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3Departamento de Geofisica & Programa de Pós-Graduação em Geodinâmicae Geofı́sica, Universide Federal do Rio Grando do Norte, Natal,
Rio Grande do Norte, Brazil
4Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, GD 510640 Guangzhou, China
5Department of Earth and Planetary Sciences, Washington University in St. Louis, St. Louis, MO 63130, USA
6Department of Geosciences, Warner College of Natural Resources, Colorado State University, Fort Collins, CO 80523, USA
7Department of Geological Sciences, Central Washington University, Ellensburg, WA 98926, USA
8School of Earth Sciences, The Ohio State University, Columbus, OH 43210, USA

Accepted 2017 August 3. Received 2017 July 31; in original form 2016 November 23

S U M M A R Y
A uniform set of crustal parameters for seismic stations deployed on rock in West Antarctica
and the Transantarctic Mountains (TAM) has been obtained to help elucidate similarities and
differences in crustal structure within and between several tectonic blocks that make up these
regions. P-wave receiver functions have been analysed using the H–κ stacking method to
develop estimates of thickness and bulk Poisson’s ratio for the crust, and jointly inverted
with surface wave dispersion measurements to obtain depth-dependent shear wave velocity
models for the crust and uppermost mantle. The results from 33 stations are reported, including
three stations for which no previous results were available. The average crustal thickness is
30 ± 5 km along the TAM front, and 38 ± 2 km in the interior of the mountain range. The
average Poisson’s ratios for these two regions are 0.25 ± 0.03 and 0.26 ± 0.02, respectively,
and they have similar average crustal Vs of 3.7 ± 0.1 km s−1. At multiple stations within the
TAM, we observe evidence for mafic layering within or at the base of the crust, which may have
resulted from the Ferrar magmatic event. The Ellsworth Mountains have an average crustal
thickness of 37 ± 2 km, a Poisson’s ratio of 0.27, and average crustal Vs of 3.7 ± 0.1 km s−1,
similar to the TAM. This similarity is consistent with interpretations of the Ellsworth Mountains
as a tectonically rotated TAM block. The Ross Island region has an average Moho depth of
25 ± 1 km, an average crustal Vs of 3.6 ± 0.1 km s−1 and Poisson’s ratio of 0.30, consistent
with the mafic Cenozoic volcanism found there and its proximity to the Terror Rift. Marie
Byrd Land has an average crustal thickness of 30 ± 2 km, Poisson’s ratio of 0.25 ± 0.04 and
crustal Vs of 3.7 ± 0.1 km s−1. One station (SILY) in Marie Byrd Land is near an area of
recent volcanism and deep (25–40 km) seismicity, and has a high Poisson’s ratio, consistent
with the presence of partial melt in the crust.
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1 I N T RO D U C T I O N

Over the past two decades there has been a historic increase in
broadband seismic networks deployed in Antarctica for investigat-
ing deep Earth structure beneath major tectonic features, such as
the Transantarctic Mountains (TAM), the Gamburtsev Subglacial
Mountains, the West Antarctic Rift System (WARS), and Marie

Byrd Land (MBL). Seismic data recorded by these networks have
been analysed to obtain estimates of crustal structure, such as Moho
depth and Poisson’s ratio, leading to an improved understanding of
Antarctica’s crust. However, data from the different networks have
been analysed separately with a variety of methods, yielding infor-
mation on crustal properties that varies among studies. For example,
Finotello et al. (2011) reported estimates of Moho depth and mean
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Figure 1. Seismic stations used in this study plotted on maps showing bed elevations (Fretwell et al. 2013). (a) Locations of POLENET/ANET seismic stations
(triangles) used in West Antarctica. The white triangles indicate location of stations from which no previous results are available. (b) Location of TAMSEIS
(green triangles), POLENET/ANET (red triangles) and Global Seismic Networks (yellow triangles) stations on Ross Island and a portion of the TAM. (c) Map
of Antarctica outlining the regions in (a) and (b) in green, as well as the tectonic regions mentioned in the text outlined in red.

crustal Vp/Vs for one set of stations in the TAM and on Ross Island,
but no information on crustal P- or S-wave velocities. In contrast,
Chaput et al. (2014) reported estimates of Moho depth and crustal
P-wave velocities for rock and ice sites within the TAM and West
Antarctica (WA), but for models with constrained Vp/Vs. Obtaining
a uniform set of crustal parameters for Antarctica is also challenging
because P-wave receiver functions from seismic stations deployed
on ice sheets are complicated by reverberations within the ice layer,
which can lead to lower resolution crustal structure models (Hansen
et al. 2010; Chaput et al. 2014; Graw et al. 2016). To compile a uni-
form set of crustal parameters for stations deployed on ice, Ramirez
et al. (2016) applied a standard modelling approach using S-wave
receiver functions and Rayleigh wave phase velocities for broad-
band stations in WA, the TAM, as well as a number stations in East
Antarctica (EA).

In this companion paper, we provide a uniform set of crustal
parameters, including Moho depth, a crustal shear wave velocity
profile, and crustal Poisson’s ratio, for broadband stations in WA
and TAM deployed on rock by analysing P-wave receiver func-
tions and Rayleigh wave phase and group velocities using the H–κ

stacking method of Zhu & Kanamori (2000) and the joint inversion
approach of Julià et al. (2000). The seismic stations are part of
the 2000–2003 TAMSEIS (Lawrence et al. 2006a) and 2009–2015
POLENET/A-NET (Lloyd et al. 2015) experiments. No previous
estimates of crustal structure have been reported before for three of

the POLENET/ANET stations, and results obtained for several sta-
tions are different from crustal structure reported in previous stud-
ies. Our findings thus expand upon existing constraints on crustal
thickness and composition, enabling us to examine more compre-
hensively than before the nature of the crust beneath several tectonic
blocks making up WA and the TAM, and to comment further on
their origin.

2 T E C T O N I C B A C KG RO U N D

In this section, we describe the tectonic history of several blocks
within WA and the TAM for which we provide new information on
crustal structure (Fig. 1).

2.1 Transantarctic Mountains

The TAM are a geologic and topographic boundary dividing sta-
ble EA from a more tectonically active WA (Fig. 1). The TAM
span roughly 3500 km in length and reach elevations as high as
4500 m (ten Brink et al. 1997). The basement rocks of the TAM
are composed of Precambrian/Cambrian metasediments combined
with Ordovician granites and Devonian intrusives. During the De-
vonian to the Triassic, the Beacon Supergroup formed, and in the
Cenozoic, volcanism was followed by marine, lacustrine and glacial
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sedimentation in some locations, capping off the TAM (Fitzger-
ald 1992). Because areas along the coast have been affected by
the tectonics of the WARS, we group stations located along the
Transantarctic Mountains front (TAMF) separately from stations in
the interior of the Transantarctic Mountains (TAMI).

2.2 Ellsworth Mountains

The Ellsworth Mountains (EWM) are a mountain range about
350 km long and about 80 km wide (Webers et al. 1992) separating
the interior of WA from the Antarctic Peninsula and the Weddell
Sea. The EWM are composed mostly of clastic sedimentary rocks
with minor portions of igneous intrusions and volcanics, as well as
some limestones (Yoshida 1982). Timing of the uplift and major
deformation events of the EWM, including the translation/rotation
from the TAM to their present location, is not well constrained, but
most likely occurred during the Jurassic and Cretaceous (Webers
et al. 1992; Dalziel et al. 2013).

2.3 Marie Byrd Land

MBL covers an area of roughly 1000 km × 500 km in the north-
ern section of WA between the Amundsen Sea and the Ross Sea.
The area is characterized by Late Cenozoic alkalic volcanism
(LeMasurier & Rex 1989), and many studies link the uplift of MBL
to a mantle plume. LeMasurier & Rex (1989) suggested the pres-
ence of a mantle plume based on the timing and alignment of the
volcanic chains within MBL. Seismic studies also provide some
evidence for a mantle plume. Lloyd et al. (2015) and Heeszel et al.
(2016) imaged a prominent low velocity zone extending to at least
200 km depth beneath MBL. Using migrated stacks of receiver func-
tions, Emry et al. (2015) imaged mantle transition zone thinning
in adjacent areas to MBL beneath the Bentley Subglacial Trench
and Ruppert Coast, and Accardo et al. (2014) found a shear wave
splitting pattern across MBL consistent with mantle flow from a
plume. Hansen et al. (2014), imaging deeper into the mantle than
Lloyd et al. (2015) and Heeszel et al. (2016), suggested that the
low velocity anomaly beneath MBL may extend through the mantle
transition zone and into the lower mantle.

2.4 Ross Island

Ross Island (RI) is part of a Cenozoic volcanic province that lies
at the eastern end of the Terror rift (Trey et al. 1999) and includes
Mt. Erebus (Hall et al. 2007), which is an active volcano. Kyle
(1990) suggested that a mantle upwelling or a hotspot is present
beneath RI based on the large volume of phonolite lavas erupted
and doming of the area. Lawrence et al. (2006b) and Watson et al.
(2006) found seismic evidence for a thermal anomaly in the upper
mantle beneath RI, consistent with a plume interpretation for the
hotspot, and Hansen et al. (2014) showed that the low seismic
velocity anomaly imaged is predominantly restricted to the upper
200–300 km of the mantle.

2.5 Previous crustal results from passive source
seismic studies

A number of previous studies have reported information on crustal
structure in the TAM and WA using data from stations that we
also used in this study. Lawrence et al. (2006c) utilized a genetic
algorithm to search crustal thickness and velocity space to obtain

models that fit receiver functions for the TAMSEIS stations. They
found the TAM coastal area to have crust over 20 km thick, and in
the interior of the TAM crust that is ∼40 km thick (Lawrence et al.
2006c).

Finotello et al. (2011) conducted a study using the H–κ stacking
method for the TAMSEIS rock stations, finding crustal thicknesses
of 19–39 km and Vp/Vs values ranging from 1.63 to 1.78, indi-
cating a felsic to intermediate composition for the crust. They also
obtained a Vp/Vs of 1.88 within the RI area, which they attributed to
mafic crust, consistent with the composition of volcanic rocks from
Mt. Erebus.

Chaput et al. (2014) investigated crustal structure beneath
POLENET/ANET stations by using a Markov Chain Monte Carlo
inversion scheme to model P-wave receiver functions that could
accommodate reverberations from thick ice sheets. They reported
crustal thicknesses for MBL, TAM and EWM of roughly 30 km,
and also showed that each of these regions is separated by thinner
(20–25 km) crust beneath the WARS.

Estimates of crustal structure in the TAM have also been reported
by Pondrelli et al. (1997) and Bannister et al. (2003) using receiver
function from data recorded on other temporary seismic stations.
Pondrelli et al. (1997) used receiver functions from a temporary
array of seismic stations near RI. They found that the crust near
the coast is 25 km thick and thickens to ∼43 km over a horizontal
distance of ∼100 km in the central section of the mountain range.
Similarly, Bannister et al. (2003) modelled data from seismic sta-
tions in the TAM near RI to image crustal structure. Consistent
with other studies, they found that the coastal region is dominated
by ∼18–20 km thick crust that rapidly increases to ∼35–40 km in
the interior of the TAM.

3 DATA A N D M E T H O D S

3.1 Data

The data used in this study to compute receiver functions come
from two different temporary seismic networks, the 2000–2003
TAMSEIS network (Lawrence et al. 2006a) and the 2009–2015
POLENET/A-NET network (Anthony et al. 2014; Lloyd et al. 2015;
Fig. 1). In addition, we used data from three permanent stations,
SBA, TNV and VNDA, which are located in the coastal area of
the TAM near to or on RI (Fig. 1b). The TAMSEIS network was
divided into three sub-arrays, a 16 station array with an east-west
strike across the TAM, a 17 station N–S array extending from the
TAM into the interior of EA, and a coastal array with 9 stations
along the Antarctic coast near to and within RI (Lawrence et al.
2006b). Stations that were deployed on rock include all of the coastal
array stations, several of the stations in the east-west array, and
station N000 (Fig. 1). The POLENET/A-NET network consists of
a backbone array of 24 stations and a temporary array of 13 stations
deployed between 2010 and 2012 across the WARS. Fourteen of the
backbone stations and two of the temporary stations were deployed
on rock outcrops.

The joint inversion technique employed in this study, for all but
one station, utilizes Rayleigh wave group velocity measurements
from 8 to 60 s period and phase velocity measurements from 18
to 113 s period together with the receiver functions. The phase
velocity measurements are taken from Heeszel et al. (2016) and
group velocity measurements are from Sun et al. (2013). There
were no group velocity measurements available for station THUR,
and therefore only phase velocities were used in the inversion.
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3.2 Receiver functions

Receiver functions are time series that encode the response of Earth
structure beneath a recording station (Langston 1979) and are com-
monly used for investigating crustal structure. The main phases in
the waveforms are the direct P wave, the P-to-S conversion at the
Moho (Ps) and its reverberations between the Moho and the free sur-
face (PpPs and PsPs + PpSs). The amplitudes and arrival times of
these phases place valuable constraints on crustal structure beneath
the receiver (Langston 1979) and are commonly used to estimate
the thickness of the crust and the bulk crustal P-wave velocity/S-
wave velocity (Vp/Vs) ratio (e.g. Zandt & Ammon 1995; Zhu &
Kanamori 2000). P-wave receiver functions can also be jointly mod-
elled with surface wave dispersion measurements to obtain a depth
dependent profile of crustal S-wave velocities (Julı́a et al. 2000,
2003).

P-wave receiver functions were computed for each station using
teleseismic events with magnitudes equal to or greater than 5.5 and
located at epicentral distances between 30◦ and 90◦. For calculating
the P-wave receiver functions, the originally recorded seismograms
were cut to 10 s before and 110 s after the first P-wave arrival.
Then the waveforms were de-trended, tapered, high pass filtered
above 0.05 Hz to remove low-frequency noise, and low pass filtered
below 8 Hz. The data were then decimated to 10 samples s−1 and the
horizontal components were rotated to the great circle path to obtain
radial and transverse components. Finally, the vertical component
was deconvolved from the radial and tangential components using
500 iterations in the iterative time-domain deconvolution method
developed by Ligorrı́a & Ammon (1999). For each teleseismic event,
radial and tangential receiver functions were computed for Gaussian
width factors of 1.0 (f ≤ 0.5 Hz) and 2.5 (f ≤ 1.25 Hz). Lower
frequencies result in longer wavelength receiver functions, which
are better for observing longer period phases from the lower crust
and mantle, while higher frequency receiver functions can reveal
detailed phases from shallow crustal structure (Owens & Zandt
1985; Ligorrı́a & Ammon 1999).

The quality of the receiver functions was assessed using the
L2-norm residual between the original radial component and the
predicted radial component. The predicted radial component was
generated by the convolution of the original vertical component and
the radial receiver function. A residual of 15 per cent or less was
used to select receiver functions for further analysis. In addition, re-
ceiver functions that showed unreasonably large amplitudes on both
radial and transverse components were not considered for further
processing, even if they passed the 15 per cent criterion. The same
receiver functions from each individual station were used for both
the H–κ stacking method and the joint inversion analysis.

3.3 H–κ stacking method

Crustal thickness estimated solely from the delay time between the
Moho Ps phase and the direct P-wave trades off strongly with crustal
Vp/Vs. Therefore, the H–κ stacking method of Zhu & Kanamori
(2000) was applied to the receiver functions to obtain estimates for
crustal thickness (H) and bulk Vp/Vs ratio (κ). The H–κ stacking
method reduces the ambiguity in H and κ by incorporating the later
multiple converted phases from the Moho (PpPs and PsPs + PpSs).
The technique solves for the objective function S using eq. (1):

S (H1, k1) = w1r (t1) + w2r (t2) − w3r (t3) (1)

where ti are the traveltimes of the three main P-to-S converted
phases from the Moho (Ps, PpPs and PsPs + PpSs), wi are weights

assigned to each phase (sum of wi = 1), and rj is the receiver function
amplitude for the jth receiver function. S(H,κ) reaches its maximum
when optimal values for H and κ are determined, satisfying a simple
layer over a half-space crustal model.

To apply the H–κ stacking method to the receiver functions,
weights for the converted phases (eq. 1) and an average crustal Vp
must be selected. A weighting system of w1 = 0.7, w2 = 0.2 and
w3 = 0.1, was used, similar to Zhu & Kanamori (2000). We chose a
Vp of 6.5 km s−1 because this is a reasonable average value for con-
tinental crust (Christensen & Mooney 1995); however, we take into
account uncertainties arising from this choice of Vp by computing
H–κ stacks for a suite of P-wave velocities. The H–κ grid-search
space spans 40 km, starting at depths that avoid inclusions of the
direct P-wave arrival. Some of the stations displayed multiple max-
ima that required smaller windowing to isolate the most geologically
plausible maxima. For these stations we provide results for both the
wide parameter space grid-search and the narrowly focused one in
the Supporting Information.

The H–κ stacking method was performed using both high- and
low-frequency receiver functions for all stations. For seven of the
stations (DEVL, FISH, MILR, UNGL, HOWD, MECK and THUR),
the Moho Ps arrival and the crustal multiples were more pronounced
on the higher frequency receiver functions and therefore results for
these stations are reported from H–κ stacking of the high-frequency
receiver functions. Formal uncertainties for H and κ were estimated
using a bootstrapping method that repeats the summation procedure
200 times with random, resampled data from the original dataset
with replacement (Efron & Tibshirani 1991). As previously men-
tioned, additional uncertainties in H and κ arise from the selection
of mean crustal Vp, and therefore, the H–κ stacks were recomputed
for P-wave velocities of 6.3 and 6.7 km s−1 to place lower and upper
error bounds on H and κ for a range of crustal P-wave velocities. The
reported uncertainties correspond to the addition of the bootstrap
formal uncertainty and the range of values obtained using P-wave
velocities of 6.3 and 6.7 km s−1. An example for station WHIT is
illustrated in Fig. 2 (see the Supporting Information for results from
all stations).

Some of the stations are located on boundaries between tectonic
blocks where abrupt changes in crustal thickness may occur. In such
a situation, receiver functions from different backazimuths could be
quite variable and simply stacking all of them to obtain a single
model of crustal structure may not yield an accurate model. To
check the receiver functions for indications of azimuthal variability,
the Moho Ps conversion points beneath each station were mapped
using a 30 km thick crust to determine the approximate locations
of conversion points with respect to tectonic boundaries. The Moho
Ps arrival times were then examined for variability between tec-
tonic boundaries. No significant evidence was found for azimuthal
variability at any of the stations.

3.4 Joint inversion of Rayleigh wave dispersion curves
and receiver functions

To obtain crustal shear wave velocity models for each station, re-
ceiver functions were jointly inverted with Rayleigh wave phase and
group velocities. While receiver functions mainly constrain shear
wave velocity contrasts at interfaces between layers, Rayleigh wave
dispersion curves place constraints on averages of the absolute shear
wave velocity within frequency dependent depth ranges. Therefore,
the combination of the two datasets provides tighter constraints on
the shear wave velocity structure at depth and bridges the resolution
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Figure 2. H–κ stack result for station WHIT. The parameter space of eq. (1) is shown on the left panel, where the center red circle indicates the 95 per cent
confidence bound and the black contours indicate the fit to the objective function in 10 per cent increments. The red, black and blue dots show the H and κ

values for the stacks using mean crustal Vp of 6.3, 6.5 and 6.7 km s−1, respectively. The receiver functions are shown in black in the right panel with increasing
backazimuth from bottom to top starting at the leftmost colum. The backazimuth and epicentral distance to the event are indicated in the top and bottom
numbers to the left of each receiver function. The red lines indicate the theoretical arrival times of the labelled phases.

gaps inherent in each dataset individually. The inversion method
used follows a linearized scheme that minimizes the least squares
difference between observations and predictions and the roughness
norm of the velocity-depth profile. The method also allows for a
priori velocity constraints in select portions of the model (Julià et al.
2003).

Following Julia et al. (2000), the receiver function and surface
wave dispersion datasets are equalized by the number of data points
and physical units by dividing the RMS misfit for each data set by
Nσ 2, where ‘N’ is the number of data points and σ 2 is the variance.
Since the receiver function data set may consist of several wave-
forms, the number of data points for the receiver function portion
of the misfit function is the total number of points in the com-
bined receiver function dataset. This makes the receiver function
and surface wave dispersion datasets have equal weight in the misfit
function, even when the number of receiver function waveforms is
much larger than the number of dispersion curves.

Prior to performing the inversion, the dispersion measurements
were smoothed using a three-point running average. Receiver func-
tions were binned in ray parameter groups of 0.040–0.049, 0.050–
0.059, 0.060–0.069, and greater than 0.070 s km−1 to account
for phase-moveout from differing incident angles. The receiver

functions were also stacked separately for two sets of overlap-
ping frequency bands corresponding to Gaussian bandwidths of
1.0 (f ≤ 0.5 Hz) and 2.5 (f ≤ 1.25 Hz). Inverting receiver functions
at several frequency bandwidths can help to distinguish sharp dis-
continuities from gradational ones in the velocity models (Cassidy
1992; Julià et al. 2005; Julià 2007).

The starting model used in the joint inversion is a 40-km-thick
crust that has a linear shear wave velocity increase from 3.4 to
4.0 km s−1 and a Poisson’s ratio determined from the H–κ stacking
method. The crust lies over a flattened Preliminary Reference Earth
Model (PREM) for the mantle (Dziewonski & Anderson 1981)
down to 400 km depth. The mantle shear wave velocity structure
is modelled to 290 km depth and then constrained to be equal to
PREM below that depth. Layer thicknesses were fixed at 1 and
1.5 km for the top two layers of the model, 2.5 km between 2.5 and
65 km depth, 5 km between 65 and 190 km depth and 10 km below
a depth of 265 km.

Uncertainties in the velocity models were estimated using the
approach of Julià et al. (2005) by repeating inversions for a range of
parameters, constraints and Poisson’s ratios. This approach yielded
uncertainties in the crustal shear wave velocity of individual layers
of 0.1 km s−1 and 0.2 km s−1 in the upper mantle, which translate
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(a) (c)

(b)

(d)

Figure 3. Joint inversion results for station WHIT. (a) The phase velocities obtained from Heeszel et al. (2016) are shown as the dotted black line and the
solid red line shows the resulting phase velocity curve from the inversion. (b) The group velocities obtained from Sun et al. (2013) are shown as a dotted black
line and the resulting group velocity curve from the inversion is shown as a solid red line. (c) Joint inversion velocity profile. The solid black line represents
the initial model. The red line indicates the inversion result. The dashed line at 4.0 km s−1 and dotted line at 4.3 km s−1 are for reference. The Moho depth
is selected where a large velocity discontinuity occurs (33 km). (d) Black lines are the receiver function stacks computed from the data and red line denotes
the synthetic receiver function computed from the joint inversion result. The top four traces are the low-frequency receiver functions and the bottom four the
high-frequency receiver functions. The ray parameter indicated is in the middle of the range used for each stack.

into uncertainties of ∼2.5 km in crustal thickness, roughly one layer
thickness in the inversion scheme. The results for station WHIT are
illustrated in Fig. 3 and the results for the other stations can be
found in the Supporting Information, including plots of the receiver
functions arranged by backazimuth, ray parameter and distance.

3.5 Selection criteria for Moho depths in 1-D velocity
profile

While the H–κ stacking method yields a direct estimate of Moho
depth, the shear wave velocity profile obtained from the joint inver-
sion must be interpreted to obtain an estimate of crustal thickness.
We chose the Moho in the joint inversion models to be the depth at
which a significant increase in velocity occurs. For most of the sta-
tions, the shear wave velocity increases from ≤4.0 to ≥4.3 km s−1

at the depths selected as the Moho, consistent with a lithologic
boundary between the crust and mantle. Shear wave velocities de-
rived from experimentally determined Vp/Vs indicate that shear
wave velocities in lower crustal rock assemblages tend not to ex-
ceed 4.3 km s−1 and those velocities of 4.3 km s−1 or higher are

more common for mantle lithologies (Christensen & Mooney 1995;
Christensen 1996).

We also obtain estimates of the thickness of a high velocity layer,
interpreted as mafic material, in the lower crust from the joint in-
version models. A number of previous studies of continental crustal
structure (e.g. Holbrook et al. 1992; Christensen & Mooney 1995;
Rudnick & Fountain 1995; Rudnick & Gao 2003) have reported
that common lower crustal mafic lithologies, such as amphibolites,
garnet-bearing and garnet-free mafic granulites and mafic gneisses,
have higher shear wave velocities (>3.9 km s−1) while intermediate-
to-felsic lithologies have lower shear wave velocities (<3.9 km
s−1). Therefore, layers with shear wave velocities between 4.0 and
4.2 km s−1 immediately above the Moho can be interpreted as mafic
lower crust.

4 R E S U LT S

The crustal thickness results from both the H–κ stacking and joint
inversion methods are summarized in Table 1 and Fig. 4, along
with results from previous studies. The Poisson’s ratio estimates
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Table 1. Summary of results.

Average H–κ stacking Chaput et al.
JI Moho depth crustal Vs Moho depth H–κ stacking Mafic lower (2014) Moho

Station (±3 km) (±0.1 km s−1) (km) crustal Vp/Vs Poisson’s ratio crust (±3 km) depth (km)

Transantarctic Mountains Front (TAMF)

BENN 33 3.5 30 ± 2.7 1.87 ± 0.04 0.30 ± 0.01 0 —
CASE 30 3.7 24 ± 3.5a 1.73a 0.25 5 —
CBOB 23 3.7 30 ± 7.4a 1.73a 0.25 5 —
CTEA 30 3.7 30 ± 1.8a 1.78 ± 0.05a 0.27 ± 0.02 0 —
DIHI 30 3.7 33 ± 2.2a 1.63 ± 0.05a 0.20 ± 0.03 3 —
E000 23 3.7 25 ± 2.5a 1.73a 0.25 3 —
E002 30 3.8 27 ± 3.0a 1.73a 0.25 5 —
FALL 28 3.7 27 ± 3.7 1.67 ± 0.07 0.22 ± 0.04 5 24.0 ± 4
WHIT 33 3.6 33 ± 3.2 1.74 ± 0.03 0.25 ± 0.01 0 31.5 ± 3
DEVL 30 3.8 14 ± 1.9b 1.88 ± 0.12b 0.30 ± 0.04 15 18.0 ± 4
FISH 25 3.7 14 ± 1.4b 1.83 ± 0.06b 0.30 ± 0.02 10 17.0 ± 4
MAGL 43 3.6 33 ± 4.7a 1.67 ± 0.04a 0.22 ± 0.02 3 —
SURP 30 3.6 27 ± 2.4 1.70 ± 0.02 0.24 ± 0.01 5 26.5 ± 2
Average 30 ± 5 3.7 ± 0.1 27 ± 6 1.75 ± 0.08 0.25 ± 0.03 5 ± 4 —

Transantarctic Mountains Interior (TAMI)

LONW 40 3.7 37 ± 3.3b 1.87 ± 0.04b 0.30 ± 0.01 3 45.0 ± 5
MILR 40 3.7 36 ± 5.6b 1.79 ± 0.08b 0.27 ± 0.03 3 45.0 ± 10
DUFK 38 3.7 40 ± 3.9 1.76 ± 0.06 0.26 ± 0.03 0 38.4 ± 5
VNDA 35 3.8 35 ± 1.4a 1.78 ± 0.02a 0.27 ± 0.01 8 —
N000 38 3.6 39 ± 2.6a 1.70 ± 0.06a 0.24 ± 0.04 0 —
E004 35 3.8 34 ± 1.1a 1.76 ± 0.02a 0.26 ± 0.01 3 —
E006 35 3.7 30 ± 3.2a 1.70 ± 0.10a 0.24 ± 0.04 0 —
E008 38 3.7 38 ± 2.6a 1.75 ± 0.06a 0.26 ± 0.03 3 —
E010 40 3.7 39 ± 2.0a 1.77 ± 0.03a 0.27 ± 0.02 0 —
Average 38 ± 2 3.7 ± 0.1 36 ± 3 1.76 ± 0.05 0.26 ± 0.02 2 ± 2 —

Ellsworth Mountains (EWM)

UNGL 38 3.7 37 ± 3.1b 1.78 ± 0.03b 0.27 ± 0.01 3 —
WILS 35 3.7 — — — 5 30.0 ± 5
HOWD 38 3.7 34 ± 3.0b 1.78 ± 0.04b 0.27 ± 0.02 3 37.0 ± 4
Average 37 ± 2 3.7 36 ± 2 1.78 0.27 4 ± 1 —

Marie Byrd Land (MBL)

BEAR 33 3.8 24 ± 2.8 1.70 ± 0.08 0.24 ± 0.04 10 —
CLRK 30 3.6 30 ± 2.4 1.72 ± 0.02 0.24 ± 0.01 0 30.0 ± 2
MPAT 28 3.6 31 ± 2.5 1.65 ± 0.02 0.21 ± 0.01 0 27.5 ± 1
SILY 30 3.6 29 ± 2.4 1.90 ± 0.04 0.31 ± 0.01 3 32.8 ± 2
Average 30 ± 2 3.7 ± 0.1 29 ± 3 1.74 ± 0.11 0.25 ± 0.04 3 ± 5 —

Ross Island (RI)

CBRI 25 3.6 19 ± 2.7a 1.88a 0.30 5 —
MINN 25 3.6 30 ± 2.4a 1.88a 0.30 3 —
Average 25 3.6 25 ± 6 1.88 0.30 4 ± 1 —

Other

MECK 35 3.7 33 ± 2.8b 1.61 ± 0.04b 0.19 ± 0.03 8 26.5 ± 4
THUR 38 3.8 33 ± 4.6b 1.76 ± 0.12b 0.27 ± 0.06 5 24.1 ± 3
aH–κ parameters obtained from Finotello et al. (2011).
bH–κ parameters obtained from high-frequency receiver functions.

provided in Table 1 and Fig. 5 have been determined from Vp/Vs.
The following sections describe the results based on individual
tectonic regions.

4.1 Transantarctic Mountains front

For the TAMF region, the Moho depths found from the joint inver-
sion method range from 23 to 43 km with an average of 30 ± 5 km.

The crustal shear wave velocity ranges from 3.5 to 3.8 km s−1, av-
eraging 3.7 ± 0.1 km s−1. The H–κ method gives Moho depths
ranging from 14 to 33 km, with an average of 27 ± 6 km. Poisson’s
ratios for this region range from 0.20 to 0.30, with an average of
0.25 ± 0.03. The difference in the range of Moho depths between
the two methods is mostly because of discrepant results for sta-
tions DEVL, FISH and MAGL (Table 1), which we address in the
discussion section. The receiver functions for station TNV did not
show a clear Ps arrival or other crustal multiples, potentially due to
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Figure 4. Moho depth results for the joint inversion and H–κ stacking. Red squares are results from the joint inversions. The blue triangles represent the H–κ

stacking results. The grey diamonds are results from Finotello et al. (2011) and the grey squares are from Chaput et al. (2014). Stations with new results are
highlighted in green. The different tectonic regions described in the text are labelled above station names.

Figure 5. Average crustal S-wave velocity and Poisson’s ratios. The red squares represent the average crustal Vs obtained from the joint inversion results.
The blue triangles represent the Poisson’s ratio calculated from the Vp/Vs ratios from the H–κ stacking. The grey diamonds represent Poisson’s ratios from
Finotello et al. (2011).

a gradational Moho, and therefore we do not report results for this
station.

4.2 Transantarctic Mountains internal

Crustal thicknesses in the TAMI region range from 35 to 40 km, with
an average of 38 ± 2 km. The crustal velocity for all the stations
ranges from 3.6 to 3.8 km s−1, averaging 3.7 ± 0.1 km s−1. H–κ

stacking yielded an average Moho depth of 36 ± 3 km, with a range
of 30 to 40 km. The Poisson’s ratio for this region is 0.26 ± 0.2.

Similar to station TNV, we did not obtain results from the joint
inversion or H–κ stacking methods for station PECA.

4.3 Ellsworth Mountains

The Moho depths from the joint inversion technique in the EWM
block range from 35 to 38 km with an average of 37 ± 2 km. The
crustal shear wave velocity is 3.7 km s−1 for all of the stations. The
results from the H–κ method show 34 and 37 km thick crust for
stations HOWD and UNGL, respectively. A Poisson’s ratio of 0.27
was obtained for both of those stations. WILS has a Moho Ps arrival
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that is clear on the receiver functions, and we were able to obtain
a result for the joint inversion, but an H–κ stacking result was not
obtained because other crustal multiples were not clearly observed.

4.4 Marie Byrd Land

Moho depths for the MBL stations from the joint inversion range
from 28 to 33 km, with an average of 30 ± 2 km. BEAR station
has an average shear wave velocity of 3.8 km s−1, whereas the
other three stations in this block have an average of 3.6 km s−1.
Moho depths from the H–κ stacking range from 24 to 31 km, av-
eraging 28 ± 3 km. Poisson’s ratios for the stations average to
0.25 ± 0.04.

4.5 Ross Island

Crustal thickness estimations using the joint inversion method for
both stations in this region yielded 25 km. Crustal shear wave veloc-
ities for all stations are 3.6 km s−1. The Moho depths from the H–κ

stacking range from 19 to 30 km, with an average of 25 ± 6 km.
The average Poisson’s ratio for the stations in this region is 0.30.
There were insufficient high-quality receiver functions for stations
SBA and CCRZ to obtain results.

5 D I S C U S S I O N

In this section we compare our results to previous results and com-
ment on the composition of the crust and the origin of several of the
tectonic blocks. We also emphasize results from three stations for
which no previous estimates of crustal structure have been reported.
Station BENN in the TAMF region has a crustal thickness of 33 km,
average crustal Vs of 3.5 km s−1, and a Poisson’s ratio is 0.30. For
station UNGL in the EWM region, the Moho depth is 38 km, the
average crustal Vs is 3.7 km s−1, and the Poisson’s ratio is 0.27.
Station BEAR, on the margin of MBL, has a crustal thickness of
33 km, average crustal Vs of 3.8 km s−1, and Poisson’s ratio of 0.24.

Stations MECK and THUR are in different tectonic regions and
so we discuss them individually. Station MECK has a low Pois-
son’s ratio (0.19) along with intermediate crustal Vs (3.7 km s−1)
suggesting a felsic composition. THUR has an intermediate crustal
composition indicated by the Poisson’s ratio of 0.27 and average
crustal Vs of 3.8 km s−1.

5.1 Moho interpretation

Although the Moho can be identified in the velocity profiles for
most of the stations as a velocity discontinuity where Vs increases
to ≥4.3 km s−1, as discussed previously, for all stations shown in
Fig. 6, identifying the Moho is not necessarily straightforward.
For these stations, the velocity profiles show a significant velocity
discontinuity at a depth shallower than our preferred Moho pick
where Vs increases to ≥4.3 km s−1 (Fig. 6). Layers between these
two depths have velocities of ∼4.0–4.2 km s−1, for which there
are several possible interpretations. One interpretation is that this
is thermally perturbed upper mantle. However, this interpretation
would require a temperature anomaly of >100 ◦C, given that ve-
locities at these stations below ∼50 km depth range from 4.3 to
4.5 km s−1. Another possibility is that the rocks at these depths
are compositionally distinct upper-mantle rocks. Mantle lithologies
are not always homogenous, and Lizarralde et al. (2004) have sug-
gested that there could be gabbroic compositions retained in the

mantle, which would reduce mantle velocities. Yet another possi-
ble explanation is seismic anisotropy. Seismic velocities can vary
by 3.5–4.5 per cent or 0.15–0.20 km s−1 depending on direction as
measured from xenoliths at depths of 40–170 km (Savage 1999).
However, given the localized nature of the observations at just a few
isolated stations, it is difficult to attribute the layers with 4.0–4.2 km
s−1 velocities to either mantle composition or anisotropy. Our pre-
ferred interpretation is that the 4.0–4.2 km s−1 velocities represent
mafic rocks in the lower crust, which are commonly found in many
continental settings (e.g. Rudnick & Gao 2003; Kachingwe et al.
2015).

5.2 Comparison with previous studies

A comparison between previous work and our results shows consis-
tency within the reported uncertainties (Table 1, Fig. 4) for all but
four stations. At stations DEVL, FISH, MECK and THUR, our joint
inversion results do not match with previous results from Chaput
et al. (2014). For these stations, Moho depths obtained from the
joint inversion method are substantially greater than those reported
in Chaput et al. (2014). For stations DEVL, FISH, MAGL, CBRI
and BEAR, the joint inversion result is also not consistent with the
H–κ result (Table 1, Fig. 6a). As previously mentioned, the Moho
depth in the joint inversion method is selected where shear wave
velocities exceed 4.3 km s−1. At these stations, there are a few layers
above the Moho with velocities of 4.0–4.2 km s−1 Therefore, the
shallower ‘Moho’ depths obtained from the H–κ stacking and/or
reported by Chaput et al. (2014) are interpreted to be mid-crustal
discontinuities, with ∼10–20 km of mafic lower crust separating the
mid-crustal discontinuity from the Moho.

For stations that are in close proximity, our estimates of crustal
thickness are also similar to those reported by Bannister et al.
(2003). Both studies utilize station VNDA and report crustal thick-
ness of 35 km. Station E000 yielded a crustal thickness of 23 km
and is located station AN05 in the Bannister et al. (2003) study,
which has a crustal thickness of 18 km. Stations E002 and E004
have crustal thicknesses of 32 and 35 km respectively, which is sim-
ilar to the 32 km crustal thickness reported for station AN10. E008
and E010 have crustal thicknesses of 38 and 40 km, similar to the
40 km thick crust found at station AN08.

5.3 Crustal composition

With a complete suite of shear wave velocity profiles and estimates
of Poisson’s ratio for each station, the composition of the crust in
each tectonic region can be investigated. As described above, shear
wave velocities greater than 3.9 km s−1 indicate the presence of
mafic rocks. Following Christensen (1996) and Tarkov & Vavakin
(1982), we take Poisson’s ratios of 0.20–0.24 to indicate a bulk felsic
composition for the crust, ratios of 0.25–0.27 to indicate a felsic
to intermediate composition, and ratios of 0.28–0.30 to indicate a
mafic composition.

5.3.1 Transantarctic Mountain front

The bulk crustal composition in this region is felsic to intermedi-
ate but stations BENN, DEVL and FISH have Poisson’s ratio that
suggest an intermediate to mafic crustal composition. However, the
average crustal Vs for station BENN is only 3.5 km s−1, which is
not consistent with a mafic crust. The joint inversion results show
a 2.5 km thick low velocity layer at the surface, indicating sedi-
ments beneath the station. The sediments, particularly if they are
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(a)

(b) (c)

Figure 6. Shear wave velocity profiles for selected stations discussed in the text. The red arrows represent Moho depths for the following: JI, Joint inversion;
Hk, H–κ stacking; Ch, Chaput et al. (2014). Grey fill in the figures represents mantle depths. Red colour shows the regions we have interpret as a mafic lower
crust. (a) Stations where Moho depths derived from joint inversion are different from that of the H–κ method and/or those obtained from Chaput et al. (2014).
The different interpretations are explained in the text. (b) Shear wave velocity profiles for stations in the TAM. The mid crustal mafic layering is most prominent
in stations E004 and E006 in the TAM between ∼15 and ∼25 km depth and stations E002 and VNDA below 15 km. (c) Shear wave velocity profile for station
HOWD.

unconsolidated, could be influencing the average crustal Poisson’s
ratio.

The thickness of mafic layers in the lower crust range from 0 to
5 km for all the stations in this region except for stations DEVL,
E002, FISH and MAGL, where the mafic lower crust is 10 to 15 km
thick. Since these stations are located within a region of mapped
Ferrar basaltic flows and intrusions (Elliot et al. 1999), a possi-
ble explanation for the thick mafic lower crust at these stations is
the addition of mafic material to the lower crust during the Ferrar
magmatic event.

5.3.2 Transantarctic Mountains internal

The average crustal Vs (3.7 km s−1 ± 0.1 km s−1) and the average
Poisson’s ratio (0.26 ± 0.02) for this region suggest an overall
bulk crustal composition that is felsic to intermediate. The only
station that could be interpreted to have a more mafic composition
is LONW, which has a Poisson’s ratio of 0.30. There is a wide range
in crustal thicknesses in this region, and this is most likely related
to crustal thinning near the mountain front. Fig. 7 shows a clear
relationship between the crustal thickness and station distance from
the coast, with about a 10 km change in crustal thickness between
the TAM front and the TAM interior.

Several stations in this block have high velocities
(Vs ≥ 4.0 km s−1) within the crust. Station E004 has a thin mafic

lower crust of 3 km, but a 10–13 km thick layer with a Vs of ∼4.0 km
s−1 in the mid crust (Fig. 6). This mid-crustal high velocity layer is
also observed at stations E006 and E002 in the TAM (Fig. 6). At
station VNDA, the bottom ∼18 km of the crust has high velocities
between 4.0 km s−1 and 4.3 km s−1 (Fig. 6).

The Ferrar Dolerites, which define a magmatic province covering
a large portion of the TAM, intruded into the Beacon Supergroup
around ∼176 Ma (Flemming et al. 1997). It has been suggested
that the confinement of dolerite exposures in linear features within
the TAM was a result of pre-existing zones of weakness within
the lithosphere (Fitzgerald et al. 1986). Although the geochemistry
is mostly uniform across the Ferrar Province, the magmatic feeder
system could have been sourced from distinct locations in the mantle
that were connected at greater depths (Encarnacion et al. 1996). The
absence of a crustal root system for the magmatism could account
for the localized crustal modification we observe at stations DEVL,
E002, FISH and MAGL in the TAMF region and stations E004,
E006 and VNDA in the TAMI region, but not pervasively throughout
the TAM.

5.3.3 Ellsworth Mountains

The bulk crustal composition of the EWM is intermediate as indi-
cated by an average Poisson’s ratio of 0.27. Overall, the crustal
structure of the EWM is similar to that of the TAMI, with
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Figure 7. Joint inversion crustal thickness versus distance from the coast for stations in the TAM.

Figure 8. High-frequency receiver functions for station HOWD. Receiver
functions from the 210–270 backazimuth range have a phase arriving be-
tween 1 and 2 s, interpreted as a Ps conversion from the base of a sedimentary
basin near the station.

comparable crustal thicknesses and Poisson’s ratios. There is also a
lack of a thick mafic lower crust in the EWM region. The similarity
in crustal structure with the TAM strengthens the hypothesis that
the EWM is a rotated block from the TAM (Webers et al. 1992;
Dalziel et al. 2013).

The receiver functions for station HOWD indicate azimuthal vari-
ation in upper crustal structure (Fig. 8). On the high-frequency re-
ceiver functions, a Ps phase is observed arriving at roughly 1.5 s but
only from backazimuths of 210◦–270◦, while the Moho Ps arrives
at around 5 s from all backazimuths. For this particular station, we
performed two separate inversions, one using all of the data and
another with only receiver functions with 210◦–270◦ backazimuth.
The joint inversion for the limited dataset shows a low velocity layer
at the surface. We interpret this layer as an indication of sediments
located within a basin next to the station. The shear wave velocity
profile obtained has a 2.5 km low velocity layer at the surface and
a Moho at a 38 km depth (Fig. 6). The same crustal thickness is
obtained from both datasets, suggesting that the azimuthal variation
is restricted to the upper few kilometres of the crust.

5.3.4 Marie Byrd Land

The four stations in MBL reveal a range of crustal structure in
this tectonic block. Stations CLRK and MPAT have similar crustal
thickness of 30 and 28 km, and crustal composition that is fel-
sic to intermediate, as indicated by an average crustal Vs of
3.6 km s−1 and Poisson’s ratios of 0.24 and 0.21. Although sta-
tion SILY has a crustal thickness of 30 km and average crustal Vs
of 3.6 km s−1, the Poisson’s ratio for this station is 0.31. This high
Poisson’s ratio suggests a mafic composition, whereas the average
crustal Vs of 3.6 km s−1 suggests an intermediate composition. This
apparent contradiction can be resolved by the presence of partial
melt underneath the station, which would reduce average shear wave
velocity, increasing the Vp/Vs and Poisson’s ratio as well reducing
the average crustal Vs. An active zone of deep crustal/uppermost
mantle seismicity has been detected near SILY (Lough et al. 2013),
which supports the presence of partial melt and mobile magma or
magmatically linked fluids in the lower crust beneath this station.
Alternatively, the crust could be comprised of a significant amount
of volcaniclastic material, which also leads to a reduction in the
mean crustal Vs.

At station BEAR, the crust has a crustal thickness of 33 km, an
average Vs 3.8 km s−1 and a Poisson’s ratio of 0.24. The Poisson’s
ratio is relatively low for a crustal composition that is suggested by
a crustal Vs of 3.8 km s−1. As noted previously, the H–κ method
gave a depth to a mid-crustal discontinuity and therefore the Vp/Vs
obtained is only representative of the upper crust and not the entire
crust (Fig. 6). The 10 km thick mafic lower crust that we observe at
this station may be a result of coeval magmatic modification of the
lower crust with the widespread Cenozoic volcanic activity within
MBL (LeMasurier & Rex 1989).

5.3.5 Ross Island

The Cenozoic volcanic rocks that are found on and surrounding
Ross Island are mostly tephrites and basinites (Kyle et al. 1992).
Stations CBRI and MINN have a high Poisson’s ratio of 0.30,
consistent with a mafic crust. However, the average crustal Vs of
3.6 km s−1 for these stations suggests an intermediate crustal com-
position. This apparent discrepancy can be attributed to either a
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significant amount of volcaniclastic material comprising the crust,
which would lower the Vs compared to intrusive mafic rocks, or the
presence of partial melt in the crust. The thin crust (25 km) can be
explained by Cenozoic rifting associated with the Terror Rift, which
terminates at the northern end of the Ross Island, and the initiation
of this localized rifting is thought to be coeval with the onset of
volcanism (Kyle et al. 1992; Trey et al. 1999).

6 S U M M A RY

We use a joint inversion technique and the H–κ stacking method
to obtain a uniform suite of crustal structure parameters that allow
us to compare the nature of the crust between different tectonic
blocks. New results on crustal structure are reported for three sta-
tions (BEAR, BENN and UNGL). On average, the TAMF region
has a thinner crust and slightly lower Poisson’s ratio than the interior
of the TAM. We also find some evidence in the TAM for crustal
modification possibly related to the Ferrar magmatic event. How-
ever, locations where magmatic modification of the crust occurs
suggest that modification is not a pervasive feature in the TAM.
The crust of the EWM is similar to that of the TAM, supporting the
origin of the EWM as a rotated block from the TAM. In MBL, the
crustal parameters show a range of composition, including possible
evidence for partial melt under station SILY. And finally, the RI re-
gion has a high Poisson’s ratio, thin crust and intermediate average
crustal Vs, all consistent the Cenozoic volcanism found there and
the proximity of the region to the Terror Rift.
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