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Lithospheric Structure of the Antarctic Region
Revealed by Rayleigh Wave Tomography
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Abstract - A novel tomographic model of Rayleigh wave group velocity variations in the Antarctic region reveals
significant features, related to the geological structure of the crust and upper mantle of the region. The East Antarctic
craton is shown to be characterized by a thick crust and deep cold roots, whereas the West Antarctic rift system has
a thin crust, and a hot thermal anomaly in the mantle under the Ross Sea. Other hot mantle anomalies are located under
the Balleny and Kerguelen hot spots, and under the Bransfield Strait and Scotia Sea back arc basins. Surface wave
tomography has shown to be an appropriate tool for investigating lithospheric structure in the Antarctic region,
characterized by a sparse distribution of earthquakes and seismographic station.

altogether we have collected 712 paths extracted from the
analysis of signals of 245 events. For each record, a path-
averaged group dispersion curve, for periods between 30
and 120 seconds, has been determined by iterative
application of multiple filters, in narrow frequency bands
(Dziewonski et al., 1969), and a phase-matched filter
(Herrin & Goforth, 1977; Herrmann, 1988). Only the
fundamental mode has been isolated and considered. Path-
averaged dispersion curves have then been inverted for
two-dimensional maps modelling lateral variation of wave
velocity at different periods, using a linear spline
representation with nodes spaced by 500 km (for details,
see Danesi & Morelli, 2000).

INTRODUCTION

Seismic surface waves represent a major tool for
investigating the structure of the shallow mantle, at
lithospheric and asthenospheric depths (e.g, Montagner,
1996; Snieder, 1996; Ekström et al., 1997; van Heijst and
Woodhouse, 1999). By being trapped in the top layers,
surface waves are indicative of the average shallow Earth
structure along the path between seismic source and
receiver. This geometry makes them particularly suited to
study a region such as Antarctica, where seismographs and
earthquake epicenters are mainly located all around the
region of interest. Recent efforts for increasing seismometric
observation in the South polar region have resulted in a
largely improved dataset.

Group velocity of Rayleigh and Love waves has recently
gained renewed interest in continental-scale studies because
it is much less sensitive to source effects than phase
velocity, and its measurements can be made on the envelope
of the wave train by rather standard and well-tested methods
(Ritzwoller and Levshin, 1998; Vdovin et al., 1999).
Danesi & Morelli (2000) modelled surface waves in the
Antarctic plate in a tomographic study based on
fundamental mode Rayleigh wave group velocity
measurements, achieving higher resolution than previously
published studies. Here we discuss the major features of
the model, in view of implications for crustal and upper
mantle structure.

SURFACE WAVE TOMOGRAPHY

Tomographic results presented here have been obtained
by an analysis of intermediate and long period Rayleigh
waves generated by earthquakes with magnitude 5 and
above, located south of 40°S, and recorded by seismographic
stations situated on the Antarctic continent and surrounding
areas in the same geographical window (see Fig. 1):

Fig. 1 - Reference map of the area under study. Epicenters of earthquakes
and seismographic stations used in the study are marked by diamonds and
triangles respectively (international station codes are indicated next to
each station).
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Figures 2 and 3 show our
models of lateral variation of the
group velocity for two periods
(30 and 80 seconds)
representative of Earth structure
at different depth. The maps are
plotted as percentage deviations
from the average velocity at each
particular period. Different colors
identify geographical areas where
velocity is lower (red) or higher
(blue) than average. Energy of
Rayleigh waves is confined near
the surface, but it reaches thicker
and deeper layers as the period
increases (e.g., Dahlen & Tromp,
1998).  As a consequence, maps
for different periods give average information on Earth
structure (principally shear wave velocity), involving layers
integrated at different depth intervals. Fundamental mode
Rayleigh waves with 30 second period give information
on crustal structure and thickness. As the period increases,
the maximum sensitivity shifts to larger depth: for 80
seconds period it is mainly confined between 50 and 140
km, and the corresponding map is therefore indicative of
upper mantle structure at lithospheric depths.

With this key in mind, we can interpret the broad low
and high velocity areas in figure 2 (30 seconds period) as
due to the increased crustal thickness of the continent, and
the thin oceanic crust, respectively. (Surface waves are
faster in oceanic areas because, at 25-60 km depth, seismic
energy travels in mantle, rather than in crustal material). In
Figure 3, instead, high and low velocities are presumably
due to temperature (and hence vS) changes in the uppermost
mantle: the central broad fast anomaly can be connected
with the cold root under the continent. Combining together
information from different periods, it is possible to derive
profiles of shear wave velocity as a function of depth; this
goal is however beyond the scope of the present study.

The large-scale features of figures 2 and 3 can also be
identified on recent, high-resolution, global scale models
(Ekström et al., 1997; van Heijst & Woodhouse, 1999).
Results presented here also agree with the continental-
scale study by Roult et al. (1994), which was however

limited to a lower resolution by reduced availability of
data.

Ritzwoller et al. (1996) have presented a broadband
Rayleigh and Love wave dispersion study, based on a very
large number of measurements and reaching fine detail, in
excellent agreement with what we show here.

DISCUSSION

Danesi and Morelli (2000) analyzed uncertainties of
the model in view of data coverage and resulting errors; we
discuss here results which can be considered reliable.
Features of figure 2 can be interpreted in connection with
crustal structure. As expected, the strongest difference is
exhibited between the thin oceanic crust and the thick
continental crust of East Antarctica - a stable craton
composed by magmatic and metamorphic rocks of
precambrian age.

Highest velocities correspond to oldest oceanic crust -
beneath the Bellingshausen Sea, along the Macquarie
Ridge, and between the Kerguelen plateau and the Antarctic
coastline (Müller et al., 1997). The continental margin
area of the Ross Sea - characterized by stretched and
thinned continental crust, with 17-21 km thickness
(Behrendt et al., 1993) - presents similar behavior. Under
younger oceanic crust, such as theSoutheast Indian Ridge,

Fig. 2 - Map of lateral variation of the
group velocity of Rayleigh waves with 30
second period (from Danesi & Morelli,
2000). Velocity variations with respect to
the average value (3.75 km/s) are shown
in color. Relatively slow regions appear
in red, and faster than average areas are
painted blu. Group velocity of Rayleigh
waves with this period is mainly sensitive
to shear wave velocity between, say, 25
and 60 km depth, and is a good indicator
of crustal thickness (see text). Slow
velocity marks thick continental crust,
and fast velocity characterizes the thin
oceanic crust.
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we image still faster than average, but less
intense,velocities. Slow velocities characterize instead
continental areas. The region of lowest velocity follows
quite closely the border of the thick shield of East Antarctica.
Less intense anomalies approximately follow the
continental shelf of the Antarctic Peninsula, South Orkney
Islands, the North Scotia Ridge, and the Falkland Plateau.
Another slow area corresponds to the New Zealand
continental shelf (Campbell Plateau).

Surface wave velocity differentiates well the more
recently formed West Antarctica, composed by Mesozoic
and Cenozoic accreted terranes. The slightly faster than
average area follows in part the Transantarctic Mountains
- a rift shoulder, extending over 4500 km and having a
relief of more than 4000 m - and marks the West Antarctic
rift system, which extends from the Ross to the
Bellingshausen Seas with exposure of volcanic rocks
ranging in age from 30 Ma to the present (Behrendt et al.,
1993).

The signature of the upper mantle is to be searched in
longer period maps, such as in figure 3. The main pattern
is essentially reversed with respect to the previous figure:
the dominant cause of lateral variation of wave velocity is
here thermal, and cratons - responsible for slowing down
surface waves at short period - speed up long period
Rayleigh waves with cold and thick lithospheric roots.
The central fast region in figure 3 marks East Antarctica,

and extends off the Dronning
Maud Land coast. Other fast areas
mark the Argentine Basin, the
Bellingshausen Sea, and the
Southwest Pacific Basin.

Several areas appear slower
than average in figure 3. A broad,
although not very intense, slow
region is located under the
Kerguelen Plateau, and extends
toward the Southeast Indian
Ridge. The Kerguelen Plateau is
made of flood basalts, produced
in the last 40 Ma by the Kerguelen
hot spot, active since at least
115 Ma. Cenozoic volcanism
occurred over a diffuse area, with

quaternary eruptions known to have taken place within the
archipelago (Nicolaysen et al., 2000). The resolution of
the model is not high enough to image a narrow plume
conduit, but nevertheless a significant thermal anomaly is
reliably detected in the mantle below this region of massive
upwelling of deep material. The Southeast Indian Ridge is
a fast spreading ridge, and it also shows in figure 3 as a
positive thermal anomaly. Global scale models (Ekström
et al., 1997; van Heijst & Woodhouse, 1999) show a wide
slow area in this region; more detailed studies (Ritzwoller
et al., 1996; and unpublished results) agree even better.

Smaller, but more intense, anomalously slow spots are
located across the 150° meridian: under the Ross Sea, near
Balleny Islands, under the South Tasman Rise. It must be
recognized that these anomalies are very small, and close
to the areal resolution of the inversion, limited by a
discretizing grid with 500 km step (Danesi & Morelli,
2000). Although their exact location may be affected by
some uncertainty, their existence is however well
understood in relation to other geological evidences.  The
Ross Sea  occupies the northern part of a wider embayment
of the Antarctic continent and the major extensional West
Antarctic rift system, and is an extended continental area
bordered, to the west, by the West Antarctic rift shoulder.
It is place of extensive Cenozoic volcanism. Evidence of
high temperatures in the upper mantle, as shown in this
study, supports the hypothesis of existence of a mantle

Fig. 3 - Map of lateral variation of the
group velocity of Rayleigh waves with
80 second period (from Danesi and
Morelli, 2000). Color code is similar to
figure 1, but relative to an average velocity
of 3.80 km/s. Amplitude of variations is
smaller than in figure 1. Group velocity
of Rayleigh waves with longer period is
sensitive to deeper Earth structure: 80
second waves are controlled by shear
wave velocity in the mantle between
approximately 50 and 140 km. Variations
with respect to the average are presumably
due to temperature differences. The broad
fast area represents the cold lithospheric
root under the thick East Antarctica craton
(see text for more comments).
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plume as the source for the volcanism  (LeMasurier, 1990;
Behrendt et al., 1993; Behrendt et al., 1996).

The Balleny Islands chain has been formed as a result
of intra plate volcanism associated with the Balleny plume
in the last 10 Ma (Lanyon et al., 1993). The South Tasman
Rise is a continental fragment, stretched during Mesozoic
and Cenozoic sea floor spreading (Lawver et al., 1992;
Lawver & Gahagan, 1994). Seamount chains extend from
the nearby East Tasman Plateau to the northeast across the
Tasman Sea, and to the Balleny Islands, marking the path
of the  same mantle plume. The Balleny plume was located
at the sharp bend in its path, at the East Tasman Plateau,
approximately 40-45 Ma, and it has been recognized to be
responsible for the anomalous isotopic characteristics of
the Tasmanian alkalic basalts (Duncan & Richards, 1991;
Lanyon et al., 1993). The hypothesized path of the Balleny
plume, across the Balleny Fracture Zone, is all characterized
by low velocities in figure 3.

Less intense slow anomalies in figure 3 are located
below the back arc basins of Scotia Sea and Bransfield
Straits - both characterized by high heat flow, active
volcanism, and extensional faulting (Birkenmajer, 1992;
Lawver et al., 1995) - indicating high temperatures in the
mantle.

CONCLUSION

The tomographic model of geographical variation of
the group velocity of fundamental mode Rayleigh waves
that we present and discuss here is certainly affected by
limitations - such as in spatial resolution - which must be
born in mind in the interpretation of results (see Danesi &
Morelli, 2000 for more information). The irregular path
density distribution is in part responsible for some of the
irregular shapes of anomalies. For the present study, we
preferred to limit ourselves to calculate dispersion maps
for different periods, rather than maps of vS  as a function
of depth, because they are a more robust product of data
analysis, although more complex to read.

In spite of these limitations, however, our results
represent a significant improvement, in the knowledge of
the lithospheric and asthenospheric structure of the
Antarctic plate, with respect to previously published surface
wave studies - such as global scale analyses (Ekström et
al., 1997; van Heijst & Woodhouse, 1999) and older
regional studies (Roult et al., 1994). Although data coverage
is imperfect, and limitations still exist on exact location
and shape of anomalies, the discussion has pointed out that
significant features, with relevance for the large scale
tectonics of the area, are imaged with high confidence.
This supports our plan for continuing this study, by adding
other available data, and proceeding to the inversion of
dispersion maps for vertical profiles of shear wave velocity
distribution as a function of depth.

ACKNOWLEDGEMENTS - We thank IRIS/DMC,
GÉOSCOPE, the Australian Seismological Center AGSO, and
the MEDNET Data Center for availability of data, and R.B.
Herrmann for computer codes. We also thank A. Levshin and F.
Wu for their constructive reviews. Figures have been prepared
using the GMT package (Wessel & Smith, 1998). This work was

supported by the Italian Programma Nazionale di Ricerche in
Antartide (PNRA).

REFERENCES

Behrendt J.C., D. Damaske, and J. Fritsch, 1993. Geophysical
characteristics of the West Antarctic rift system. In:  Dürbaum H. J.
& Damaske D. (eds.), German Antarctic North Victoria Land
Expedition 1991-92, GANOVEX-V,  Geol. Jb., E47, 49-101.

Behrendt J.C., R. Saltus, D. Damaske, A. McCafferty, C. A. Finn, D.
Blackenship & R. E. Bell,  1996, Patterns of late Cenozoic volcanic
and tectonic activity in the West Antarctic rift system revealed by
aeromagnetic surveys, Tectonics, 15(2), 660-676.

Birkenmajer K., 1992. Evolution of the Bransield Basin and Rift, West
Antarctica. In: Yoshida Y. et al. (ed.),  Recent Progress in Antarctic
Earth Science, 405-410.

Dahlen, F.A. &  J. Tromp, 1998, Theoretical global seismology, Princeton,
N.J. (USA), Princeton University Press.

Danesi S. & A. Morelli, 2000. Group velocity of Rayleigh waves in the
Antarctic region. Phys. Earth Planet. Inter., 122, 1-2, 55-66.

Duncan R.A. & M.A. Richards, 1991. Hotspots, mantle plumes, flood
basalts, and true polar wander. Rev. Geophys., 29, 31-50.

Dziewonski A.M., Bloch S. & Landisman M., 1969.  A technique for the
analysis of transient seismic signals. Bull. Seism. Soc. Am., 59, 429-444.

Ekström G., Tromp J. & Larson E.W.F., 1997. Measurements and global
models of surface wave propagation. J. Geophys. Res., 102 B4,
8137-8158.

Herrin E. & Goforth T., 1977. Phase-matched filter: application to the
study of Rayleigh waves. Bull. Seism. Soc. Am., 67, 1259-1275.

Herrmann R.B., 1988. Computer Programs in Seismology. St. Louis
University, St. Louis, Missouri.

Lanyon R., R. Varne & A. J. Crawford, 1993. Tasmanian Tertiary
basalts, the Balleny plume, and opening of the Tasman  Sea (southwest
Pacific Ocean). Geology, 21, 555-558.

Lawver L.A., L. M. Gahagan & M. F. Coffin, 1992.  The Development
of Paleoseaways around Antarctica. Antarctic Res. Series, 56, 7-30.

Lawver L.A. & L.M. Gahagan, 1994.  Constraints on timing of extension
in the Ross Sea Region. Terra Antartica, 1, 545-552.

Lawver L.A., R.A. Keller, M.R. Fisk & J. A. Strelin, 1995. Bransfield
Strait, Antarctic Peninsula, active extension behind a dead arc. In: B.
Taylor (ed.), Back arc basins, tectonics and magmatism, Plenum
Press, pp. 315-342.

LeMasurier W.E., 1990. Late Cenozoic volcanism on the Antarctic plate:
an overview. In:  W.E. LeMasurier & J.W. Thomson (eds.), Volcanoes
of the Antarctic plate an southern oceans, American Geophysical
Union, Antarctic Geophysical Series, vol. 48, pp. 1-17.

Montagner J.-P., 1996. Surface waves on a global scale - influence of
anisotropy and anelasticity. In: Boschi E., Ekström G. & Morelli A.
(eds.), Seismic modelling of Earth’s structure, Bologna, Editrice
Compositori, 81-148.

Müller R.D., W.R. Roest, J.-Y. Royer, L.M. Gahagan & J.G. Sclater,
1997. Digital isochrons of the world’s ocean floor. J. Geophys. Res.,
102, 3211-3214.

Nicolaysen, K., F. A. Frey, K. V. Hodges, D. Weis, and A. Giret, 2000.
40Ar/39Ar geochronology of flood basalts from Kerguelen
Archipelago, southern Indian Ocean: implications for Cenozoic
eruption rates of the Kerguelen plume. Earth Planet. Sci. Lett., 174,
313-328.

Ritzwoller M.H., Levshin A.L., Tremblay D.M. & James M.B., 1996.
Broadband surface waves dispersion across the Antarctic Plate,
EOS Trans. Am. Geophys. Un., 77 46, F477.

Ritzwoller M.H. & Levshin A.L., 1998. Eurasian surface wave
tomography: Group velocities. J. Geophys. Res., 103 B3, 4839-
4878.

Roult G., Rouland D. & Montagner J.P., 1994. Antarctica II: Upper-
mantle structure from velocities and anisotropy. Phys. Earth Planet.
Int., 84, 33-57.

Snieder R., 1996. Surface wave inversions on a regional scale. In:Boschi
E., Ekström G. & Morelli A. (eds.), Seismic modelling of Earth’s
structure, Bologna, Editrice Compositori, 149-181.

van Heijst H.J. & Woodhouse J., 1999. Global high-resolution phase
velocity distributions of overtone and fundamental-mode surface
waves determined by mode branch stripping. Geophys. J. Int., 137,
601-620.

Vdovin O.Y, Levshin A.L., Rial J.A. & Ritzwoller M.H., 1999.
Group velocity tomography of South America and the surrounding
oceans. Geophys. J. Int., 136, 324-340.

Wessel P. & H.F. Smith, 1998. New, improved version of Generic
Mapping Tools released. EOS Trans. Amer. Geophys. Union, 79,
579.


