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Volcanic passive continental margin beneath Maitri station in central DML,
East Antarctica: constraints from crustal shear velocity through receiver
function modelling
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ABSTRACT
Dronning Maud Land (DML) in East Antarctica is considered to be a key area for the reconstruc-
tion of the Gondwana supercontinent. We investigate the crustal shear wave velocity (Vs)
model beneath the Maitri station, situated in the central DML of East Antarctica, through
receiver function modelling. The analysis shows an average crustal thickness of
38.50 ± 0.5 km and a Vp/Vs ratio of 1.784 ± 0.002. The obtained Vs structure suggests that
the topmost ca. 2.5 km of the crust contains ice and sediments with low Vs (1.5–2.0 km/s). This
layer is underlain by a thick (ca. 12.5 km) layer of Vs = 2.25–2.6 km/s, suggestive of an extrusive
igneous rock (rhyolite) at this depth range. Between 16 and 28 km depth, the Vs increases from
2.9 to 3.4 km/s. In the lower crust, a 7 km thick layer of Vs = 3.9 km/s is followed by 6 km thick
underplated layer (Vs = 4.1 km/s) at the crust–mantle boundary. The uppermost mantle Vs is ca.
4.3 km/s. With the observation of underplated material in the lowermost crust, extrusive
volcanic rocks in the upper crust, seaward dipping reflectors in the surrounding and a general
paucity of seismicity, we believe the crust beneath the Maitri station represents a volcanic
passive continental margin. We also believe that after its origin in the Precambrian and during
its subsequent evolution it might have been affected by the post-Precambrian tectono-thermal
event(s) responsible for the Gondwana supercontinent break-up.
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Introduction

The Antarctic plate has a unique tectonic setting. It
is surrounded almost completely by divergent mar-
gins, with a very small amount of convergent or
transformed margins. The Antarctic continent is
roughly divided into two large tectonic provinces:
East Antarctica and West Antarctica, divided by the
Transantarctic Mountains (Fig. 1a). West
Antarctica is a chain of many islands beneath the
ice sheet of the Cenozoic Era attributed to active
volcanoes (Kaminuma 2006). East Antarctica is
considered as a stable, cratonic block with a
Precambrian basement. Limited geological samples
are available from this region covered by thick ice,
but several geophysical studies have revealed the
average crustal and upper mantle structure in East
Antarctica to define its geo-tectonics. The average
crustal thickness in East Antarctica is reported to
be ca. 40 km (e.g., Malaimani et al. 2008; Bayer
et al. 2009; Baranov & Morelli 2013). With a ca.
20 km thick upper crust and a slightly higher-than-
normal seismic velocity, Bentley (1983) reported a
typical continental crust for East Antarctica.
Surface wave studies found craton-like velocities

in East Antarctica (Bentley 1991; Ritzwoller et al.
2001). A deep electrical conductivity structure
under Schirmacher Oasis in central DML showed
highly resistive (8000–10 000 ohm m) upper crust
followed by lesser resistive (500–600 ohm m) lower
crust; and the results were interpreted that the
Schirmacher Oasis to be a stable cratonic platform
(Murthy et al. 2013). Another magnetotelluric
study in the Schirmacher Oasis (Fig. 1) revealed
that the crust had a higher resistive (103 to ca.
104 ohm m) upper layer underlain by a moderately
resistive (100–300 ohm m) layer and the Moho was
at 32–38 km (Abdul Azeez et al. 2015). A regional
gravity study showed that the Moho depth was ca.
32 km below the Schirmacher Oasis (Verma et al.
1994). The heat flow in much of East Antarctica
was reported to be ca. 50 mW m−2 or more (Siegert
2000) and the observed thermal anomalies were
related to the mantle plume (Hole & Lemasurier
1994). The Magset data (Ritzwoller & Bentley 1983)
showed that the regional negative magnetic anom-
aly in central DML could be indicative of an inten-
sive thermal reactivation of DML due to late
Precambrian tectono-thermal activity, which might
have caused an up-doming of the Curie isotherm
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and might thus have reduced the thickness of the
magnetically active crust (Bormann et al. 1986).
The Antarctic Digital Magnetic Anomaly Project
compilation provided important constraints on the
break-up processes and igneous activity related to
the formation of the passive margin of East
Antarctica (Golynsky et al. 2013). East Antarctica
has not experienced any significant tectonic defor-
mation and its lithosphere may still be preserving
the crustal and upper mantle characteristics inher-
ited during the evolution of the Gondwana super-
continent. Moreover, DML is composed of different
crustal blocks of varying ages from Archean to
early Paleozoic and is considered to be a key area
for the reconstruction of the Gondwana supercon-
tinent, containing continental fragments of both
East and West Gondwana (Riedel et al. 2013;
Mieth & Jokat 2014). Using limited direct geologi-
cal sampling and the average crust–upper mantle
structure from geophysical studies of this critically
located region, various tectonic models were pro-
posed for the history and geometry of the
Gondwana supercontinent break-up (e.g., Mieth &

Jokat 2014 and references therein). A detailed study
of the crustal structure and the nature of intra-
crustal layers can be very useful for understanding
the mechanism responsible for the breakup of the
Gondwana supercontinent and also the dynamics of
plate motions. Therefore, in this study we investi-
gated in detail the crustal shear wave velocity (Vs)
structure beneath the Maitri broadband seismic
station (70.76ºS; 11.73ºE) in East Antarctica
through modelling of teleseismic RF and studied
the possible role of this region in the Gondwana
geodynamics.

The Maitri broadband seismic station is in the
Indian Antarctica base station located in
Schirmacher Oasis, near the Princess Astrid Coast,
East Antarctica (Fig. 1b). Schirmacher Oasis is a
coastal nunatak in the central DML. The exposed
rocks in central DML indicate that it is probably
related to a major tectono-thermal event at ca.
650–490 Mya—the Pan-African event (Mieth &
Jokat 2014). A sequence of seaward dipping reflec-
tors, associated with middle to late Jurassic volcan-
ism was reported off central DML (Hinz & Krause
1982). Jacobs et al. (2003) proposed an astheno-
spheric upwelling, followed by the mantle delami-
nation of the orogenic root for the central DML.

Data

We used data recorded by a permanent broadband
seismic station at Maitri during 2006–08, operated by
the CSIR-NGRI (Fig. 1b). The station configuration
includes a CMG 3ESP sensor with a flat velocity
response between 100 s and 50 Hz and a Reftek
72A 121–03 data logger. Data was continuously
recorded at 50 samples/s and GPS time was logged.

We computed RFs using the iterative time domain
deconvolution approach (Ligorria &Ammon 1999) from
good signal-to-noise ratio earthquakes of magnitude
(mb) > 5.5 in the epicentral distance 30–95° (Fig. 1c).
To minimize the influence of the costal noise on the RFs,
a two-pole high pass filter with a corner frequency of
0.02 Hz was applied to the waveforms. RFs were calcu-
lated using Gaussian width corresponding to low pass
filters with corner frequencies of 2.4, 1.25, 0.7, 0.5Hz. For
further analysis, we used only the RFs with variance
reduction cut-off above 80%and the directP-wavewithin
one second of the zero time on the deconvolved trace. At
higher frequencies, the RFs were noisy while at lower
frequency these were smoothed out. As we aimed at
mapping the crust–mantle boundary along with other
intra-crustal layers, we preferred to use the RF with
Gaussian width 1.6 for further analysis. All the calculated
RFs with respect to back-azimuth (left axis) and epicen-
tral distance (right axis) are presented in Supplementary

Figure 1. (a) Topography map of Antarctica showing the
study region (trapezoid-shaped box) and the major tectonic
units: East Antarctica, West Antarctica and the Transantarctic
Mountains. (b) Simplified tectonic map of the study region
(after Jokat et al. 2004). The triangle represents the Maitri
seismic station. (c) Epicentre distributions of 29 teleseismic
earthquakes (red stars) used to calculate RFs.

2 S. GUPTA ET AL.



Fig. S1. The Moho converted P-to-S (Ps) phase was
observed at ca. 5 swith itsmultiples at ca. 16 s and ca. 21 s.

Receiver function modelling

In order to minimize the effects of noise and aid in
visually enhancing coherent arrival, RFs with good
signal-to-noise ratio were stacked in a narrow epicen-
tral distance and back-azimuth bins. Figure 2a shows
the six individual RFs for back-azimuth 83–95° and
epicentre distance 85–90°, which were stacked
(Fig. 2a) for further analysis and determination of
the velocity structure beneath the study region.

Moho depth and Vp/Vs ratio estimation

To obtain the Moho depth (H) and average Vp/Vs
ratio, we used the H–Vp/Vs stacking technique of
Zhu and Kanamori (2000), which is a well-established
technique and exploits the fact that the arrival times
of the specific Moho converted phase and multiples
appearing on RFs are determined by known functions
of Moho depth (H), Vp/Vs ratio and average crustal
P-wave velocity (Vp). We used an average Vp of
6.25 km/s. H and Vp/Vs ratio were allowed to vary
from 20 to 50 km (with 0.05 km increment) and 1.6–

1.9 (with 0.002 increment), respectively. In the com-
putation, based on amplitudes of Ps, PpPms and
PpSms+PsPms phases, we assigned different weights
of 0.6, 0.3 and 0.1, respectively. We followed the same
procedure with Vp variations at ±0.1 km/s to con-
strain H and Vp/Vs ratios. Figure 2b shows the result
from the H–Vp/Vs grid search technique and the
result is discussed later.

Shear wave velocity mapping

We mapped the Vs variation with depth beneath the
Maitri seismic station from the stacked RF (Fig. 2a)
following the nonlinear neighbourhood algorithm
proposed by Sambridge (1999) and as in Gupta
et al. (2010). The method assumes a one-dimensional
isotropic velocity model. It is a multi-dimensional
parameter space search algorithm that only needs to
solve the forward problem and does not require the
computing of partial derivatives of the RFs. This
method uses an ensemble-based Monte Carlo search
technique to find the set of velocity models which
best satisfy the objective function. We used, as our
objective function, a scaled L2-norm of the difference
between the theoretical and the observed RF.

Figure 2. (a) Plot showing the stacked RFs used to infer the crustal structure beneath the Maitri station. Below this are the six
RFs used for stacking. (b) Plot showing the results of the H–Vp/Vs stacking technique (Zhu & Kanamori 2000) for the stacked RFs
shown in (a). The black dot within the contour represents the maximum amplitude; the corresponding H and Vp/Vs values are
shown in the rectangular box. (c) One-dimensional shear velocity models obtained from the neighbourhood algorithm inversion
(Sambridge 1999). Details are given in the text. (d) Simplified shear velocity model (red line) along with different layers, shown
along with the final inversion model (black line). Details are given in the text.
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In this study, we used a time-window of 30 s and a
24-dimensional parameter space, defined by six flat
layers, each with four parameters (layer thickness, Vs
at the top and bottom of each layer, and Vp/Vs ratio).
The twoVs parameters in each layer allow the definition
of a velocity gradient for that layer, which allows the
representation of a large number of potential velocity–
depth distributions. Very loose a priori constraints were
placed on the minimum Vs and maximum Vs, the layer
thicknesses, as well as Vp/Vs. The model parameteriza-
tion is shown in Supplementary Table S1. Each inver-
sion run involved 200 iterations, generating 20 100
velocity models. The stability of the inversion solutions
was tested using a large range of initial random seeds,
incidence angles, and velocity model parameterizations.
In Fig. 2c, the best fit Vs model (solid black line) along
with all other models (solid grey lines) that fit the RFs
are also displayed. The green region depicts the best
1000 velocity models and the red solid line represents
an average of these 1000 models. The Vp/Vs ratio varia-
tion for the best model (black line) and for an average
model (red line) is shown in the left side of Fig. 2c. The
one-dimensional velocity model obtained by the inver-
sion process is able tomodel the dominant phases in the
RF. The calculated RF (red line) and the observed
stacked RF (blue line) with ±1σ bounds (black lines)
are shown in the bottom of Fig. 2c. Figure 2d shows the
simplified model (red line) of the final model (black
line) from inversion and matching of the calculated RF
(red line). The observed RF is shown in the bottom of
Fig. 2d. Figure S2 shows the corresponding Moho pier-
cing point and the back-azimuth direction which were
imaged by this velocity model.

Results and discussion

Beneath Maitri station, the Moho depth is
38.50 ± 0.5 km and the average Vp/Vs is
1.784 ± 0.002 (Fig. 2b). The Moho depth is in
agreement with earlier estimates for this region,
using RF analysis (Malaimani et al. 2008), RF ana-
lysis and modelling of a seismic refraction profile
(Bayer et al. 2009), and a compilation of various
available data from seismic reflection/refraction and
RFs (Baranov & Morelli 2013). The higher Vp/Vs
ratio suggests an intermediate-to-mafic crust
beneath this region. The Vs model (red colour
line in Fig. 2d) indicates that the top ca. 1.0 km
thick layer of ice with low Vs (ca. 1.4 km/s) is
underlain by a thin (ca. 1.5 km) layer of sediments
(Vs ca. 1.9–2.0 km/s). These layers are underlain by
a ca. 12.5 km thick layer of Vs = 2.25–2.6 km/s. In
this depth range, equivalent to ca. 300–400 MPa
pressure, a layer with Vs = 2.25–2.6 km/s can be
indicative of rhyolite (an extrusive igneous) rock
(Christensen & Stanley 2003). At a depth of
16–28 km we observe that Vs increases from

2.9 to 3.4 km/s. At a depth of 28 km, we find a
ca. 7 km thick layer of Vs = 3.9 km/s, representing
lower crustal mafic material. This layer is followed
by a 6 km layer of Vs = 4.1 km/s and another layer
of Vs = 4.3 km/s below. We believe that the layer
with Vs = 4.3 km/s represents the upper mantle, as
reported by earlier studies (e.g., Ritzwoller et al.
2001; Bayer et al. 2009). It is interesting to observe
a transitional layer (Vs = 4.1 km/s) between lower
crust (Vs = 3.9 km/s) and the uppermost mantle
(Vs = 4.3 km/s). Similar observations have also
been reported from many continental margins in
the world (e.g., Thybo & Artemieva 2013 and refer-
ences within). Therefore, we think that this layer is
evidence of underplated material in the lowermost
crust and points to the presence of a continental
margin beneath the study region. The apatite-fis-
sion-track data and the high-elevation margin mor-
phology study of central DML also suggest a typical
passive nature for this region (Meier 1999).

By combining our result with available knowl-
edge from this region (the presence of underplated
material in the lowermost crust, extrusive rocks
(rhyolite) in the upper crust, seaward dipping
reflectors (Hinz & Krause 1982) and a lack of
seismicity (Kaminuma 2006), we suggest that the
crustal structure below the Maitri station in the
Schirmacher Oasis represents a volcanic passive
continental margin rather than a typical continental
crust. This view also gets support from the crustal
seismic velocity structure along seismic refraction
profile 96100 (to the north-west of our study
region; Fig. 1b), reporting this region as a volcanic
continental margin (Jokat et al. 2004), as well as
many other studies (e.g., Geoffroy 2005, and refer-
ences therein).

Further, regarding the possible mechanism respon-
sible for the obtained crustal structure beneath central
DML we speculate that the crust in this region was
probably formed during the Precambrian. During its
evolution with time it was affected by post-
Precambrian tectono-thermal event(s) (e.g., the Pan-
African) and/or by the Karoo–Maud plume. The latter
also affected southern Africa and the western part of
East Antarctica through its penetration into the upper
lithosphere at about 180 Mya and is considered to be
one of the main factors for the break-up of Gondwana
supercontinent (Sushchevskaya et al. 2009).

Conclusion

To study the role of DML, East Antarctica in the recon-
struction of the Gondwana supercontinent, we investi-
gated the crustal Vs structure beneath the Maitri seismic
station situated in the Schirmacher Oasis, central DML.
Through analysis and modelling of the teleseismic RFs
calculated at the seismic station, theVs structure suggests
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that the uppermost 2.5 km consist of ice and sediments
(Vs = 1.5–2.0 km/s) and are underlain by 12.5 km of
extrusive igneous rock (rhyolite, Vs = 2.25–2.6 km/s).
Between 16 and 28 km depth, Vs gradually increases
from 2.9 to 3.4 km/s. In the lower crust, a ca. 7 km
thick layer of Vs = 3.9 km/s is followed by 6 km thick
underplated layer (Vs = 4.1 km/s) at the crust–mantle
boundary. The Moho is at ca. 40 km and the uppermost
mantle Vs is ca. 4.3 km/s. The presence of underplated
material in the lowermost crust, extrusive volcanic rocks
(Rhyolite) in the upper crust, seaward dipping reflectors
in the surrounding area and the general paucity of seis-
micity suggest that the crust beneath the Maitri station is
a volcanic passive continental margin and not a typical
cratonic continental crust. Combing our results with
other studies in this region, we also believe that after its
formation in the Precambrian and during its subsequent
evolution, it was affected by the post-Precambrian tec-
tono-thermal event(s) responsible for the break-up of the
Gondwana supercontinent.
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