large colored symbols = examples highlighted in (c-h). (b) Lithospheric thickness and temperatures
determined from REE modeling with associated errors. Colors as in (a). Horizontal and vertical bars define limits at 1.5 X rms of global minimum. (c) Peter I Island.
Circles with vertical bars = average REE concentration +¢ normalized with respect to source composition, defined according to éNd; colored line = REE concentrations
calculated for best fitting lithospheric thickness and mantle potential temperature. (d) Misfit between modeled and observed REE concentrations as a function of
lithospheric thickness and mantle potential temperature. Colored circle = locus of global minimum. (e—f) Jones Mountains (Marie Byrd Land). (g-h) Victoria Land
(northern Transantarctic Mountains).

We therefore use volcanism to assess the continuity of dynamic swells evident in the oceanic realm beneath the
Antarctic Ice Sheet. The spatial distribution of Neogene intraplate volcanism is known to be coincident with slow
shear-wave velocity anomalies, thin lithosphere, and regions of positive dynamic topography (Ball et al., 2021).
In Antarctica, we augment the global database of Ball et al. (2021) to ascertain the known distribution of intraplate
volcanism across western Antarctica (Data set S1, Figure 12a). There are three main clusters of continental
volcanism; MBL, the Antarctic Peninsula and the TAM.
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Basaltic rock compositions allow for further interrogation of the lithosphere and asthenosphere in these regions.
REE concentrations of basaltic rocks record melting history from mantle source to eruption. Specifically, they
vary with the mantle source composition and the melt fraction as a function of depth to the base of the lithosphere.
This dependency can be used to model REE concentrations and constrain estimates of the depth to the top of the
melt column, D, (i.e., lithospheric thickness), and mantle potential temperature, T, for basalt samples acquired

across Antarctica.

In order to model the REE distribution of a melt, it is necessary to make simplifying assumptions regarding the
mantle source composition. We model a uniform lherzolitic source, with the extent of depletion varying linearly
between primitive mantle and depleted mid-ocean ridge basalt mantle as a function of eNd (i.e., the deviation in
the ratio of stable to radiogenic neodymium isotopes from a standard chondritic meteorite sample). Melting
parameterization follows the hydrous melting model of Katz et al. (2003). Necessarily, the weight fraction of
water in the source, X6, is defined such that X7,/ X 24"
influences the REE concentrations. We define this zone to be between 63-72 km (Jennings & Holland, 2015).

= 200. The depth to spinel-garnet transition zone also

Following the framework of Ball et al. (2021), we perform a systematic grid sweep varying D,,, and 7,, values
from 40-80 km and 1,200-1400°C, respectively. The INVMEL-v12 geochemical model is used, assuming
adiabatic melt paths, to model the REE distribution within the melt phase (McKenzie & O’Nions, 1991). The root-
mean-square (rms) misfit between the observed and modeled REE concentrations, both normalized against source
composition, is then calculated. The global minimum of rms misfit is considered to be the most likely parameter
combination, but there is an inherent trade-off between lithospheric thickness and mantle potential temperature.

REE element modeling is applied in this way to Data set S1. To ensure that melts have not undergone significant
fractional crystallization or olivine accumulation, we limit the database to only include samples with an MgO
content between 9 and 15 wt% and correct observations for olivine fractional crystallization (Ball et al., 2021).
The database is further filtered to ensure modeling is only carried out when >7 REE concentrations are recorded
to ensure the rms misfit is statistically significant. Previous studies have also use the MORVEL plate motion model
to remove samples which have moved >1000 km since eruption, but the relative stability of the Antarctic plate
means this has no impact on our database (DeMets et al., 2010). Samples meeting these criteria (n = 118) were
grouped into 10 provinces based on location (Figure 12a), with the consequent REE modeling results summarized
in Figure 12b. Specific examples of how modeled REE distributions compare to the observed data are shown in
Figures 12c—12h.

As expected for a thermal boundary, there is a relative relationship between lithospheric thickness and mantle
potential temperature; thinner lithosphere is on average associated with higher potential temperatures. The
lithospheric thicknesses of all groups are consistently thin, between 40-65 km. Mantle potential temperatures,
however, are on average below that of ambient mantle (1312°C for our melt parameterization). Cooler tem-
peratures are most prominent in the Antarctic Peninsula and Victoria Land regions. In Victoria Land, subduction
along the Palaeo-Pacific margin contributed to the formation of pyroxenite, which has been incorporated into
Cenozoic melts as shown by the presence of pyroxenite xenoliths (Martin et al., 2015). Recent trace element
analysis of olivines from the Antarctic Peninsula by M. J. Hole et al. (2023) similarly point to a pyroxenite-
dominant source. This source is potentially derived from delaminated continental lithosphere and sampled by
magmatism due to the opening of a slab window following subduction of the Phoenix Ridge, allowing mag-
matism to originate from beneath the slab itself. For both these localities, using a pure lherzolite source to model
mantle melting that includes a pyroxenite component will result in an underestimation of mantle potential
temperature, accounting for the low modeled values of T, seemingly anomalous to regions of active mantle
upwelling (Matthews et al., 2021).

By integrating these REE modeling results with additional data sets, we can ascertain the spatial variability in
dynamic support of the continent. Onshore, there are three main regions of volcanic activity—the Antarctic
Peninsula, MBL, and the TAM. However, the presence of glacial cover in Antarctica hinders efforts to fully grasp
its true extent. In an attempt to map subglacial volcanism, van Wyk de Vries et al. (2018) use a combination of
bedrock elevation, aeromagnetic, aero-gravity, and satellite imagery data to identify conical edifices interpreted as
volcanoes. The likelihood of a feature being a volcano is assessed based on the number of data sets—for the purpose
of this study we filter the inventory to only include those which have a confidence factor >80% (Figure 13). Whilst
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Figure 13. Dynamic support of West Antarctica. (a) Polar stereographic projection of West Antarctic topography. Colored
circles/triangles = residual depth measurements as in Figure 8; yellow circles = location of known Neogene intraplate
basaltic volcanism; black circles = subglacial edifices inferred as volcanoes with confidence factors exceeding 80% (small)
and 90% (large) (van Wyk de Vries et al., 2018). (b) Free-air gravity anomaly bandpass filtered between / = 12-29 as per
Figure 9. (c) ANT-20 relative shear-wave velocity anomaly averaged between 100-200 km (Lloyd et al., 2020). (d) Seismic
lithospheric thickness derived from SL2013 (F. Richards, Hoggard, White, & Ghelichkhan, 2020). Colored
circles = lithospheric thickness derived from REE modeling.
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there is no way to guarantee that these represent Neogene volcanism, their proximity to known Cenozoic volcanic
fields in West Antarctica implies they are likely co-genetic.

The distribution of known and inferred subglacial volcanism closely aligns with slow shear-wave velocity
anomalies and positive free-air gravity anomalies, extending out southwards of MBL into the WARS (Figure 13).
More specifically, by filtering out the long wavelength (I < 12) component of the free-air gravity anomaly, there is
much greater correlation between volcanism in the WARS compared to just the non-hydrostatic free-air gravity
anomaly (see Figure 1 for comparison).

Volcanic provinces in MBL and Victoria Land are adjacent to offshore oceanic residual depths of 1 km, sup-
porting continuity of these observed dynamic swells onto the continent. In contrast, west of the Antarctica
Peninsula, onshore volcanism is juxtaposed against negative residual depth measurements up to —500 m. Sub-
duction of the Phoenix Plate eastward beneath the Antarctic Peninsula would typically be expected to result in
draw down of the peninsula due to coupling between the subducting and overriding plates, exerting a downward
buoyancy force on the overriding plate (Burgess & Moresi, 1999). However, there is considerable evidence for a
slab window opening beneath the Peninsula, allowing warm mantle upwellings to provide dynamic support and a
source for volcanism across the peninsula itself (Breitsprecher & Thorkelson, 2009; Eagles & Scott, 2014;
Thorkelson, 1996).

Geochemically derived lithospheric thicknesses are within error of seismic estimates of lithospheric thickness,
defined as the 1200°C isotherm (F. Richards, Hoggard, White, & Ghelichkhan, 2020) (Figure 13). Thinning of the
lithosphere to this degree will have a notable impact on the topography above, which can be quantified using a
simple isostatic balance such that uplift, U, is given by

U

— (Do - Dt)pl - (Do - Dt)pa
Pa ’

(6)

where lithoshperic and asthenospheric mantle densities are p; = 3.32 Mg m™ and p, = 3.25 Mg m~> respectively,
and D, and D, are the original and thinned lithospheric thicknesses, respectively. Assuming that the ~60 km thin
lithosphere evident in both geochemical and geophysical data in MBL and the TAM was originally around ~ 100
km thick as seen in the non-volcanic regions of West Antarctica, this would result in 1.125 km of dynamic
topography, which could be further amplified by convective upwelling and temperature driven buoyancy in the
asthenosphere.

4. Conclusions

We present a comprehensive suite of residual depth spot measurements (n = 2105) south of —50° determined
from MCS and wide-angle refraction data. These observations build on global studies of dynamic topography and
more precisely constrain the locations of dynamic swells and draw downs. Results contribute toward debates
regarding the age of the east-central SS, with implausible residual depths ruling out origins predating Miocene
times, unless the oceanic crust in the region is anomalously thick. The power spectrum associated with the
spherical harmonic representation of residual depth remains robust, with maximum amplitude at spherical har-
monic degree [ = 2 and power out to and including / = 40.

By combining these residual depth observations with other geophysical and geochemical data we identify regions,
both in the oceanic and continental realms, of dynamic support. Filtering of free-air gravity anomalies and
calculation of residual shear-wave tomographic anomalies allows for correlations between mantle processes and
residual depth anomalies. Such correlations are strongest when compared to data sampling the upper mantle,
shallower than ~ 500 km. The distribution of Neogene volcanism is coincident with mantle upwellings as imaged
by tomographic models, and REE modeling of intraplate basalts provides an independent measure of lithospheric
thickness, corroborating the association of mantle upwellings with thinned lithosphere and dynamic support.
Robust constraints in the oceanic realm have provided a data set against which onshore Antarctic interpretations
of dynamic support can be benchmarked, along with mantle convection and heat flux models.
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