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Abstract

We present seismic results that support the presence of a small, low shear velocity anomaly deeply rooted in the upper
mantle transition zone beneath southern Arabia and the Red Sea. The low shear velocity anomaly persists down to the
660 km discontinuity. It is found from the waveform inversion of 2741 Rayleigh wave seismograms taking into account
several higher modes. We use records from the permanent IRIS and GEOSCOPE stations completed with data
collected after various field deployments of portable stations in the Horn of Africa (INSU experiment), Tanzania, Saudi
Arabia and Tibet (PASSCAL experiments). The complete dataset provides a dense ray coverage of the Afro/Arabian
continent and allows shear-wave heterogeneities to be resolved with wavelengths of a few hundred kilometers. To
achieve a good vertical resolution in the whole upper mantle, we analyze up to the fourth Rayleigh mode in the period
range 50^80 s, in addition to the fundamental Rayleigh mode in the period range 50^160 s. We discuss whether the
pattern of upper mantle shear velocity anomaly could be related to local causes or to one or several plume conduits in
the region. Our lateral resolution may intuitively not be sufficient to resolve a narrow plume conduit at transition zone
depths. However, we show that when a dense coverage is available, a narrow low-velocity anomaly will affect the path-
average measurements for a large number of individual seismograms crossing the anomaly. In this case, the low-velocity
perturbation is mapped in the tomographic model, even though smoothed by the lateral resolution. We conclude that
our observation is difficult to attribute to a shallow origin or to reconcile with a single narrow plume conduit in the
region. It can be explained either by several close narrow plume tails or by a broad region of upwelling. ß 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The Afar and surrounding regions, which in-
clude the Ethiopian plateau, the Red Sea and
western/southern Arabia have been a¡ected by
several geodynamical processes involving rifting,
uplift and magmatism. Geochemical and geolog-
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ical evidences [1] suggest that two periods of tec-
tonic activity played a major role in shaping the
region to its current form.

A ¢rst period of uplift, rifting and magmatism
has been identi¢ed in the late Oligocene and early
Miocene (from about 30 to 20 Ma) and is con-
temporaneous with the opening of the Red Sea
and Gulf of Aden rifts. These oceanic rifts could
have been initiated by tectonically induced exten-
sion involving a passive mantle (see e.g. [2]). Vol-
uminous trap series basalts erupted in Yemen and
Ethiopia are contemporaneous of this period [1,3].

A second major period of uplift began in the
mid-Miocene (14 Ma) and has continued to the
present. We know from ¢ssion track data that the
rate of uplift was accelerated after 14 Ma but it
may have been initiated as early as 20 Ma [4].
Contemporaneous magmatism has been observed
in western Saudi Arabia [1] and could be related
to the upwelling of hot asthenosphere. These evi-
dences support the idea that a thermal plume has
been active a long time after the initial breakup of
the continental lithosphere and may still be
present beneath the region.

Seismic observations in the uppermost 200 km
of the mantle are compatible with a thermal
plume model. At sublithospheric depths, the
plume conduit is expected to spread out at the
bottom of the lithosphere and to produce a broad
low-velocity perturbation. Surface observations
and laboratory experiments (see e.g. [5]) suggest
that the size of the uplifted region at the surface
may re£ect the low-velocity anomaly. The Afro-
Arabian dome covers a broad region including the
Afar, the Ethiopian plateau, Eritrea, Yemen and
the western part of Saudi Arabia [1,6]. Its north-
ern part corresponds to a region of late Tertiary
uplift, the west Arabian swell, which is about
1200 km wide. The entire region is underlain by
a broad low-velocity anomaly in tomographic
models (see e.g. [7,8]). At regional scale, Knox
et al. [9] found seismic velocities 0.2^0.8 km/s low-
er than PREM at 100 km depth beneath the Afar
and western Saudi Arabia.

At transition zone depths, numerical modelling,
theoretical predictions and laboratory experi-
ments suggest that the plume conduit should be
a narrower structure, with a diameter ranging

from about 50 to 600 km [5,10^13]. Because
deep objects with small lateral extension remain
di¤cult to image with seismological techniques,
there is to our knowledge no seismic observations
at transition zone depths to support a plume
model in the upper mantle beneath the region.
Recently, Nyblade et al. [14] found a transition
zone thickness beneath Afar consistent with the
global average. They conclude that a broad ther-
mal anomaly beneath Afar may not extend as far
down as the transition zone, although a shear
velocity perturbation smaller than 1%, consistent
with a 100^150 K thermal perturbation cannot be
ruled out.

In this paper we present results from a surface
wave tomography of fundamental and higher
mode Rayleigh waves that support the presence
of a small low-velocity anomaly deeply rooted in
the upper mantle beneath the Red Sea and south-
western Arabia. The anomaly persists with a small
amplitude at transition zone depths down to the
660 km discontinuity. A good vertical resolution
is obtained in the whole upper mantle beneath the
region thanks to the use of higher Rayleigh
modes. The lateral resolution is about a few hun-
dred kilometers. At ¢rst glance, it may intuitively
not be su¤cient to resolve a narrow plume con-
duit. However, we show that when a dense cover-
age is available, a narrow low-velocity anomaly
will a¡ect the path-average measurements for a
large number of individual seismograms crossing
the anomaly. In this case, the low-velocity pertur-
bation is mapped in the tomographic model even
though smoothed by the lateral resolution, and
thus can be detected.

2. Region under study

We analyze Rayleigh wave seismograms re-
corded at regional distances, in a region that cov-
ers the eastern part of Africa, the southern part of
Asia and the northern Indian Ocean (Fig. 1). The
data have been recorded at the permanent IRIS
and GEOSCOPE stations available in the region,
supplemented by temporary stations deployed in
the ¢eld. In the Horn of Africa region, the French
`Institut National des Sciences de l'Univers'
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(INSU) started in June 1999 the installation of
four broad-band stations equipped with STS2
seismometers. Three of these stations have been
deployed in Ethiopia while the last one is installed
in Yemen (Fig. 1). This regional network provides
us with useful additional ray coverage in north-
east Africa and southern Arabia, especially for
short epicenter^station paths corresponding to re-
gional events. Other data collected on the ¢eld
come from the PASSCAL experiments in Tanza-
nia, Saudi Arabia and Tibet.

3. Building a three-dimensional (3D) model

3.1. Tomographic procedure

The construction of a 3D model of upper man-
tle shear-wavespeed variation is achieved from a
two-step technique that has previously been ap-
plied successfully to regional studies of the Indian
Ocean [15] and Australia [16,17].

In a ¢rst step, the waveform inversion tech-
nique of Cara and Lëveªque [18] produces a
path-average 1D upper mantle model that repre-
sents the waveform of a Rayleigh wave seismo-
gram recorded for a given epicenter^station

path. The technique has recently been automated
and allows an e¤cient analysis of large dataset
[19].

The 1D models obtained for the set of epicen-
ter^station paths are then combined in a tomo-
graphic inversion using the continuous regionali-
zation algorithm of Montagner [20]. The
technique allows us to consider both azimuthal
anisotropy and isotropic lateral variations of
shear velocity in the inversion. In this paper, we
only discuss the lateral variations of the shear-
wave velocity. Seismic anisotropy beneath north-
eastern Africa and Saudi Arabia has been studied
using both surface [21] and body-waves [22,23].
Hadiouche et al. [21] found a relatively weak
zone of SV wave azimuthal anisotropy, down to
88 km depth, beneath northeastern Africa. Typi-
cal SKS delay time between 1 and 1.5 s have been
obtained in the Afar [23] or Saudi Arabia [22].
These measurements are consistent with a rela-
tively shallow seismic anisotropy located in the
upper 200 km of the mantle. Using our own data-
set, we performed di¡erent styles of inversion,
with and without anisotropy. In agreement with
previous studies, our results suggest that a small
percent of azimuthal anisotropy are present down
to 150^200 km depth beneath northeastern Africa
while at larger depths, seismic anisotropy can be
neglected. In the upper 200 km, a small trade-o¡
is observed between the isotropic and the aniso-
tropic components of the model, but with an am-
plitude that is too small to change the pattern of
seismic heterogeneities. In the transition zone, the
result of our tomographic inversion is very stable,
whether anisotropy is included or not in the in-
version. Artifacts due to trade-o¡ between aniso-
tropy and lateral heterogeneities [24] are thus very
unlikely in the results we display here.

In the following, we only present the isotropic
part of the shear-wave velocity model. Interpreta-
tion of the anisotropic part of the model would
need much more development and is out of the
scope of this paper.

3.2. Waveform analysis

The waveform inversion technique has been de-
signed to process the fundamental mode and few

Fig. 1. Station and epicenter locations. Permanent stations
from the IRIS and GEOSCOPE networks are shown with
white diamonds. Portable broad-band stations from the
INSU and PASSCAL experiments are shown with black
stars and triangles, respectively. Epicenters are plotted as
open circles. (Figure produced using the GMT software [44].)
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overtones of the surface waves. In this study, we
work in the period range 50^160 s and we process
the fundamental and up to four higher Rayleigh
modes, depending on their signal-to-noise ratio,
using an automated procedure designed to process
a large number of seismograms [19]. The inversion
is performed for the upper mantle structure only,
assuming that the crustal structure is known.

Restricting the analysis to 50 s for the shortest
periods allows us to avoid problems due to strong
lateral variations in the shallow Earth layers, es-
pecially in parts of the model where strong crustal
variations are expected. For epicenter^station
paths smaller than 10 000 km, it is widely ac-
cepted that the great-circle approximation used
in this study is reasonable at 50 s of period (see
e.g. [25] or [26]) even for the fundamental mode
whose sensitivity is con¢ned in the uppermost
layers of the mantle. In addition, because the
maximum sensitivity of the fundamental mode
at 50 s of period is located at 70 km depth (Fig.
2), well below the crust, we determine seismic ve-
locities from a dataset primarily sensitive to the
upper mantle.

We nevertheless perform crustal corrections us-
ing the 3D representation of the crustal structure

provided by the 3SMAC model of Nataf and Ri-
card [27]. As shown in Section 4, comparisons
with other tomographic results where shallow
layer corrections are based on a di¡erent crustal
model suggest that for the period range of analy-
sis the 3SMAC corrections allow minimization of
the biases due to an imperfect knowledge of the
crust.

The number of higher modes considered in the
inversion has been chosen to allow resolution at
transition zone depths while minimizing possible
artifacts due to approximations made in the
theory. Considering independent perturbation of
each mode branch, the four overtones used here
in the period range between 50 and 80 s provide
sensitivity in the mantle down to at least 700 km
depth (Fig. 2). Artifacts have been shown to be
present at transition zone depths when long peri-
od body phases are matched without considering
the mode coupling [28]. Indeed, multiple re£ected
body-wave phases are sensitive to model pertur-
bations close to their geometrical ray rather than
to the horizontally averaged model perturbation
used in the path-average approximation. How-
ever, we use a time window that corresponds to
a limited number of higher modes at periods larg-
er than 50 s. In this period range and time win-
dow, the modes are well separated so that neglect-
ing their coupling in the inversion should not
signi¢cantly bias our results. The previous global
study by Ritsema et al. [8] was based on a similar
number of surface wave higher modes used in the
same frequency range of analysis. Their results,
also obtained without mode coupling, provided
high vertical resolution in the transition zone.

In this study, we have analyzed the waveforms
of 2741 Rayleigh wave seismograms. The funda-
mental mode has been considered in the inversion
for 2732 seismograms while for 2006 paths, at
least one overtone was taken into account in the
inversion (Fig. 3).

4. Tomographic images

The uppermost part of our tomographic model
is presented in Fig. 4. Lateral variations in shear
velocity are plotted at 100 and 200 km depth. In

Fig. 2. Sensitivity kernels for the fundamental and up to the
fourth higher mode of Rayleigh waves. The curves represent
the relative partial derivatives of the phase velocity according
to the shear-wave velocity (Vsv/C)(NC/NVsv). These partial de-
rivatives are shown for a 1 km thick layer, at periods of 50 s
(dash^dot line) and 80 s (continuous line).
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this depth interval, we retrieve the well-known
correlation with surface tectonics.

In the northern Indian Ocean, mid-oceanic
ridges have a rather shallow low-velocity signa-
ture, suggesting that vertical smearing of shallow
seismic anomalies is weak. The dominant seismic
anomaly at 200 km depth is a slow perturbation
shifted westward of the Central Indian ridge. In
southeast Asia, the Tibetan plateau is underlain
by a low-velocity layer which extends down to
about 120 km depth. At larger depths, the long
wavelength S-wave structure is dominated by high
seismic velocities. These observations agree with
recent surface wave tomographic models for the
upper mantle of the Indian Ocean [15,29] and
southeast Asia [30].

In eastern Africa, our shear velocity maps can
be compared with the global model S20RTS of
Ritsema et al. [8] or with the regional model of
Ritsema and van Heijst [29]. Ritsema et al. [8]
used a global dataset of fundamental, higher
modes and body-waves to constrain the structure
down to the lower mantle. However, the lateral
resolution in this global study is not better than
2000 km. Our regional model includes shorter
paths and provides a much better horizontal res-

Fig. 4. SV wave heterogeneities at 100 km depth (top) and
200 km depth (bottom). Cross-sections AAP and BBP of Fig.
5 are indicated on the map.

Fig. 3. Actual path coverage corresponding to: (a) data for
which the fundamental modes have been taken into account
in the inversion, (b) data for which the higher modes have
been taken into account. A total of 2741 Rayleigh wave seis-
mograms have been analyzed.
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olution of a few hundred kilometers (see Section
5). It is, from this point of view, closer to the
regional work of Ritsema and van Heijst [29].
These authors achieved a dense coverage of the
African continent through the analysis of about
8000 fundamental Rayleigh modes in the period
range between 40 and 200 s. They used the
CRUST5.1 model derived by Mooney et al. [31]
to perform crustal corrections. Their inversion re-
sults in a 3D shear velocity model for the upper-
most 400 km of the mantle. For comparison, our
dataset provides a dense coverage of the African
continent only eastward of 30³E but our analysis
includes higher modes and a better resolution is
expected at transition zone depths. We also per-
form crustal corrections using the 3SMAC model
of Nataf and Ricard [27] instead of CRUST5.1.
Despite these di¡erences in data selection and a
priori assumptions, the distribution of seismic
anomalies agrees well for the uppermost 250 km
of the mantle beneath the eastern part of Africa
where both studies are expected to provide good
resolution. In the Afar and surrounding regions, a
broad low-velocity anomaly is found at 100 km
depth, with a maximum low-velocity perturbation

located beneath Yemen, western Saudi Arabia
and the Ethiopian plateau. A sharp transition
from low to high velocities characterizes in both
studies the boundary between the Ethiopian pla-
teau and the southern Tanzania craton.

At larger depths, a small low-velocity anomaly
persists down to 300 km depth beneath the Ethio-
pian plateau in the Ritsema and van Heijst [29]
model. We display in Fig. 5 two vertical sections
along great-circle paths that cross eastern Africa.
Both sections suggest that a small low-velocity
anomaly extends down to 400 km depth beneath
the Ethiopian plateau, slightly deeper than in the
Ritsema and van Heijst [29] model. At larger
depths, the low-velocity anomaly beneath the
Ethiopian plateau vanishes (Fig. 5). However,
north of the Ethiopian plateau, a low-velocity
anomaly elongated in the east^west direction
from the western coast of the Red Sea to southern
Arabia persist down to a depth of 650 km (Figs. 5
and 6).

In the two following sections, we discuss the
robustness of this more deeply rooted low-velocity
anomaly, and its implication in terms of upwelling
material beneath the region.

Fig. 5. Vertical cross-sections for the great circles AAP (left) and BBP (right). The cross-sections start at 75 km depth and are rep-
resented through the SV velocity model and the a posteriori error distribution (bottom). Cross-section locations and topography
are shown on top.
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5. Reliability of the model and resolution tests

The construction of our 3D shear-wavespeed
model results from a two-step process. The ¢rst
step is equivalent to interpreting the dispersion of
the di¡erent modes present in each individual seis-
mogram in terms of a 1D depth-dependent shear
velocity model. The second step allows us to re-
trieve lateral variations in shear velocity by com-
bining, at each depth, the shear velocity slowness
values obtained for each epicenter^station path.

There are many e¡ects that can produce arti-

facts on the 1D path-average velocity models.
These include e¡ects due to the approximation
used in the theory or too poor a knowledge of
non-inverted parameters such as the crustal struc-
ture along the path and the focal mechanism at
the source.

As discussed in Section 3.2, the great-circle ap-
proximation is likely to be valid in our frequency
band of analysis for relatively short paths and the
neglect of mode coupling should not a¡ect our
results. The use of the 3SMAC crust has also
been shown to allow a reliable estimation of the

Fig. 6. SV wave heterogeneities beneath the Horn of Africa for the deeper part of the model.
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structure in the uppermost 200 km of the mantle,
mostly constrained by the fundamental Rayleigh
mode. At greater depths the structure is mostly
constrained by long-period higher modes less sen-
sitive to shallow layers. Therefore, crustal correc-
tions are not expected to produce signi¢cant arti-
facts at transition zone depths. Errors in the
source parameters may bias the path-average
shear velocity estimation for some of the 1D mod-
els. However, the paths for which this bias is
strong are rejected by applying the selection cri-
teria. For paths less biased that could pass the
rejection tests, these e¡ects have no reason to be
coherent since they are related to earthquakes
with di¡erent focal mechanisms or di¡erent focal
depths. Therefore, they should be averaged out in
the tomographic inversion if a large number of
paths with di¡erent azimuths is used to constrain
the structure. We present in Fig. 7 the distribution
of rays crossing northeast Africa and southern
Arabia for data subsets corresponding to di¡erent
Rayleigh modes, thus sampling di¡erent depths
intervals of the upper mantle. For our period
range of analysis, the fundamental and ¢rst over-
tone (Fig. 7a) allow us to constrain the uppermost
400 km of the mantle (see Fig. 2). The second and
third overtones (Fig. 7b) provide sensitivity down
to 700 km while the fourth overtone (Fig. 7c)
provides additional coverage in the whole depth
of inversion. Each depth interval is constrained by
a large number of criss-crossing rays, related to
di¡erent types of sources (mid-oceanic ridges in
the Indian Ocean, subduction zone in Greece,
continental rift in east Africa and continental col-
lision between Africa and Eurasia or India and
Asia). It is thus reasonable to assume that possi-
ble artifacts due to source e¡ects are averaged out
at each depth owing to our ray coverage.

We would now like to discuss the reliability of
our results in both the depth location of the
anomaly and its horizontal extent. In a ¢rst ex-
periment, we fully test how a very simple model is
smeared horizontally and vertically. For this pur-
pose, we put a 35% shear-wave velocity anomaly
over a rectangular box 400 km wide in the north^
south direction, 1000 km wide in the east^west
direction, and 150 km high. The anomaly is lo-
cated beneath the Red Sea at depths between 300

Fig. 7. Path coverage in fundamental and higher modes for
the region of interest. (a) Fundamental and ¢rst overtone;
(b) second and third overtone; (c) fourth overtone.
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and 450 km (Fig. 8). The embedding structure is a
PREM mantle overlain by the 3SMAC crustal
model. For each path of our study, a synthetic
seismogram is computed for waves propagating
in the average structure along the path. The set
of 2741 synthetic seismograms is then inverted
following the same automated procedure as for
actual data. The 3D model we obtain as the result
of the tomographic inversion is displayed on Fig.
8 along the same cross-sections we use for Fig. 4.
It is clear from this experiment that the initial
anomaly is smoothed over a larger region. How-
ever, the vertical smearing remains small. No
anomaly is found at shallow depths (6 200 km)
nor at great depths (s 550 km), thus indicating
that depth location of anomalies found from in-
version of actual data is likely to be correct. In the
horizontal direction, the amount of spreading is a
little bit larger but again, the location of the re-
trieved anomaly is roughly correct.

In a second experiment, we intend to mimic
more closely what could happen to a narrow
plume when viewed through our tomographic

method. Since the anomaly to be retrieved is
now much smaller in the horizontal direction,
we concentrate our e¡orts on the study of the
horizontal spreading of such an object. For sake
of simpli¢cation and computer-time saving, we do
not come back to the synthetic seismograms, we
instead restrain the computations to the path-
average S-velocity models. This simpli¢cation
does not impair at all the estimation of horizontal
resolution. It only degrades the estimation of ver-
tical resolution. However, this is no longer a con-
cern since we have already studied it in the ¢rst
synthetic experiment.

In this second experiment, we illustrate how a
small-scale anomaly with 35% over 200 km
width, once recorded in the 1D models, is mapped
in the 3D model through the tomographic inver-
sion. The 1D path-average shear velocity models
are ¢rst determined by integrating the input mod-
el slowness along the great-circle paths corre-
sponding to our path coverage. The tomographic
inversion is then performed with the same a priori
values in the data and the model as in the actual

Fig. 8. Synthetic experiment to test vertical and horizontal smearing in the transition zone. Cross-sections are the same as in Fig.
5. A 35% shear velocity perturbation with a 400U1000 km horizontal extension has been added to a smooth PREM model be-
tween 300 and 450 km depth (upper cross-sections). The synthetic experiment reproduces the two steps of our tomographic pro-
cedure, i.e. the automated individual analysis of 2741 synthetic waveforms computed for each path of the study (1D inversion)
followed by a linear tomographic inversion allowing us to obtain the 3D structure. Each stage of the inversion is carried out
under the same conditions as the actual inversion. The output of the inversion, presented on the bottom cross-sections, demon-
strates that our fundamental and higher mode dataset allows us to isolate a low-velocity anomaly in the transition zone.
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inversion. In particular, the weight given at each
depth to each 1D path-average model depends on
its a posteriori error determined after the actual
waveform inversion. This a posteriori error is
large at a given depth when the actual waveform
contains little information related to the corre-
sponding structure. In this way, our synthetic ex-

periment carries the depth sensitivity of the actual
dataset.

Fig. 9 shows that under the conditions of our
experiment, even a narrow plume conduit is
mapped in the 3D model once it has been re-
corded in the path-average shear velocity model.
The narrow structure is smoothed by the tomo-

Fig. 9. Synthetic experiment carried out under the same conditions as the actual inversion. The input Earth model (left column,
top and middle) is the 3SMAC model of [27] with a 35% shear velocity perturbation added in a narrow conduit located at lati-
tude = 17³N and longitude = 43³E. The conduit is about 200 km wide and extends down to a depth of 700 km. Output of the in-
version is represented on the right column. A priori (left column) and a posteriori (right column) errors on the model parameters
are displayed at the bottom of the ¢gure. The a priori error for the 3D model is uniform and set to a value of 0.05 km/s in the
tomographic inversion.
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graphic inversion and the output is a strongly
attenuated low-velocity anomaly with a diameter
of about 400 km, corresponding to the horizontal
degree of smoothing imposed in the inversion.
This synthetic test also shows that the amplitude
of the fast velocity anomaly located at 80³N,
whose lateral extent is broader and exceeds the
horizontal degree of smoothing, is well restituted.
As expected, the ¢nal a posteriori error (right col-
umn, bottom of Fig. 9) on the 3D model is small
in those parts of the model where a good resolu-
tion is achieved, which is the case for northeastern
Africa and the Arabian plate. It is equal to the a
priori error (left column of Fig. 9) when the res-
olution is null, mainly on the edges of the cross-
section.

The low-velocity anomaly observed in the mod-
el after inversion of the actual dataset (Fig. 5) has
an amplitude slightly larger than the a posteriori
error in this part of the model. It extends to
depths of about 400 km beneath the Ethiopian
Plateau and deeper, down to the 660 km disconti-
nuity beneath the Red Sea and southern Arabia.
It appears as a relatively broad structure, even in
the transition zone where it is elongated in the
east^west direction.

6. Discussion

It has been suggested that the lithosphere and
shallow upper mantle may exert strong control on
the location of seismic and geochemical anomalies
observed beneath hotspots and continental £ood
basalts [32,33], especially near pre-existing rifts.
However, although a role of the lithosphere and
upper mantle cannot be ruled out in explaining
the shallower part of our observed seismic anom-
aly, we will see that its depth extension suggests
other processes responsible for the upwelling of
deeper materials.

Local convection con¢ned to the upper mantle
could occur at the border between the Tanzania
craton and the Ethiopian plateau. Indeed, cross-
section AAP of Fig. 5 exhibits a strong S-velocity
contrast at lithospheric depths indicating a large
horizontal temperature gradient. In a similar sit-
uation, a 2D numerical modelling of upper mantle

convection at the oceanic border of a craton [34]
shows that local instability of the upper mantle
may be generated. Cold material is expected to
sink beneath the craton. It may even penetrate
through the 410 km discontinuity while hot ma-
terial rises beneath the adjacent hot and young
oceanic lithosphere. This scheme may be in qual-
itative agreement with what we observe in the
central part of cross-section AAP, at the border
between the Tanzania craton and the Ethiopian
plateau. As an alternative to a plume model, the
broad low-velocity anomaly extending from the
surface to 400 km beneath the Ethiopian plateau
might thus have a local cause.

Beneath the Red Sea, it seems di¤cult to in-
voke a similar destabilization of the base of the
Saudi Arabian proterozoic lithosphere to explain
the low-velocity anomaly we observe in the tran-
sition zone (Fig. 6c and cross-sections of Fig. 5).
A downward £ow of cold material is not observed
in our tomographic model and a much stronger
local instability would be required to generate an
upwelling £ow deeply rooted in the transition
zone. It is thus very likely that this deep low-ve-
locity anomaly has another origin.

As discussed previously, the horizontal resolu-
tion available with long period surface waves does
not allow us to address in detail the geometry of
this low-velocity structure in the transition zone.
Its elongated shape and lateral extent (about
1000U500 km at 550 km depth on Fig. 6c) sug-
gests that it has been created by a structure more
complex than a simple narrow plume conduit. A
1000 km wide region of upwelling, or few close
narrow plume conduits could as well explain the
pattern of low-velocity anomaly we observe.

A broad region of upwelling is at ¢rst glance
not easy to reconcile with laboratory [5,10,35] and
numerical [36] experiments. These experiments
show that the diameter of a plume conduit de-
pends on the viscosity contrast between the up-
welling material and the surrounding mantle. Sim-
ulation based on realistic viscosity estimations for
the upper mantle generally favor narrow conduits
with diameters in the order of 100 or 200 kilo-
meters (see e.g. [5]). This agrees well with the ob-
servation of a narrow chain of volcanic activity,
200 km wide above hotspots, attributed to melt-
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ing in the plume tail [10,11]. We note however
that recent numerical experiments simulating the
development of axi-symmetric mantle plumes in a
compressible mantle with temperature-dependent
viscosity [13] suggest that broader upwelling re-
gions may develop in the mantle.

Following a di¡erent approach, laboratory ex-
periments conducted by Davaille [37] show that,
in a chemically heterogeneous mantle, it is possi-
ble to generate hot domes with thin tubular tubes
rising from their upper surfaces. These plumes
could be responsible for the `hotspots' and the
domes themselves for the `superswells' observed
at the Earths's surface [37]. The anomaly we ob-
served at 550 km depth beneath the southern part
of the Red Sea could indeed be due to several
narrow plume tails that we cannot distinguish be-
cause of a lack of horizontal resolution. Fig. 5
(right) and Fig. 6c show a broad low-velocity
anomaly in the transition zone beneath the Red
Sea, in the middle of two upwelling regions, iden-
ti¢ed from surface observations by Camp and
Roobol [1] at about 12 and 23³N along the
cross-section BBP shown in Fig. 5. The ¢rst one
is associated with an `Ethiopian plume' and the
other one would be located beneath the west Ara-
bian swell. Note however that the broad low-ve-
locity anomaly of our model is elongated in the
east^west direction. This may indicate the pres-
ence at depth of plume conduits located eastward
beneath the Arabian plate or the Red Sea and not
on the surface location proposed by Camp and
Roobol [1]. The circular anomalies we observe
at 650 km depth (Fig. 6d) would support this
interpretation but these latter anomalies are lo-
cated at the bottom of the inverted model where
the resolution is poorer. Concerning the origin of
the anomalies we observe in the transition zone,
recent global tomographic results [8] suggest a
connection of this region with a broad low-veloc-
ity anomaly in the lower mantle. A broad upwell-
ing zone observed in the mid-lower mantle be-
neath South Africa could be responsible for the
uplift of the African plateau and superswell
[38,39]. This anomaly is tilted by 45³ in the lower
mantle [8] and might provide the deep source for
upwelling materials responsible for the anomaly
we observe in the transition zone.

Finally, as we previously mentioned, let us re-
call that Nyblade et al. [14] concluded from P-to-S
converted waves that the transition zone thickness
beneath Afar is consistent with the global aver-
age. This is at ¢rst glance incompatible with our
observation, but most of the region sampled by
Nyblade et al. [14] is located southward of our
deep low-velocity anomaly. In addition, they esti-
mate the transition zone thickness with a 19 km
uncertainty, consistent with a 1% low-velocity
anomaly at transition zone depth. Our observa-
tion being compatible either with a broad small
amplitude low-velocity anomaly or with several
narrow mantle plume conduits located north of
the region sampled by Nyblade et al. [14], this
may explain why the transition zone thickness
obtained by these authors is not a¡ected.

For these reasons, and although we do not ¢nd
a plume geometry in agreement with a simple
more or less axi-symmetric broad low-velocity
anomaly beneath the lithosphere overlying a
unique circular conduit, we favor either a broad
region of upwelling or several close narrow plume
tails as an explanation for the deep low-velocity
anomalies we observe beneath the southern part
of the Red Sea and Arabia. A lower mantle origin
of these anomalies is plausible, as suggested by
several recent global tomographic studies [8].

There is a critical need for a confrontation be-
tween the plume models derived from laboratory
and numerical experiments and observations from
seismic tomography. This requires improvement
of our seismological techniques for a better map-
ping of short wavelength heterogeneities in the
transition zone of the upper mantle and deeper.
Body-waves have up to now largely been used to
detect mantle plume at large mantle depths (see
e.g. [40,41]). In the upper mantle, the resolution of
body-wave tomographic models is often depen-
dent on experimental geometry near the hotspot.
Several studies have shown that due to experi-
mental geometry, it is impossible to distinguish
between a shallow anomaly and a narrow deep-
seated plume [42,43]. Regional tomographic tech-
niques based on fundamental and higher mode
surface waves may now provide an alternative
tool for heterogeneities with a wavelength of a
few hundred kilometers in the upper mantle.
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