
Earth and Planetary Science Letters 408 (2014) 66–78

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Imaging the Antarctic mantle using adaptively parameterized P-wave 

tomography: Evidence for heterogeneous structure beneath West 

Antarctica

Samantha E. Hansen a, Jordan H. Graw a, Lindsey M. Kenyon a, Andrew A. Nyblade b, 
Douglas A. Wiens c, Richard C. Aster d, Audrey D. Huerta e, Sridhar Anandakrishnan b, 
Terry Wilson f

a Geological Sciences Department, The University of Alabama, Tuscaloosa, AL 35487, United States
b Geosciences Department, Pennsylvania State University, University Park, PA 16802, United States
c Department of Earth and Planetary Sciences, Washington University in St. Louis, MO 63130, United States
d Geosciences Department, Colorado State University, Fort Collins, CO 80523, United States
e Department of Geological Sciences, Central Washington University, Ellensburg, WA 98926, United States
f Earth Sciences Department, The Ohio State University, Columbus, OH 43210, United States

a r t i c l e i n f o a b s t r a c t

Article history:
Received 21 May 2014
Received in revised form 23 September 
2014
Accepted 26 September 2014
Available online xxxx
Editor: P. Shearer

Keywords:
Antarctica
seismic tomography
mantle structure
geodynamics

Previously developed continental-scale surface wave models for Antarctica provide only broad interpre-
tations of the mantle structure, and the best resolved features in recent regional-scale seismic models 
are restricted above ∼300–400 km depth. We have developed the first continental-scale P-wave velocity 
model beneath Antarctica using an adaptively parameterized tomography approach that includes data 
from many new seismic networks. Our model shows considerable, previously unrecognized mantle 
heterogeneity, especially beneath West Antarctica. A pronounced slow velocity anomaly extends between 
Ross Island and Victoria Land, further grid south than previous studies indicate. However, at least for 
mantle depths ≥∼200 km, this anomaly does not extend grid north along the Transantarctic Mountains 
(TAMs) and beneath the West Antarctic Rift System. The boundary between these slow velocities and 
fast velocities underlying East Antarctica is ∼100–150 km beneath the front of the TAMs, consistent with 
flexural uplift models. The lateral extent of the low velocity anomaly is best explained by focused, rift-
related decompression melting. In West Antarctica, Marie Byrd Land is underlain by a deep (∼800 km) 
low velocity anomaly. Synthetic tests illustrate that the low velocities also extend laterally below the 
transition zone, consistent with a mantle plume ponded below the 660 km discontinuity. The slow 
anomalies beneath Ross Island and Marie Byrd Land are separate features, highlighting the heterogeneous 
upper mantle of West Antarctica.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Present continental-scale seismic images of Antarctica generally 
show East Antarctica underlain by fast seismic velocities, thought 
to be associated with a stable Precambrian craton, with West 
Antarctica underlain by slow velocities, interpreted as the signa-
ture of continental rifting (e.g., Ritzwoller et al., 2001; Sieminski 
et al., 2003; Morelli and Danesi, 2004; Suppl. Fig. 1). While these 
models illustrate the dichotomous nature of the mantle beneath 
Antarctica, their spatial resolution (∼600–1000 km) is insufficient 
to delineate velocity variations within either geographic domain, 
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allowing for only broad interpretations of the lithospheric and sub-
lithospheric mantle structure. Regional seismic investigations (e.g.
Watson et al., 2006; Lawrence et al., 2006a; Heeszel et al., 2013;
Lloyd et al., 2013a) have highlighted more variable structure be-
neath Antarctica, but the limited aperture of the networks used 
in these studies often makes the lateral and vertical extent of ve-
locity anomalies difficult to determine. To further characterize the 
geologic processes shaping the Antarctic continent, higher resolu-
tion, broad-scale images of the seismic structure across Antarctica 
are required.

Using a large quantity of recently available seismic data from 
several high-quality broadband deployments in Antarctica (e.g. An-
thony et al., submitted for publication) and an adaptively pa-
rameterized tomography approach (Kárason, 2002; Li et al., 2008; 
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Fig. 1. Subglacial bedrock topography across Antarctica from BEDMAP2 (Fretwell et al., 2013). The white line denotes the Transantarctic Mountains-defined boundary between 
East and West Antarctica. Grey triangles and black squares mark the EHB and Antarctic regional network stations, respectively, used in this study. GSM: Gamburtsev Subglacial 
Mountains, LRS: Lambert Rift System, PSB: Polar Subglacial Basin, TAMs: Transantarctic Mountains, WSB: Wilkes Subglacial Basin, VL: Victoria Land, RI: Ross Island, WARS: 
West Antarctic Rift System, MBL: Marie Byrd Land, EWM: Ellsworth–Whitmore Mountains, TI: Thurston Island, AP: Antarctic Peninsula. Modified from O’Donnell and Nyblade
(2014).

Hansen et al., 2012), we have developed the first continental-scale 
model of P-wave speed variations in the Antarctic mantle. This 
approach, which combines multiple, regional travel-time datasets 
in the context of a global model, yields a tomographic image 
with finer-scale resolution of mantle structure beneath Antarctica 
compared to previously developed continental-scale models. Ad-
ditionally, the tomographic image obtained has higher resolution 
at greater mantle depths than reported for regional-scale tomo-
graphic models. Improved tomographic results, particularly at mid-
mantle depths, are important for evaluating competing geologic 
models. Our model reveals considerable, previously unrecognized 
heterogeneity in the Antarctic mantle, especially beneath West 
Antarctica. Specifically, distinct and separate low velocity anoma-
lies are imaged beneath Ross Island (RI) and Marie Byrd Land 
(MBL). The lateral and depth extent of these anomalies provides 
new insight into the geodynamic processes associated with rifting 
and hotspot tectonism in West Antarctica.

2. Geologic background and previous studies

Antarctica is broadly divided into two main tectonic domains: 
East Antarctica and West Antarctica, which are separated by the 
Transantarctic Mountains (TAMs; Fig. 1). Widespread Archean and 
Proterozoic outcrops along the East Antarctic coast (Tingey, 1991)

and similar Proterozoic rocks in the TAMs (Goodge et al., 2001)
have led many to propose that the East Antarctic interior is a vast 
Precambrian craton (Tingey, 1991; Dalziel, 1992; Hoffman, 1991;
Moores, 1991; Rogers et al., 1995). Other studies have suggested 
a more complicated tectonic history for East Antarctica, includ-
ing multiple Proterozoic, Paleozoic, and even Cenozoic orogenic 
events (Zhao et al., 1995; Liu et al., 2002; Fitzsimons, 2000, 2003; 
Ferraccioli et al., 2011).

West Antarctica comprises an amalgamation of several tec-
tonic blocks, including MBL, Thurston Island (TI), the Ellsworth–
Whitmore Mountains (EWM), and the Antarctic Peninsula (AP; 
Fig. 1). Lithospheric stretching between these blocks and within 
the Ross Embayment led to the initial formation of the West 
Antarctic Rift System (WARS) at ∼100 Ma (Fig. 1; Stock and Mol-
nar, 1987; Bradshaw, 1989; Lawver et al., 1991). Another phase of 
rifting in the Cenozoic (Fitzgerald and Baldwin, 1997) was accom-
panied by volcanism along parts of the TAMs, in MBL, and probably 
within the WARS interior (Behrendt et al., 1997; Siddoway, 2008). 
Some models for the WARS suggest that all major extension and 
heating of the upper mantle occurred during the late Cretaceous 
and that any Cenozoic activity is limited to isolated locations, 
such as the Terror Rift near RI (Fig. 1; Wannamaker et al., 1996;
Karner et al., 2005). Other models suggest that moderate levels 
of extension have continued to occur to the present and that the 
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upper mantle remains thermally perturbed (Cande et al., 2000;
Granot et al., 2010).

Unlike many other mountain ranges of similar size, the TAMs 
show no evidence for a compressional origin. Apatite fission track 
dating indicates that the main phase of TAMs uplift began ∼55 Ma, 
leading to as much as 7–8 km of uplift in some locations (Fitzger-
ald, 1992, 1994; Sutherland et al., 2011), although the rate of uplift 
is still somewhat controversial (e.g., Barrett et al., 1989; Clapperton 
and Sugden, 1990; Behrendt and Cooper, 1991). The lack of com-
pressional structures in the TAMs has led to much debate re-
garding their origin, and a variety of uplifted models have been 
proposed (e.g., Fitzgerald et al., 1986; Stern and ten Brink, 1989;
Bott and Stern, 1992; Chéry et al., 1992; van der Beek et al., 1994;
ten Brink et al., 1997; Studinger et al., 2004; Karner et al., 2005;
Lawrence et al., 2006b).

Crustal thickness estimates across East Antarctica average 
∼35–45 km (e.g. Groushinsky and Sazhina, 1982; von Frese et al., 
1999; Ritzwoller et al., 2001; Reading, 2006; Block et al., 2009;
Ferraccioli et al., 2011). More detailed regional seismic stud-
ies show thick crust (55–58 km) beneath the Gamburtsev Sub-
glacial Mountains (GSM) in central East Antarctica, with thinner 
crust (40–45 km) in the surrounding areas (Hansen et al., 2010;
Heeszel et al., 2013; O’Donnell and Nyblade, 2014) and evidence 
for crustal thinning (∼34 km) near South Pole and the Polar Sub-
glacial Basin (PSB; Fig. 1). Crustal thickness estimates in the WARS 
range from ∼17 km in parts of the Ross Embayment to ∼37 km
beneath the EWM (e.g. ten Brink et al., 1993; Clarke et al., 1997;
Yoo, 1998; Winberry and Anandakrishnan, 2004; O’Donnell and 
Nyblade, 2014; Chaput et al., 2014). The large variation in crustal 
thickness suggests large spatial variability in the degree of exten-
sion across the WARS (Studinger et al., 2002). Beneath the TAMs, 
the crust appears to thicken from about 25–30 km near the Ross 
Sea to 40–45 km some 100–150 km inland (ten Brink et al., 1993;
Lawrence et al., 2006b; Hansen et al., 2009; Finotello et al., 2011;
Chaput et al., 2014).

Previous continental-scale seismic images of Antarctica, which 
have been generated using surface wave analyses and fairly sparse 
station coverage, show seismically fast upper mantle beneath East 
Antarctica, indicating thick lithosphere, with seismically slow up-
per mantle beneath the WARS. The boundary between these two 
regions roughly coincides with the TAMs (Suppl. Fig. 1; e.g. Roult 
and Rouland, 1994; Ritzwoller et al., 2001; Sieminski et al., 2003;
Morelli and Danesi, 2004). Within either tectonic domain, the 
velocities are fairly homogeneous. For instance, Ritzwoller et al.
(2001) and Morelli and Danesi (2004) display highly smoothed 
seismic velocities models across East and West Antarctica, with 
only about a 1% velocity variation in either tectonic domain. The 
depth extent of these models is ∼300–400 km. Sieminski et al.
(2003) used higher mode Rayleigh waves to image deeper mantle 
structure (to ∼600 km depth) but again, the velocities across both 
East and West Antarctica are fairly uniform (Suppl. Fig. 1).

Regional-scale seismic investigations show more heterogeneity 
in the mantle structure beneath Antarctica. For example, Heeszel 
et al. (2013) and Lloyd et al. (2013a) imaged slower mantle ve-
locities beneath the PSB and the Lambert Rift System (Fig. 1) in 
East Antarctica (albeit still faster relative to global averages), sug-
gesting thinner lithosphere under these areas. Beneath MBL, slow 
velocities extending to at least ∼300–400 km depth have been ob-
served, in contrast with faster mantle velocities beneath the EWM 
(Heeszel, 2011; Lloyd et al., 2013b). Lawrence et al. (2006a) and 
Watson et al. (2006) imaged an upper mantle low velocity anomaly 
beneath RI, extending 50–100 km beneath the TAMs. However, 
the limited aperture of these regional studies makes the lateral 
and depth extent of these various velocity anomalies difficult to 
constrain, thereby leading to questions about the associated geo-
dynamic processes.

3. Data and methodology

Our new P-wave tomography model for Antarctica has been 
developed using an adaptive parameterization method (Kárason, 
2002; Li et al., 2008), described by Hansen et al. (2012). In this ap-
proach, travel-time residuals are calculated with respect to travel-
times predicted by the global ak135 Earth model (Kennett et al., 
1995). Prior global body wave tomography studies have shown 
poor resolution in Antarctica because only about 30 seismic sta-
tions across the entire continent report arrivals to the International 
Seismological Centre (ISC), and most of these stations are located 
along the coast (Fig. 1). However, in the past few years, several 
new arrays of autonomous seismographs have been installed in 
Antarctica (Fig. 1; Suppl. Table 1), providing an important regional 
dataset with the potential to resolve structural details beneath 
many parts of the continent. Some notable deployments include 
the Transantarctic Mountains Seismic Experiment (TAMSEIS), the 
Transantarctic Mountains Northern Network (TAMNNET), the Gam-
burtsev Antarctic Mountains Seismic Experiment (GAMSEIS), and 
the Polar Earth Observing Network (POLENET).

Additionally, we use global travel-time residuals from the re-
processed ISC database from Engdahl et al. (1998; EHB database), 
which includes a wide range of P-wave phases to maximize the 
effective sampling of the Earth’s structure. The EHB catalog used 
in this study includes over 15 million travel-time residuals asso-
ciated with more than 496,000 earthquakes, from the time period 
between January 1964 and October 2007. This dataset contains by 
far the most arrival times but with a very limited distribution of 
data for Antarctica (see Suppl. Fig. 2).

The regional Antarctic dataset was manually picked, and travel-
time residuals were computed using a slightly modified version of 
the ak135 reference model, in which appropriate ice and crustal 
thicknesses were incorporated (Chaput et al., 2014; O’Donnell 
and Nyblade, 2014). Suppl. Fig. 3 illustrates the consistency of 
our travel-time residuals both between the EHB catalog and the 
regional Antarctic data as well as between data from different 
Antarctic deployments. The total regional network dataset includes 
over 69,000 travel-time residuals. To balance this smaller but 
high-quality dataset against the global but somewhat noisier EHB 
catalog, the regional network data are given twice the weight 
in the tomographic inversion (Kárason and van der Hilst, 2001;
Li et al., 2008).

The combined dataset was inverted for a global model of man-
tle P-wave structure. Since converging lines of longitude at the 
Earth’s pole cause coordinate singularity difficulties, all station and 
earthquake locations were rotated prior to inversion such that 
the new (0◦ , 0◦) origin point is located at the South Pole. Un-
even seismic raypath coverage in the mantle can lead to signif-
icant lateral variations in resolution; therefore, the tomographic 
method used here constructs an adaptable grid based on the 
data sampling density (Kárason and van der Hilst, 2000). One or 
more cells from a base grid are combined until a minimum ray 
density in each cell is obtained (Kárason, 2002; Li et al., 2008;
Hansen et al., 2012), resulting in an adaptive grid with finer spac-
ing for regions with increased ray coverage (Suppl. Fig. 4). The 
total number of sampled, adaptive cells used in our inversion is 
∼500,000. The inversion also takes crustal structure into account 
through an a priori 3D crustal model, which is a modified ver-
sion of CRUST2.0 (Bassin et al., 2000), with crustal thickness values 
from Chaput et al. (2014) and O’Donnell and Nyblade (2014) sub-
stituted into the region covering the Antarctic continent. This ap-
proach balances the crust and upper mantle contributions to the 
misfit (Li et al., 2008).

The sensitivity matrix calculations are fully described by
Kárason (2002) and Li et al. (2008). Briefly, short-period data are 
back-projected along raypaths calculated in the reference model, 
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Fig. 2. P-wave tomography image. P-wave velocity perturbations (δVP) are shown at selected mantle depths. The white dashed line on each panel marks the boundary 
between East and West Antarctica (Fig. 1). The locations of cross-sectional profiles (Figs. 3–5, 7) are shown in the first panel. The first panel also shows the locations of 
stations used in this study, where black triangles denote EHB stations and black squares denote Antarctic regional network stations. All panels here, and in subsequent figures, 
are plotted in the rotated Grid North coordinate system used for the inversion, where latitude and longitude are relative to South Pole.

and weighted composite rays are used to reduce the size of the 
sensitivity matrix (Spakman and Nolet, 1988; Kárason and van der 
Hilst, 2001). For long-period data, 3D sensitivity kernels are ap-
proximated following Kárason and van der Hilst (2001). This ap-
proach allows the long wavelength structure to be constrained by 
the low-frequency data without preventing short-period data from 
resolving smaller scale structure.

4. Results and resolution tests

The P-wave velocity perturbations (δVP) in our model (Fig. 2) 
were obtained after 200 iterations of the inversion and corre-
spond to a 92% reduction of the objective function. The associated 
residual vector decreased from 0.96 to 0.29 s. Our model displays 
considerably more mantle heterogeneity beneath Antarctica com-
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Fig. 3. (a–c) Cross-sections through the tomographic model along profiles A–A′ , B–B′ , and C–C′ . The locations of the cross-sectional profiles are shown in Fig. 2. (d–f) Synthetic 
tests to examine the extent of vertical smearing in our model. These input models best approximate major features of the observed structure shown in panels (a–c). The input 
anomalies have been projected onto the adaptive grid (Suppl. Fig. 4). (g–i) Recovered synthetic models. All panels are plotted with a ±1% color scale for direct comparison. 
Also, the dashed lines in each panel mark the 410 and 660 km discontinuities. Abbreviations for geographic locations are the same as in Fig. 1, except for CTAMs: central 
TAMs, EAP: East Antarctica Plateau. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

pared to previously developed continental-scale models (e.g. Roult 
and Rouland, 1994; Ritzwoller et al., 2001; Sieminski et al., 2003;
Morelli and Danesi, 2004). For instance, fast velocities expected be-
neath East Antarctica are observed, but fast velocities are also seen 
beneath the EWM in West Antarctica. Slow velocities are seen be-
neath both MBL and RI in West Antarctica, but the amplitudes of 
these anomalies are quite different from one another and do not 
extend across all of West Antarctica, as in most previously pub-
lished continental-scale models.

Cross-sections through the model (Figs. 3a–c, 4a, 5a) also high-
light the variable structure across Antarctica. Fast velocities (δVP ≈
2%) beneath East Antarctica ‘smear’ to the south–southwest at 
depth, but appear to be primarily upper mantle features. A ‘break’ 
in the fast structure is also observed between the GSM and the 
TAMs. Pronounced slow velocities (δVP ≈ −2%) beneath RI also ap-
pear to be primarily concentrated to the upper mantle. This is 

in contrast to the slow velocities beneath MBL, which extend to 
greater mantle depths (∼1000 km) but which are also associated 
with a less negative velocity perturbation (δVP ≈ −0.7%).

Several tests have been performed to assess model resolution. 
First, the lateral resolution was examined with a series of checker-
board tests. The input pattern includes 3◦-wide anomalies with 
alternating ±2% velocity variations. Synthetic travel-times were 
created and inverted using the same model parameterization as 
was used for the data, and noise was added to the synthetic 
travel-times as a Gaussian residual time error with a standard 
deviation of 0.29 s, which corresponds to the residual remaining 
in our model after inversion. Given the uneven station distribu-
tion, the resolution of our model varies spatially, but the checker-
board pattern is well recovered across western and central–eastern 
Antarctica, coinciding with the included station locations (Fig. 6). 
Our best amplitude recovery is ∼40–60% due, in a large part, to 
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Fig. 4. (a) Cross-section along profile D–D′ (Fig. 2). (b–d) Synthetic tests along profile D–D′ . Input models are shown on the left and recovered models are shown on the right. 
The input anomalies have been projected onto the adaptive grid (Suppl. Fig. 4). (b) The synthetic model that best matches the observed structure, with a ∼800 km deep, 
−1% anomaly beneath MBL, a ∼200 km thick, 4% anomaly beneath the EWM, and slow (−2%) velocities extending laterally below the transition zone. (c) Same as model 
(b) but without the slow anomaly below the transition zone. (d) Same as model (c) but with a shallower (∼400 km) anomaly beneath MBL. Abbreviations for geographic 
locations are the same as in previous figures, and all panels have been plotted with the same color scale for direct comparison.

regularization parameters used to stabilize the solution of the in-
version.

The vertical resolution of our model was assessed with syn-
thetic anomalies that match major observed features (Fig. 3d–i). 
Along profiles A–A′ and B–B′ , fast synthetic anomalies are used to 
match the structure beneath East Antarctica, the TAMs, and the 

GSM, while a slow synthetic anomaly is used to match the struc-
ture beneath RI (Fig. 3d–e). The thickness of each of these anoma-
lies is ∼200 km. Since the amplitude recovery of our model is 
∼40–60%, as indicated by the checkerboard resolution tests (Fig. 6), 
we have roughly doubled the observed velocity perturbations, giv-
ing the East Antarctic and RI synthetic anomalies input amplitudes 



72 S.E. Hansen et al. / Earth and Planetary Science Letters 408 (2014) 66–78

Fig. 5. (a) Cross-section along profile E–E′ (Fig. 2). (b–d) Synthetic tests along profile E–E′ . Input models are shown on the left and recovered models are shown on the right. 
The input anomalies have been projected onto the adaptive grid (Suppl. Fig. 4). (b) The synthetic model that best matches the observed structure, with a ∼200 km thick, 
−4% anomaly beneath RI, a ∼800 km thick, −1% anomaly beneath MBL, and slow (−2%) velocities extending laterally below the transition zone below West Antarctica, 
similar to Fig. 4. (c) Same as model (b) but without the slow anomaly below the transition zone. (d) Same as model (c) but with a shallower (∼400 km) anomaly beneath 
MBL. Abbreviations for geographic locations are the same as in previous figures, and all panels have been plotted with the same color scale for direct comparison.

that are 4% faster and slower than the reference model, respec-
tively. The recovered images (Fig. 3g–h) show ∼200 km of verti-
cal smearing. This is not atypical for P-wave tomography studies. 
Smearing is more pronounced in the south–southwest direction, 
similar to our model. Along profile A–A′ , the abrupt change be-
tween adjacent grid cells results in an artificial slow anomaly be-
tween the fast regions of the input model, and this shows up as 
an artifact in the recovered model, but the fast synthetic structure 
matches the observed structure (Fig. 3a) fairly well. A synthetic 
anomaly associated with the slow velocities beneath MBL (profile 
C–C′ , Fig. 3f) is also examined. In this case, an input amplitude 
of −1% is used, and the synthetic anomaly extends to ∼800 km
depth (Fig. 3f). The level of vertical smearing is somewhat less ex-

tensive in the recovered image (∼100–150 km; Fig. 3i), likely due 
to the better resolution in our model at mid-mantle depths (Fig. 6; 
Suppl. Fig. 4).

A series of squeeze tests (e.g., Schutt and Humphreys, 2004;
Allen and Tromp, 2005) were also used to assess the vertical reso-
lution of our velocity model. Squeezing was implemented through 
a two-stage inversion. During the first-stage, damping parameters 
were specified such that the velocity anomalies were only permit-
ted within a specified depth range. The residual data vector (i.e. 
the projection of the travel-time data that cannot be satisfied by 
anomalies within the allowed depth range) were then input into 
a second stage of the inversion, where the anomalies are allowed 
throughout the whole model space. If the residuals from the first 
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Fig. 6. Results from checkerboard resolution tests, show at selected mantle depths. All images have been plotted with the same color scale so that the degree of pattern and 
amplitude recovery can be easily compared. The input pattern consists of 3◦-wide anomalies with alternating ±2% velocity variations.

stage of the inversion are small, indicating that the squeezed struc-
ture is adequate to fit the data, then no significant new structure 
will be generated in the second stage. Otherwise, if structure out-
side the initially specified depth range is required to fit the data, 
significant anomalies outside of the initial constrained depths will 
be generated.

The vertical extent of the mantle anomalies in our tomo-
graphic model were tested using squeezing depths ranging from 

200–1000 km, which constrained the velocity perturbations to 
shallower portions of the model space (Fig. 7). The depth con-
straints provided by the squeeze tests are similar to those in-
dicated by our synthetic resolution tests. For example, the slow 
anomaly beneath MBL appears to extend to ∼1000 km depth 
in our model (Fig. 3c), but the squeeze test results indicate 
this feature could be constrained to depths ∼800–850 km (i.e. 
∼150–200 km shallower but still extending to the mid-mantle).
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Fig. 7. Examples of squeeze tests, examining the mantle structure along profile C–C′ (Fig. 2). Dashed lines mark depths of 300–1000 km in 100 km increments. The models 
on the left have been squeezed to (top) 300 km and (bottom) 800 km, respectively. The models on the right are the corresponding results of the full, two-stage squeezed 
inversion. Note that when the model is not over-squeezed (as in the 300 km case), the low-velocity structure does retreat to somewhat shallower depths.

5. Discussion

Our adaptively parameterized model reveals considerable man-
tle heterogeneity, with a range of velocity variations, particularly 
beneath parts of the TAMs and West Antarctica. Constraints on 
this type of mantle heterogeneity are important for tectonic in-
terpretations as well as for glacial isostatic adjustment modeling. 
The two most significant features in our model are the slow veloc-
ity anomalies beneath RI and MBL, and the following subsections 
discuss these features in further detail.

5.1. TAMs and the Ross Island anomaly

Previous continental-scale seismic models for Antarctica indi-
cate that the TAMs overlie a boundary between fast mantle in 
East Antarctica and slow mantle in West Antarctica (e.g. Roult 
and Rouland, 1994; Ritzwoller et al., 2001; Sieminski et al., 2003;
Morelli and Danesi, 2004). Regional studies (Watson et al., 2006;
Lawrence et al., 2006a) suggest that in the vicinity of RI, the tran-
sition from fast to slow velocities occurs about 50–100 km inland 
from the coast. However, these regional models lose resolution 
away from RI, so the lateral extent of the slow velocities is not well 
constrained. Heeszel (2011) suggested the slow velocities extend 

across the WARS, adjacent to the TAMs at upper mantle depths 
(<∼200 km), but did not provide constraints on the extent of the 
slow velocities toward grid south.

The addition of TAMNNET (not used in any previous tomo-
graphic studies) and other recent data allows us to further as-
sess the structure beneath the TAMs and RI region. In our model, 
a sharp contrast is observed between the fast velocities of the 
central TAMs and the slow velocities beneath RI (Figs. 2, 3b), 
with the boundary ∼100–150 km inland from the coast, similar 
to Watson et al. (2006) and Lawrence et al. (2006a). However, 
our model shows that the RI slow anomaly extends grid south 
towards Victoria Land (Fig. 2), with the fast-to-slow boundary con-
tinuing beneath the TAMs front. The lateral extent of this slow 
anomaly has important implications in terms of uplift models 
for the TAMs. Flexural uplift models (Stern and ten Brink, 1989;
ten Brink et al., 1997) invoke a thermal buoyancy load in the up-
per mantle, and the slow velocity anomaly extending beneath the 
TAMs front beneath RI and Victoria Land is consistent with a ther-
mally perturbed lithosphere. Therefore, we support a thermal con-
tribution to the uplift for this portion of the TAMs. However, our 
model does not indicate that the RI anomaly extends grid north 
along the TAMs and into the WARS at mantle depths ≥∼200 km. 
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Therefore, upper mantle thermal contributions to the TAMs uplift 
likely vary along strike.

Some studies favor a plume source to explain the slow seis-
mic velocities and volcanism associated with RI (e.g., Behrendt et 
al., 1991). For instance, Kyle et al. (1992) and Esser et al. (2004)
explored a plume model, with a 40 km diameter plume head, to 
explain petrologic observations. Our model indicates that the RI 
anomaly is constrained to the upper ∼200–300 km of the man-
tle, consistent with Reusch et al. (2008), so there is little evidence 
for a lower mantle upwelling beneath this region. Additionally, the 
lateral extent of the RI slow anomaly from our model (Fig. 2) 
indicates that the plume head diameter, if present, would need 
to be much larger than that suggested by Kyle et al. (1992) and 
Esser et al. (2004). Our findings agree well with Cooper et al.
(2007), who geochemically linked volcanic deposits separated by 
over 140 km throughout the Ross Sea region. This and other stud-
ies (e.g., Rocchi et al., 2002, 2003, 2005) instead suggest that the 
volcanism and slow seismic velocities in this area are better ex-
plained by locally focused rift-related decompression melting and 
shallow convection. The amplitude of the RI low velocity anomaly 
in our model is very pronounced (∼−4% indicated by the syn-
thetic tests), and we interpret this feature as the signature of 
Cenozoic extension beneath Terror Rift (Wannamaker et al., 1996;
Karner et al., 2005).

5.2. West Antarctica and the Marie Byrd Land anomaly

In West Antarctica, our model shows fast seismic velocities be-
neath parts of the EWM and slow velocities beneath MBL (Figs. 2, 
4a). This structure is more heterogeneous than those shown in 
previous continental-scale models for Antarctica (e.g., Roult and 
Rouland, 1994; Ritzwoller et al., 2001; Sieminski et al., 2003;
Morelli and Danesi, 2004), but they agree well with regional seis-
mic models developed using the POLENET dataset. For example, 
Heeszel (2011) and Lloyd et al. (2013b) both show that the EWM 
are underlain by seismic velocities that are fast relative to the 
rest of West Antarctica, extending to ∼150–250 km in the mantle, 
while MBL is underlain by slow seismic velocities down to at least 
∼300–400 km depth. However, the resolution of these regional 
models at depths greater than ∼300–400 km markedly decreases, 
making it difficult to assess if the MBL low velocity anomaly ex-
tends into or deeper than the transition zone. An earlier study 
by Sieminski et al. (2003) indicated that deep-seated low veloci-
ties beneath West Antarctica were possible. Resolving the velocity 
structure at mid-mantle depths is critical to assess the geodynam-
ics beneath West Antarctica.

All three cross-sectional profiles that transect MBL in our model 
(Figs. 2, 3c, 4a, 5a) show that the slow velocities extend through 
the transition zone. Additionally, profile D–D′ (Fig. 4a) illustrates 
that the slow velocities extend laterally beneath the EWM. From 
profile E–E′ (Fig. 5a), it appears that the MBL slow anomaly may 
potentially connect with the slow anomaly seen beneath RI at deep 
mantle depths. To assess the resolution of the MBL low velocity 
structure, additional synthetic tests were performed. These tests 
indicate that the MBL slow anomaly extends to ∼800 km depth 
(Figs. 3i, 4b, and 5b). The relatively low δVP of this feature is 
best matched using an input amplitude of −1% for the correspond-
ing synthetic anomaly. Shallower synthetic anomalies with greater 
perturbations (i.e. −2%) were also tested, but the corresponding re-
covered amplitudes did not match our observations well, and while 
these anomalies do smear to somewhat deeper depths in the man-
tle, they still did not match the observed depth extent of the MBL 
feature in our model (Suppl. Fig. 5).

Additionally, to match the structure seen along profiles D–D′

and E–E′ (Figs. 4a, 5a), the slow velocities were extended lat-
erally at depth (Figs. 4b, 5b), with the slow anomaly extending 

below the transition zone beneath the EWM (Fig. 4b). Synthetic 
tests illustrate that a somewhat more negative (−2%) input am-
plitude for the anomalies at these depths with a thickness of 
∼100–200 km matches the observed structure well. Again, shal-
lower slow anomalies and those without the lateral extension at 
depth do not match our observations (Fig. 4c–d).

A similar synthetic structure can also explain the observa-
tions along profile E–E′ (Fig. 5b). Again, the synthetic anomaly 
beneath MBL extends to ∼800 km depth while the anomaly be-
neath RI only extends to ∼200 km depth, similar to the synthetic 
test shown in Fig. 3e. The corresponding amplitudes of these two 
anomalies are quite different, with the RI anomaly being more 
pronounced. If the slow velocities beneath MBL are allowed to ex-
tend laterally below the transition zone, as in the synthetic tests 
along profile D–D′ , the recovered model matches our observed im-
age well (Fig. 5b). These results illustrate that the MBL and RI 
anomalies are distinct mantle features and only appear to be con-
nected at depth due to smearing in the model. Additionally, the 
MBL anomaly requires an appreciable lateral extent beneath the 
transition zone to best match the observed structure (Fig. 5b–d).

Numerous studies have attributed the topographic doming of 
MBL as well as the composition and spatial distribution of vol-
canic rocks in this area to a plume-related origin (e.g. Behrendt 
et al., 1991; Hole and LeMasurier, 1994; Weaver et al., 1994;
Hart et al., 1997; LeMasurier, 2008). Narrow plume tails are no-
toriously difficult to image; however, if plume head material were 
ponded in the upper mantle, the thickness of low velocity ma-
terial is expected to be ∼100–200 km (Ebinger and Sleep, 1998;
Davaille et al., 2005; Montelli et al., 2006; Hwang et al., 2011), 
which is much thinner than the low velocity anomaly imaged in 
our model. However, our tomographic model and associated syn-
thetic tests indicate that slow velocities extend laterally below 
the transition zone beneath West Antarctica. We suggest that if 
a plume is present beneath this area, then the plume head has 
ponded below the transition zone.

Numerous geodynamic and seismic studies have suggested that 
the 660 km endothermic phase boundary may present an ob-
stacle for plumes ascending through the lower mantle, which 
would cause the plume to spread beneath the transition zone 
(e.g., Davies, 1995; Vinnik et al., 1997; Cserepes and Yuen, 2000;
Farnetani and Hofmann, 2009). The thickness of the deep anomaly 
indicated by our model and synthetic tests is consistent with that 
expected for ponded plume head material (∼100–200 km; Ebinger 
and Sleep, 1998; Davaille et al., 2005; Montelli et al., 2006) and 
such a feature would thermally perturb the overlying mantle, lead-
ing to the low velocities seen throughout the mantle beneath MBL. 
Thermal buoyancy from this deep, anomalous structure would also 
help provide uplift for the EWM.

A recent receiver function study (Emry et al., submitted for 
publication) indicates that the 410 km seismic discontinuity is de-
pressed beneath all of West Antarctica, consistent with a broad 
region of low velocities in the overlying mantle. The mantle tran-
sition zone thickness is fairly consistent with the global average; 
however, notable exceptions are observed beneath the MBL Rup-
pert Coast and below the EWM and Bentley Subglacial Trench, 
where the transition zone is thinned. Emry et al. (submitted for 
publication) suggest that the mantle transition zone beneath West 
Antarctica may be hotter than average in these two locations, 
caused by thermal upwellings from the lower mantle. A plume 
head ponded below the transition zone, as suggested above, would 
provide a source of heat for the overlying mantle and could lead 
to secondary upwellings, consistent with Emry et al. (submitted for 
publication).
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5.3. East Antarctica

Most of East Antarctica is underlain by fast seismic velocities 
in our model, consistent with previous continental-scale studies 
(Figs. 2, 3a–b; e.g., Roult and Rouland, 1994; Ritzwoller et al., 2001;
Morelli and Danesi, 2004). Taking the amount of vertical smear-
ing indicated by our synthetic and squeeze tests into account 
(Figs. 3g–h, 7), the fast velocities beneath East Antarctica extend to 
∼200–250 km depth. This estimate also agrees well with regional 
seismic investigations (Lawrence et al., 2006a; Heeszel et al., 2013;
Lloyd et al., 2013a), which support the conclusion that East Antarc-
tica is underlain by thick Archean or Proterozoic cratonic litho-
sphere. Somewhat slower mantle velocities are observed near the 
PSB (Figs. 2, 3a), also consistent with prior regional seismic stud-
ies (Hansen et al., 2010; Heeszel et al., 2013; Lloyd et al., 2013a). 
It has been shown that this area is also associated with a sig-
nificant aeromagnetic anomaly, and it has been suggested that 
the distinct geophysical features here relate to a ∼1.1–1.9 Ga pe-
riod of orogenic activity (Finn et al., 2006; Goodge et al., 2008;
Goodge and Finn, 2010).

6. Conclusions

Using an adaptively parameterized tomography method, inte-
grating travel-time data from a number of recent deployments, we 
have developed the first continental-scale image of P-wave speed 
variations for the Antarctic mantle. Our model resolves consider-
ably more heterogeneity across the continent, particularly in West 
Antarctica, than previously developed continental-scale models and 
provides higher resolution imaging of deeper mantle structure 
than that provided by regional-scale models. These attributes are 
important to assess the geodynamic processes shaping the Antarc-
tic continent.

Our model places lateral constraints on the slow velocity 
anomaly beneath RI. This anomaly extends towards Victoria Land, 
further grid south than has been recognized in previous stud-
ies. The boundary between these slow velocities and the fast 
velocities underlying East Antarctica is found ∼100–150 km be-
neath the TAMs front, supporting flexural uplift models (Stern 
and ten Brink, 1989; ten Brink et al., 1997) for this portion 
of the TAMs. However, at least at mantle depths ≥∼200 km, 
the slow anomaly does not extend grid north along the TAMs 
and into the WARS. The lateral extent of these low velocities is 
best explained by rift-related decompression melting and shal-
low convection (Wannamaker et al., 1996; Karner et al., 2005;
Cooper et al., 2007; Rocchi et al., 2002, 2003, 2005).

In West Antarctica, MBL is underlain by a deep-seated
(∼800 km) low velocity anomaly with a relatively low δVP sig-
nature. Synthetic tests illustrate that the low velocities extend 
laterally below the transition zone, and this structure has been 
interpreted as a mantle plume ponded below the 660 km discon-
tinuity, which would thermally perturb the overlying mantle. The 
slow anomalies beneath MBL and RI are separate features from one 
another and highlight the variable structure across West Antarctica.
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