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Abstract

We present a three-dimensional (3D) SV-wave velocity model of the upper mantle beneath the Antarctic plate
constrained by fundamental and higher mode Rayleigh waves recorded at regional distances. The good agreement
between our results and previous surface wave studies in the uppermost 200 km of the mantle confirms that despite
strong differences in data processing, modern surface wave tomographic techniques allow to produce consistent
velocity models, even at regional scale. At greater depths the higher mode information present in our data set allows
us to improve the resolution compared to previous regional surface wave studies in Antarctica that were all restricted
to the analysis of the fundamental mode. This paper is therefore mostly devoted to the discussion of the deeper part of
the model. Our seismic model displays broad domains of anomalously low seismic velocities in the asthenosphere.
Moreover, we show that some of these broad, low-velocity regions can be more deeply rooted. The most remarkable
new features of our model are vertical low-velocity structures extending from the asthenosphere down to the
transition zone beneath the volcanic region of Marie Byrd Land, West Antarctica and a portion of the Pacific^
Antarctic Ridge close to the Balleny Islands hotspot. A deep low-velocity anomaly may also exist beneath the Ross
Sea hotspot. These vertical structures cannot be explained by vertical smearing of shallow seismic anomalies and
synthetic tests show that they are compatible with a structure narrower than 200 km which would have been
horizontally smoothed by the tomographic inversion. These deep low-velocity anomalies may favor the existence of
several distinct mantle plumes, instead of a large single one, as the origin of volcanism in and around West Antarctica.
These hypothetical deep plumes could feed large regions of low seismic velocities in the asthenosphere.
7 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There seems to be a consensus on the general

outline of the structure and evolution of Antarc-
tica even though this region still raises many open
questions. The Antarctic continent is divided into
two geologically di¡erent entities. East Antarctica
(Fig. 1a) is a stable Precambrian shield and was a
segment of the core of the Gondwanaland super-
continent that was assembled during the Neopro-
terozoic. West Antarctica consists of several arc
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and forearc elements inherited from the complex
circum-Paci¢c convergent margin since the Cam-
brian. These elements have been accreted together
with displaced fragments of the craton on the
western margin of the East Antarctic shield dur-

ing the Paleozoic [1]. The crust has an average
thickness of about 40 km beneath East Antarctica
while it is thinner (V25 km in average) in West
Antarctica [2]. West Antarctica is separated from
the East Antarctic Craton by the Transantarctic
Mountains, a large mountain range extending
from the Ross Sea to the Weddell Sea (Fig. 1a).
The West Antarctic rift system follows the west-
ern £ank of the Transantarctic Mountains to the
basis of the Antarctic Peninsula. It results of late
Mesozoic and Cenozoic extension between East
and West Antarctica and is one of the largest
active continental rift systems [3]. Volcanism is
present in West Antarctica but its origin is still
debated. Although the volcanic rocks are geo-
graphically associated to the rift, they have
erupted from 30 Ma with the major activity at
Neogene time to present [4] while most extension
in West Antarctica occurred with the rifting of
New Zealand, in the late Cretaceous [5]. Eviden-
ces of a more recent Cenozoic motion between
East and West Antarctica have recently been pre-
sented [3] but the connection with the West Ant-
arctic Rift is still discussed (e.g. [6]). If the volca-
nism is not entirely due to the rifting it could
involve a mantle plume beneath the region [5,7^
9]. This hypothesis is based on the amount of
volcanic rocks together with their geochemical
characteristics and tectonic doming. Middle Ju-
rassic basalts have also been found along the
Transantarctic Mountains. They form the Ferrar
traps issued from the breakup of the Gondwana-
land [10].
Seismic tomography of the upper mantle be-

neath the region could provide valuable informa-
tion to discuss the cause of volcanism. Global
studies with a lateral resolution of about 1000
km imaged the large-scale features of the litho-
sphere and upper mantle in the region (e.g.
[11,12]). The East Antarctic Craton is associated
to high-velocity anomalies while West Antarctica
is underlain by low velocities. Further knowledge
of the regional dynamics requires seismic studies
at a more detailed scale. Due to the relatively
small number of seismic stations at high southern
latitudes, surface waves are presently the most
relevant tool to probe the upper mantle in these
regions. Few surface wave studies have been car-

Fig. 1. Map of Antarctica and surrounding oceans. (a) Loca-
tion of some of the regions concerned in text and the main
plate boundaries (white lines) (b) Stations (diamonds) and
events (open circles) considered in the study.

EPSL 6849 24-11-03 Cyaan Magenta Geel Zwart

A. Sieminski et al. / Earth and Planetary Science Letters 216 (2003) 645^661646



ried out in the Antarctic region so far [2,6,13^15].
With an improved lateral resolution reaching few
hundred kilometers, these studies showed the
complexity of the craton by providing more de-
tails on its structure, its depth extent (V200^225
km) and its boundary with West Antarctica. They
also allowed to image low-velocity anomalies in
the asthenosphere beneath most of the regional
hotspots. However, these regional studies were
all restricted to the analysis of the fundamental
mode of surface waves only and their poor reso-
lution at depth greater than 200 km did not allow
to con¢rm nor rule out the mantle plume hypoth-
esis in West Antarctica.
In this paper we present a three-dimensional

(3D), SV-wave velocity model of the upper mantle
beneath the Antarctic plate. The model has been
obtained from the waveform inversion of 3350
Rayleigh wave seismograms. Overtones as well
as fundamental mode data have been taken into
account in the processing. This allows us to gain
some resolution at depth larger than 200 km,
which is an improvement compared to previous
studies. The model reveals a heterogeneous upper
mantle at 200^250 km depth with broad, low-ve-
locity anomalies in the asthenosphere. Some of
these anomalies are deeply rooted. In the vicinity
of West Antarctica and the Balleny Islands hot-
spot, we observe remarkable vertical low-velocity
structures extending from the asthenosphere to
the transition zone, suggesting the existence of
at least two distinct mantle plumes that could be
related to the volcanism observed in and around
West Antarctica.

2. Data

The region under study is situated south of
30‡S and encompasses Antarctica and the sur-
rounding oceans (Fig. 1a). We analyzed the Ray-
leigh wave portion of long-period vertical seis-
mograms recorded at regional distances on 20
permanent IRIS, GEOSCOPE, GTSN and MED-
NET stations in the region (Fig. 1b). The selected
events occurred from 1989 to February 2002
mainly on the ridges circling Antarctica and at
the subduction trenches of Chile, New Zealand

and South Sandwich Islands (Fig. 1b). The anal-
ysis is conducted with the automated version [16]
of Cara and Le¤ve“que’s [17] waveform inversion
approach (see Section 3 for details). From an ini-
tial database of 14 100 Rayleigh wave seismo-
grams analyzed, 3350 passed successfully the
stringent tests of the automated procedure and
were included in the tomographic inversion. Our
waveform analysis allows us to model the funda-
mental mode and up to four overtones in the
period range 50^160 s. A large number of seismo-
grams correspond to intermediate size earth-
quakes recorded at relatively short epicentral dis-
tances (70% of the paths are shorter than 6500
km) so that periods larger than 100 s are consid-
ered for only 44% of the paths. The use of the
overtones in the 50^100 s period range is however
largely su⁄cient to achieve a good resolution in
the whole upper mantle (e.g. [12,18]). At least one
overtone was considered for 1275 paths while the
fundamental mode was taken into account for all
the 3350 paths. Fig. 2a shows that the central part
of the region under study is densely covered. The
ray density is lower on the edges, especially in the
South Paci¢c Ocean where there is no permanent
station for latitudes south of 30‡S. The path cov-
erage for the data for which at least one overtone
is modelled is less dense (Fig. 2b) but it is still
homogeneous.

3. Tomographic procedure

The building of our tomographic model is a
two-step process that has been previously applied
to study the upper mantle beneath the Indian
Ocean [19], Australia [16,20], northeastern Africa
[18], Asia [21], and the North Atlantic Ocean [22].
We refer to these papers for a detailed presenta-
tion of the two-step approach and focus here on
the choices speci¢c to this study.
In the ¢rst step, we use the automated version

[16] of Cara and Le¤ve“que’s [17] waveform inver-
sion technique to model each individual Rayleigh
waveform in terms of a one-dimensional (1D) SV-
wave velocity model representing the average
mantle structure along the path. A detailed dis-
cussion of the application of Cara and Le¤ve“que’s
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[17] technique to several multimode Rayleigh
wave seismograms can be found in [23]. We invert
for the upper mantle structure only and use a
smoothed version of PREM [24] as a starting

upper mantle model (Fig. 3). To avoid bias of
crustal origin in the inverted mantle model, the
crust is speci¢cally adapted to each path by aver-
aging the crustal part of the a priori 3SMAC
model [25] along the source-receiver great circle
path.
In a second step, we combine the 1D path aver-

age models into a linear tomographic inversion to
retrieve the local SV-wave velocity structure. The
inversion is performed using the continuous re-
gionalization algorithm of Montagner [26] assum-
ing propagation along the great circle. The lateral
smoothness of the model is constrained by corre-
lating neighboring points using a Gaussian a pri-
ori covariance function which is characterized by
two tuning parameters: the width of the a priori
Gaussian, de¢ned through a horizontal correla-
tion length Lcorr which controls the degree of hor-
izontal smoothing in the inverted model and the
amplitude of the a priori Gaussian, de¢ned at
each geographical point r by an a priori standard
deviation c(r) which in some way controls the
amplitude of the perturbations in the inverted
model. After several trials, we chose a value of
400 km for Lcorr, meaning that a correlation co-
e⁄cient of 0.6 is a priori imposed between two
points distant of 400 km. Considering that 400

Fig. 2. Path coverage related to (a) the 3350 paths for which
the fundamental mode has been modelled, (b) the 1275 paths
for which at least one overtone has been modelled.

Fig. 3. Smoothed version of PREM [24] used in the study.
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km is about the wavelength of a Rayleigh wave at
100 s period, our choice is equivalent to assume
for a majority of the paths a signi¢cant a priori
correlation between two points distant from a
wavelength. The a priori standard deviation c(r)
was taken equal to 0.05 km/s according to the
commonly observed SV-wave velocity variations
(see e.g. [19] or [27]).

Providing that the azimuthal distribution of
paths is su⁄cient, Montagner’s [26] approach
can be used to retrieve the SV-wave azimuthal
anisotropy in addition to the SV-wave heteroge-
neities. Le¤ve“que et al. [28] describe in detail the
procedure to follow and conclude that even in
fully anisotropic structure, the velocity of hori-
zontally propagating long-period SV-waves, in a

Fig. 4. Maps of the SV velocity variations relative to our smoothed version of PREM (Fig. 3) at (a) 100 km depth, (b) 150 km
depth, (c) 200 km depth and (d) 300 km depth. The range of velocity variations is given for each map. Regions where the resolu-
tion is poor (errorv 0.04 km/s) are in gray (Fig. 5). Green lines are the main plate boundaries and red open circles represent the
hotspots of Duncan and Richards’s [36] distribution.
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depth range controlled by the period and the rank
of the mode, is the most in£uential factor in the
¢rst-order variation of surface wave phase veloc-
ities. In this study, the ray density and the azi-
muthal distribution of paths allow us to invert
for both the SV-wave velocity and azimuthal ani-
sotropy and we have undertaken di¡erent style
of inversions, including azimuthal anisotropy or
not.

4. Tomographic maps

The SV-wave velocity model presented here has
been obtained from an inversion including azi-
muthal anisotropy with Lcorr = 400 km, ci(r) =
0.05 km/s for the isotropic parameter and ca(r) =
0.003 km/s for the anisotropic parameters. This
model gives the best compromise between data
¢tting and physically reasonable values for the

Fig. 5. Maps of the a posteriori error at (a) 100 km depth, (b) 150 km depth, (c) 200 km depth and (d) 300 km depth.
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inverted model. Trying di¡erent values of Lcorr
and ca(r) (200 km9Lcorr9 1000 km, 09ca(r)
9 0.005 km/s) leaves the results very stable with
respect to the conclusions we can draw.
For example, an inversion that does not include

azimuthal anisotropy produces slightly larger am-
plitudes for the SV-wave heterogeneities but does
not change the pattern of seismic anomalies so
that our conclusions are unchanged whether ani-
sotropy is included in the inversion or not. As
expected, with Lcorrv 400 km, the inverted mod-
els are smoother but the pattern of SV-wave het-
erogeneities is otherwise essentially unchanged.
Our preferred model concentrates azimuthal

anisotropy in the uppermost 200 km of the mantle
with a maximum value of 5.2% of peak-to-peak
azimuthal anisotropy at 100 km depth, decreasing
to 1.5% at 200 km and to values smaller than 1%
at greater depths. These results are consistent with
the previous observations of upper mantle aniso-
tropy beneath Antarctica by Roult et al. [13] for
azimuthal anisotropy and Ritzwoller et al. [6] for
radial anisotropy. Both studies suggest that a few
percent anisotropy exists and is con¢ned to the
shallower 200^250 km of the mantle. We there-
fore do not discuss anisotropy results in this pa-
per but rather focus on the deep SV-wave struc-
ture, especially at depth greater than 200 km
where seismic anisotropy is no more signi¢cant.
Velocity maps are shown in Fig. 4 for selected

depths from 100 to 300 km. Velocity variations
are calculated relative to our smoothed version
of PREM (Fig. 3). A way to assess the quality
of the inverted model is to look at the diagonal
terms of the a posteriori covariance matrix. The
regions where this a posteriori error is close to the
a priori error (we ¢x the threshold at 0.04 km/s,
80% of the 0.05 km/s a priori error) can be re-
garded as regions of poor resolution. They are
displayed in gray on the maps in Fig. 4. A general
trend exists for the error to increase with depth
(Fig. 5). This is related to a reduction of informa-
tion on the model at depth due to a limited num-
ber of paths for which overtones have been ana-
lyzed. However the central zone displays an a
posteriori error lower than the 0.04 km/s thresh-
old down to 675 km depth. The 95% con¢dence
level in the results (two standard deviations or

twice the a posteriori error) thus corresponds
here to a velocity contrast ofV1.6% for the deep-
er part of the model. However it is very common
in the literature to consider that velocity pertur-
bations greater than once the a posteriori error
(the 68% con¢dence level in the results) are mean-
ingful. Using this weaker criterion anomalies of at
least 1% in the central zone could be interpreted.
Our observations for the uppermost 200 km of

the mantle can be summarized as follows. In this
shallowest part of the mantle (Fig. 4a and b) we
observe the largest velocity variations and a good
correlation with surface tectonics. In this depth
range our results are also in good agreement
with previous global and regional studies. For ex-
ample, we retrieve the sharp transition between
the high-velocity pattern of the East Antarctic
Craton and the low velocities beneath West Ant-
arctica previously observed at global (e.g. [12])
and regional [6,13,15] scales, although the bound-

Fig. 6. SV-wave velocity variations at 100 km depth beneath
the Transantarctic Mountains. The topographic contours at
1000 and 2000 m are plotted. They mark the western £ank
of the Transantarctic Mountains. Note the rather good cor-
relation between the western £ank of the Transantarctic
Mountains and the transition between high and low veloc-
ities.
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Fig. 7.
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ary is not as straight as it was found in [15]. We
¢nd in our model a good correlation between the
western £ank of the Transantarctic Mountains
and the transition from the East Antarctica high
velocities to the West Antarctica low velocities
(Fig. 6). We also observe a moderately thick
high-velocity anomaly beneath the East Antarctic
Craton which locally reaches 225 km depth (Fig.
4c and cross-sections in Fig. 7). This agrees with
previous results for Antarctica [6,13,15] and with
recent surface wave observations beneath other
cratons [20,21,29].
In oceanic areas, the low-velocity signature of

the mid-oceanic ridges surrounding Antarctica is
rather shallow and vanishes at 150 km depth. The
amplitude of the seismic anomaly is correlated
with spreading rates, the strongest low-velocity
anomalies being associated with the fastest ridges
(the East Paci¢c Rise, the South East Indian
Ridge, see Fig. 4a). An exception is the Austra-
lian^Antarctic Discordance (AAD), a peculiar re-
gion of the South East Indian Ridge lying be-
tween 120‡E and 127‡E. In our model, this area
is associated with a structure relatively fast com-
pared to the neighboring portions of the ridge.
This agrees with the results of Forsyth et al. [30]
and with the more recent works of Debayle and
Le¤ve“que [19] and Ritzwoller et al. [6]. In addition
to the relatively fast-velocity pattern, the AAD
region has been associated with a thin crust, a
deep bathymetry, a rough topography, a gravity
anomaly and a geoid low [30]. All these observa-
tions can be explained by a colder and more vis-
cous region in the mantle beneath the AAD
[30,31]. The positive heterogeneities in the
Amundsen-Bellinghausen Sea and in the South
Indian Ocean at 100 km depth (Fig. 4a) suggest
the presence of an old, thick oceanic lithosphere
in regions where the age of the oceanic sea £oor is
poorly known [32]. In the vicinity of most region-
al hotspots (Crozet, Balleny, Erebus, Tasmanid
and the Atlantic hotspots of Bouvet, Shona and
Discovery), we observe negative anomalies in the
depth range 150^200 km, with the exception of
the proposed location of the Kerguelen hotspot.
However, all these hotspots are situated in the
oceanic part of the model which mostly displays
low velocities in this depth range. The coincidence

Fig. 7 (Continued). (a), (b), (c) and (d) Vertical cross-sections
from 75 to 675 km depth along the pro¢les plotted on the
maps presented on the left of the cross-sections. The velocity
variations are calculated relatively to a smoothed version of
PREM (Fig. 3). The contour line displays the 31.6% velocity
perturbation which roughly corresponds to twice the a poste-
riori error (95% con¢dence level in the results) for depths be-
low 300 km. Empty diamonds are plotted at 20‡ intervals on
the paths and correspond to the tickmarks on the cross-sec-
tions. Labels above the cross-sections refer to anomalies and
regions discussed in text (SEP, Southeast Paci¢c; AS^MBL,
Amundsen Sea^Marie Byrd Land; RS, Ross Sea; PAR, Pa-
ci¢c^Antarctic Ridge; and BI, Balleny Islands). (e), (f), (g)
and (h) A posteriori error cross-sections corresponding to the
cross-sections of (a), (b), (c) and (d). Note that the a posteri-
ori error in all four cross-sections is smaller than 0.04 km/s
down to 675 km depth (except on the left edge of cross-sec-
tion AAP).

EPSL 6849 24-11-03 Cyaan Magenta Geel Zwart

A. Sieminski et al. / Earth and Planetary Science Letters 216 (2003) 645^661 653



between hotspot and negative anomaly is thus not
signi¢cant for these depths.
At regional scale, Ritzwoller et al. [6] achieved

the most comprehensive ray coverage of Antarc-
tica with several thousands of fundamental mode
surface wave measurements, compared to the few
hundred seismograms used by Roult et al. [13] or
Danesi and Morelli [15]. Ritzwoller et al. [6] ana-
lyzed a data set of Rayleigh and Love, phase and
group velocity measurements while we directly in-
vert Rayleigh waveforms to retrieve path average
SV-wave velocity models. Phase and group veloc-
ities are theoretically redundant data but Shapiro
and Ritzwoller [33] showed that the simultaneous
inversion of phase and group velocities reduces
signi¢cantly uncertainties at all depths. Analyzing
the waveforms as we do (i.e. ¢tting envelope and
phase) is very similar to a simultaneous inversion
of both group and phase velocities and presents
the advantage to allow simultaneous inversion of
fundamental and higher mode data. Ritzwoller et
al. [6] performed their analysis of the fundamental
mode in the period range 18^175 s while we use
fundamental and higher modes between 50 s and
160 s. A 175 s fundamental mode Rayleigh wave
reaches its maximum sensitivity between 250 and
300 km depth. Below this depth their model
should have a decreasing resolution, whereas the
higher modes in the period range we use are still
sensitive to the structure below 600 km depth.
Considering Love waves in addition to Rayleigh
waves gives access to the radial anisotropy and
should provide more constraint as Love waves
have a di¡erent sensitivity to the structure in
depth. On the other hand, Love wave records
are usually very noisy and introducing these
data could impair the accuracy of the results. In
this study, as we are mainly interested in the ve-
locity structure, we choose to analyze only high-
quality Rayleigh wave records. Our sampling of
the uppermost 200 km of the mantle, largely con-
strained by the fundamental mode of Rayleigh
waves at intermediate periods is probably very
similar to the one achieved by Ritzwoller et al.
[6]. They present shear wave velocity maps down
to 250 km and several vertical cross-sections in
the shear velocity model [6]. Even though they
display SV-wave and SH-wave velocity variations

relatively to a di¡erent reference model, AK135
[34], the pattern of the velocity anomalies can be
directly compared with our results. Our vertical
pro¢le BBP (Fig. 7b) has been chosen very close
to the one presented in their paper [6] (vertical
section CCP in plate 5). The agreement in the
uppermost 200 km between both models is strik-
ing, especially for the uppermost part of both ver-
tical sections.
The main features of our model at 200 km

depth (Fig. 4c) are broad, low-velocity anomalies
in the oceanic regions reaching 3%. On the verti-
cal cross-sections of Fig. 7 several of them look
like downward extensions of an otherwise rela-
tively thin low-velocity layer (V175 km thick)
that we interpret as the asthenosphere. Moreover,
more remarkable deep anomalies are also present
in our model. For example, pro¢le AAP crosses
two of the large, low-velocity anomalies located
in the Southeast Paci¢c Ocean (labelled SEP in
Fig. 7a) and in the Amundsen Sea^Marie Byrd
Land region (labelled AS^MBL). The latter ex-
tends down to 450 km depth beneath the coast
of Marie Byrd Land where its amplitude remains
greater than 1% (see Fig. 1a and cross-section BBP
in Fig. 7b), while the low-velocity anomaly in the
Southeast Paci¢c Ocean (SEP) vanishes at shal-
lower depths, between 250 and 300 km depth,
like the broad, low-velocity anomalies beneath
the Antarctic Peninsula and south of Crozet and
Kerguelen Islands (Fig. 4c). The low-velocity
anomaly located beneath the Ross Sea region
(RS) presents an amplitude greater than 1%
down to 300 km depth in Fig. 7a. In cross-section
CCP (Fig. 7c), the same anomaly has an amplitude
greater than 1% from the surface down to 550
km, except between 250 and 380 km where it
slightly passes below 1%. On cross-sections CCP
and DDP, another continuous low-velocity verti-
cal structure with an amplitude greater than 1% is
found down to 600 km depth beneath a portion of
the Paci¢c^Antarctic Ridge (PAR) close to the
Balleny Islands (BI). The AS^MBL, PAR and
RS anomalies are remarkable because they are
continuous from the asthenosphere down to tran-
sition zone depths, and they are not likely to be
artefacts of the method, as shown by synthetic
experiments in Section 5. Moreover, even when
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setting the limit of signi¢cance at a more severe
level of two standard deviations (contour at
31.6% on Fig. 7), they still extend down to 400
km depth at least. Although the Crozet^Kergue-
len and the Southeast Paci¢c Ocean anomalies
also display a strong contrast at 200^300 km
(s 3%), they do not present such characteristics.
For understanding the signi¢cance of these

deeply rooted low-velocity anomalies, a compar-
ison with the results of Ritsema and van Heijst
[12] can be helpful. Our tomographic approach is
close to the work of these authors in the sense
that they analyzed a global data set of fundamen-
tal and higher mode Rayleigh waves. In addition
to surface waves, they also used body waves and
normal mode splitting to constrain the structure
down to the lower mantle. In the upper mantle
part of their global model S20RTS [12], the
Amundsen Sea, the Ross Sea region and the Pa-
ci¢c^Antarctic Ridge in the vicinity of the Balleny
Islands are underlain by a large, negative anomaly
down to 300 km depth only. The anomaly does
not stretch to Marie Byrd Land. The lateral res-
olution of S20RTS is no better than 2000 km,
while in our regional study, the lateral resolution
is estimated to a few hundred kilometers (see Sec-
tion 5). Our three deep, vertical low-velocity
anomalies (labelled AS^MBL, RS and PAR)
present a width of about 700^800 km below 300
km depth. This could explain why these deep fea-
tures are not imaged in S20RTS. The shallow,
large, negative anomaly of this area in S20RTS
is however connected to a structure sinking
down to 700 km depth southeast of New Zealand.
As it is situated on the edge of our regional model
we cannot make sure whether it corresponds to
our anomaly labelled PAR or if it is an indepen-
dent structure.
We will now focus on the three remarkable

deep vertical anomalies, observed in Fig. 7. In
the following section, we investigate in details
the robustness of these structures.

5. Synthetic experiments

The ¢rst synthetic experiment is designed to
evaluate the degree of vertical smearing likely to

a¡ect the shallow parts of our tomographic mod-
el. The idea is to check whether the observed var-
iations in the maximum depth of the shallow low-
velocity layer could be attributed to lateral varia-
tions in the vertical resolution that would result in
di¡erent amount of vertical smearing. In other
words, regions where the retrieved shallow low-
velocity layer is thin would be better constrained
than regions where it seems to be more deeply
rooted. We have performed a full synthetic experi-
ment following the procedure described in [18].
The ‘full’ synthetic test reproduces both steps of
our tomographic approach. For each path of the
actual coverage, we ¢rst compute a synthetic seis-
mogram in the input velocity model. We then use
our automated waveform inversion to invert each
synthetic waveform for a path average SV velocity
model before combining these 1D velocity models
in a tomographic inversion to retrieve the local
structure. The synthetic inversion is performed us-
ing the same number of overtones and the same a
priori values as the actual inversion. The input
velocity model is our smoothed PREM model in
which we have added a 310% velocity perturba-
tion from the Moho down to 125 km depth (Fig.
8a). The retrieved structure is smoother than the
input structure (Fig. 8b), but vertical smearing is
weak with no strong lateral variation. Keeping in
mind that some of the observed broad, downward
extensions of the low-velocity layer in Fig. 7 dis-
play velocity contrasts reaching 3% below 200 km
and extending down to 600 km depth with an
amplitude greater than 1%, it is very unlikely
from the synthetic test of Fig. 8 that they result
from vertical smearing of shallow structures.
Moreover, this test shows that the tomographic
method has a tendency to produce spurious
anomalies below 175 km depth. The amplitude
of these anomalies reaches 1.1% in Fig. 8b. How-
ever, since the spurious anomalies are opposite in
sign to the shallow input perturbation, the ob-
served negative anomalies (Fig. 7) which extend
continuously down to transition zone depths
without any change of sign are not likely to be
an artefact. On the other hand, the negative
anomalies (1^2%) found beneath the high-velocity
lid (s 10%) of East Antarctica may su¡er from
this artefact and are thus not robust.
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We have then conducted a second synthetic ex-
periment to evaluate our ability to resolve a low-
velocity anomaly located below the astheno-
sphere. Our input velocity model is now the
same smoothed version of PREM in which we
have added a 35% SV-wave velocity anomaly
centered in the Ross Sea at 75‡S and 179‡W
(Fig. 9a), a region where we found the deepest
low-velocity structures. The anomaly is located
between 250 and 350 km depth and is elongated
in the east^west direction, with a lateral extension
of about 700 kmU1000 km. The synthetic experi-
ment is again a ‘full’ test conducted as in Debayle
et al. [18]. The output model is shown in Fig. 9b.
Horizontal smearing is observed along the domi-
nant direction of paths. However, vertical smear-
ing is small and the input anomaly, although
smoothed by the tomographic inversion, is re-
trieved at the right location and right depth.
This con¢rms that our fundamental mode and
overtones data set allows us to isolate a deep
low-velocity anomaly from the shallower and the
deeper structure and to recover its geometry and
location, even though its amplitude is underesti-
mated. This latter point suggests that the actual
velocity contrast of the structures could be under-
estimated in the inverted model. We have tested
whether such a deep structure could be resolved
without the overtone information. For this pur-
pose we have performed a new ‘full’ synthetic ex-
periment in which we tried to retrieve the same
model as in Fig. 9a but without the help of the
overtones. The result of the synthetic experiment
is shown in Fig. 9c and con¢rms that without
overtones, it is neither possible to locate properly
in depth the input anomaly nor to recover its
amplitude and shape. An anomaly is picked up
by the fundamental mode, but due to its poor
sensitivity at depths greater than 250 km in our
period range of analysis (50^160 s), it is weaker
than expected and shifted towards shallow depths,
where the fundamental mode has the largest sen-
sitivity. This underlines the importance of the
higher mode data to study deep structures.
From this series of ‘full’ synthetic tests it seems

di⁄cult to invoke artefacts brought by the tomo-
graphic method to explain the deeply rooted low-
velocity anomalies observed beneath the coast of

Marie Byrd Land, the Paci¢c^Antarctic Ridge
and the Ross Sea region (cross-sections BBP,
CCP and DDP in Fig. 7), even though these experi-
ments did not test all the e¡ects that could impair
the results. As it has been discussed in detail in
[18], the approximations used in the theory are
likely to be valid in our frequency band of anal-
ysis for relatively short paths and errors on the a
priori crustal structure should not a¡ect the mod-
el for depths greater than 200 km, largely con-
strained by long-period higher modes less sensi-
tive to the shallow structure.
If the vertical deep low-velocity anomalies we

image are real, it is tempting to associate them
with upwelling of hot and less viscous material.
However, their lateral extent is larger than the
proposed width for a mantle plume tail at these
depths [35]. We have therefore performed a syn-
thetic experiment to investigate in more detail the
degree of horizontal smearing in our tomographic
inversion. For this purpose, we only need to test
the ¢nal tomographic procedure. For a realistic
experiment, the input model is 3SMAC in which

Fig. 8. Synthetic experiment to test the vertical smearing of a
uniform shallow structure. (a) Input model and (b) output
model. The input SV velocity perturbation of 310% extends
from Moho down to 125 km depth beneath the whole region
under study. The cross-section is along the AAP pro¢le (Fig.
7a). Note that the spurious velocity anomalies deeper than
175 km are smaller than 1.1%.
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the low-velocity perturbations modelling the hot-
spots of Duncan and Richards’s [36] distribution
have been reinforced. The 3SMAC model actually
uses Duncan and Richards’s [36] distribution with
several additional ‘new’ hotspots [25]. The pertur-
bations are about 200 km wide and 5% slower
than the embedding structure (Fig. 10a). All the
hotspots located in the central part of the model
(i.e. where the a posteriori error is smaller than
0.04 km/s) have been retrieved even though they
have been smoothed by the tomographic process.
We present in Fig. 10b the results for the two
hotspots of the Ross Sea region (Erebus and Bal-
leny), as the deep velocity anomalies of the in-
verted model that we focus on are found in this
region. The output anomalies in Fig. 10b only
su¡er a slight shift compared to the location of

the input perturbations (towards the north for
Balleny and towards the southeast for Erebus).
Their amplitude is attenuated and they have a
lateral extension of about 800^1000 km. A similar
experiment shows that a 100 km wide anomaly
with a 8% perturbation produces about the same
pattern through the tomographic method. This
suggests that the width of the deep velocity
anomalies observed in cross-sections BBP, CCP
and DDP (Fig. 7) can be reconciled with a plume
conduit narrower than 200 km but with a stronger
velocity contrast.

6. Discussion

The hypothesis of a large plume (V3000 km

Fig. 9. Synthetic experiment to test the ability to retrieve a velocity perturbation below the asthenosphere with and without the
use of overtones. (a) Input model, (b) output model with the overtones and (c) output model with the fundamental mode only.
Top maps are the model at 300 km depth and the bottom cross-sections are along pro¢le CCP (Fig. 7c). We try to retrieve a 700
kmU1000 km wide SV velocity perturbation of 35% located between 250 and 350 km depth. Gray dashed lines mark the depth
and lateral limits of the input perturbation. Note that the spurious positive anomalies are smaller than 0.6%.
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wide in the asthenosphere) located beneath the
West Antarctic Rift and including Marie Byrd
Land and the Ross Sea region, has recently been
discussed (e.g. [5,7,9]. It is supported by the sim-
ilarity of large amount of subglacial volcanic
rocks and by the chemistry of the sparse exposed
volcanic rocks. For example, Marie Byrd Land is
a volcanic province whose basalts are indistin-
guishable from those on oceanic islands [8]. Like
other basalts found in the West Antarctic Rift,
they have erupted in the last 30 Ma [4] and are
di⁄cult to reconcile with a shallow source related
to the rifting, as the main period of extension in
the West Antarctic Rift occurred in the late Me-
sozoic [5,9]. The presence of a topographic dome
centered in the province, whose growth is closely
linked to the volcanism [8], also favors the pres-
ence of a plume beneath the region. In the Balleny
Islands, the chemistry of the volcanic rocks also
suggests a deep-seated plume origin [7].
Our ¢nal SV-wave velocity model presents two

vertical low-velocity structures extending continu-
ously down to transition zone depths beneath the
Amundsen Sea^Marie Byrd Land and beneath the
Paci¢c^Antarctic Ridge near the Balleny Islands
(MBL and PAR in Fig. 7b, c and d). The low-
velocity anomaly of the Ross Sea (RS in Fig. 7c)
could be considered as a third one, though its
amplitude is close to the a posteriori error be-
tween 250 and 400 km depth (Fig. 7g) so that
vertical connection between the anomalies shal-
lower than 250 km and deeper than 400 km re-
mains uncertain. Regarding the local geology, the
plume hypothesis seems to be a good candidate to
explain these deep anomalies. Following this idea
we now discuss the implication of such plume
prints in terms of upwelling material beneath the
region.
Assuming that they are related in some way to

the volcanism of the region above them, close
links between the three structures are suggested
by the very similar geochemical characteristics of
the Cenozoic volcanic rocks present in Marie
Byrd Land, the Balleny Islands and the Ross
Sea region [4,7]. Recent laboratory experiments
suggest that, in a chemically heterogeneous man-
tle, it is possible to generate upwelling that would
take the form of broad domes [37]. Connections

between the structures of the Balleny Islands and
the Ross Sea may be inferred from cross-section
CCP (Fig. 7c) at least at depths shallower than 200
km. At greater depths a broad low-velocity region
with amplitude smaller than 1% encompasses the
two vertical structures. However error maps sug-
gest that at depths larger than 300 km, only seis-
mic anomalies with an amplitude larger than 1%
are well resolved (Fig. 7f, g and h) and synthetic
tests (Fig. 10) demonstrate that these signi¢cant
anomalies can be reconciled with two narrow

Fig. 10. Synthetic experiment to test the lateral resolution of
the tomographic inversion. (a) Input model and (b) output
model. The input model is 3SMAC at 200 km depth in
which the perturbations related to the hotspots of Duncan
and Richards’s [36] distribution have been reinforced (35%
SV velocity perturbations, 200 km wide). We present a zoom
on the Ross Sea region hotspots, Erebus (south) and Balleny
(north). Black boxes mark the position of the input perturba-
tions. Note that on this kind of map, the north is to the bot-
tom of the picture.
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plume tails, well separated laterally. Moreover, in
view of the lateral resolution, the structure be-
neath Marie Byrd Land is very unlikely to be
connected to the Ross Sea and Balleny Islands
structures at depth as the deep velocity anomaly
retrieved beneath Marie Byrd Land is clearly sep-
arated from the other two anomalies. Our results
therefore advocate the existence of two, maybe
three, distinct mantle plumes underlying or in
the close vicinity of Marie Byrd Land, the Balleny
Islands and the Ross Sea region, instead of a sin-
gle large one.
At depth greater than 300 km, the deep vertical

low-velocity anomaly on cross-sections CCP and
DDP (Fig. 7c and d) is located beneath the Pacif-
ic^Antarctic Ridge and is shifted by 700 km from
the surface location of the closest hotspot, the
Balleny Islands. Keeping in mind that the lateral
resolution is of the order of few hundred kilo-
meters, it is possible to suggest a connection be-
tween the deep anomaly and this hotspot. An ex-
planation for the shift between the supposed
mantle upwelling and the hotspot surface expres-
sion could be the migration of plume material
beneath the lithosphere. Such an explanation
may be supported by cross-section DDP in Fig. 7.
Anderson et al. [38] suggested that the astheno-

sphere is neither homogeneous nor isothermal.
They used the fundamental mode global surface
wave model of Zhang and Tanimoto [11] which
presents a lateral resolution of about 1000 km in
the uppermost 200 km of the mantle to suggest
that the upper mantle is characterized by vast
domains of high temperature rather than small
regions surrounding hotspots. Our more detailed
regional model agrees with the idea of several
large, low-velocity domains surrounding hotspots
in the oceanic asthenosphere rather than small,
low-velocity regions. We observe that there is no
systematic link between low-velocity anomaly and
hotspot. For example, the Kerguelen hotspot is
located in a well constrained region where the
fundamental mode coverage is good and is not
underlain by low velocities in the uppermost 200
km. We also note that the broad, low-velocity
anomalies in the Southeast Paci¢c Ocean (SEP
in Fig. 7a) and in the south of Kerguelen plateau
(Fig. 4c) are not related to current oceanic ridges

in the uppermost 200 km of the mantle and are
di⁄cult to associate with any hotspot at the sur-
face. Anderson et al. [38] suggested that some of
the low velocities observed in the asthenosphere
could re£ect previous positions of migrating
ridges. This kind of model seems di⁄cult to rec-
oncile with the anomalies in the Southeast Paci¢c
Ocean and the South Indian Ocean since they
persist at relatively large depths in the mantle.
Further interpretations of these asthenospheric
structures would require an improved knowledge
of both the geology and past plate motion in the
region.
Anderson et al. [38] did not ¢nd evidence for

deep thermal perturbation beneath the hotspots.
We suggest that this is likely to be due to the
decrease in sensitivity of their fundamental mode
data set at depths larger than 200 km. Our results
show that a deep source may exist beneath at least
some of the hotspots in Antarctica. This imaging
of deep low-velocity structures connected to large
regions of low seismic velocities in the astheno-
sphere could be in partial agreement with the
model of Phipps Morgan et al. [39]. They pro-
posed that the oceanic asthenosphere is fed by
plumes from the lower mantle and is a region of
large lateral £ows from the ‘feeding conduits’ to-
wards the ridges. Our tomographic model does
not allow to discuss whether the deep vertical
low-velocity structures that we observe in the
upper mantle extend in the lower mantle, but
the cross-sections in Fig. 7 is an argument for
strong lateral £ows in the asthenosphere connect-
ing the deep vertical structures to the ridges
(cross-section BBP) or to some of the reported
hotspots near the surface (cross-section CCP).
Further discussion on these deep low-velocity

structures and their potential role in mantle dy-
namics needs a more detailed imaging at greater
depths. The lateral resolution must be enhanced
to better constrain the geometry of these deep
low-velocity structures and to confront their seis-
mic signature with laboratory experiments and
numerical simulations of mantle plumes. Phipps
Morgan et al. [39] situate the source of the feeding
plumes in the lower mantle. Images at greater
depths would allow to know whether these struc-
tures are really originating from below the tran-
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sition zone as suggested by model S20RTS [12]
which detects low-velocities beneath the Paci¢c^
Antarctic Ridge close to the Balleny Islands, the
Ross Sea region and o¡ Marie Byrd Land in the
depth range 800^1000 km. Teleseismic body
waves often provide complementary information
to surface wave studies. High-resolution body
wave tomographies require a dense seismic cover-
age which is not available at high southern lati-
tudes yet. Our knowledge of the upper mantle
beneath the Antarctic plate is therefore likely to
continue to rely mainly on surface wave analysis
in the near future. Antarctica is thus a region
where it is strongly needed to improve the surface
wave tomography techniques for example by us-
ing seismic wave propagation theories more accu-
rate than the classical geometrical theory as it has
been explored in many recent works.
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