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The Transantarctic Mountains (TAMs) are the largest non-compressional mountain range on Earth, and 
while a variety of uplift mechanisms have been proposed, the origin of the TAMs is still a matter 
of great debate. Most previous seismic investigations of the TAMs have focused on a central portion 
of the mountain range, near Ross Island, providing little along-strike constraint on the upper mantle 
structure, which is needed to better assess competing uplift models. Using data recorded by the recently 
deployed Transantarctic Mountains Northern Network, as well as data from the Transantarctic Mountains 
Seismic Experiment and from five stations operated by the Korea Polar Research Institute, we investigate 
the upper mantle structure beneath a previously unexplored portion of the mountain range. Rayleigh 
wave phase velocities are calculated using a two-plane wave approximation and are inverted for shear 
wave velocity structure. Our model shows a low velocity zone (LVZ; ∼4.24 km s−1) at ∼160 km depth 
offshore and adjacent to Mt. Melbourne. This LVZ extends inland and vertically upwards, with more 
lateral coverage above ∼100 km depth beneath the northern TAMs and Victoria Land. A prominent LVZ 
(∼4.16–4.24 km s−1) also exists at ∼150 km depth beneath Ross Island, which agrees with previous 
results in the TAMs near the McMurdo Dry Valleys, and relatively slow velocities (∼4.24–4.32 km s−1) 
along the Terror Rift connect the low velocity anomalies. We propose that the LVZs reflect rift-related 
decompression melting and provide thermally buoyant support for the TAMs uplift, consistent with 
proposed flexural models. We also suggest that heating, and hence uplift, along the mountain front 
is not uniform and that the shallower LVZ beneath northern Victoria Land provides greater thermal 
support, leading to higher bedrock topography in the northern TAMs. Young (0–15 Ma) volcanic rocks 
associated with the Hallett and the Erebus Volcanic Provinces are situated directly above the imaged 
LVZs, suggesting that these anomalies are also the source of Cenozoic volcanic rocks throughout the 
study area.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

With a length of ∼4000 km and elevations up to ∼4500 m, 
the Transantarctic Mountains (TAMs) separate old craton beneath 
East Antarctica from rifting beneath West Antarctica (Fig. 1). Ex-
posed TAMs bedrock within the McMurdo Dry Valleys exhibits 
Precambrian to Early Paleozoic metamorphic rocks associated with 
the Ross Orogeny, overlain by subhorizontal sedimentary beds 
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of the Devonian to Triassic Beacon Supergroup (Barrett, 1991;
Borg et al., 1990). Apatite fission track data sequence three main 
phases of uplift associated with the TAMs: Early Cretaceous, Late 
Cretaceous, and Early Cenozoic. The most significant exhumation 
occurred ∼55 Ma, and it is thought that the most substantial uplift 
for the TAMs occurred during this time (Fitzgerald, 2002). How-
ever, the TAMs show no evidence of folding or reverse faulting 
associated with traditional mountain building. This lack of com-
pressional structures makes characterization of the TAMs tectonic 
history difficult, and a number of uplift mechanisms have been 
proposed.

http://dx.doi.org/10.1016/j.epsl.2016.05.026
0012-821X/© 2016 Elsevier B.V. All rights reserved.
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Fig. 1. Overview of the study area. Topographic bedrock elevations are from the BEDMAP2 model (Fretwell et al., 2013). Orange shading indicates areas of exposed Cenozoic 
volcanic rocks (Storti et al., 2008; Di Vincenzo et al., 2010). Red triangles indicate TAMNNET stations, yellow circles indicate TAMSEIS stations, and inverted purple triangles 
indicate KPSN stations. The black star marks the location where the partial derivatives were calculated. (Inset) Outline of Antarctica, with the red box highlighting the study 
region. The blue line is the boundary between East Antarctica (EA) and West Antarctica (WA). (For interpretation of the references to color in this figure, the reader is referred 
to the web version of this article.)

Stern and ten Brink (1989) and ten Brink et al. (1997) mod-
eled subglacial topography from seismic and radar surveys as 
well as gravity data, and they suggested that the TAMs resulted 
from upward flexure of the free-edge of the East Antarctic cra-
ton, made possible by thermal conduction from its juxtaposition 
to the West Antarctic Rift System (WARS). This implies that there 
is hotter mantle beneath the hypothesized thinner crust of the 
WARS. This flexural model also includes an erosional component, 
correlated with isostatic rebound, which also aids uplift (Stern and 
ten Brink, 1989; ten Brink et al., 1997). In contrast, Studinger et 
al. (2004) and Karner et al. (2005), who modeled aerogeophysi-
cal and shipboard gravity data, respectively, offer a different up-
lift mechanism for the TAMs. Both studies suggest that the TAMs 
resulted from basin subsidence and rift flank uplift, associated 
with climate-inducing erosional unloading. Instead of a thermal 
load, this uplift mechanism requires a thick crustal root beneath 
the TAMs to provide isostatic buoyancy (Studinger et al., 2004;
Karner et al., 2005). Other studies have also advocated for a crustal 
root, possibly resulting from the extensional collapse of thickened 
crust in West Antarctica (Bialas et al., 2007; Huerta and Harry, 
2007). Alternatively, Lawrence et al. (2006), who jointly inverted P-
wave receiver functions with Rayleigh wave phase velocities, sug-
gested a hybrid model that includes a combination of erosional 
unloading, thermal buoyancy, and local crustal isostasy.

The distribution of exposed volcanic rocks may also provide 
some evidence to understand the TAMs uplift. Cenozoic volcanic 
rocks are found both in the vicinity of Mt. Erebus and north of 
Mt. Melbourne, throughout northern Victoria Land (Fig. 1; Storti 
et al., 2008; Di Vincenzo et al., 2010). However, no such vol-
canic rocks are present within the section of the TAMs adjacent 
to the Terror Rift. Numerous geochemical studies have attempted 
to characterize the source of these volcanic rocks, but conflict-
ing results have yielded no consensus on their origin (Kyle, 1990;
Rocholl et al., 1995; Orlando et al., 2000). Different isotopic sig-
natures have suggested the following possibilities: (1) an enriched 
mantle source, which is indicative of early-stage rifting, (2) a de-
pleted mantle source, which has a stronger component of melt and 
is generally attributed to a developed rift system, and (3) a HIMU 
(or High µ, where µ = (238U/204Pb)t=0) mantle source, which is 
generally associated with deep plumes (Rocholl et al., 1995). Iden-
tifying the source of these volcanic rocks could provide further 
evidence on what mechanisms contribute to the TAMs uplift.

Previous regional studies have investigated the seismic struc-
ture beneath the TAMs to try to differentiate between the pro-
posed uplift mechanisms; however, given the distribution of sta-
tions, most of these studies have focused on a central portion of 
the TAMs, near Ross Island (Fig. 1). For instance, using P-wave 
receiver functions, Bannister et al. (2003) investigated the crustal 
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structure and found thin crust (∼18–20 km) beneath the Ross Sea 
coastline, thickening inland (∼36–40 km) beneath the mountain 
range. Similar results were found by Lawrence et al. (2006), but 
this study also found an average crustal thickness beneath East 
Antarctica of ∼35 km, suggesting that the TAMs are underlain by a 
∼5 km thick crustal root. In contrast, Hansen et al. (2009) modeled 
S-wave receiver functions and Rayleigh wave group velocities and 
found little to no evidence for a crustal root in this area. Hansen et 
al. (2016), who also used S-wave receiver functions, recently pro-
vided constraints on the crustal structure beneath the northern 
TAMs. They find that while slightly thicker crust may be locally 
observed, it is not a consistent, along-strike feature beneath the 
mountain range, suggesting that crustal buoyancy does not signifi-
cantly contribute to the TAMs uplift.

The upper mantle seismic structure beneath the TAMs has also 
been investigated in relation to the proposed uplift mechanisms. 
Regional body and surface wave tomography models show slow 
upper mantle velocities beneath the Ross Sea, concentrated be-
neath Mt. Erebus, the Terror Rift, and the McMurdo Dry Valleys 
(Fig. 1; Watson et al., 2006; Lawrence et al., 2006). These slow 
velocities extend to ∼300 km depth, and there is a transition to 
faster upper mantle velocities ∼50–100 km inland beneath the ad-
jacent TAMs. The slow velocities have been interpreted as warm, 
buoyant upper mantle associated with the WARS. However, the 
regional models (Watson et al., 2006; Lawrence et al., 2006) lose 
resolution away from Ross Island, particularly north of Terra Nova 
Bay, making it difficult to determine the lateral extent of the low 
velocities. Beneath the northern TAMs, the only available upper 
mantle velocity constraints are from global- and continental-scale 
tomographic models (e.g., Morelli and Danesi, 2004; Ritzwoller et 
al., 2001; Sieminski et al., 2003; Hansen et al., 2014), which have 
a horizontal resolution of ∼600–1000 km. Therefore, our ability to 
evaluate along-strike upper mantle variations, particularly beneath 
the northern TAMs, is limited.

In this study, we provide further along-strike characterization 
of the upper mantle structure beneath the TAMs to better assess 
competing uplift models and to identify the source of young vol-
canic rocks exposed at the surface. We utilize Rayleigh wave data 
and a two-plane wave method to generate phase velocity maps 
beneath the northern TAMs. The resulting dispersion curves are 
inverted to model the corresponding shear wave velocity struc-
ture in the upper mantle. Most of our data were recorded by 
the recently deployed Transantarctic Mountains Northern Network 
(TAMNNET; Fig. 1), which fills a gap in the seismic coverage of 
Antarctica and offers the capability to study a previously unex-
plored portion of the TAMs (Hansen et al., 2015). Our model 
helps to elucidate the lateral extent of the slow upper man-
tle velocities observed in previous studies (Watson et al., 2006;
Lawrence et al., 2006) and what role these anomalies play in the 
TAMs uplift.

2. Data and methodology

2.1. Data

The TAMNNET array was deployed during the Summer 2012 
Antarctic field season and included 15 polar-rated broadband seis-
mometers (Fig. 1; Hansen et al., 2015). Ten stations were ori-
ented in a transect perpendicular to the northern TAMs, with the 
five remaining stations evenly distributed inland behind the TAMs 
front, further to the south. It is worth noting that station KNYN, 
the southernmost station, reoccupied a site previously associated 
with the Transantarctic Mountains Seismic Experiment (TAMSEIS; 
Fig. 1). The TAMNNET station configuration allows for adequate 
coverage to investigate the upper mantle structure beneath the 
northern TAMs. However, to further increase resolution within our 

study area, data from several TAMSEIS stations as well as data from 
a small, five-station array near Mt. Melbourne (KPSN), which is op-
erated by the Korea Polar Research Institute (Fig. 1; Park et al., 
2014), were also incorporated into our analysis. All TAMNNET and 
KPSN data were recorded between December 2012 and Novem-
ber 2014, while data from TAMSEIS (which only recorded during 
austral summer months) were recorded between December 2000 
and December 2003. Events used in our study lie within epicen-
tral distances of 30–150◦ (Fig. 2), with no constraint on depth. 
A minimum moment magnitude of 4.5 was chosen for epicen-
tral distances of 30–60◦ , with a minimum magnitude of 5.5 for 
distances of 60–150◦ . This approach was taken in order to cap-
ture the smaller, more numerous earthquakes that occur at and 
around the circum-Antarctic ridge system. In total, 877 events met 
our criteria. This dataset provides good azimuthal coverage, barring 
a back-azimuth gap between ∼30–80◦ associated with the seismi-
cally inactive central Pacific (Fig. 2). The TAMNNET/KPSN dataset 
contained nearly twice the number of events when compared to 
the TAMSEIS dataset. Therefore, the TAMSEIS data was given twice 
the weight throughout the entire inversion process.

Each seismogram was pre-processed by filtering the waveform 
at 25 different periods, ranging from 18 to 182 s. Fig. 3 shows an 
example of the raypath density at 43 s period. Waveforms were 
quality checked for low signal-to-noise ratio, significant beating, 
and interfering phases. A window slightly larger than the Rayleigh 
wave was used in order to adequately capture the arrival and 
entirety of the fundamental-mode Rayleigh waveform. Phase and 
amplitude data were obtained through Fourier analysis of each 
windowed signal, which were then used in the phase velocity in-
version algorithm.

2.2. Phase velocity inversion

Established surface wave tomography methods treat the incom-
ing raypath as a plane wave traveling along a great-circle path 
(Forsyth and Li, 2005; Li et al., 2003). However, this technique does 
not account for lateral heterogeneities along the path of propaga-
tion. Given this, we instead employed a two-plane wave method 
that models the incoming wavefield as the interference of two 
plane waves (Forsyth and Li, 2005). This approach is advantageous 
to other phase velocity inversion methods because it accounts for 
off great-circle path effects, scattering, and velocity heterogeneities 
between the source and receiver. The inversion, overall, was per-
formed in two stages: (1) a simulated annealing inversion of the 
fundamental Rayleigh wave, which yields the best wave parame-
ters for a given event, and (2) a linear inversion of the resultant 
wave parameters for phase velocity perturbations (Forsyth and Li, 
2005).

To encompass the TAMNNET, TAMSEIS, and KPSN arrays, a grid 
of 644 nodes was generated. The inner node spacing is 0.5◦ , and 
the outer node spacing is 1.0◦ . An a priori damping coefficient was 
applied to each node, which controls the degree to which the re-
sulting model can deviate from the starting model. A range of 
damping parameters, from 0.10 to 0.20 km s−1 with a 0.05 km s−1

interval, was tested, and we found that a damping parameter of 
0.15 km s−1 for the inner nodes provided the best results. This 
damping parameter lead to phase velocity maps with the lowest 
uncertainty and allowed velocity contrasts to vary, without being 
overly restrictive. The damping parameter for the outer nodes was 
chosen to be 10 times greater than that of the inner grid nodes 
(1.5 km s−1). This increase in damping was applied so that the 
outer nodes absorb wavefield anomalies that the two-plane wave 
method cannot account for Forsyth and Li (2005), Yang and Forsyth
(2006a).

Using a starting model based on the AK-135 reference Earth 
model (Kennett et al., 1995), we performed an inversion to obtain 
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Fig. 2. Map showing the locations of all events (black dots) used in our study. The yellow star marks the center of the TAMNNET array. Concentric circles mark the epicentral 
distance in 30◦ increments from the yellow star. All events lie within 30–150◦ from the examined stations. (For interpretation of the references to color in this figure, the 
reader is referred to the web version of this article.)

a 1-D dispersion curve that represents the entire study area. It is 
worth noting that this initial inversion was performed with a va-
riety of starting models, but in each case, the inversion converged 
to the same 1-D phase velocity curve, regardless of the initial in-
put. The 1-D phase velocity curve was used as the starting model 
for the 2-D phase velocity inversion at each grid node.

A Gaussian sensitivity function was also applied during the ini-
tial 1-D stage of the inversion as well as in the 2-D inversion for 
phase velocity. This function was used to account for lateral het-
erogeneities off the great-circle path (Yang and Forsyth, 2006b). 
A suite of Gaussian widths were investigated, ranging from 45 to 
100 km, and we found that a width of 80 km allows for enough 
variation in the resulting models without causing unrealistic ve-
locity structure at depth. An inherent problem with the Gaussian 
sensitivity function is that it can only account for subsurface struc-
ture if the wavelength of the desired period is larger than that 
structure (Zhou et al., 2004; Yang and Forsyth, 2006b). To coun-
teract this, finite frequency sensitivity kernels were developed for 
both the phase and amplitude of the surface waves (Zhou et al., 
2004). Yang and Forsyth (2006a, 2006b), for instance, showed how 
incorporating finite frequency sensitivity kernels into their surface 
wave tomography improved resolution of smaller-scale structure 
at shorter periods. Therefore, we also included the finite frequency 
sensitivity kernels in our 2-D phase velocity inversion.

2.3. Shear wave velocity inversion

For each of our inner grid nodes, we inverted the phase velocity 
dispersion curve for a 1-D shear velocity profile. Our representa-
tive phase velocity dispersion curve spans periods of 18 to 103 s. 

The longest period phase velocities (>103 s) were not used be-
cause their wavelengths approach the size of our array, they have 
larger uncertainties, and resolution tests indicate that they are 
poorly resolved compared to the shorter period data. The inversion 
methodology was developed by Julià et al. (2000) and was cre-
ated primarily as a joint inversion of dispersion data and receiver 
functions. The inversion scheme uses a damped, generalized lin-
ear least-squares technique with a weight coefficient that controls 
the trade-off between dispersion and receiver function influence. 
We simply maximize the dispersion data influence factor, thus re-
moving the receiver function input. 1-D shear velocity profiles at a 
given depth can be smoothed with a Gaussian weighted smooth-
ing parameter, creating a pseudo 3-D shear velocity model (Adams 
et al., 2012). Smoothing of the shear velocity profiles was investi-
gated by creating maps at three different smoothing lengths (60, 
80, and 100 km) and observing the effects on the resultant mod-
els. In order to maintain realistic lateral velocity contrasts, while 
not over-smoothing the data, a characteristic smoothing length of 
80 km was used.

A step-wise representation of the Preliminary Reference Earth 
Model (PREM) (Dziewonski and Anderson, 1981), with a priori
crustal thickness constraints from Hansen et al. (2016), was used 
as the initial model for each grid node. Models were held fixed 
within the crust and below 300 km depth. Each layer has an in-
dividual smoothing parameter associated with it, which inhibits 
large and unrealistic contrasts in velocity within a given layer. 
Performing the inversion with various crustal thicknesses shows 
that the structure within ∼20 km below the Moho is not well re-
solved. However, all models converge below this depth, regardless 
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Fig. 3. Example ray path coverage maps for 43 s Rayleigh waves. Station symbols are the same as in Fig. 1. Magenta arrows show the dominant direction of ray path 
propagation. The images on top show earthquake locations and the paths of propagation to the study area, indicated by the red box. The bottom images show the incoming 
ray paths, terminating at each station. (a) Ray path coverage map using all 413 events associated with 43 s period. (b) Ray path coverage map constructed by randomly 
de-sampling the full dataset to 109 events to better illustrate the dominant directions of propagation across the study area. (For interpretation of the references to color in 
this figure, the reader is referred to the web version of this article.)

of crustal input constraints. Therefore, we interpret results begin-
ning at ∼60 km depth. Following the method of Yu and Mitchell
(1979), Rayleigh wave phase partial derivatives, with respect to 
shear wave velocity at varying depths and frequencies, were calcu-
lated in order to assess the maximum depth that can be resolved 
by our model (Fig. 4). This assessment was performed using a cen-
tral point in our study area since it lies within a zone of dense 
raypath coverage (Fig. 1). The maximum depth resolved by our 
model is ∼160 km. The 103 s period is capable of resolving struc-
ture at this depth, and may also resolve deeper structure; however, 
shear velocity maps created at depths >∼160 km repeat the same 
heterogeneity as that seen at ∼160 km. This could be due to a lack 
of long period data or simply could reflect that lateral velocity vari-
ations are minimal at these depths. The long peak on the partial 
derivative for the 103 s period (Fig. 4) is credited to the short-
age of long period data available, thereby creating a peak with a 

poor termination point. Therefore, our interpretations are limited 
to depths at and above ∼160 km. A uniform vertical smoothing 
parameter was applied to the entire velocity model in order to 
avoid large and unrealistic velocity contrasts across boundary lay-
ers. We performed a suite of inversions at each node, using an 
array of uniform smoothing parameters from 2 to 1000. The best 
trade-off between data curve fitting and realistic velocity pertur-
bations within the velocity profile was found with a smoothing 
parameter of 15 (Fig. 5).

3. Results

3.1. Phase velocities and resolution tests

Fig. 6 shows examples of the generated phase velocity maps. 
The phase velocities are plotted as percent deviations from the 
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Fig. 4. Partial derivative curves of phase velocity (C) with respect to shear velocity 
(β) for periods of 27, 36, 64, and 103 s. The wider peak for the 103 s curve is 
attributed to a shortage of long period data available.

initial 1-D model. Results at shorter periods (≤36 s) show slow ve-
locities along the Terror Rift and along the northern Victoria Land 
coast. At longer periods (≥64 s), slow velocities are also seen be-
neath the Erebus Volcanic Province (EVP; Fig. 1) and again beneath 
northern Victoria Land. The center of the study area shows rela-
tively fast velocities across all periods.

Using the covariance matrix, uncertainty maps for the 2-D in-
version were created to estimate the extent of well-resolved por-
tions of our model. Fig. 7 shows the model uncertainty contour 
map associated with the phase velocity inversion at 36 s period. 
The uncertainty is minimal in the center of the study area, which 
is expected due to dense station coverage, and therefore dense 
raypath coverage. Variance increases towards the periphery of the 
study area, given a decrease in the station density as well as the 
damping parameter applied to the outer grid nodes. Again, this 
damping parameter allowed the outer nodes to absorb peripheral 
wavefield abnormalities. All resulting phase and shear wave veloc-
ity maps are masked at the 0.06 km s−1 contour line of the 36 s 
period uncertainty map. This contour was chosen because it spans 
the largest area of all periods and best surrounds the densest area 
of crossing raypaths for all periods.

Resolution at each period was assessed using the model res-
olution matrix (Fig. 8). The resolution matrices are represented 
as 2-degree checkers, with each checker alternating between 
±5 km s−1. As shown in Fig. 8, each checkerboard is clipped along 
the 0.06 km s−1 uncertainty contour line of the 36 s period uncer-
tainty map, similar to our phase velocity maps. The checkers are 
well resolved at low to intermediate periods but diminish expo-
nentially past 103 s. The loss of resolution at longer periods limits 
the depth that can be resolved by the shear wave inversion, con-
sistent with our assessment of the Rayleigh wave phase partial 
derivatives, discussed previously. It is worth noting that 3-degree 
checkers were tested in order to assess if larger structure can be 
resolved at deeper depths, but again, the resolution diminished 
past 103 s.

3.2. Shear wave velocity

Shear wave velocity maps are shown in Fig. 9, with corre-
sponding cross-sections shown in Fig. 10. As described above, in-
terpretation of the shear wave velocity structure is confined to 
between ∼60 and ∼160 km depth. A low velocity zone (LVZ; 
∼4.24 km s−1) is observed at ∼140–160 km depth off the coast 
and adjacent to Mt. Melbourne. This LVZ extends beneath the con-
tinent at shallower depths (Figs. 9–10). Above ∼100 km, the LVZ 
(∼4.16–4.24 km s−1) is concentrated beneath the continent, ex-
tending beneath northern Victoria Land from near Mt. Melbourne 
to the northern end of the Hallett Volcanic Province (HVP; Fig. 1). 
To the south, another prominent LVZ (∼4.16–4.24 km s−1) can be 
seen beneath Ross Island and the EVP, centered at ∼150 km depth. 
The Terror Rift extends between the HVP and the EVP, and also 
displays seismically slow velocities (∼4.24–4.4 km s−1) between 
∼80–140 km depth. Directly behind the TAMs front, relatively fast 
seismic velocities (>4.6 km s−1) are observed, which are consis-
tent with stable craton underlying East Antarctica. The boundary 
between seismically slow and fast velocities, associated with the 
WARS and the East Antarctic craton, respectively, lies along the 
coastline parallel to the Terror Rift, slightly extending beneath the 
continent. In northern Victoria Land, this boundary is directly be-
neath the TAMs.

4. Discussion

4.1. Low velocity zone sources

The slow upper mantle velocities beneath Ross Island and the 
Terror Rift observed in our model have also been recognized by 
previous studies (e.g., Ritzwoller et al., 2001; Morelli and Danesi, 
2004; Sieminski et al., 2003; Watson et al., 2006; Lawrence et al., 
2006; Hansen et al., 2014), but the source of these low veloci-
ties has not been definitively characterized. Several global- and 
continental-scale tomographic studies have suggested that these 
slow velocities reflect localized thermal anomalies associated with 
slow velocities seen across the WARS as a whole (Morelli and 
Danesi, 2004; Ritzwoller et al., 2001), and some seismic as well 
as petrologic investigations have attributed such thermal anoma-
lies to plume activity (Kyle et al., 1992; Sieminski et al., 2003;
Esser et al., 2004). However, a more recent continental-scale to-
mographic model (Hansen et al., 2014) indicates that the LVZ be-
neath Ross Island is a separate feature from other slow anomalies 
seen beneath West Antarctica and that the Ross Island anomaly 
is constrained to the upper 200–300 km of the mantle. This is 
consistent with regional seismic studies in the TAMs, near the Mc-
Murdo Dry Valleys, that show little to no evidence for plume struc-
ture beneath Ross Island and the Terror Rift (Watson et al., 2006;
Lawrence et al., 2006; Reusch et al., 2008).

Alternatively, it has been suggested that volcanism in the EVP 
and the slow seismic velocities beneath Ross Island result from 
localized, rift-related decompression melting associated with the 
Terror Rift (Wannamaker and Stodt, 1996; Rocchi et al., 2005;
Karner et al., 2005; Bialas et al., 2007; Huerta and Harry, 2007). 
Mantle flow may have been directed toward the East Antarctic cra-
ton, thereby warming the cratonic lithosphere, and Cenozoic reac-
tivation of Paleozoic tectonic discontinuities may have resulted in 
localized decompression melting (Rocchi et al., 2003, 2005; Storti 
et al., 2007; Nardini et al., 2009). Similar to Watson et al. (2006)
and Lawrence et al. (2006), our model indicates that the Ross Is-
land and Terror Rift anomalies are focused zones of slow seismic 
velocity, not broad low velocity features (Fig. 9). Therefore, we in-
terpret these anomalies as areas of focused Cenozoic extension and 
rift-related decompression melting.
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Fig. 5. Model smoothness and data fitting plots for smoothing parameters of 2, 5, 15, 30, 100, and 1000. (Top) The observed Rayleigh wave dispersion curve is in black, and 
the predicted Rayleigh wave dispersion curve is in red. (Bottom) The resulting velocity models for the inversion using the various smoothing parameters. The blue line is 
the starting model, and the red line is the predicted model. The numbers below each plot are the smoothing parameters used for that test. A smoothing parameter of 15 
(highlighted in red) was chosen for this study. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 6. Phase velocity maps for periods of 27, 36, 64, and 103 s. Plotted values are percent deviations from the initial 1-D model at the same period (δC/C0). The initial 1-D 
phase velocity value is shown on the lower left in each panel. Station symbols, shown on the 27 s period panel, are the same as in Fig. 1.

The LVZ beneath northern Victoria Land highlighted in our 
model (Figs. 9–10) is a new feature that has not been observed 
at a regional scale. As discussed previously, this LVZ appears to ex-
tend to a depth of ∼160 km depth off the coast and adjacent to 
Mt. Melbourne, and it then extends inland and vertically upwards, 
concentrating at depths above ∼100 km. It should be noted that 
this feature may extend deeper, but our model is not well resolved 
past ∼160 km. However, the continental-scale model of Hansen et 
al. (2014), which also included TAMNNET data, does not show slow 
velocities extending past about ∼200–300 km depth; therefore, it 
is likely that the slow velocities seen in our model are constrained 
to the upper mantle. This observation is not consistent with inves-
tigations that suggest a deep-seated mantle upwelling beneath the 
northern TAMs (e.g., Sieminski et al., 2003; Faccenna et al., 2008;
Austermann et al., 2015).

The LVZ extends vertically in a west–northwest direction from 
offshore to beneath the coastline (Fig. 10), which may result from 
a lateral force associated with the absolute direction of plate mo-
tion (Fig. 9). However, comparable structure is not observed in the 
Ross Island or Terror Rift anomalies further to the south. Alterna-
tively, we suggest that the change in the LVZ orientation indicates 
that the slow mantle material is ascending along and following a 
path of least resistance. For instance, Hansen et al. (2016) recently 
showed that the crust may be locally thicker beneath the northern 
TAMs, in close proximity to where the LVZ orientation changes. 
This may direct the slow mantle material beneath northern Victo-
ria Land, as seen in our model.

The signature of the Victoria Land LVZ at ∼140–160 km depth 
is similar to that seen beneath Ross Island, and it is noteworthy 
that the two LVZs appear to be connected by relatively slow veloc-
ities along the Terror Rift (Fig. 10). Similar structure to that seen 
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Fig. 7. Model uncertainty for phase velocities at a period of 36 s. The green area lies within the 0.06 km s−1 uncertainty line. This contour is used in Figs. 6, 8, and 9 to crop 
the region displayed. Station symbols are the same as in Fig. 1. (For interpretation of the references to color in this figure, the reader is referred to the web version of this 
article.)

in our model is also observed, for instance, in surface wave tomo-
graphic images from the Gulf of California, where it has been sug-
gested that connected pockets of low velocity material in the upper 
mantle are best attributed to buoyancy-driven upwelling and melt-
ing, triggered by an extensional episode (Wang et al., 2009). Our 
pattern of low velocities is consistent with this interpretation, im-
plying a continuance of rift-related decompression melting along 
the TAMs front at the northern end of the Terror Rift. Further, 
geochemical and petrological studies of other rifted environments 
indicate that partial melting can occur at ∼150 km depth if the 
proper mantle conditions exist (i.e., volatiles are present) and that 
upwelling from this point of initial melt primarily follows paths of 
mantle weakness to shallower depths, where reinvigorated, inten-
sified melting transpires, often at ∼50–60 km depth (Asimow et 
al., 2001). This could also explain both the trend and amplitude of 
the low velocity anomalies observed in our model, including the 
slow velocities observed above ∼100 km beneath northern Victo-
ria Land.

4.2. TAMs uplift in northern Victoria Land

As outlined in the introduction, proposed uplift models for 
the TAMs include: (1) upward flexure along the edge of the 
East Antarctic craton due to thermal conduction from the adja-
cent WARS (Stern and ten Brink, 1989; ten Brink et al., 1997), 
(2) basin subsidence and rift flank uplift requiring a thick crustal 
root (Studinger et al., 2004; Karner et al., 2005), and (3) a hybrid 
model in which uplift results from a combination of thermal buoy-
ancy, local crustal isostasy, and erosional unloading (Lawrence et 
al., 2006). Crustal studies based on S-wave receiver functions in-
dicate that while the northern TAMs may be underlain by slightly 
thicker crust, a crustal root is not a consistent, along-strike feature 
beneath the mountain range (Hansen et al., 2012, 2016). Small-
scale, local crustal thickness variations may provide some isostatic 

buoyancy for the TAMs, but this does not appear to be a major 
contributing factor to the TAMs uplift.

Similar to Watson et al. (2006) and Lawrence et al. (2006), 
our model shows that the boundary between fast and slow seis-
mic velocities lies ∼60–90 km inland of the coast, parallel to the 
Terror Rift, beneath the TAMs (Fig. 9). This is consist with a ther-
mal load, as suggested by Stern and ten Brink (1989) and ten 
Brink et al. (1997), which would thermally modify the TAMs litho-
sphere and cause flexural uplift. However, our model illustrates 
that the upper mantle structure beneath the northern TAMs is 
somewhat different. Here, low velocity material is concentrated at 
shallow (<∼100 km) depths beneath the mountain range. Such an 
anomaly would have an even more pronounced thermal buoyancy 
affect on this portion of the TAMs, and indeed, the bedrock topog-
raphy within the northern TAMs is significantly higher than that 
along the portion of the TAMs parallel to the Terror Rift (Fig. 10). 
The high topography in the northern TAMs is situated directly 
above the shallow LVZ. Watson et al. (2006) suggested that heating 
of the TAMs lithosphere may be variable along-strike the moun-
tain front, and our results provide good evidence that this seems 
to be the case. As discussed in section 4.1, this variable heating is 
likely due to linked pockets of buoyancy-driven upwelling associ-
ated with extension along the Terror Rift, with intensified melting 
at shallower depths.

4.3. Northern TAMs uplift and volcanism

Our results may also help to explain the source of young, 
Cenozoic volcanic rocks seen within both the EVP and the HVP 
(Fig. 1). The exposed volcanic rocks in both of these areas di-
rectly overlie the LVZs highlighted in our model (Fig. 9), pro-
viding strong evidence that the LVZs serve as the sources for 
the surface magmatism. Our tomographic findings best match a 
rift-related isotopic signature (Rocholl et al., 1995), as opposed 
to a HIMU mantle source (Rocchi et al., 1995, 2005). Previous 
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Fig. 8. Resolution tests at periods of 27, 36, 64, and 103 s. All input checkers are 2-degree squares, and their locations are shown by the dashed lines in the 103 s period 
map. Station symbols, shown on the 27 s period panel, are the same as in Fig. 1.

studies have dated the volcanic rocks, yielding ages of 0–15 Ma 
(Rocchi et al., 2002 and references therein); therefore, it is plau-
sible that volcanic activity continues to the present. The distri-
bution of the Cenozoic volcanic rocks provides another line of 
evidence that the LVZs are associated with warm regions of par-
tial melt within the upper mantle, which would provide a ther-
mal load to support the TAMs uplift (Stern and ten Brink, 1989;
ten Brink et al., 1997).

5. Conclusions

Using recently acquired seismic data and the two-plane wave 
tomography method, we have developed a new model of the up-
per mantle velocity structure beneath the northern TAMs. Our 

results show low velocities beneath Ross Island and the Terror 
Rift, similar to previous regional models (Watson et al., 2006;
Lawrence et al., 2006), but we also highlight a previously unrec-
ognized LVZ beneath the northern TAMs and Victoria Land. This 
LVZ extends to ∼160 km depth and extends vertically upward to 
∼60 km depth. Slow seismic velocities along the Terror Rift con-
nect the LVZs seen beneath both Ross Island and beneath northern 
Victoria Land. We suggest that the LVZs reflect rift-related decom-
pression melting and Cenozoic extension. The thermal load pro-
vided by these anomalies helps to support the uplift of the TAMs 
and is consistent with a flexural origin (Stern and ten Brink, 1989;
ten Brink et al., 1997). However, we also propose that heating 
along the TAMs front is variable and that the shallow LVZ beneath 
northern Victoria Land results in a greater thermal buoyancy effect 
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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.
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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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