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ABSTRACT 
 

Previous investigations have proposed multiple origin models to explain the formation 

of major tectonic structures, such as the Gamburtsev Subglacial Mountains (GSMs), the Wilkes 

Subglacial Basin (WSB), the Aurora Subglacial Basin (ASB), and the Transantarctic 

Mountains (TAMs) in East Antarctica. However, existing tomographic images lack resolution 

and consistency given the sparse seismic coverage across the continent, particularly in East 

Antarctica. In this thesis, I use full-waveform ambient noise tomography to model the shear-

wave velocity structure beneath East Antarctica to further investigate these tectonic features 

and to provide new insights into existing origin models. This technique has been shown to 

provide improved resolution of the seismic structure in geographic regions with limited station 

coverage compared to more traditional tomographic approaches. Rayleigh-wave Empirical 

Green’s Functions are extracted from ambient noise using a frequency-time normalization 

technique. Synthetic waveforms are simulated with a lateral grid spacing of 0.025º (~2.25 km) 

and are cross-correlated with the EGFs to measure phase delays. The shear-wave velocity 

model is computed by inverting the phase delays using a sparse, damped least-squares 

inversion method. The new tomographic model shows fast velocities beneath the GSMs that 

extend to ~250 km depth, suggesting Archean or Proterozoic lithosphere beneath the mountain 

range. The perseverance of thick ancient crust beneath the GSMs support the high topography 

of the mountain range. Slow upper mantle velocities are observed beneath the TAMs, likely 

associated with hot upper mantle material that provides a thermal load beneath the mountain 

range, consistent with a flexural uplift model. Beneath the WSB, fast seismic velocities are 

attributed to thick, stable lithosphere, also consistent with a flexural origin model. Slow 
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velocities beneath the ASB, which is an area of particular interest since it has not been studied 

extensively, may reflect a zone of lithospheric weakness, associated with the reactivation of a 

major fault system. By providing new evidence that further constrains the origin models for 

tectonic structures in East Antarctica, my full-waveform ambient noise model helps to 

elucidate the geologic history of this remote continent. These seismic constraints could also 

inform cryospheric models, which require lithospheric and mantle characteristics to assess ice-

sheet evolution.  
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1.0 INTRODUCTION  
 

With more than 98% of its surface covered by ice sheets, Antarctica is the most 

geologically unconstrained continent on Earth.  Geophysical deployments over the last few 

decades (e.g., Anandakrishnan and Wiens, 2000; Wiens and Nyblade, 2007a; 2007b; Maggi et 

al., 2014; Hansen et al., 2015) have improved our understanding of the interior structure of the 

continent; however, there are still many questions associated with its geodynamic evolution.  

The tectonic structure of East Antarctica is particularly challenging to investigate because 

seismic station coverage across this part of the continent is extremely sparse.   

The major tectonic features of East Antarctica include the Transantarctic Mountains 

(TAMs), the Gamburtsev Subglacial Mountains (GSMs), the Wilkes Subglacial Basin (WSB), 

and the Aurora Subglacial Basin (ASB; Fig. 1).  Multiple models have been proposed to explain 

the origin of each of these geologic structures, but there remains significant debate.  For 

example, the high topography of the TAMs has been attributed to isostatic support from a thick 

crustal root (Studinger et al., 2004), to flexure of the East Antarctic plate (Stern and ten Brink, 

1989; ten Brink et al., 1997), or to some combination of factors (Lawrence et al., 2006).  The 

GSMs may be associated with preserved topography associated with ancient cratonic assembly 

(Heeszel et al., 2013) or with rift-flank uplift associated with the nearby Lambert Rift System 

(LRS; Ferraccioli et al., 2011).  The WSB has been explained both as a subglacial depression 

associated with the Cenozoic uplift of the TAMs (ten Brink and Stern, 1992; ten Brink et al., 

1997) and as a broad region of rift-associated extension (Ferraccioli et al., 2001; 2009). The 

ASB has not been extensively studied, but its origin may be associated with an inherited zone 

of lithospheric weakness (Ferraccioli et al., 2001; Aitken et al., 2014; Cianfarra et al., 2017).  

These conflicting hypotheses for the origins of East Antarctic structures limit our 

understanding of the development of the continent as a whole.  Further, our ability to constrain 
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past, present, and future ice-sheet behavior is strongly dependent on the characterization of the 

Antarctic lithospheric and mantle structure (Austermann et al., 2015; Whitehouse et al., 2019), 

which is hampered by currently available models.  

In this thesis, I develop a new tomographic model for East Antarctica using full-

waveform ambient noise tomography (Shen et al., 2012; Zhang et al., 2012). This technique, 

which is based on waveform modelling and finite-frequency inversion, provides improved 

resolution of the seismic structure in geographic regions with limited station coverage 

compared to more traditional tomographic approaches.  Data recorded by various temporary 

and permanent stations throughout East Antarctica over the last three decades are included. My 

results provide new constraints on the upper mantle structure beneath major tectonic features 

in East Antarctica, thereby allowing for further assessment of the origin models outlined above. 

Ultimately, my new tomographic model helps to elucidate the geologic history of Antarctica 

and provides constraints that could inform cryospheric models, which require lithospheric and 

mantle characteristics to assess ice-sheet evolution.  
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2.0 GEOLOGICAL BACKGROUND AND PREVIOUS INVESTIGATIONS 

The tectonic history of Antarctica is poorly constrained given its remote location and 

limited rock samples. Rock exposures within the TAMs suggest that East Antarctica 

predominantly consists of Archean or Proterozoic crust (Tingey, 1991; Goodge et al., 2001). 

The East Antarctic craton was modified by Proterozoic magmatism during continental rifting 

related to the opening of the Pacific Ocean (Mulder et al., 2020). During the Cambrian Ross 

Orogeny (~500 Ma), East Antarctica was shaped by extensive compression and metamorphism 

associated with subduction of Eastern and Western Gondwana (Dalziel, 1992; Fitzgerald, 

2002; Goodge and Finn 2010). Reconstructions of ancient cratonic blocks suggest that East 

Antarctica shared a boundary with Australia, India, and Africa when it was part of the 

Gondwana supercontinent during the Precambrian and Paleozoic (Fitzgerald, 2002). The 

breakup of Gondwana during the Jurassic led to the separation of East Antarctica from 

Australia and India (Fitzgerald, 2002). Cretaceous and early Cenozoic rifts, known as the West 

Antarctic Rift System (WARS), are associated with lithospheric extension (Fitzgerald, 2002; 

Ferraccioli et al., 2001; 2009).  

Across East Antarctica, the average elevation is ~650 m above sea level (Fig. 1; 

Fretwell et al., 2013; O’Donnell and Nyblade, 2014).  This high topography may be associated 

with hotspots beneath the East Antarctic craton (Cogley, 1984), or thick crust (~40 km) may 

support the high elevations (O’Donnell and Nyblade, 2014); however, rift-associated extension 

may have led to the formation of various subglacial basins in East Antarctica (Studinger et al., 

2003; Ferraccioli et al., 2011; Aitkens et al., 2014). Given the thick ice coverage, much of our 

knowledge about the structure of East Antarctica has been provided by geophysical constraints. 
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Figure 1. Bedrock elevation map of Antarctica showing different subglacial features and 

geographic regions (Fretwell et al., 2013). WSB: Wilkes Subglacial Basin; ASB: Aurora 

Subglacial Basin; TAMs: Transantarctic Mountains; GSMs: Gamburtsev Subglacial 

Mountains; PSB: Polar Subglacial Basin; NVL: Northern Victoria Land; LRS: Lambert Rift 

System; BSH: Belgica Subglacial Highlands. 

 

Previous seismic studies have revealed fast, thick lithosphere beneath East Antarctica, 

consistent with a Precambrian craton (Ritzwoller et al., 2001; Danesi and Morelli, 2001; 

Morelli and Danesi, 2004); however, more recent regional investigations have found portions 

of East Antarctic, such as the flanks of the GSMs, the Polar Subglacial Basins (PSB), and 

portions of TAMs, that have seismically slow, thin lithosphere (e.g., Watson et al., 2006; 

Lawrence et al., 2006; Heeszel et al., 2013; Lloyd et al., 2013; 2019; An et al., 2015a; 2015b; 

Heeszel et al., 2016; Graw et al., 2016; Brenn et al., 2017; Shen et al., 2018b). Other 

geophysical studies used gravity, magnetic, subglacial topography, and radar imaging data to 
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interpret tectonic characteristics in East Antarctica, including subglacial basins and major fault 

systems (Ferraccioli et al., 2001; 2009; 2011; Studinger et al., 2003; 2004; Jordan et al., 2013; 

Aitkens et al., 2014; Cianfarra et al., 2017). In the following sections, the geologic history of 

the major tectonic features in East Antarctica are discussed. Outstanding questions associated 

with their origins and tectonic evolution are also highlighted. 

 

2.1 The Gamburtsev Subglacial Mountains 

The GSMs are located near the center of East Antarctica and are completely covered 

by the East Antarctic Ice Sheet (Fig. 1).  This mountain range may have served as a nucleation 

point for glacial initiation in Antarctica ~34 Ma (DeConto and Pollard, 2003a; 2003b).  

Bedrock elevations in the GSMs reach ~2500 m above sea level (Bo et al., 2009; Fretwell et 

al., 2013), and radar imaging (Ferraccioli et al., 2011) suggests they have Alpine topography.  

The GSMs crust is likely associated with Precambrian basement, but it is unclear how much 

that crust may have been affected by later tectonic activity (Boger, 2011; Ferraccioli et al., 

2011), including intracontinental rifting during the Carboniferous-Permian. That rifting, 

combined with later strike-slip faulting during the final separation of Gondwana in the 

Cretaceous, led to lithospheric thinning and the development of the ~2500-km-long LRS to the 

northeast of the GSMs (Fig. 1). This thinning may have also led to the creation of narrow basins 

around the GSMs, such as the PSB (Fig. 1; Studinger et al., 2003; Phillips and Laufer, 2009; 

Ferraccioli et al., 2011).   

Early continental-scale tomographic models (Ritzwoller et al., 2001; Danesi and 

Morelli, 2001; Morelli and Danesi, 2004) show seismically fast lithosphere beneath the GSMs, 

consistent with a Precambrian craton; however, these models lack the resolution to identify 

local structural heterogeneities.  The deployment of the Gamburtsev Antarctic Mountains 

Seismic Experiment (GAMSEIS) helped to improve regional seismic investigations of the 



 6 

GSMs (Wiens and Nyblade, 2007b).  An early GAMSEIS study by Hansen et al. (2010) 

determined the crustal thickness beneath the GSMs from receiver functions and found ~55 km 

thick crust beneath the mountain range.  Shortly thereafter, Ferraccioli et al. (2011) combined 

the Hansen et al. (2010) constraints with radar, gravity, and magnetic data to develop an origin 

model for the GSMs, suggesting that the mountain range may have evolved over various stages 

(Fig. 2).  Specifically, Proterozoic tectonic events may have created a thick, buoyant crustal 

root, leading to the initial uplift of the GSMs.  Ferraccioli et al. (2011) suggest a lower crustal 

density of ~3275 kg/m3 for the root to fit their geophysical data. Later, mechanical unloading 

caused by LRS extension may have led to high topography along the rift flanks, leading to 

further GSMs uplift. Ferraccioli et al. (2011) also suggest that fluvial and glacial erosion and 

associated isostatic rebound may have played a role in the GSMs topography. 

  

Figure 2. Cartoons showing different stages of uplift for the GSMs, as suggested by 

Ferraccioli et al. (2011). a) Crustal root formed by Proterozoic tectonic events formed the 

initial topography of the GSMs (note: figure is not to scale).  b) Preservation of the thick 

crustal root; c) Rift systems in East Antarctica led to rift-flank uplift and further GSMs 

topography. d) Glacial erosion contributed to the final elevated topography of the GSMs.  

response of the Gamburtsev lithosphere to mechanical unloading, ero-
sional unloading, the crustal root and valley incision (Fig. 3c, d and
Supplementary Fig. 11). The large gradient in Te between the weaker
rift basins and the stronger Gamburtsev province (Fig. 2d) suggests
that a broken elastic plate is a good approximation of the lithospheric
structure. With a broken-plate model, mechanical unloading generates
around 1 km of uplift at the fault edge, falling to less than 200 m at
around 200 km inboard. The model assumes that roughly 4 km of rock
has been removed as a result of denudation25, giving rise to about a
further 2 km of uplift (Fig. 3c, d). Petrologic modelling of crustal roots
suggests that increasing temperatures and decreasing pressure26, such
as would be expected during rifting and rift-flank uplift, may enhance
root buoyancy (Fig. 4c). The buoyancy of the crustal root beneath the
Gamburtsevs has a major impact on rift-flank uplift (Fig. 3c, d),
because it increases elevation by about 1 km over a 500–700-km-wide
region. In polar climates, valley incision can produce significant extra
isostatic peak uplift24, and the ice sheet can help to preserve Alpine
topography2 (Fig. 4d). The response to valley incision is around 500 m
of uplift within the Gamburtsevs (Fig. 3c, d). Together, these tectonic,
erosional and isostatic processes can explain the high elevation and
relief of the modern Gamburtsevs (Figs 3c, d and 4c, d).

The location of the Gamburtsevs within the mosaic of Precambrian
provinces in central East Antarctica is an important control on its
mechanical properties and subsequent response to continental rifting.
The Permian and Cretaceous East Antarctic rift system developed
around the strong Archaean Ruker and Proterozoic21 Gamburtsev
provinces, in much the same way as Proterozoic orogens localized
the modern East African rift system around the stronger Tanzania
craton7. In East Africa, the absence of thick crustal roots beneath the
Proterozoic orogens and the Archaean Tanzania craton7 resulted in
narrow rift-flank uplift. In interior East Antarctica, the broader rift
flank is supported by a strong lower-crustal root, probably composed
of dry granulite, as is inferred over the formerly adjacent (Fig. 1a)
Indian shield27. The preservation of apparently intact and thick
Precambrian lithosphere beneath the Gamburtsevs (Fig. 1b) differs
from other continental interiors, where recent mountain uplift is
associated with significant destabilization in the underlying litho-
sphere (for example, in the Colorado Plateau28). The broad and

long-lived uplift that we propose in central East Antarctica provided
a key nucleation site for the continental-scale Antarctic ice sheet
around 34 Myr (ref. 2), and probably also for smaller late Cretaceous
to early Cenozoic (about 70–50 Myr) ephemeral ice sheets29.

METHODS SUMMARY
We combined AGAP aerogeophysical data with adjacent data sets and recent
satellite magnetic and gravity data to investigate the crustal structure and origin
of the enigmatic Gamburtsev Subglacial Mountains. Magnetic data provided the
tool to reveal a mosaic of Precambrian basement provinces in interior East
Antarctica. Ten two-dimensional (2D) forward gravity models were calculated
to estimate crust–mantle-boundary (Moho) depth and crustal and upper-mantle
density structure. We tied our gravity models to independent receiver-function
estimates of crustal thickness4,20 and isostatic models to reduce the inherent ambi-
guities; they incorporated depth-to-magnetic-source calculations from Werner
deconvolution to help model the extent of sedimentary basins. We reconciled
large misfits between gravity, flexural and seismic models by including an anom-
alously high-density lower crust beneath the Gamburtsevs. We derived an elastic-
thickness grid (Te) for interior East Antarctica from 3D inversion, using a spatial
convolution method and taking into account both surface and intracrustal loads.
We used a 2D finite difference method to model the flexural uplift of the
Gamburtsevs with a broken-plate approximation, by incorporating the buoyancy
of the crustal root, the effects of mechanical and erosional unloading along the
flanks of the East Antarctic rift system, and the isostatic response to valley incision.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 25 May; accepted 16 September 2011.
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Heeszel et al. (2013) suggest a different origin for the GSMs.  Using results from their 

Rayleigh-wave tomography model, this study suggests thick crust beneath the mountain range, 

and they indicate that the crustal root could have formed in conjunction with cratonic block 

assembly during the Proterozoic and early Palaeozoic.  However, Heeszel et al. (2013) suggest 

a lower crustal density of ~2800-2900 kg/m3, much less than that suggested by Ferraccioli et 

al. (2011).  This is significant because a lower crustal density of ~2800-2900 kg/m3 provides a 

greater contrast compared to upper mantle density (~3300 kg/m3), leading to greater buoyancy 

to support the GSMs.  Heeszel et al. (2013) argue that the higher crustal density suggested by 

Ferraccioli et al. (2011; ~3275 kg/m3) is not different enough from the upper mantle to create 

significant buoyancy.  Further, while Heeszel et al. (2013) imaged thinner crust (~35 km) and 

slow upper mantle velocities (Vs ~3.88 km/s) beneath the LRS and PSB, this anomalous 

structure is limited to the regions surrounding the mountain range, with the GSMs underlain 

by fast seismic velocities.  Using body wave tomography and adjoint tomography, Lloyd et al. 

(2013; 2019) found similar results and suggest little to no change in the lithospheric thickness 

between the GSMs and the surrounding regions.  Therefore, these studies do not support the 

extension contribution suggested by Ferraccioli et al. (2011) and instead argue that the GSMs 

could be isostatically supported by their anomalously thick crust (~55-60 km).  These studies 

also note that extremely slow rates of surface erosion may have helped to preserve the high 

GSMs topography (Heeszel et al., 2013; Lloyd et al., 2013).   

Some studies, such as the gravity-based investigation of Block et al. (2009), argue for 

thinner (~42 km) crust beneath the GSMs, which would indicate the lack of a crustal root.  

However, the discrepancy between the gravity (Block et al., 2009) and seismic (Hansen et al., 

2010) crustal constraints may be resolved if a different crust-mantle density contrast is 

employed (O’Donnell and Nyblade, 2014).  Recently, Shen et al. (2018b) suggested that a slow 

(Vs ~4.45 km/s) uppermost mantle (~50-90 km depth) anomaly is present beneath the GSMs, 
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that is then underlain by fast velocities at depths below 90 km.  This slow anomaly may be 

associated with compositionally denser upper mantle material, perhaps associated with an 

ancient period of continental collision (Shen et al., 2019b).   

Ultimately, the origin of the high-elevation GSMs and whether they are related to the 

LRS and/or the PSB is still a matter of significant debate. Further constraints are critical to 

assess the proposed origin models related to this major tectonic domain in East Antarctica. 

 

2.2 The Transantarctic Mountains 

The TAMs extend ~3000 km across Antarctica, with elevations up to ~4500 m 

(Fitzgerald and Stump, 1997).  They separate the thick (~200 km), seismically fast lithosphere 

beneath East Antarctica from the thin, seismically slow lithosphere beneath West Antarctica 

(Behrendt and Cooper, 1991; Dalziel, 1992). The TAMs are underlain by Precambrian 

basement associated with the Nimrod and Beardmore Orogenies, which occurred during the 

Proterozoic to early Palaeozoic (Barrett, 1991). Around ~500 Ma, the TAMs were part of the 

over-riding plate in the convergent Paleo-Pacific margin (Fitzgerald, 2002). Later, the Kukri 

Peneplain modified the Cambrian basement, forming an erosional unconformity during the 

Ordovician and Devonian (Fitzgerald, 2002). The Kukri Peneplain separates the basement from 

overlying layers of marine sedimentary rocks, known as the Beacon Supergroup, which were 

deposited during the Devonian to Triassic (Fitzgerald et al., 1986; Fitzgerald, 2002). All of 

these geologic units were intruded by igneous rocks, including the Kirkpatrick Basalt and the 

Ferrar dolerite sills, during the early Jurassic (Fitzgerald et al., 1986; Fitzgerald, 2002). Post-

Mesozoic, there is a ~160 Ma gap in the TAMs stratigraphy. That said, the geologic layers 

within the TAMs do not show any evidence of folding or reverse faulting, which indicates a 

non-compressional origin for the TAMs uplift (Stern and ten Brink, 1989; ten Brink et al., 

1997).  



 9 

Studies based on apatite fission track analysis suggest that the initial uplift of the TAMs 

occurred during the Jurassic and early Cretaceous (Fitzgerald et al., 1986). However, another 

major episode of uplift (~5 km) occurred during the early Cenozoic (~55 Ma; Fitzgerald et al., 

1986; Fitzgerald, 2002). The average rate of uplift is ~100 m/Ma (Fitzgerald et al., 1986). 

Because the TAMs uplift was not caused by compression, multiple models have been proposed 

to explain their evolution. For example, constraints from gravity surveys along the TAMs 

suggest that flexure of the East Antarctic plate, initiated by trans-tensional stresses in the 

Southern Ocean, may have led to the uplift of the mountain range (Stern and ten Brink, 1989; 

ten Brink et al., 1997).  This flexure and uplift would be further driven by thermal buoyancy 

associated with hotter upper mantle material beneath the adjacent WARS (Figs. 1 and 3).  

Excessive surface erosion within the mountain range may have led to isostatic rebound, thereby 

contributing to the TAMs uplift as well (Stern and ten Brink, 1989; ten Brink et al., 1997).  The 

flexure model indicates that the crust beneath the TAMs should be ~45 km thick, consistent 

with the crustal thickness beneath interior East Antarctica (Fig. 3).  

Studinger et al. (2004) modelled gravity data collected within the mountain range, and 

suggested thinning of the crust from ~37 km beneath the TAMs to ~31 km beneath the adjacent 

WSB, indicating the TAMs are underlain by a crustal root.  Therefore, they suggest that the 

TAMs are supported by crustal isostatic buoyancy (Fig. 4).  Alternatively, Lawrence et al. 

(2006) proposed a hybrid model to explain the TAMs uplift (Fig 5).  By jointly inverting 

receiver functions with Rayleigh-wave phase constraints, they suggest that the TAMs are 

supported by a combination of local crustal isostasy, flexure, and thermal buoyancy associated 

with rift-flank uplift along the WARS. 
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Figure 3. TAMs flexure model from Stern and ten Brink (1989), showing the different load 

contributions leading to uplift. 

 

Figure 4. Cross-section from Studinger et al. (2004), illustrating the crustal thickness beneath 

the TAMs and East Antarctica as modelled with their gravity data. 
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Figure 5. Hybrid model from Lawrence et al. (2006), showing the contributions of both a 

crustal root and thermal buoyancy to support the TAMs uplift. 

Similar to the GSMs (Sect. 2.1), our knowledge of the structure beneath the TAMs was 

greatly advanced by the deployment of the Transantarctic Mountains Seismic Experiment 

(TAMSEIS; Anandakrishnan and Wiens, 2000) and the Transantarctic Mountains Northern 

Network (TAMNNET; Hansen et al., 2015).  Receiver functions based on both TAMSEIS and 

TAMNNET data (e.g., Hansen et al., 2009; 2016; Ramirez et al., 2016) showed that the crust 

thickens from ~20 km along the Ross Sea coastline to ~35-40 km beneath the TAMs.  However, 

the crustal thickness beneath the mountain range is generally comparable to that further inland, 

indicating little to no evidence for anomalously thick crust beneath the TAMs.  Further, various 

tomographic studies (Watson et al., 2006; Lawrence et al., 2006; Graw et al., 2016; Brenn et 

al., 2017; Shen et al., 2018b; Lloyd et al., 2019) have revealed slow upper mantle velocities 

beneath the coastal edge of the mountain range, consistent with a thermal anomaly beneath the 

TAMs (Fig. 3).  Collectively, these findings provide support for the flexure model (Stern and 

ten Brink, 1989; ten Brink et al., 1997). 

sufficiently small to model 20 km smoothed free-
air gravity and Moho depths that are interpolated
from 20 km to 80 km spacing. The models are
extrapolated 200 km beyond the dimension of each
gravity profile to minimize edge effects.

5.2.2. Predicted Gravity Anomalies
Due to Crustal Thickness

[38] We created a 2-D density model, EW1, with
smoothed Moho topography from our seismic
models as a density interface. Model EW1 provides
an excellent match between calculated and ob-
served free-air gravity anomalies across the Trans-
antarctic Mountains and into the Ross Sea
(Figure 11). Beneath the Ross Sea, where broad-
band seismic data is lacking, we extrapolate the
Moho topography on the basis of previous work

[Bannister et al., 2003; Cooper et al., 1997; Trehu,
1989]. A thick sedimentary (>3 km) basin is
modeled between the coast and Ross Island on
the basis of active seismic studies [Cooper et al.,
1987; Hamilton et al., 2001] and the Cape Roberts
Drilling Project [Cape Roberts Science Team,
2000]. The modeled gravity anomalies fit within
one standard deviation of the observed gravity
anomalies for the Ross Sea and Transantarctic
Mountains. Inland from the Transantarctic Moun-
tains model EW1 underestimates the gravity such
that the misfit is greater than two standard devia-
tions from the mean observed gravity.

5.2.3. Thermal Evolution of the TAM

[39] Extension in the West Antarctic Rift System
(WARS) from the Cretaceous onward [Behrendt,

Figure 11. (a) Two-dimensional density models. (b) Theoretical free-air gravity with observed free-air gravity
(white line). In model EW1, the bathymetry, topography, bedrock elevations are constrained by geophysical
observations [Lythe et al., 2001; Blankenship et al., 2001], while the Moho topography from this study is augmented
with results from Bannister et al. [2003], Cooper et al. [1997], and Trehu [1989]. In model EW2 (blue), the interface
topography is the same, but mantle density increases by 1% from the Ross Sea (RS) to East Antarctica (EA) beneath
the Transantarctic Mountains (TAM). The theoretical gravity of density model EW2 (blue) provides a somewhat
better fit to the observed free-air gravity than model EW1 (red).

Geochemistry
Geophysics
Geosystems G3G3 lawrence et al.: transantarctic mountain structure 10.1029/2006GC001282

15 of 23
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That said, Hansen et al. (2016) provided some evidence for local crustal thickness 

variations, isolated to certain portions of the TAMs.  Also, the slow upper mantle velocities 

along the TAMs front are variable (Watson et al., 2006; Lawrence et al., 2006; Graw et al., 

2016; Brenn et al., 2017; Shen et al., 2018b; Lloyd et al., 2019), with more pronounced 

anomalies extending further inland beneath the mountain range in some locations compared to 

others.  Additionally, the source of the slow mantle anomalies is still ambiguous. Graw et al. 

(2016) and Brenn et al. (2017) suggested that the slow velocities are constrained to the upper 

mantle and are associated with rift-related decompression melting and Cenozoic extension.  

Emry et al. (2020), on the other hand, examined the mantle transition zone thickness beneath 

the TAMs and suggested that deep-seated mantle plumes may heat the overlying lithosphere, 

thereby contributing to the TAMs uplift. Further investigation is needed to address the 

outstanding questions about the TAMs tectonic evolution.  

 

2.3  The Wilkes Subglacial Basin 

The 1400-km-long, 600-km-wide WSB is the largest subglacial basin in East Antarctica 

(Fig. 1).  With a mean bedrock elevation of ~500 m below sea level, the WSB is covered by 

up to 3 km of ice (Drewry, 1976; Ferraccioli et al., 2009; Weihaupt et al., 2014).  As with other 

tectonic features in East Antarctica, the formation of the WSB is highly debated and different 

origin models have been proposed. Early airborne geophysical surveys interpreted the WSB as 

an extensional basin associated with an intra-cratonic fracture related to a Precambrian or Early 

Palaeozoic orogenic suture (Drewry, 1976). Negative gravity anomalies measured within the 

WSB have been interpreted to reflect 2- to 3-km of sediment within the basin (Fig. 6a; Drewry, 

1976; Steed, 1983).  Later, the flexure model developed by ten Brink and Stern (1992) and ten 

Brink et al. (1997) attributed the WSB to an “outer low” created by the Cenozoic uplift of the 

TAMs.  The flexure model (Fig. 6b) suggests that the crust beneath the WSB should be ~45 
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km thick and that there should be little to no sediment fill within the basin. The lack of 

sediments is based on gravity investigations by ten Brink and Stern (1992) and ten Brink et al. 

(1997), who found no gravity anomaly near the center of the basin, which they interpreted as 

minimal sediment deposition.   

Other investigations based on gravity and magnetic data (Steed, 1983; Huerta and 

Harry, 2007; Ferraccioli et al., 2001; 2009; Jordan et al., 2013) have instead suggested that the 

WSB may have formed as a rift system that developed during post-Ross extension (~500 Ma; 

Fig. 6c).  This model suggests ~31 km thick crust beneath the WSB, with up to 3 km of 

sedimentary infill (e.g., Ferraccioli et al., 2009). Rift-related crustal extension would have 

created sediment deposits in the WSB (Ferraccioli et al., 2009; Jordan et al., 2013). If the basin 

was associated with rifting and extension, then slow velocities should be observed in the upper 

mantle below ~200 km depth. 
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Figure 6. Different origin models for the WSB. a) Cartoon showing the WSB as a 

sedimentary basin (Drewry, 1976).  b) Cartoon showing the WSB as a subglacial depression 

associated with the flexure model, with no sediment infill (Stern and ten Brink, 1989; ten 

Brink and Stern, 1992). c) Cartoon showing the crustal thickness beneath the WSB and the 

TAMs, as suggested by the rift model from Ferraccioli et al. (2009). ITASE: International 

Trans-Antarctic Scientific Expedition. 
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region and the northern Cordillera in Canada and Alaska to interpret
the tectonic origin of this poorly known basin.

2. Geological and geophysical framework

2.1. Ross Orogen and East Antarctic Craton

Subduction and terrane accretion processes at the paleo-Paci!c
active margin of Gondwana formed the approximately 500 Ma old
Ross Orogen (Ricci et al., 1997; Federico et al., 2006). Ross-age rocks
are relatively well-exposed over northern Victoria Land. Subduction-
related fore-arc and magmatic arc rocks have been interpreted from
aeromagnetic (Finn et al., 1999; Ferraccioli et al., 2002, 2003) and

geochemical data (Rocchi et al., 1998) over the Bowers Terrane and
Wilson Terrane (Fig. 1), and remnants of oceanic crust under the
Bowers Terrane have been inferred from deep electrical conductivity
studies (Armadillo et al., 2004).

The location and nature of the boundary between the terranes
affected by the Ross Orogen and the Precambrian East Antarctic Craton
is subject to debate (Läufer et al., 2006). Long-wavelength aeromag-
netic anomalies detected over the EAIS, just north of the Prince Albert
Mountains (Fig.1), were originally interpreted as re"ecting unexposed
Precambrian rocks of the East Antarctic Craton (Bosum et al., 1989).
However, more recent aeromagnetic interpretations, coupled with
magnetic susceptibility measurements in northern Victoria Land and
Oates Land (Bozzo et al., 1992; Talarico et al., 2003, 2007), suggest that
the sources of these aeromagnetic anomalies are Ross-age arc rocks,

Fig. 2. Summary of contrasting tectonic models proposed for the Wilkes Subglacial Basin region. Early models (panel a) depicted the broad Wilkes Subglacial Basin as a major
sedimentary basin, in light of its magnetic and gravity signatures along pro!les crossing the basin (Drewry, 1976). Later models depicted the Wilkes Subglacial Basin as a glaciated
"exural depression induced by Cenozoic uplift of the Transantarctic Mountains and containing no sedimentary in!ll (Stern and ten Brink, 1989; ten Brink and Stern 1992). Gravity
signatures along the East-93 traverse (panel b) appear to support a "exural origin for the basin (ten Brink et al., 1997). Panel c shows a crustal model for the Wilkes Subglacial Basin,
Transantarctic Mountains and adjacent Ross Sea Rift based upon ITASE and previous gravity data (modi!ed from Ferraccioli et al., 2001). This crustal model has been interpreted as
indicating that wide-mode crustal thinning may have occurred in the hinterland of the Transantarctic Mountains beneath the Wilkes Subglacial Basin (Ferraccioli et al., 2001).
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Using data from TAMSEIS, Lawrence et al. (2006) computed P-wave receiver 

functions and surface wave phase delays and estimated a fairly uniform crustal thickness (~35 

km) beneath the WSB.  However, other seismic studies using S-wave receiver functions 

estimated thicker crust (~39-45 km) beneath this region (Hansen et al., 2009; Ramirez et al., 

2016).  Hansen et al. (2009) suggested that the discrepancy in crustal thickness estimates 

between these studies may be due to misinterpretation of the Ps arrivals by Lawrence et al. 

(2006) since the P-wave receiver functions are complicated by reverberations in the ice layer.  

That said, the TAMSEIS array only reached the edge of the WSB, so corresponding crustal 

constraints are limited.  Most prior tomographic studies show seismically fast upper mantle 

beneath the WSB, consistent with thick, stable cratonic lithosphere (e.g., Ritzwoller et al., 

2001; An et al., 2015a; Shen et al., 2018b; Lloyd et al., 2019).  However, the lack of seismic 

stations within the WSB has significantly limited the resolution of prior tomographic 

investigations, making it difficult to constrain the basin structure and how it may relate to the 

various origin models discussed above. 

 

2.4 The Aurora Subglacial Basin 

The ASB was discovered by a radio-echo-sounding survey during the 1970s (Robin et 

al., 1969).  This basin is ~1000 km long and is orthogonal to the East Antarctic coast (Fig. 1), 

covering an area of ~287,000 km2 below sea level (Wright et al., 2012).  Airborne geophysical 

surveys indicate that the average ice thickness within the ASB is ~3500 m and that deposits of 

marine sediments are present beneath the ice sheet (Wright et al., 2012). Gravity and magnetic 

data suggest that these sediments are ~5 km thick (Aitken et al., 2014).   

An early study by Drewry (1976) interpretated radio-echo-sounding data, along with 

gravity and magnetic constraints, and suggested that the ASB is an intra-cratonic basin 

complex. More recent geophysical studies have suggested that the ASB may be associated with 
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a zone of lithospheric weakness related to the assemblage and breakup of Precambrian 

supercontinents, and within this weak zone, extension associated with the final breakup of 

Gondwana may have created the Aurora Fault system. Later tectonic activity may have 

reactivated the Aurora Fault system, causing lithospheric extension within the ASB (Aitken et 

al., 2014; Cianfarra et al., 2017).  

Continental-scale geophysical studies (e.g., Ritzwoller et al., 2001; Aitken et al., 2014; 

O’Donnell and Nyblade, 2014; An et al., 2015a; Llubes et al., 2018) suggest a mean crustal 

thickness of ~35-40 km beneath the ASB. Most previous tomographic models have shown fast 

upper mantle velocities beneath the ASB (Ritzwoller et al., 2001; Danesi and Morelli, 2001; 

Morelli and Danesi, 2004; An et al., 2015a; Lloyd et al., 2019). In contrast, Sieminski et al. 

(2003) observed slow velocities between ~200 and 300 km depth, but they do not interpret the 

slow velocity anomaly.   

Currently, there are no seismic stations deployed within the ASB.  Only a few stations 

are deployed around its periphery on the East Antarctic coast (Figs. 1 and 7).  This lack of data 

severely limits the ability of prior tomographic models to resolve the crustal and mantle 

structure beneath the ASB, making it difficult to assess its tectonic evolution.  
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3.0  DATA AND METHODS 

Ambient noise at short periods (< 20 s) is associated with microseisms, while at long 

periods (> 50 s), ambient noise is associated with Earth “hums” (Nawa et al., 1998; Bromirski 

and Duennebier, 2002; Yang et al., 2008). Microseisms are generally associated with the 

interaction of waves in the open ocean, but Earth’s “hums” may be generated from atmospheric 

motions, ocean infra-gravity waves, or ocean wave-seafloor interactions (Bromirski and 

Duennebier, 2002; Rhie and Romanowicz, 2004; 2006; Bromirski et al., 2005). Theoretical 

studies suggest that cross-correlation of diffuse wavefields, such as ambient noise, can provide 

Rayleigh-wave Green’s functions between two stations, as derived from the fluctuation-

dissipation theorem (e.g., Rhie and Romanowicz, 2004; 2006; Shapiro et al., 2005). This 

theorem describes the vibrations of a system, such as random or Brownian movement, when a 

thermal force is applied (Kubo, 1966), and it has been employed in various fields, including 

seismology.  Isotropic wavefields from ambient noise largely consist of surface waves, and 

cross-correlating these wavefields between stations gives the corresponding Green’s function, 

albeit with a low amplitude (Shapiro et al., 2005). Multiple studies have used this theory to 

model the Earth structure in various locations, including Europe (Yang et al., 2007), New 

Zealand (Lin et al., 2007), the western United States (Gao and Shen, 2015), eastern North 

America (Savage et al., 2017), and Africa (Emry et al., 2019). 

 

3.1 Ambient Noise Data 

 Most of the ambient noise data used in the current study was acquired from the 

Incorporated Research Institutions for Seismology (IRIS) Data Management Center (DMC) 

and correspond to 10 different seismic networks deployed in Antarctica (Table 1). Additional 

data were provided by colleagues in Australia and France (Reading, 2004; Maggi et al., 2014). 

In total, 84 broadband seismic stations across East Antarctica were used (Table 1; Fig. 7). 
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Table 1. List of seismic networks used in this study along with their associated network 

codes, operational durations, number of stations, and references.  CASE-IPY: Concordia, 

Antarctica, Seismic Experiment for the International Polar Year; ANSN: Australian National 

Seismic Network; GEOSCOPE: French Global Network of broadband seismic stations; GSN: 

Global telemetered Seismograph Network; MedNet: Mediterranean very broadband 

seismographic Network; MARSAIS: Monitoring an Active Rift System at the front of the 

Amery Ice Shelf; MEVO: Mount Erebus Volcano Observatory seismic network; TAMSEIS: 

Transantarctic Mountains Seismic Experiment; SSCUA: Seismic Structure of the Continent 

Under Antarctica; POLENET: Polar Earth Observing Network; TAMNNET: Transantarctic 

Mountains Northern Network; GAMSEIS: Gamburtsev Antarctic Mountains Seismic 

Experiment. 

Network Name Network 
Code 

Operational 
Duration 

Number of 
Stations used 

in Study 

Reference 

ANSN AU 2003-01-31-
Present 

1 FDSN (2021a) 

CASE-IPY 5F 2009-01-01-
2011-12-12 

5 Maggi et al. (2014) 

GAMSEIS ZM 2007-01-01- 
2013-12-31 

28 Wiens and Nyblade (2007b) 

GEOSCOPE G 1986-02-01 - 
Present 

2 IPGP (1982) 

GSN GT 1993-12-28 - 
Present 

4 ASL (1983) 

MARSAIS X9 2004-12-01- 
2007-12-31 

2 Nabelek (2012) 

MedNet MN 1989-12-01- 
Present 

1 MedNet Project Partner 
Institutions (1990) 

MEVO ER 1981-01-01- 
Present 

4 FDSN (2021b) 

POLENET YT 2007-01-01- 
2023-12-31 

12 Wiens and Nyblade (2007a) 

SSCUA SS 2002-01-01-
2007-12-31 

8 Reading (2004) 
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Figure 7. Map showing the locations of seismic stations (white triangles) that have been used 

for the current ambient noise tomography study. Bedrock topography from Fretwell et al. 

(2013). 

Continuous ambient noise records were organized into day-long seismic sections with 

four hours of overlap and with a sampling rate of 1 Hz. The frequency-time normalization 

(FTN) technique was used to extract Empirical Green’s Functions (EGFs) from the ambient 

noise recorded in East Antarctica (Shen et al., 2012). Seismograms between 0.0033-0.08 Hz 

were filtered within narrow frequency bands of 0.00095 Hz and were normalized to remove 

high amplitude signals, thereby creating unit-amplitude time series. By summing all the narrow 

frequency band time series, the final frequency-time normalized seismograms were 

determined, as specified by: 

𝐹𝑇𝑁(𝑡) = 	)𝑠[𝑡|(𝑓! , 𝑓!	#$)]/(|𝐻{𝑠[𝑡|(𝑓! , 𝑓!#$)]}|
%&

!'$

 

In the above equation, 𝑠[𝑡|(𝑓! , 𝑓!#$)] is a given time series, filtered within a given 

frequency band (𝑑𝑓: 𝑑𝑓 = 𝑓!#$ −	𝑓!),	|H| is the absolute value of the Hilbert transform, and 
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nf is the number of narrow frequency bands (Shen et al., 2012). The FTN seismograms were 

cross-correlated for each source-receiver station pair and were then stacked to extract the EGFs.  

 

Figure 8. Number of EGFs in each frequency band used to constrain the velocity model. 

For this study, I have filtered the EGFs into multiple, overlapping period bands, ranging 

from 15 to 340 s. Ultimately, a total of 1,411 EGFs were used to constrain my model. 

Generally, the number of EGFs at short periods (e.g., 15-40, 30-60, 40-80, and 60-100 s) was 

higher compared to the number of EGFs at long periods (e.g., 80-140, 110-180, 145-220, 180-

260, and 220-340 s; Fig. 8). The extraction of long-period EGFs from ambient seismic noise is 

difficult as there are many amplitude variations in long-period noise (Shen et al., 2012). For 

instance, a previous study that modelled the crustal structure of the TAMs using ambient noise 

tomography only extracted EGFs between periods of 5 and 23 s using a running-absolute-mean 

technique (Pyle et al., 2010). The FTN technique used in the current study has been shown to 

improve the extraction of long-period ambient noise data compared to other methods, such as 

one-bit normalization, running-absolute-mean normalization, or water-level normalization 

(Savage et al., 2017; Emry et al., 2019). 
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Figure 9. Snapshots of simulated (synthetic) wave propagation at 70, 280, 490, and 700 s for 

an example source station. Panels show the synthetic waveforms propagating across the study 

region at different times. Blue and red represent positive and negative polarity, respectively, 

of the propagating waves. Triangles denote station locations. These maps (and all following 

maps) are shown in the rotated coordinate system where the South Pole is situated at the plot 

origin.  

 

3.2  Waveform Simulations 

The propagation of synthetic waveforms across the study region, simulated at each 

source station, was determined using a finite-difference wave propagation method (Fig. 9; 

Zhang and Shen, 2010; Zhang et al., 2012). This is a numerical approach that utilizes grid 

points with finite spacing in spatial and temporal dimensions to solve the continuous 
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differential equation of wave propagation (Moczo et al., 2004).  For this model, a 3-D spherical 

grid with uniform horizontal grid spacing of 0.025° was constructed.  The vertical grid spacing 

is one-third of the horizontal grid spacing near the surface, but it increases non-uniformly with 

depth to a maximum depth of 1100 km (Zhang et al., 2012; Emry et al., 2019). The starting 

model used for the waveform simulations was constructed by combining the velocities and 

densities from the six crustal layers and one ice layer of the CRUST1.0 model (Laske et al., 

2013) with Moho depth estimates from An et al. (2015a).  This crustal structure was then 

underlain by the AK-135 reference model (Kennett et al., 1995).  

 

 

Figure 10. Comparison of EGFs (red) and synthetic waveforms (black) between example 

source-receiver stations. 

 

This model was transformed to a new coordinate system where the South Pole was 

rotated to the equator (Fig. 9). This approach avoids the coordinate singularity at the pole and 

allows a uniform horizontal grid spacing to be maintained. The waveform simulations were 

performed using 60 processors on the high-performance computing cluster at the Alabama 

Supercomputer Authority. The waveforms were iteratively simulated as the velocity model was 

updated (see next section). 
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Figure 11. (top row) Maps showing EGF ray paths between source-receiver stations for two 

example period ranges: 40-80 s (left) and 110-180 s (right). Black triangles indicate stations.  

Blue rays indicate negative phase delays, meaning the true structure is faster, and red rays 

indicate positive delays, meaning the true structure is slower. (bottom row) Associated phase 

delay measurements versus source-receiver distance for the same two example period ranges. 

 

3.3  Waveform Inversion  

A Gaussian source-time function was convolved with the observed EGFs, and these 

EGFs were cross-correlated with the synthetic seismograms in each frequency band to compute 

cross-correlation coefficients and phase delays (Fig. 11). Any measured phase delays with 

associated correlation coefficients of 0.7 or higher, as well as signal-to-noise ratios greater than 

4, were used to constrain the model. These coefficient and signal-to-noise thresholds were 
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chosen based on both a qualitative and quantitative assessment of the EGFs.  Further, these 

values help to ensure a balance between the number of EGFs used to constrain the model and 

the model accuracy. EGFs between the station-station pairs and associated phase delays 

between the EGFs and synthetics for a few period ranges are shown in Figure 11 to illustrate 

the spatial distribution of the data across the study region and the relation between phase delay 

and source-receiver distance.  

Finite-frequency sensitivity kernels were also constructed for every source-receiver 

pair using a scattering integral method (Fig. 12; Zhao et al., 2005; Chen et al., 2007; Savage et 

al., 2017). The scattering integral approach convolves the gradient of the forward wavefield 

with the transpose of the receiver Green’s tensor and then integrates it over a finite-frequency 

range (Zhao et al., 2005; Chen et al., 2007). The relationship between the phase delays and the 

P- and S-wave sensitivity is described by the following equation (Zhao et al., 2005; Savage et 

al., 2017): 

𝛿𝜏() = 9 :𝐾
𝑚
𝑝 (𝑆( → 𝑅( , 𝑇𝑗, 𝑟)𝛿𝑚*(𝑟) + 	𝐾

𝑚
𝑠 (𝑆( → 𝑅( , 𝑇𝑗, 𝑟)𝛿𝑚+(𝑟)D	𝑑,𝑟 

where 𝛿𝜏 is the phase delay between a given synthetic seismogram and an EGF, 

𝐾
𝑚
𝑝(𝑆( → 𝑅( , 𝑇𝑗, 𝑟) and 𝐾𝑚𝑠 (𝑆( → 𝑅( , 𝑇𝑗, 𝑟) are the P- and S-wave sensitivity kernels, 

respectively, between the source (𝑆() and the receiver (𝑅() within the period range of interest 

(𝑇𝑗), 𝛿𝑚*(𝑟), and 𝛿𝑚+(𝑟) are the P- and S-wave velocity perturbations, respectively, 𝑖 is the 

number of stations, 𝑗 is the number of period bands, and m is the model parameter (Zhao et al., 

2005). New sensitivity kernels were constructed during each model iteration, corresponding to 

the updated phase delays.  

Shear-wave velocities were calculated by inverting the phase delays using a least-

squares inversion method (Paige and Saunders, 1982; Chen et al., 2007). A range of smoothing 
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and damping parameters were used in the inversion process to obtain the velocity model. The 

optimal parameters and the associated velocity model for each iteration were chosen based on 

the normalized chi-squared misfit and the variance between the data and synthetics (Fig. 13; 

Table 2). During the first iteration, I used long-period EGFs, filtered into seven period bands 

from 40 to 340 s, to constrain the broad-scale features of the model. In the second iteration, I 

added shorter period EGFs (15-40 and 30-60 s) to further constrain the shallow model-space 

structure. Thus, from the second iteration onward, the EGFs were filtered into nine period 

bands between 15 to 340 s.  

 

Figure 12. Example finite-frequency sensitivity kernels for different source-receiver pairs 

and for different period ranges. The spatial distribution of sensitivity kernels shows good 

coverage. Triangles denote stations used. 
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Figure 13. Plots showing (left) normalized chi-squared (c2/N) versus model norm and (right) 

variance reduction versus model norm for each combination of smoothing and damping 

values tested. The red diamond on both plots marks the selected smoothing and damping 

values used in the fourth iteration, which are reported at the top of each plot. Optimal 

smoothing and damping parameters were chosen given trade-offs between the model norm, 

misfit, and variance. 

 

Iteration Number Smoothing Value Damping Value 

01 20 20 

02 12 12 

03 8 8 

04 8 8 

  

Table 2. List of optimal smoothing and damping values used in the inversion process to 

constrain the model during each iteration. 
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Figure 14. a) Magnitude of average phase delay in each iteration. Black dots represent the 

average absolute phase delay between the EGFs and the synthetics. The reduction of phase 

delay with each iteration shows the convergence of the model. b) Number of EGFs included 

in each iteration. 

 

During each iteration, the magnitude of the average phase delay decreased, and the 

number of EGFs increased (Fig. 14). Specifically, between the first and second iterations, the 

average phase delay decreased from 7.06 to 4.73 s, while after the third and fourth iterations, 

it was reduced to 3.3 s and 2.6 s, respectively (Fig. 14a). The number of EGFs increased from 

796 to 1220 between the first and second iterations. 163 additional EGFs were added during 

the third iteration, but only 28 EGFs were added during the fourth iteration, leading to a total 

of 1,411 EGFs in the final inversion (Fig. 14b). Through successive iterations, improvements 

to the input model helped better constrain the seismic structure, leading to increased cross-

correlation coefficient values between the EGFs and the synthetics and hence a higher number 

of EGFs during each iteration. 
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4.0 RESULTS 

4.1 Checkerboard Resolution Tests 

To assess the lateral resolution of the new tomographic model, I performed 

checkerboard resolution tests. These types of tests use a known pattern of synthetic anomalies, 

with alternating high and low velocity input amplitudes, to qualitatively assess the spatial 

resolution of a tomographic model (Rawlinson and Spakman, 2016). In my first test, each 

checker is 5° x 5° with alternating fast (4%) and slow (-4%) velocity perturbations, and the 

checkers are separated by 1° average velocity (i.e., no velocity perturbation). The thickness of 

each checker is 400 km, extending from the surface downwards. The results are shown in 

Figure 15. These images show that the checkerboard pattern is well recovered between ~65 

and 350 km depth; however, the checkers are laterally smeared, particularly in the northwest-

southeast direction, likely due to the dominant propagation direction of the ambient noise. 

Other areas of notable smearing are highlighted with labeled boxes on Figure 15. This 

resolution test also indicates that ~80% of the checker amplitude is recovered at 65 km depth, 

with amplitude recovery decreasing with depth. Below ~400 km depth, the checkerboard 

pattern is not well recovered, and amplitude recovery is < ~50%. Therefore, depths below 400 

km are not interpreted.   

In a second resolution test, the size of each checker is limited to 2° x 2°, but again with 

alternating ± 4% velocity perturbations (Fig. 16). All of the other parameters are the same as 

in the first test. This resolution test further emphasizes the lateral smearing seen in the first test 

(Fig. 15). Amplitude recovery at 65 km depth is ~75%, and again, this recovery decreases with 

depth. By 150 km depth, the amplitude recovery is < ~40%. Generally, these tests illustrate 

that large anomalies (5°) between ~65 and 400 km depth are resolved fairly well; however, 

smaller anomalies (2°) are only resolved within limit areas and at shallow depths. 
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To assess the vertical resolution of the model, I have created a different checkerboard 

test, where the checkers are 100 km thick, extending between 65 and 165 km depth in the upper 

mantle. As with the first test (Fig. 15), the ± 4% velocity pattern of 5° x 5° checkers are 

separated by 1° average velocity. Results are shown in Figure 17. The output pattern shows 

vertical smearing of ~100 km below the checkers. Between ~150-200 km depth, the vertical 

smearing displays an amplitude that is ~20-30% of the input amplitude. However, between 

~200-250 km depth, the amplitude is < ~10% of the input amplitude. No indication of the input 

pattern is seen below ~250 km.  
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Figure 15. a) Input pattern for the first resolution test, with 5° x 5° checkers that have ± 4% 

velocity perturbations separated by 1° average velocity. The input anomalies extend to 400 

km depth. b-h) Recovered checkerboard images at selected depths. The boxes (A, B, and C) 

marked in (b) highlight regions of notable lateral smearing.   
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Figure 16. a) Input pattern for the second resolution test, with 2 ° x 2° checkers that have ± 

4% velocity perturbations separated by 1° average velocity. The input anomalies extend to 

400 km depth. b-d) Recovered checkerboard images at selected depths. Boxes A, B, C 

represent the same regions as in Figure 15.  
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Figure 17. a) Input pattern for the vertical resolution test, with 5 ° x 5° checkers that have ± 

4% velocity perturbations separated by 1° average velocity. The thickness of the input 

anomalies is 100 km, extending from 65 to 165 km depth. b-f) Recovered checkerboard 

images at selected depths to illustrate vertical smearing. 
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4.2 New Tomographic Model 
 
Map view images of the new tomographic model are shown in Figure 18.  In the 

following subsections, I highlight the Vs structure beneath geologic regions of interest in East 

Antarctica and discuss the model in relation to the different tectonic origin mechanisms 

presented in Section 2.0.  

 

Figure 18. Maps showing Vs perturbations relative to the starting model (Sect. 3.2; δVs (%)) 

at selected mantle depths.  White triangles denote seismic stations.  Geographic features of 

interest are labelled in the 400 km depth panel.  Abbreviations are the same as in Figure 1. 
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Figure 19. a) Map at 300 km depth, highlighting the GSMs region.  Locations of cross-

sections are indicated by black lines.  b-d) Vertical cross-sections along transects A-A’, B-B’, 

and C-C’. Features of interest (described in the text) are outlined and numbered. GSMs: 

Gamburtsev Subglacial Mountains; LRS: Lambert Rift System; PSB: Polar Subglacial Basin; 

VSH: Vostok Highlands. 

 

4.2.1 Gamburtsev Subglacial Mountains 

Fast velocities (δVs ~2.0 to 3.0%; Fig. 18; Figs. 19a and 19b, Feature 1) are observed 

beneath the core of the GSMs, extending to ~250 km depth, which are bounded by slow 

anomalies to the northeast and southwest (Fig. 19b, Features 2 and 3). Features 2 and 3 are 

associated with the LRS and the PSB, respectively. Slow velocities (δVs ~ -2.0 to -3.5%) 

beneath the LRS extend to ~150-200 km depth, and they are underlain by faster velocities at 

depths below ~200 km (Fig. 19b, Feature 2).  Beneath the PSB, the slow seismic velocities 

(δVs ~ -2.0 to -2.5%) extend to ~200-250 km depth (Fig. 19b, Feature 3).  Slow velocity 

anomalies (δVs ~ -1.5 to -2%) are also observed beneath the northern portion of the GSMs, 

between ~50 and 150 km depth, and these slow velocities are underlain by faster velocities 
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(δVs ~ 2.0 to 4%) at deeper depths (200-350 km; Fig. 19c, Feature 4; Fig. 19d, Feature 5). The 

resolution tests (Figs. 15-17) indicate lateral and vertical smearing around these features (Fig. 

19) at depths between ~65 and 300 km; however, amplitude recovery is reasonable within this 

depth range.  That said, there is significant lateral smearing to the northeast of the GSMs (Figs. 

15-16, Feature A).  

 

4.2.2 Transantarctic Mountains 

Slow seismic velocities are observed beneath the TAMs (Fig. 18; Figs. 20a and 20b, 

Feature 6); however, there is variability in this structure along the mountain range front.  

Beneath northern Victoria Land, the slow anomaly (δVs ~ -2.5 to -3.5%) extends to ~300 km 

depth (Fig. 20d, Feature 8), but closer to South Pole, the slow velocities are constrained to 

somewhat shallower depths (~200 km; Fig. 20c, Feature 7). Laterally, the slow velocities 

beneath the southern TAMs extend westward to the WARS and eastward towards fast 

velocities beneath central East Antarctica (Figs. 18 and 20a).  The slow velocities beneath the 

central TAMs extend ~400 km inland from the coastline and adjacent fast velocities are 

observed beneath East Antarctica (Fig. 20c, Feature 7). Beneath the northern TAMs, the slow 

seismic velocities extend from the coast to ~300 km inland, where they are juxtaposed with 

fast velocities (δVs ~ 2 to 4%; Fig. 18; Fig. 20d) beneath the WSB. The resolution tests (Figs. 

15-17) indicate some lateral smearing, particularly within the central TAMs, but generally the 

structure is well recovered, with amplitude recovery varying from ~70-80% at 65 km depth, 

decreasing to ~50% at ~300 km depth. Vertical smearing of ~50-100 km beneath the TAMs is 

observed, with more pronounced smearing under the northern TAMs (Fig. 17). Overall, the 

resolution tests suggest fair recovery of the structure down to ~300 km depth.  
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Figure 20. a) Map at 300 km depth, highlighting the TAMs.  Locations of cross-sections are 

indicated by black lines.  b-d) Vertical cross-sections along transects D-D’, E-E’, and F-F’. 

Features of interest (described in the text) are outlined and numbered. sTAMs: southern 

TAMs; cTAMs: central TAMs; nTAMs: northern TAMs. 

 

4.2.3 Wilkes Subglacial Basin 

Fast velocities (δVs ~ 2.5 to 4.0%; Fig. 18; Fig. 21b, Feature 9) are observed beneath 

the WSB, but lateral variations are observed along-strike of the basin. Between ~100 and 200 

km depth, the fast velocities (δVs ~ 3.0 to 4.0%) within the WSB connect with fast velocities 

(δVs ~ 3.0 to 4.0%; Fig. 18; Fig. 21a) beneath central East Antarctica. However, below ~250 

km depth, the fastest velocities are constrained within the central and northern portions of the 

WSB, where they extend to ~400 km depth. The structure below ~250 km depth may be 

associated with vertical smearing.  To the west, the fast WSB velocities are bordered by slow 

velocities beneath the northern TAMs (Fig. 21c, Feature 10). On the eastern side of the basin, 

the fast velocities are juxtaposed with slow velocities beneath the ASB (Fig. 21d, Feature 11). 
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It is worth noting that the Belgica Subglacial Highlands are also situated between the WSB and 

the ASB (Fig. 1).  

The resolution tests (Figs. 15-17) indicate that the WSB structure is fairly well 

recovered, though lateral and vertical smearing is pronounced along the coast. Maximum 

amplitude recovery is ~50-60% at 65 km depth, but it decreases with depth. Larger-scale 

anomalies are much better resolved than smaller-scale features. This is likely due to the lack 

of seismic stations within the WSB.  

 

 

Figure 21. a) Map at 300 km depth, highlighting the WSB.  Locations of cross-sections are 

indicated by black lines.  b-d) Vertical cross-sections along transects G-G’, H-H’, and I-I’. 

Features of interest (described in the text) are outlined and numbered. nTAMs: northern 

TAMs; WSB: Wilkes Subglacial Basin; BSH: Belgica Subglacial Highlands; ASB: Aurora 

Subglacial Basin.  

 

4.2.4 Aurora Subglacial Basin 

Slow velocities (δVs ~ -2.5 to -4.0%; Figs. 18 and 22a) are observed beneath the ASB, 

but lateral variations are present in Figures 22b (Feature 12) and 22c (Feature 13). Between 
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~65-150 km depth, the slow velocities are concentrated ~200-300 km inland from the coast 

(Fig. 18) and are surrounded by fast velocities (δVs ~ 1 to 2%; Fig. 18; Fig. 22a) beneath the 

Belgica Subglacial Highlands, the Vostok Subglacial Highlands, and along the coast.  

However, between ~180-250 km depth, the slow velocities extend across a broader region in 

the upper mantle beneath the ASB and along the coastline. Below ~250 km depth, the 

amplitude of the slow velocities remains similar (δVs ~ -2.5 to -4.0%). The resolution tests 

(Figs. 15-17) indicate that the model resolves the upper mantle structure within the ASB fairly 

well. Maximum amplitude recovery for larger-scale anomalies (such as the ASB structure) is 

~80% at ~65-100 km depth. That said, lateral and vertical smearing along the coastlines is 

pronounced (Figs. 15-17). 

 

Figure 22. a) Map at 300 km depth, highlighting the ASB.  Locations of cross-sections are 

indicated by black lines.  b-c) Vertical cross-sections along transects J-J’ and K-K’. Features 

of interest (described in the text) are outlined and numbered. ASB: Aurora Subglacial Basin; 

BSH: Belgica Subglacial Highlands; VSH: Vostok Subglacial Highlands. 
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5.0 DISCUSSIONS  

5.1 Gamburtsev Subglacial Mountains 

As noted in Section 4.2.1, fast velocities (Fig. 19, Feature 1) extend to ~250 km depth 

beneath the GSMs. This observation is generally consistent with previous tomographic models 

(Ritzwoller et al., 2001; Danesi and Morelli, 2001; Morelli and Danesi, 2004; Heeszel et al., 

2013; Lloyd et al., 2013; 2019; An et al., 2015a; Shen et al., 2018b) and has been interpreted 

to reflect thick, cold Precambrian cratonic lithosphere. That said, the new tomographic model 

shows slow seismic velocities between ~50-150 km depth beneath the GSMs (Figs. 19c and 

19d, Features 4 and 5). This structure is similar to that documented by Shen et al. (2018b; Fig. 

23), who argued that these slow velocities suggest the presence of compositionally dense 

material in the uppermost mantle formed during ancient continental collision. Shen et al. 

(2018b) further suggested that the discrepancy in crustal thickness estimates between seismic 

(~55 km thick crust; Hansen et al., 2010) and gravity (~42 km thick crust; Block et al., 2009) 

studies may be due to the presence of this dense upper mantle material. O’Donnell and Nyblade  

(2014) also suggested that the discrepancy in crustal thickness beneath the GSMs can be 

resolved if different crust-mantle boundary conditions are implemented. Hansen et al. (2010) 

noted that the gravity studies (e.g., Block et al., 2009) used a mean crustal thickness of 35 km 

in East Antarctica. Instead, if they had used an initial model with ~40-45 km thick crust, the 

results of the gravity and seismic studies would have similar crustal estimates beneath the 

GSMs (Hansen et al., 2010). However, additional geologic and petrologic studies would help 

constrain the composition of the anomalous structure beneath the GSMs (Shen et al., 2018b). 

The slow anomalies beneath the LRS and the PSB (Fig. 18; Figs. 19a and 19b, Features 

2 and 3) in the new tomographic model are also similar to those imaged by previous studies 

(Heeszel et al., 2013; Lloyd et al., 2013; 2019). Figure 24 shows the Vs model from Heeszel 

et al. (2013), which displays fast velocities beneath the GSMs and slow velocities beneath the 
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LRS and the PSB. They suggest that this structure reflects lithospheric thinning beneath the rift 

system and the basin; however, they do not find any evidence for similar lithospheric thinning 

beneath the mountain range. Given this, Heeszel et al. (2013) suggest that the GSMs are 

underlain by thick, cold Archean and Mesoproterozoic lithosphere, suggesting that the GSMs 

have not been affected by later tectonic activities, such as subduction during the Ross Orogeny 

or Mesozoic rifting (Heeszel et al., 2013; Lloyd et al., 2013; 2019).  They further argue that 

the perseverance of thick crust beneath the GSMs supports the high topography of the mountain 

range. Both the new tomographic model as well as the models from Heeszel et al. (2013) and 

Lloyd et al. (2013; 2019) suggest that thinning of the lithosphere is primarily constrained within 

the PSB and the LRS.  This lithospheric thinning may be associated with the East Antarctic 

Rift System, which developed during the final separation of Gondwana (see Sect. 2.1; 

Ferraccioli et al., 2011). My interpretation matches those of previous tomographic models: the 

GSMs are underlain by thick, cold Proterozoic craton that has not been deformed significantly 

(Heeszel et al., 2013; Lloyd et al., 2013; 2019). The high topography of the GSMs are supported 

by a thick crustal root (~55-60 km; Hansen et al., 2010) and slow rates of erosion may explain 

the preservation of the GSMs (Heeszel et al., 2013). Further, the impact of LRS extension has 

not been observed beneath the GSMs; hence, there may not be any contribution from rift-flank 

processes in the GSMs uplift (Heeszel et al., 2013; Lloyd et al., 2013; 2019).  
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Figure 23. (a) Map showing the locations of transects across the GSMs, as indicated by Shen 

et al. (2018b). The black dashed line marks the region of high GSMs topography, while the 

red dashed line marks the region of slow upper mantle velocities identified by Shen et al. 

(2018b). (c-e) Vertical cross-sections through the Shen et al. (2018b) model. All cross-

sections highlight a slow anomaly between ~50-110 km depth in the uppermost mantle 

beneath the GSMs. Features marked on panels (c) and (d) are similar to those marked in 

Figures 19c and 19d. 
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Figure 24. a-d) Map view images beneath the GSMs from the Vs model of Heeszel et al. 

(2013). The location of transect B-B’, which crosses the GSMs, the LRS, and the PSB, is 

shown on the 30 km depth panel. e) Vertical cross-section along transect B-B’, highlighting 

the fast velocities beneath the GSMs as well as the slow velocities beneath the LRS and the 

PSB. Features marked here are the same as those in Figure 19b. 
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5.2 Transantarctic Mountains 

Several broad-scale tomographic models (Shen et al., 2018a; 2018b; Lloyd et al., 2019) 

have imaged the upper mantle structure beneath the TAMs and found slow velocities with 

different amplitudes beneath the northern and southern portions of the mountain range.  For 

example, Shen et al. (2018a) observed pronounced slow velocities throughout a broad region 

of the uppermost mantle beneath the southern TAMs, and they associate this seismic structure 

with lithospheric foundering and the absence of thick cratonic lithosphere in the region (Fig. 

25). They suggest extension during the Ross Orogeny initiated the delamination process, 

though later Cenozoic rifting may have allowed hot asthenospheric material to rise into the 

upper mantle, thereby providing thermal support to the TAMs (Shen et al., 2018a). Lloyd et al. 

(2019) also imaged slow seismic velocities beneath the southern TAMs, which are constrained 

within the upper ~200 km of the mantle (Fig. 26). They also support the concept of lithospheric 

delamination beneath the southern TAMs but suggest that this delamination was only 

associated with Cenozoic extension in the WARS.  

To further assess the lithospheric foundering concept, I have generated vertical cross-

sections along similar transects through the southern TAMs as those shown by Shen et al. 

(2018a; Fig. 25). As illustrated in Figure 27, the slowest velocities are constrained within the 

upper ~200 km of the mantle beneath the southern TAMs, with fast velocities to the northeast.  

Comparing my images to the Shen et al. (2018a) model (Fig. 25), the seismic structure is 

similar.  
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Figure 25. (top left)  Map of Antarctica, illustrating the Shen et al. (2018a) study region 

(black box). (top right) Shen et al. (2018a) Vs model at 50 km depth. Locations of transects 

A-A’ and B-B’ are marked by black lines. (bottom) Vertical cross-sections through the Shen 

et al. (2018a) model and their corresponding interpretation of lithospheric foundering. 

 

A comparable geodynamic setting to that in the southern TAMs can be found in the 

Rwenzori Mountains in the western portion of East Africa. Wallner and Schmeling (2010) 

suggest that rift-induced lithospheric delamination during the Cenozoic beneath the Rwenzori 
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Mountains and unloading of the lithospheric mantle allowed hot material to rise from depth, 

thereby providing thermal buoyancy to the mountain range. Therefore, I interpret the seismic 

structure beneath the southern TAMs as being consistent with lithospheric foundering. I 

suggest that lithospheric extension associated with the Cenozoic rifting in West Antarctica is 

the main reason for the formation of this tectonic structure, similar to the interpretation of Lloyd 

et al. (2019). 

 

 

 

 

 

 

 

                

 

Figure 26. a) Map at 75 km depth and b) vertical cross-section through the Lloyd et al. (2019) 

model, focusing on the TAMs. Transect 1, which extends along the TAMs front, is highlighted. 

sTAMS: southern TAMs; nTAMS: northern TAMs; WSB: Wilkes Subglacial Basin; RSE: Ross 

Sea Embayment; APR: Antarctic Pacific Ridge; BI: Balleny Island. 

 

Regional-scale studies using both the TAMSEIS (Watson et al., 2006; Lawrence et al., 

2006) and TAMNNET (Graw et al., 2016; Brenn et al., 2017) data have imaged the seismic 

structure beneath the northern TAMs. Watson et al. (2006) and Lawrence et al. (2006) imaged 

a sharp boundary ~300 km inland from the coast, differentiating the fast velocities of the East 

Antarctic craton from the slow velocities beneath the adjacent WARS. In northern Victoria 

a) b) 
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Land, Graw et al. (2016; Fig. 28) found slow velocity anomalies that extend to ~160 km depth.  

The slow velocities may extend deeper, but the resolution of their model decreases at greater 

depth. Brenn et al. (2017; Fig. 29) show multiple low velocity anomalies between ~50 and 250 

km depth in this same region. 

 

Figure 27. a) Map at 300 km depth in the new tomographic model, showing the locations of 

cross-sections L-L’ and M-M’, which extend across the southern TAMs. These transects are 

at the same locations as the cross-sections presented by Shen et al. (2018a; Fig. 25).  b-c) 

Cross-sections through the new model along transects L-L’ and M-M’ with associated 

interpreted structure.  AM: Asthenospheric Material; FL: Foundering Lithosphere; EAL: East 

Antarctic Lithosphere. 

  

The new model shows slow anomalies (Fig. 18; Figs. 20a and 20d, Features 6 and 8) 

that are fairly similar to those observed beneath the northern TAMs in previous studies, but 

with somewhat greater depth extent (i.e., ~300 km in the current model versus ~200-250 km 



 47 

in the Brenn et al. (2017) and the Lloyd et al. (2019) models). Graw et al. (2016) and Brenn et 

al. (2017) suggested that the slow velocities beneath the northern TAMs may be associated 

with rift-related decompression melting in the adjacent WARS. I agree that the slow velocities 

in this area may be due to decompression melting as lithospheric extension may cause hot 

mantle material to rise beneath the WARS (Pederson and Ro, 1992). However, other factors 

may also explain the slow seismic velocities observed beneath the northern TAMs. For 

instance, Emry et al. (2020) suggested that thermal anomalies beneath the TAMs might be 

connected to lower mantle processes, such as a mantle plume, which could contribute to the 

TAMs uplift.  The resolution of the current model is limited below ~400 km depth, making it 

difficult to determine if a lower mantle feature is present in this region. 

The slow anomaly beneath the southern TAMs is constrained to depths above ~200 km; 

however, the slow anomaly beneath the northern TAMs extends to ~300 km (Fig. 20b).  

Between these two regions, the slow velocities beneath the central TAMs are bounded by 

narrow (~200 km width) fast anomalies that extend towards the coast (Fig. 20b). However, 

these fast anomalies  may not be well resolved, as illustrated in Figure 16. That said, it is worth 

noting that a recent study based on magnetotelluric data suggests the presence of cold, thick 

lithosphere adjacent to the central TAMs (Wannamaker et al., 2017), consistent with the 

seismic observations in the current study.  This may indicate that the lithospheric delamination 

beneath the southern TAMs has not occurred beneath the central TAMs.  It also appears that 

delamination does not continue beneath the northern TAMs (Shen et al., 2018a; Lloyd et al., 

2019).  
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Figure 28. a) Map at 60 km depth and b) cross-section through the Vs model of Graw et al. 

(2016), focusing on northern Victoria Land. 

 

 

 

 

 

             

Figure 29. a) Map at 200 km depth and b) cross-section through the Vs model of Brenn et al. 

(2017), focusing on northern Victoria Land. 

                                                

The variability of slow velocities beneath the TAMs may correspond to variations in 

topography along strike. The highest elevations (~4.5 km) are observed within the northern 

TAMs, where the most pronounced slow velocities are observed. In the central TAMs, where 

the slow velocities are less pronounced and are constrained within a narrow lateral band in the 

upper ~200 km of the mantle (Fig. 18), the topography is relatively low (~2.5 km) compared 

to the northern TAMs (Fretwell et al., 2013). The slow upper mantle velocities are most likely 

associated with hotter material related to the adjacent WARS, which would provide thermal 
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Figure 22: Vertical Cross-Sections through the S-wave Velocity Model. Cross-sections 
along profiles (a) A-A’, (b) B-B’, and (c) C-C’.  The locations of these profiles are denoted on 
the 150 km depth panel in Figure 21.  Dashed black lines indicate where the cross-sections 
intersect.  Bedrock (gray) and ice (blue) topography from BEDMAP2 (Fretwell et al., 2013) is 
shown above each panel. Abbreviations are the same as in Figure 16. 
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RELATIVE TRAVELTIME TOMOGRAPHY
P- and S-wave traveltimes were determined from teleseismic earth-

quakes recorded by 47 broadband seismic stations deployed through-
out Victoria Land and the northern TAMs (Fig. 1). Relative traveltime 
residuals for these data were calculated with respect to the IASP91 Earth 
model (Kennett and Engdahl, 1991), corrected for station-speci!c ice 
and crustal thicknesses (Hansen et al., 2016). The traveltime residuals 
were determined using multichannel cross-correlation (VanDecar and 
Crosson, 1990), implemented with the AIMBAT phase picking tool (Lou 
et al., 2013), and the data were then inverted using the method of Zhao 
et al. (1994, and references therein) to create a three-dimensional model 
of the upper-mantle velocity structure. Goodness of !t was determined 
by minimizing the root mean square (RMS) mis!t before and after the 
inversion. Our !nal models reduce the RMS for the P- and S-wave trav-
eltime residuals by ~85% and ~86%, respectively (see the GSA Data 
Repository1 for further details).

SEISMIC VELOCITY MODELS
Both our P- and S-wave models (Fig. 2; Fig. DR6 in the Data Reposi-

tory) reveal fast velocities (!VP " +1.25%; !VS " +2.75%) beneath East 
Antarctica, down to ~300 km depth, consistent with a Precambrian craton. 
Additionally, two prominent slow-velocity anomalies are observed adja-
cent to the TAMs: one beneath RI (!VP " "2.0%; !VS " "2.75%) and the 

1 GSA Data Repository item 2017137, Figures DR1– DR16, are available online at 
www.geosociety .org /datarepository /2017/ or on request from editing@geosociety.org.

other beneath Terra Nova Bay (TNB; !VP " "1.75%; !VS " "2.5%). The 
RI anomaly extends vertically to ~250 km depth and laterally ~100 km 
inland from the Ross Sea coast beneath the TAMs, where it is sharply 
bounded by the fast East Antarctic velocities (Fig. 2; Fig. DR6). These 
observations are comparable to those from previous regional studies in 
the central TAMs (Watson et al., 2006; Lawrence et al., 2006). The TNB 
anomaly also extends ~100 km laterally inland beneath the northern TAMs, 
but it is constrained to depths <~150 km (Fig. 2C). In our P-wave model 
(Figs. 2A and 2D), the RI and TNB anomalies appear to be connected by 
a region of relatively slow velocity (!VP " "1.5%), with a somewhat less 
pronounced signature than its RI and TNB counterparts. This structure is 
centered at ~150 km depth (Fig. 2D) and is concentrated offshore along 
the Ross Sea coast (Fig. 2A)—an area coincident with the Terror Rift 
(TR), a focused region of rifting and extension in the Victoria Land Basin 
(Fig. 1). Our S-wave model poorly resolves the slow-velocity connection 
between the RI and TNB anomalies (Figs. 2B and 2D). Checkerboard 
(Figs. DR7–DR8) and other synthetic tests (Figs. 2E and 2F; Figs. DR9–
DR11) indicate that this is a resolution issue associated with fewer S-wave 
traveltime residuals, particularly from the David Glacier network (Fig. 1).

DISCUSSION
Until the addition of TAMNNET, upper-mantle velocity variations 

along strike of the TAMs were largely unconstrained. A recent surface 
wave model (Graw et al., 2016), which also incorporated the TAMN-
NET data, highlights slow upper-mantle velocities beneath the TR and 
the northern TAMs, but this model only constrains structure down to 

A

B

D

E

F

C

Figure 2. A,B: Map-view slices through our P-wave (A) and S-wave (B) models, highlighting velocity perturbations (!VP, !VS). Triangles denote 
stations (Fig. 1). On 100 km depth panels, black topographic contours represent 500, 1000, and 1500 m, and red contours represent 2000, 
2500, and 3000 m from BEDMAP2 (Fretwell et al., 2013). Cross-section locations are shown on 200 km depth panels. TNB—Terra Nova Bay, 
TR—Terror Rift, RI—Ross Island. (C, D) Vertical cross sections along (C) profile A-A# and (D) profile B-B#. EA—East Antarctica; TAMs—Trans-
antarctic Mountains; NVL—Northern Victoria Land. (E, F) The input and recovered models for the P-wave (E) and S-wave (F) synthetic tests.

a) b) B B’ 
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Fig. 9. Shear wave velocities at 60, 80, 100, 120, 140, and 160 km depths. Station symbols (same as Fig. 1) and cross-section locations (Fig. 10) are shown on the 60 km 
depth panel. Average plate motion (APM) is also shown on that panel by the black arrow. Key volcanic areas are shown on the 100 km depth panel. MM: Mt. Melbourne, 
HVP: Hallett Volcanic Province, EVP: Erebus Volcanic Province, TR: Terror Rift, NVL: Northern Victoria Land.

J.H. Graw et al. / Earth and Planetary Science Letters 449 (2016) 48–60 59

Fig. 10. Cross-sections along profiles A–A! , B–B! , and C–C! (locations shown on Fig. 9), with bedrock (gray) and ice (blue) topography from BEDMAP2 (Fretwell et al., 2013)
shown above. Dashed lines show where the cross-sections intersect one another, matching along the black, blue, and purple dashed lines. (For interpretation of the references 
to color in this figure, the reader is referred to the web version of this article.)

and hence higher surface topography in the northern TAMs. Our 
model may also explain the source of 0–15 Ma exposed volcanic 
rocks in the EVP and HVP.
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loading and cause flexural uplift of the East Antarctic lithosphere, such as in the model 

proposed by Stern and ten Brink (1989) and ten Brink et al. (1997; Fig. 3). The variable 

signature of the slow anomalies along the TAMs front may indicate different degrees of thermal 

loading, thereby leading to the variable topography in the mountain range. The variable thermal 

anomalies beneath the TAMs may be associated with the large-scale opening of WARS, where 

most of the spreading occurred during the late Mesozoic, followed by lithospheric extension in 

West Antarctica during the Cretaceous and Cenozoic (Behrendt and Cooper, 1991).  

 

5.3 Wilkes Subglacial Basin 

The new tomographic model shows fast seismic velocities beneath the WSB, consistent 

with previous tomographic models (Figs. 18 and 21; Ritzwoller et al., 2001; Danesi and 

Morelli, 2001; Sieminski et al., 2003; Morelli and Danesi, 2004; An et al., 2015a; Shen et al., 

2018b; Lloyd et al., 2019). The vertical extent of the fast seismic structure can be used to 

approximate the lithospheric thickness (An et al., 2015a; Shen et al, 2018b; Lloyd et al., 2019).  

The new model suggests that the lithosphere beneath the WSB and central East Antarctica is 

~200-250 km thick (taking vertical smearing into account; Fig. 17), consistent with the findings 

of Shen et al. (2018b) and Lloyd et al. (2019), for instance. Given this, I suggest that the same 

cold, thick cratonic lithosphere that is present beneath central East Antarctica is also present 

beneath the WSB.  Previous receiver function studies indicate thick crust (~39-45 km) beneath 

the WSB (Hansen et al., 2009; Ramirez et al., 2016).  If this area was associated with 

lithospheric extension caused by a Cenozoic or Cretaceous rift system, as suggested by some 

gravity and magnetic studies (Ferraccioli et al., 2001; 2009; Jordan et al., 2013), then slow 

velocities associated with the resulting thermal anomalies should be observed in the upper 

mantle. Ultimately, the results from the new tomographic model are most consistent with the 
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flexural origin model for the WSB, where the basin is an “outer low” that developed in 

conjunction with the uplift of the TAMs (Stern and ten Brink, 1989; ten Brink et al., 1997).  

 

5.4 Aurora Subglacial Basin 

Most previous tomographic models have imaged fast upper mantle velocities beneath 

the ASB (Ritzwoller et al., 2001; Danesi and Morelli, 2001; Morelli and Danesi, 2004; An et 

al., 2015a; Lloyd et al., 2019); however, these models lack resolution in this section of East 

Antarctica because they used only one seismic station located on the east coast. Given the lack 

of stations across the ASB, fast velocities observed within the basin may result from 

interpolated fast velocities imaged elsewhere in central East Antarctica. While I have used 

many of the same stations in my study, the spatial distribution of the data (Fig. 11) shows that 

EGFs between seismic stations pass through the ASB. Thus, the new model provides higher 

resolution imaging of the ASB, particularly between ~65 and 200 km depth, though lateral 

smearing is an issue along the coastlines (Figs. 15-16). As discussed in Section 4.2.4, slow 

velocities are observed beneath the ASB (Figs. 22b and 22c), and this is consistent with the 

absence of thick lithosphere beneath the basin. Sieminski et al. (2003) provide the only other 

tomographic model that shows slow upper mantle velocities within the basin, primarily at 

depths of ~200-300 km (Fig. 30); however, they did not provide any interpretation for this slow 

anomaly.  
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Figure 30. Map view images through the Vs model of Sieminski et al. (2003).  Black ovals 

highlight the slow velocity anomaly beneath the ASB. 
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Figure 31. Bedrock topography in central East Antarctica, showing the locations of major 

fault systems and subglacial basins (taken from Cianfarra et al., 2017). Lines represent 

interpreted major faults. ASB: Aurora Subglacial Basin; AT: Aurora Trench; WSB: Wilkes 

Subglacial Basin; AST: Adventure Subglacial Trench; HB: Highlands B; GSM: Gamburtsev 

Subglacial Mountains; VSB: Vostok Subglacial Basin; CT: Concordia Trench; BSH: Belgica 

Subglacial Highlands. 

   

Several geophysical studies in East Antarctica (Aitken et al., 2014; Cianfarra et al., 

2017) have identified the Aurora Fault system (Fig. 31), which is thought to be a large-scale 

normal fault that developed in conjunction with supercontinent assemblage and break-up 

during the Proterozoic. These and other studies (Studinger et al., 2003; Ferraccioli et al., 2011) 

have also identified other major fault systems in East Antarctica, such as the Vostok Fault, 

which is associated with the Vostok Subglacial Basin, as well as fault systems surrounding 

reference frame (Dubbini et al., 2010) and for the low level of
intracontinental seismicity (Reading, 2007). According to classical
plate tectonics the described setting prevents crustal deformation in
the interior of EAC (Cande and Stock, 2004; Müller et al., 2000; An et
al., 2015). Nevertheless, a series of fault-controlled, regionally-sized
bedrock depressions (hosting sedimentary basins) and mountain
ranges characterize the EAC (Studinger et al., 2003; Studinger et al.,
2004; Bell et al., 2006; Phillips and Läufer, 2009; Ferraccioli et al.,
2009; Ferraccioli et al., 2011; Jordan et al., 2013; Fretwell et al., 2013;
Aitken et al., 2014, Cianfarra et al., 2003, 2009; Cianfarra and Salvini,
2003, 2016a) and their presence in the subglacial bedrock is also visible
on EAIS surface as revealed from satellite images (Cianfarra and Salvini,
2014; Cianfarra and Salvini, 2016a; Jamieson et al., 2016). The Aurora
Subglacial Basin and the Vostok Subglacial Basin (ASB and VSB) are
the most prominent subglacial topographic features in the central part
of the EAC (Fig. 1) with along-strike dimensions of the order of hun-
dreds to thousands of kilometers and up to 10 km thick sedimentary
in!ll (Studinger et al., 2003; Ferraccioli et al., 2011; Aitken et al.,
2014). The Aurora Trench (AT) is a subglacial trough within the ASB
(Tabacco et al., 2006). To date several models have been forward to ex-
plain the origin of these intraplate basins. Studinger et al. (2003)
interpreted gravity and magnetic anomaly data in the region of VSB to
represent a suture zone characterized by an East-dipping thrust active
in Proterozoic times. Aminor extensional reactivation of the basal thrust
fault created the space for the present-day Lake Vostok. Ferraccioli et al.
(2011) frame the VSB within a belt of eastward stepping rifts forming
the East Antarctic Rift System that was active during the Paleozoic to
Mesozoic continental rifting and intraplate strike-slip faulting. This rift
system partly developed on a Proterozoic foreland sedimentary basin,
with geometry similar to the East African Rift System. Today the basins
of this rift system host the largest Antarctic subglacial lakes, namely

Lake Vostok, Lake Sovetskaya, Lake 90° and Recovery Lake (Bell et al.,
2007). On the basis of new geophysical data (magnetic, gravity,
and ice penetrating radar data) Aitken et al. (2014) identi!ed the
N1000 km long Aurora Fault bounding the present day eastern side of
the ASB that is characterized by over 5 km thick sedimentary in!ll.
This fault represents a major tectonic boundary within EAC character-
ized by a long-lived, poly-phased tectonic history since Precambrian
times. The Aurora Fault played a primary role in the assembly and
break-up of the Columbia and Rodinia supercontinents in Proterozoic
times through hundreds of kilometers of strike-slip motion (Aitken et
al., 2014; 2016a). The lack of available geophysical data does not allow
constraining the present day southward continuation of the Aurora
Fault within the EAC.

The Paleozoic to Mesozoic reactivation of the Aurora Fault relates to
the shearing associated to the nearby Indo-Australo-Antarctic suture, to
the East Antarctic Rift System (Ferraccioli et al., 2011) and its subsidiary
intraplate fault systems including the Vostok Fault (Studinger et al.,
2003; Cianfarra and Salvini, 2013), and faults bounding the basins sur-
rounding theGamburtsev SubglacialMts. and the Knox Rift. This tecton-
ic history relates to the break-up between India and East Antarctica
(Ferraccioli et al., 2011; Aitken et al., 2014). More recently, Cianfarra
and Salvini (2016a) described the Cenozoic extensional tectonic origin
of the Adventure Subglacial Trench (AST) and framed the Adventure
Fault into a regional transpressional corridor running regionally E-W
from the foothills of the GSM to the AST as the intraplate propagation
of far !eld stresses associated to the plate kinematics in the Southern
Ocean.

Most of the tectonic-related depressions in the EAC, and speci!cally
Vostok, Aurora, Concordia, and Adventure, are characterized by a strong
asymmetry of their slopes that can easily be explained with a substan-
tial contribution of the activity of listric normal faults (Tabacco et al.,
2006; Cianfarra et al., 2009; Cianfarra and Salvini, 2013; Cianfarra and
Salvini, 2016a).

The aim of this paper is to provide new clues on the possible tectonic
setting of the Aurora Trench to better constrain the southward projec-
tion of the Aurora Fault at latitudes between 75° and 77° S. We present
the results of the tectonic modelling of 6 airborne Radio Echo-Sounding
(RES) pro!les across the AT, collected in the framework of PNRA
(ProgrammaNazionale di Ricerche in Antartide, Italian National Antarc-
tic Research Program) expeditions, which allowed reconstructing the
3D geometry of the Aurora Trench listric Fault responsible for the for-
mation of Aurora Trench.

2. Geological setting of the Aurora Trench

The investigated area is located in the central part of East Antarctica,
in the Vostok-Dome C region where a cluster of about 50 subglacial
lakes exists including Vostok, the largest one, Concordia, and Aurora
lakes (Siegert et al., 2005, Kapista et al., 1996; Tabacco et al., 2002;
Wright and Siegert, 2012). The subglacial geology of this sector of East
Antarctica has been investigated in the last decades by a number of
international geophysical campaigns (e.g. Studinger et al., 2003;
Studinger et al., 2004; Tabacco et al., 2006; Popov et al., 2007;
Ferraccioli et al., 2009; Ferraccioli et al., 2011; Jordan et al., 2013;
Aitken et al., 2014; An et al., 2015; Urbini et al., 2015). A total of
18,500 km RES data were collected during the PNRA expeditions from
1995 to 2003 in the Vostok-Dome C region (Tabacco et al., 1998,
2002; Forieri et al., 2004, 2008). Radar data were collected with the
INGV-IT radar instrumentation (Tabacco et al., 1999; Zirizzotti et al.,
2008), which is characterized by a 3.5 kW power envelope system, an
operating frequency of 60 MHz, a vertical resolution of 1280 samples,
a sampling frequency of 20 MHz and a variable pulse length (from 0.2
to 1 !s). Data !ltering, analyses and ice thickness calculations were per-
formed following the same procedures as described in Tabacco et al.
(2006) and Cianfarra et al. (2009).

Fig. 1. Subglacial topography map of the central part of East Antarctic Craton from
Bedmap-2 dataset (Fretwell et al., 2013) with the main bedrock physiographic features
and location map. Dark grey lines are proposed faults, dashed when inferred, from
Ferraccioli et al., 2011, Aitken et al., 2014 and Cianfarra and Salvini, 2016a. The red line
is the Aurora Trench Fault. Yellow dashed lines indicate the location of the HiCars2
pro!les in Fig. 4 with the same labelling. Legend: GSM: Gamburtsev Subglacial Mts;
VSB: Vostok Subglacial Basin; ASB: Aurora Subglacial Basin; AT: Aurora Trench; CT:
Concordia Trench; BSH: Belgica Subglacial Basin; AST: Adventure Subglacial Trench;
WSB: Wilkes Subglacial Basin; HB: Highlands B; IAAS: Indo-Australo-Antarctic Suture.

136 P. Cianfarra, M. Maggi / Tectonophysics 703–704 (2017) 135–143
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several subglacial lakes in the vicinity of the GSMs (Fig. 31). Continental rifting during the 

Permian, followed by Cretaceous strike-slip faulting, may have reactivated these major 

intraplate fault systems in East Antarctica (Studinger et al., 2003; Ferraccioli et al., 2011; 

Aitken et al., 2014; Cianfarra et al., 2017).  

The slow velocities observed beneath the ASB (Figs. 18 and 22) extend to ~300 km 

depth, considering the vertical smearing in the new model (Fig. 17). These slow velocities 

suggest a thermal anomaly in the upper mantle associated with lithospheric thinning beneath 

the basin. During the late Mesozoic, East Antarctica separated from Australia, and this 

separation may have created a shearing effect in the lithosphere that reactivated the Aurora 

Fault system, creating broadscale cratonic extension and allowing hot asthenospheric material 

to rise beneath the ASB, leading to the observed slow velocities (van Wijk, 2005; Cianfarra et 

al. 2017). Alternatively, the source of the imaged anomaly could be a deep-seated mantle 

plume. The new model does not provide enough evidence to differentiate between these 

mechanisms. Future investigations would require additional data from this geographic region 

to further assess the source of the slow anomaly beneath the ASB. 

 

5.5 Tectonic Summary 

The new tomographic model provides evidence to further constrain the origins of 

important tectonic structures in East Antarctica. Fast seismic velocities in central East 

Antarctica are consistent with stable, thick Archean craton (Goodge et al., 2001). A similar 

velocity signature is observed beneath the GSMs, extending to ~250 km depth, suggesting that 

the mountain range is also associated with Precambrian lithosphere that was not significantly 

affected by later tectonic activity (Heeszel et al., 2013; Lloyd et al., 2013; 2019). The thick 

crustal root that supports the high GSMs topography likely formed during supercontinent 

assemblage in the Proterozoic (Hansen et al., 2010; Heeszel et al., 2013), and the high 
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topography has been preserved given slow surface erosion rates (Heeszel et al., 2013). The 

WSB is underlain by the same Precambrian lithosphere found elsewhere in East Antarctica, as 

indicated by the imaged fast velocity signature in this region, extending to ~250 km depth. A 

few geophysical studies have suggested that assemblage and breakup of supercontinents during 

the Proterozoic led to the formation of major intracontinental fault systems in East Antarctica, 

including the ASB region (Aitken et al., 2014; Cianfarra et al., 2017).  

During the Ross Orogeny (~500 Ma), the subduction of the Paleo-Pacific oceanic 

lithosphere beneath the overriding East Antarctic lithosphere caused large-scale metamorphic 

and magmatic processes in East Antarctica (Fitzgerald, 2002).  Precambrian basement beneath 

the TAMs was modified during the Ross Orogeny, followed by sedimentary deposition during 

the Devonian and Triassic (Fitzgerald et al., 1986; Fitzgerald, 2002).  

Later, during the Mesozoic, rifting associated with the separation of East Antarctica 

from India and Australia reactivated major normal faults, such as the Aurora Fault system, 

leading to basin development in East Antarctica (Fig. 31; Studinger et al., 2003; Ferraccioli et 

al., 2011; Aitken et al., 2014; Cianfarra et al., 2017). The separation of East Antarctica from 

India also led to the formation of the LRS and the PSB (Ferraccioli et al., 2011), and the slow 

seismic velocities imaged beneath these areas suggest lithospheric thinning associated with the 

East Antarctic Rift System (Heeszel et al., 2013; Lloyd et al., 2013; 2019). 

During the late Mesozoic, flexure of the East Antarctic lithosphere initiated due to 

trans-tensional stresses in the Southern Ocean (Stern and ten Brink, 1989). Rifting in West 

Antarctica caused broad-scale lithospheric extension during the Cretaceous and Cenozoic 

(Harry et al., 2018), and this extension allowed hot mantle material to rise beneath the thin 

lithosphere of West Antarctica, thereby forming the thermal anomalies adjacent to the TAMs 

(Wilson, 1995). Flexure of the East Antarctic lithospheric was further supported by these 

thermal loads, contributing to the uplift of the TAMs (Stern and ten Brink, 1989; ten Brink et 
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al., 1997). Major TAMs uplift occurred during three main phases in the Cretaceous and 

Cenozoic (Fitzgerald, 2002). The flexure of the East Antarctic lithosphere also led to the 

formation of a depression to the east of the TAMs, thereby creating the WSB during the 

Cenozoic (Stern and ten Brink, 1989; ten Brink et al., 1997).  
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6.0 CONCLUSIONS 
 
 Prior geophysical investigations have improved our understanding of the major 

geologic structures in East Antarctica, including the GSMs, TAMs, WSB, and ASB. However, 

given the sparse seismic coverage across East Antarctica, these studies lack resolution and 

consistency, leading to uncertainties regarding the origins of tectonic structures. To further 

investigate this area, the current study uses full-waveform ambient noise tomography to 

generate a new Vs model for East Antarctica. This method is advantageous compared to those 

used in prior Antarctic investigations because it provides better spatial resolution within this 

portion of the continent, where there is a limited number of seismic stations.   

The new model shows fast velocities beneath the GSMs that extend to ~250 km depth, 

with slow velocities beneath the neighboring LRS and PSB. The fast GSMs velocities suggest 

thick, cold lithosphere beneath the mountain range, consistent with a Proterozoic craton. The 

slow velocities beneath the LRS and PSB suggest lithospheric thinning, possibly associated 

with the East Antarctic Rift System (Ferraccioli et al., 2011). The TAMs are underlain by slow 

upper mantle velocities with variable amplitude along strike. The seismic structure beneath the 

southern TAMs is consistent with lithospheric delamination (Shen et al., 2018a), while that 

beneath the northern TAMs is consistent with rift-related decompression melting (Graw et al., 

2016; Brenn et al., 2017). These slow velocities are likely associated with thermal anomalies 

in the upper mantle, providing strong support for a flexural uplift model for the TAMs (Stern 

and ten Brink, 1989; ten Brink et al., 1997). The WSB is underlain by fast upper mantle 

velocities, indicating thick, cold lithosphere beneath the basin, which is also consistent with 

the flexural origin model (Stern and ten Brink, 1989; ten Brink et al., 1997), in which the WSB 

formed as an “outer low” in conjunction with the TAMs uplift. Slow upper mantle velocities 

beneath the ASB suggest that the basin is likely associated with a region of lithospheric 

thinning and may have a rift-related origin. Lithospheric extension due to the reactivation of 
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the Aurora Fault system along a pre-existing zone of lithospheric weakness may explain this 

subglacial depression (Aitken et al., 2014; Cianfarra et al., 2017). Overall, the new tomographic 

model developed in this thesis provides evidence to further constrain the tectonic history of 

East Antarctica.  
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