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Abstract

The geodynamics of the mantle below Africa is not well understood and anisotropy tomography can provide new insight into the
coupling between the African plate and the underlying mantle convection. In order to study the anisotropic structure of the upper
mantle beneath Africa, we have measured phase velocities of 2900 Rayleigh and 1050 Love waves using the roller-coaster algorithm
[Beucler, E., Stutzmann, E., Montagner, J.-P., 2003. Surface-wave higher mode phase velocity measurments, using a roller-coaster
type algorithm. Geophys. J. Int. 155 (1), 289-307]. These phase velocities have been inverted to obtain a new tomographic model
that gives access to isotropic Sy-wave velocity perturbations, azimuthal and radial anisotropies. Isotropic Sy-wave velocity maps
have a lateral resolution of 500 km. Anisotropy parameters have a lateral resolution of 1000 km which is uniform over Africa for
azimuthal anisotropy but decreases at the West and South of Africa for radial anisotropy. At shallow depth, azimuthal anisotropy
varies over horizontal distances much smaller than the continent scale. At 280km depth, azimuthal anisotropy is roughly N-S,
except in the Afar area, which might indicate differential motion between the African plate and the underlying mantle.

The three cratons of West Africa, Congo and Kalahari are associated with fast velocities and transverse anisotropy that decrease
very gradually down to 300 km depth. On the other hand, we observe a significant change in the direction and amplitude of azimuthal
anisotropy at about 180 km depth, which could be the signature of the root of these cratons. The Tanzania craton is a shallower
structure than the other African cratons and the slow velocities (—2%) observed on the maps at 180 and 280 km depth could be the
signature of hot material such as a plume head below the craton. This slow velocity anomaly extends toward the Afar and azimuthal
anisotropy fast directions are N-S at 180 km depth, indicating a possible interaction between the Tanzania small plume and the Afar.
The Afar plume is associated with a very slow velocity anomaly (—6%) which extens below the Red sea, the Gulf of Aden and the
Ethiopian rift at 80 km depth. The Afar plume can be observed down to our deepest depth (300 km) and is associated with radial
anisotropy smaller than elsewhere in Africa, suggesting active upwelling. Azimuthal anisotropy directions change with increasing
depth, being N-S below the Red sea and Gulf of Aden at 80 km depth and E-W to NE-SW at 180 km depth. The Afar plume is not
connected with the smaller hotspots of Central Africa, which are associated either with shallow slow velocities for Mt Cameroon or
with no particular velocity anomaly and N-S azimuthal anisotropy for the hotspots of Tibesti, Darfur and Hoggar. A shallow origin
for these hotspots is in agreement with their normal 3He/4He ratio and with their location in a region that had been weakened by
the rifting of West and Central Africa.
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1. Introduction

Africa is a large continent characterized by cratons,
rift zones, volcanoes, swells, basins and broad plateaus.
This variety of tectonic regions has evolved over the
past 2 billion years, the oldest features being the cra-
tons of West Africa, Congo, Tanzania and Kalahari
(Fig. 1). During the Mesozoic, the Gondwana super
continent broke up. About 200 My ago, the opening of
the Central Atlantic Ocean separated West Africa and
North America. Then, 183 My ago, South Africa was
affected by the Karoo traps which initiated the separa-
tion of Madagascar, Antarctica and India from South
East Africa (Storey, 1995). On the Atlantic side, the
Mesozoic activity of St Helen hotspot (145 My) was
probably linked to the development of several intra-
continental rifts, the West African, Central African
and Anza rift systems (Wilson and Guiraud, 1992).
Further South, the Tristan da Cunha trap episode of
Parana (South America) and Etendeka (Africa) occurred
133 My ago and was followed by the South Atlantic
Ocean opening. The separation of South America and
Africa was achieved 80My ago. The shape of the
African continent has not changed significantly since that
time.

West African
Craton

After a quiet period (80-30My), volcanic activity
started simultaneously in several regions of the African
plate at hotspots characterized by a large variability
in size and volcanic production (Burke, 1996). Small
hotspots, such as Mount Cameroon, Hoggar, Tibesti and
Darfur, were active during the Cenozoic and Quaternary
with a modest volcanic production (Wilson and Guiraud,
1992). They appeared in regions that had been weakened
by the rifting of West and Central Africa. On the other
hand, Afar, Canary, Cape Verde hotspots had a much
stronger activity and their volcanic eruptions are still
observed today.

The Afar hotspotis located at a triple junction (Fig. 1).
Two rifts have separated Arabia from Africa, with the
opening of the Red Sea and the Gulf of Aden beginning,
respectively, 30 and 20 My ago. The third rift system
appeared within the African continent about 30 My ago
and corresponds to the Ethiopia Rift which is connected
to the East Africa Rift System (Burke, 1996). Courtillot
etal. (1999) suggested that intra-continental rifting along
the East African Rift has progressively stopped since
15 My ago while accretion was concentrated on the Gulf
of Aden/Red Sea plate boundary. The Ethiopian and
Yemen traps have long been associated with the Afar
hotspot (Richards et al., 1989; White and McKenzie,

Fig. 1. Tectonic map of Africa. The West African (WARS), Central African (CARS) and Anza rift systems correspond to the Mesozoic rift basins.
The Ethiopian and Eastern rifts are roughly 30 Ma old. Hotspots are plotted with black hexagons and cratons are in dark grey.
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1989). The flood basalt eruption created a large ele-
vated plateau 30 My ago, within 1 or 2 My (Hofmann et
al., 1997). The continental area around the Afar region
corresponds to a large region of low-density material
associated with a negative Bouguer anomaly (Brown and
Girdler, 1980; Hartley et al., 1996) and with slow seis-
mic velocity anomalies in the upper mantle visible in
all global tomographic models (e.g. Grand et al., 1997,
Mégnin and Romanowicz, 2000; Ritsema and van Heijst,
2000a) and regional models (Hadiouche et al., 1989;
Ritsema et al., 1998; Ritsema and Van Heijst, 2000b;
Debayle et al., 2001). These observations suggest the
existence of a hot and light plume rising in the man-
tle beneath the Afar. The relationship between Afar and
the small hotspot of Darfur is debated. Hadiouche et al.
(1989), who carried out the first surface wave tomog-
raphy of the African plate with a lateral resolution of
2000 km, and later Ebinger and Sleep (1998), using geo-
logical and gravity data, suggested that Afar and Darfur
might be connected to a single plume at depth. On the
other hand, Burke (1996) and Wilson and Guiraud (1992)
suggested that the Darfur, Tibesti and Hoggar, which cor-
respond to Cenozoic alkali volcanism distributed over
elliptical areas, are related to unconnected plumes.
Another striking feature of Africa is the existence
of the large southern African plateaus that cover sig-
nificant parts of the continent and are characterized by
anomalous topography about 1000 m above the rest of
the continent. Nyblade and Robinson (1994) linked these
elevated regions to abnormally high bathymetry in the
ocean in the south-eastern Atlantic Ocean. This broad
elevated area has been named the African superswell
(see Mc Nutt, 1998 for areview). Hager et al. (1985) and
Lithgow-Bertelloni and Silver (1998) showed that the
uplift may be supported by flow coming from the lower
mantle. Indeed, the elevated area is located above a broad
low velocity anomaly observed in the deepest part of the
lower mantle on most global tomographic models, (e.g.
Dziewonski, 1984; Ritsema et al., 1999; Romanowicz
and Gung, 2002), and the upper mantle right below the
superswell is characterized by high velocities. Ritsema et
al. (1999) suggested that the low velocity anomaly orig-
inating in the deep mantle below South Africa, which
they called a superplume, is deflected towards the north-
east and reaches the surface in the Afar area. On the
other hand, Davaille et al. (2005) argued, using fluid
mechanics constraints, that the material erupting at Afar
cannot come from the bottom of the mantle under South
Africa. Instead, they propose that three instabilities occur
along the same cross-section: a thermo-chemical banana
shaped ridge under South Africa (Ni and Helmberger,
2003), a large hot upwelling to the northeast and

a primary plume beneath the Afar whose connec-
tion to the bottom of the mantle might have already
disappeared.

All current tomographic models of Africa are derived
from Rayleigh surface waves (Hadiouche et al., 1989;
Ritsema and Van Heijst, 2000a,b; Debayle et al., 2001)
and display isotropic Sy-wave velocities which are inter-
preted in terms of fast/cold and slow/hot structures. In
order to study the flow direction in the upper man-
tle, it is necessary to consider anisotropy parameters.
If lattice preferred orientation (LPO) is the dominant
cause of anisotropy in the upper mantle (e.g. Christensen
and Lundquist, 1982; Nicolas and Christensen, 1987),
the olivine fast axis is oriented along the maximum
flow direction. In that case, radial anisotropy indi-
cates whether the mantle flow is dominantly vertical
or horizontal and azimuthal anisotropy can be related
to the horizontal flow direction. Thus, both manifes-
tations of anisotropy are necessary to constraint the
mantle flow (Reagan and Anderson, 1984; Montagner,
2002). Accordingly, we present here the first regional
tomographic model that includes both azimuthal and
radial anisotropy. Azimuthal anisotropy is derived from
Rayleigh wave phase velocity measurements and trans-
verse anisotropy is obtained from the discrepancy
between Rayleigh and Love wave propagation. This new
model is used to study the connection between the upper
mantle and the principal tectonic features of Africa. It
also enables us to compare isotropic S-wave velocities
with previous studies in order to quantify the effect of
neglecting anisotropy in the tomographic procedure.

2. Data and method
2.1. Dataset

We considered earthquakes and broadband stations
in and around the African plate (Fig. 2). The seismo-
grams were recorded by 89 broadband stations from the
GEOSCOPE, IRIS and MEDNET networks and tem-
porary experiments including the French project “Horn
of Africa”. We selected 1052 events with a magnitude
Ms larger than 5.7 in the period 1982-2001. Due to
the weak seismicity around the African plate, it was
necessary to use earthquakes located further than the
neighbouring plate boundaries, and therefore we also
included events from the western and eastern Pacific
coasts. The selection was performed manually to keep
only data with a good signal to noise ratio. The final
dataset consists of 2900 Rayleigh wave records and 1050
Love wave records selected from the vertical and trans-
verse components of the long period channel (LH). The
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Fig. 2. Geographical distribution of the paths used in this study. (a) 2900 Rayleigh wave paths. (b) 1050 Love wave paths. Stations are plotted with

triangles.

path distribution provides a good spatial and azimuthal
coverage for Rayleigh waves beneath the entire African
continent. For Love waves, the path coverage is good
only beneath central and East Africa, as can be seen in
Fig. 2.

2.2. Path by path phase velocity determination

Each waveform is compared with a synthetic
seismogram computed by normal mode summation
(Woodhouse and Girnius, 1982) using the Harvard cen-
troid moment tensor solution. PREM is used as reference
Earth model (Dziewonski and Anderson, 1981). The fun-
damental mode phase velocities of Rayleigh and Love
surface waves are calculated for each path using the
new roller-coaster technique developed by Beucler et
al. (2003). This method is an improved version of the
Fourier domain waveform inversion technique devel-
oped by Stutzmann and Montagner (1993). The forward
problem can be written as follows for both Rayleigh and
Love wave fundamental modes:

AR(A, w)exp(i Pr(4, w))

= Ag(w) exp [i (@s(a)) — wA ng (1 + T))] €))]

where AR and @R are the amplitude and phase of the real
data spectrum, A is the epicentral distance in km, and
ns is the fundamental mode phase slowness at frequency
o computed in the reference model and én/ng the rela-
tive slowness perturbation that we want to retrieve. Ag
and &g are amplitude and phase terms that include the
source term, the geometrical spreading and the receiver
response.

The phase velocity determination is non unique, in
most cases due to a 27 ambiguity as can be seen from
Eq. (1). To deal with this problem, the roller-coaster
method determines the dimensionless slowness pertur-
bation én/ng in two steps. Considering simultaneously
the entire frequency range, we first determine all pos-
sible slowness perturbation that are solutions of Eq. (1)
with smooth variations as a function of frequency around
the reference model. Each of these smooth slowness per-
turbation curves is then used as starting parameter in
a least square inversion (Tarantola and Valette, 1982).
Among the least square solutions, we keep the slow-
ness perturbation curve that corresponds to the minimum
misfit. The computation of the a posteriori covariance
matrix (Tarantola and Nercessian, 1984) makes it possi-
ble to take into account the reliability of the measurement
which varies as a function of the data amplitude at a
given frequency. Thus, we estimate the phase velocity
measurement error, oq.

Rayleigh and Love wave phase velocities are calcu-
lated in the entire period range 45-250s. This period
range does not allow resolution of crustal structure,
though the latter has a significant influence on phase
velocities even at long period (Montagner and Jobert,
1988; Stutzmann and Montagner, 1994). Therefore, shal-
low layer phase velocity corrections are computed by
using the CRUST2 model (upgrade of CRUSTS.1 model,
Mooney et al., 1998) and they are subtracted from the
measurements path by path. The shallow layer model
includes crust and sediment velocity and thickness, and
topography. We have tested the influence of the crust
model on our tomographic model by considering the two
2° x 2° shallow layer models 3SMAC (Nataf and Ricard,
1996) and CRUST?2. For both models, we have computed
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phase velocity maps after crust correction along each
path. We concluded that for Africa, there is no significant
change in the phase velocity corrections between these
two models because both models have similar shallow
structure, primarily because the thickness of the crust is
not well constrained below Africa. Shallow layer cor-
rections increase the velocity contrast between ocean
and continent. They increase phase velocities beneath
continents (+2% to +0.5% for Rayleigh waves at peri-
ods between 45 and 250s) and decrease them beneath
oceans (—2% and —0.5% for Rayleigh waves at peri-
ods of 45 and 250, respectively). Their effect is even
larger for Love waves, with an average velocity increase
of +4% to +1% beneath Africa for periods between 45
and 250 s and an average velocity decrease of —3% to
—1% beneath oceans.

2.3. Regionalization

Lateral phase velocity variations are computed
by using the regionalization method developed by
Montagner (1986). One advantage of this technique is
that it allows zooming on a specific area where the path
coverage is very dense. Following the approach of Smith
and Dahlen (1973), the local azimuthally varying phase
velocity C(w, M, ¥) is expressed, at location M, for each
angular frequency w and azimuth ¥, as follows:

C(w, M, ) = Crep(w)[1 + ap(w, M)
+a(w, M) cos 2y + ax(w, M) sin 2y
+ az(w, M) cos 4y + as(w, M) sin 4]
(2

Here Crgr is the reference model phase velocity,
and the parameters ag and a; (with i = 1-4) are, respec-
tively, the isotropic phase velocity perturbation and the
azimuthal anisotropy coefficients. Using the least square
inversion algorithm of Tarantola and Valette (1982), the
inversion for retrieving ai (i =0-4) is controlled by three
parameters: the phase velocity measurement error oy,
(see Section 2.2), the a priori parameter errors, op, and
the correlation length, L. o, gives a constraint on the
anomaly amplitude and L acts as a smoothing criterion.
They are used to define the a priori covariance matrix for
the parameters, Cp:

cosA—1

Cp(My, M3) = op(M))op(M>) exp [ 2

} 3

where A is the distance between two points M and M>
on the Earth.

Optimal values for o, and L are determined by a
series of tests with synthetic data in which the model
misfit is compared with the input errors. The spatial res-
olution is related to the number of paths covering the
area of interest and to the frequency. To invert Rayleigh
and Love wave phase velocities, we have selected a
correlation length of 400 km and a priori errors on the
parameters of 5% for the isotropic term and 2% for
the anisotropy. Our measurements correspond to phase
velocities in the period band 45-250s. For ideal path
coverage, phase velocities measured at a period of 45 s
allow recovery of shallow structures of about 200 km
wide whereas 250 s period phase velocities are sensi-
tive to deeper structure with lateral resolution of about
1000 km. Our path coverage enables recovery of lateral
structure 500 km wide, but we have to keep in mind
that the sensitivity of surface waves causes the resolu-
tion to decrease with depth. Synthetic tests (Appendix
A) show that, for Rayleigh wave path coverage, lateral
variations of 500 km x 500 km and 1000 km x 1000 km
are correctly recovered for isotropic-velocity and
azimuthal anisotropy, respectively, with almost no trade-
off between isotropic-velocity and anisotropy recov-
ery. For Love waves, because the path coverage is
good only in central and east Africa, anomalies of
1000 km x 1000 km can only be recovered in that area
and radial anisotropy will not be considered elsewhere in
Africa.

2.4. Phase velocity maps

Montagner and Nataf (1986) have shown that
Rayleigh wave phase velocities are mainly sensitive to
azimuthal anisotropy through the 2¥ terms (coefficients
ay and a; of Eq. (2)) whereas Love wave phase velocities
are mainly sensitive to the 4% terms (coefficients a3 and
ayq of Eq. (2)). Due their rapid azimuthal variation, the
4y coefficients are not well resolved. We invert for them
S0 as not to bias the other terms of the expansion, but we
present only anisotropy perturbations derived from the
0-2¥ terms for Rayleigh wave and the ag coefficient for
Love waves.

The Rayleigh wave phase velocity maps are presented
in Fig. 3 for periods of 70 and 150s, together with
their error maps. The errors are around 1% and never
exceed 2% below the Africa. At 70 s, maximum posi-
tive velocity perturbations of 6-7% are associated with
the cratons of West Africa, Congo, Kalahari, Tanzania
and Arabia. These anomalies are still visible at 150s
but with smaller amplitude (3—4%). The strongest neg-
ative anomaly (—6.5%) is located in the Afar region.
This slow velocity anomaly extends toward the North
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Fig. 3. Left: Rayleigh phase velocity perturbation maps with respect to the PREM model obtained after correction for the shallow layers. Bars
correspond to fast anisotropy directions. Hotspots are plotted with black hexagons. Right: a posteriori errors on velocities.

beneath the Red Sea, toward the East beneath the Gulf
of Aden and toward the South beneath the Anza rift sys-
tem. At 150s period, the Afar slow velocity anomaly
amplitude decreases to —4%, and it can be followed fur-
ther South than at shorter period. The West African Rift
(WARS) area is also slow at 70s (—3%) and the slow
velocity anomaly vanishes close to 150 s period. Finally,
slow velocities are also observed underneath the Atlantic
Ocean ridge at 70 s period.

Azimuthal anisotropy of Rayleigh wave phase veloc-
ity is plotted on Fig. 3 where the bar direction indi-
cates the fast direction and the bar length is proportional
to the anisotropy amplitude. The anisotropy amplitude
decreases with increasing period. We observe signifi-
cant change in anisotropy direction between 70 and 150 s
period, in East Africa and beneath the cratons.

Love wave phase velocity maps are presented on
Fig. 4 for periods of 80 and 150s. Since the number
of paths is smaller for Love waves than for Rayleigh
waves, the lateral resolution is poorer in the former case
and the associated errors are larger, particularly in the
southern part of the map (Fig. 4), where the Kalahari
craton is not visible at 80s period due to the lack of
azimuthal coverage. Therefore, Love wave phase veloc-
ities are only interpreted beneath central and east Africa.
In that well resolved area, the principal features are
similar for both Love and Rayleigh wave maps. The
Congo and Arabia cratons are associated with positive
anomalies in the whole period range. A strong nega-
tive anomaly is located in the Afar region and extends
beneath the Red Sea and the Gulf of Aden at every
period.
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Fig. 4. Left: Love phase velocity perturbation maps with respect to the PREM model obtained after correction for shallow layers. Right: a posteriori

errors on phase velocities.

2.5. S-wave velocity inversion

Following Montagner and Nataf (1986), a general
anisotropy can be described by 13 parameters. The five
parameters (A, C, F, L, N) describe the equivalent trans-
verse isotropic medium with a vertical symmetry axis
and correspond to the average over all azimuths. The
other six parameters B¢, Gsc, Hsc describe the 2¥
azimuthal variations of A, L and F whereas the two
parameters E . define the 4 variations of A or N.

The Rayleigh wave phase velocity perturbation, SCR
(M, T, ¥) is expressed at location M for each period T
and azimuth ¥ as follows:

SCr(M, T, )

A
9C
- / TR (BA + Becos 2y + By sin 2y
o | 94

aC
+E;cos 4y + Egsind) + a—;ac

oC
+ a—;(SF + Hc cos 2y + Hj sin 2))

dCr

+ a—L(SL + G cos 2y + Ggsin 2v) @

=
Ah
Similarly for Love wave phase velocity perturbations,
§CL (M, T, W), we have:
SCLM, T, ¥)
4 [aC
- / [—L((SL — G cos 2y — Gy sin 24)
o | oL

aCL

TN

d
(SN — E. cos 4y — Es sin 44r) A—Z (5)
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The kernels dCy/dp; are calculated in the spherically
symmetric reference model PREM. The inverse problem
is resolved by using a least square inversion algorithm
(Tarantola and Valette, 1982). The errors on phase veloc-
ities obtained from the regionalisation procedure are
taken into account and the final error on the parameters
is estimated by computing the “a posteriori” covariance
matrix. The model is described by 20km thick layers
and a Gaussian correlation between adjacent layers is
introduced. The inversion is performed using the 13
parameters per layer but only four parameters are well
resolved: L, N, G, and Gs. Therefore, only the following
parameters of the 3D model are presented as a function
of depth:

L+G 2 G sin2
stw\/ + G cos 2y + Gy sin 2 ©)

0

N Vsu ZNN
()2

where Vgy is the Sy-wave velocity and Vgy is the Sy-
wave velocity.

3. Anisotropic 3D tomographic model

The anisotropic Sy-wave velocity model is shown
on Fig. 5a, at 80, 180 and 280 km depths. The corre-
sponding errors are between 1.3 and 2% at every depth
(Fig. 5b). A good correlation is observed between veloc-
ity anomalies and tectonic features. The strongest pos-
itive velocity anomalies correspond to cratons, whereas
the strongest negative anomaly is located beneath the
Afar triple junction area. Azimuthal anisotropy fast
directions of Sy-waves are plotted with bars on Fig. 5a.
North of the equator in central Africa, anisotropy direc-
tions are to first order North-South at every depth,
whereas elsewhere we observe variations of the fast
direction laterally and with increasing depth. Azimuthal
anisotropy varies over horizontal distances much smaller
than the continent scale and therefore we do not observe
a clear correlation with the present day absolute plate
motion (APM). This is in agreement with the global
study of Debayle et al. (2005) which showed that
among all continents, only the Australia displays a
strong correlation between azimuthal anisotropy and
APM. The African plate motion is very slow and so
the lack of correlation between azimuthal anisotropy
and APM is not surprising. Nevertheless, the mapping
of azimuthal anisotropy shows a large scale North-
South direction below the continent at 280 km depth,
except in the Afar area, which might indicate differ-

ential motion between the African plate and the man-
tle underlying convection. Radial anisotropy is plotted
along two cross-sections on Fig. 6. We observe that radial
anisotropy is weaker beneath the Afar than elsewhere in
Africa.

4. Discussion

In this section, we discuss the relationship between
the principal tectonic features of Africa and the upper
mantle anisotropic structure.

4.1. Cratons

The strongest positive velocity anomalies with
respect to the PREM model correspond to the four
cratons of West Africa, Congo, Tanzania and Kalahari
(Figs. 5 and 6). For all the African cratons except that of
Tanzania, the maximum velocity perturbation is 5% at
80 km depth and decreases gradually to 3.5% at 180 km
depth and around 1% at 280 km depth. Radial anisotropy
within the cratons is larger than 1.1 and also decreases
gradually with increasing depth (Fig. 6).

In the West African craton, the anisotropy fast direc-
tion at 80 km depth is North-South in its northern part
and rotates further south to become parallel to the Guinea
rise and the WARS. At 180km depth, the azimuthal
anisotropy amplitude is small and increases with depth to
around 3% at 280 km depth along a North-South direc-
tion. In the Congo craton, the anisotropy fast direction
is NW-SE at 80km and it becomes gradually North-
South at 280 km depth. Similarly to the West African
craton, anisotropy amplitude is small around 180km
and increases again at 280 km. In the Kalahari craton,
anisotropy is along a North-South direction at 80 km
depth and the anisotropy amplitude is weak below
180 km depth. For the three cratons, we observe a grad-
ual decrease of the velocity amplitude and of radial
anisotropy with depth down to 300 km (Fig. 6) and a sig-
nificant change of the anisotropy amplitude and direction
around 180 km depth. The azimuthal anisotropy change
around 180 km depth may be the signature of the craton
root.

The Tanzania craton is surrounded by the east-
ern and western branches of the East African Rift.
Synthetic tests (Appendix A) show that an isotropic
structure 500km wide (about the size of the Tanza-
nia craton) can be resolved in our model, but not
anisotropy variations. At 80km depth, the Tanzania
craton is associated with fast velocities but at 180 km
depth, fast velocities are only observed at its west-
ern edge which suggests that it is shallower than the



56 A. Sebai et al. / Physics of the Earth and Planetary Interiors 155 (2006) 4862

Depth=80 km

Depth
LT

340°

0° 20° 40° 60°
azimuthal anisotropy 1 2% | 4%
S ] [ e——
6 4 2 0 2 4 & 0o 1 2 3 a4 5
AVSVIVSV o, [%] Error [%]

Fig. 5. (a) Lateral variations of Sy-wave velocity with respect to PREM at depth 80 km (top), 180 km (middle) and 280 km (bottom). The bars
correspond to the directions of fast velocity. (b) A posteriori error.

other three African cratons. Its shallower root can be times from a temporary regional array and found fast
explained by the tectonic activity that affected the Tan- S-wave velocities only down to about 180km depth.
zania craton while the other three cratons were in sta- Weeraratne et al. (2003) also obtained fast veloci-

ble areas. That depth is consistent with the results of ties down to 150-180km depth from high-resolution
Zhao et al. (1999) who measured body wave travel Rayleigh wave tomography using a regional array of
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Fig. 6. Tectonic map of Africa showing the cross-section paths A1-A2 (left) and B1-B2 (right). Distances (°) along cross-sections are plotted on
the horizontal axis. (a) Cross-section of isotropic Sy-velocity anomalies. (b) Cross-section of radial anisotropy.

stations in Tanzania. They also present evidence for observe slow velocities under and east of the Tanza-
anomalously low velocities beneath the cratonic litho- nia craton. In our model, the slow velocity anomaly is
sphere which they interpret as the signature of a plume larger than the Tanzania craton and it extents towards
rising beneath the craton. Though our model has less the North at 180km depth. It is discussed in Section

resolution than their local tomographic model, we also 4.3.



58 A. Sebai et al. / Physics of the Earth and Planetary Interiors 155 (2006) 48—62

4.2. Beneath the superswell

South of the Equator, the broad area of positive veloc-
ity anomaly visible at 80 km depth includes the South
African cratons and extends into the Atlantic Ocean
between the Guinea rise and the Walvis ridge beneath the
Angola basin. The fast anomaly is shallower beneath the
ocean than beneath Africa and disappears below 200 km
depth. This fast anomaly seems to be limited by the two
hotspot tracks of St Helen at the North and Tristan at the
South.

This wide fast anomaly south of the equator (Fig. 5)
is located below the broad area of high topography in
Africa that is prolonged into the ocean by a zone of
elevated bathymetry called the African superswell (see
Mc Nutt, 1998 for a review). Nyblade and Robinson
(1994) used the residual topography to locate the zone
of elevated bathymetry in a narrow zone at the South
of Walvis rise. In our tomographic model (Fig. 5), that
area is associated with fast velocities at 80 km depth
of smaller amplitude than further North in the eastern
South Atlantic Ocean. Below the continent, our model
shows fast velocities below the entire superswell down
to about 280km depth, except in South East Africa
where we observe fast velocities only down to 180 km
depth and slow velocities deeper. Hager et al. (1985),
Lithgow-Bertelloni and Silver (1998) and Gurnis et al.
(2000) estimated density variations by scaling a global
shear velocity model and computed the mantle flow
beneath South Africa. They showed that southern Africa
is actively being uplifted by a positively buoyant struc-
ture within the lower mantle and that there is no need for
a shallow slow velocity anomaly to explain the excess
elevation of the superswell. This is compatible with the
fast velocities that we observe in the lithosphere beneath
the superswell (Fig. 5) and with a radial anisotropy cross-
section (Fig. 6, cross-section B1-B2) where Vgy is larger
than Vgy, similarly to elsewhere in Africa except in the
Afar area.

4.3. East Africa and the Afar plume

The Afar area corresponds to the strongest negative S-
wave velocity anomaly (Figs. 5 and 6). At 80 km depth,
the maximum negative anomaly (—6%) is observed
beneath the Afar triple junction. The area of slow veloc-
ity follows the shape of the Red sea and the Aden Gulf
and also extends below the Ethiopian rift. With increas-
ing depth, the maximum amplitude decreases from —6%
at 80km depth to —4.5% at 180km. At that depth,
the slowest velocity anomaly in still centred below the
Afar triple junction. Slow velocities (—2%) are also

observed further South than at shallower depth whereas
the anomaly size along the Red Sea and the Gulf of
Aden is decreasing. At 280km depth, the slow veloc-
ity anomaly (—1.5%) is still visible. It is slightly shifted
toward the West with respect to the Afar triple junction
and we observe also slow velocities below Tanzania, as
already mentioned.

At 80 km depth, the azimuthal anisotropy fast direc-
tion is North-South below the Red sea and the Gulf of
Aden and E-W below the Ethiopian rift and Tanzania.
At 180km depth, these directions change and become
North-South south of Afar. Cross-sections show that
radial anisotropy is smaller beneath Afar than elsewhere
in Africa. The low radial anisotropy area is narrower than
the slow velocity region (Fig. 6).

The Afar area is currently the most active volcanic
area of Africa. The triple junction connects the two rifts
responsible for the opening of the Red Sea and Aden
Gulf and the East African Rift (Burke, 1996; Fig. 1). The
strong negative anomaly and the weak radial anisotropy
that we observe in this area are consistent with active
mantle upwelling, as suggested by Camp and Roobol
(1992). The depth extent of the slow velocity suggests
that a plume is rising from below 300 km depth, which is
consistent with the results of Debayle et al. (2001). We
cannot resolve deeper structure, but Marty et al. (1993,
1996) showed that Afar lavas have 3He/4He ratio higher
than those sampled along mid-ocean ridge. They inter-
pretthis highratio as the signature of alower mantle com-
ponent. Moreover, Davaille et al. (2005) argued, using
global tomography and fluid mechanics constraints, that
the Afar is a primary plume (Courtillot et al., 2003)
whose connection to the bottom of the mantle would
have already disappeared.

Weeraratne et al. (2003) suggested the existence of
another plume beneath the Tanzania craton. Rogers et
al. (2000) showed that basalts erupted in Kenya have
distinct Nd and Sr isotopic compositions distinct from
basalts associated with the Afar plume suggesting a dif-
ferent plume. In that same region, Marty et al. (1996)
showed that lavas have a 3He/4He ratio between 6 and
9 Ra, consistent with a shallower origin than the Afar
plume (Montagner et al., submitted for publication). In
our model, we observe fast velocity anomalies below
Tanzania at 80km depth, an elongated slow velocity
anomaly at 180km, which becomes more circular at
280 km depth. Its amplitude is small, around —1%, the
azimuthal anisotropy is along a North-South direction at
180 km depth and radial anisotropy is larger than close to
the Afar area. Both the velocity anomaly and azimuthal
anisotropy suggest that this plume might interact with
the Afar plume at 180km depth, but that it is clearly
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associated with a much weaker mantle upwelling than
the Afar plume.

4.4. Rifting zone and hotspots in Central Africa

In Central Africa, velocity anomalies are weak com-
pared to the cratons and the Afar area. We observe slow
velocities (—1.5%) close to the Mt Cameroon hotspot
at 80km depth, and this anomaly disappears around
180 km depth. Anisotropy fast direction seems to fol-
low the West African Rift system. Further east, we also
observe a North-South band of 1% fast velocity between
the Tibesti and Darfur hotspots, and the anisotropy direc-
tion is roughly North-South. Central Africa was affected
by tectonic activity until the Quaternary. The Central
African rift was active between 130 and 80 My. After a
quiet period, volcanoes erupted in this area already weak-
ened by the rifting and the hotspots of Mount Cameroon,
Hoggar, Tibesti and Darfur have been active from 30 to
1 My (Wilson and Guiraud, 1992). Tomographic maps
show that only Mt Cameroon is associated with a shallow
negative anomaly and that Hoggar, Tibesti and Darfur
have no particular seismic signature in the upper mantle,
suggesting that there is no deep mantle upwelling in the
area and no connection with the Afar plume. A similar
conclusion was obtained by Ayadi et al. (2000) who used
a linear array of short period stations and obtained slow
velocities down to 200km in a 100-200 km wide area
below the Hoggar swell. Such a narrow anomaly can-
not be seen by our surface wave tomography. Plumes
being transient phenomena, the lack of a deep slow
velocity anomaly may indicate an asthenospheric ori-
gin of these hotspots or the gradual cooling of a deeper
plume (Silveira et al., in press). In the case of these
Central Africa hotspots, a shallow origin is consistent
with the 3He/4He ratio between 6 and 9 Ra measured
close to Cameroon, Hoggar and Darfur (Montagner et
al., submitted for publication).

5. Conclusion

In order to study the flow directions in the upper
mantle, we present the first regional tomographic model
that includes both azimuthal and radial anisotropy.
Azimuthal anisotropy is derived from Rayleigh wave
phase velocity measurements and radial anisotropy is
obtained from the discrepancy between Rayleigh and
Love wave propagation. Isotropic Sy-wave velocity
maps have a lateral resolution of 500 km. Anisotropy
parameters have a lateral resolution of 1000km that
is uniform over Africa for azimuthal anisotropy but
decreases at the West and South of Africa for radial

anisotropy. At shallow depth, azimuthal anisotropy
varies over horizontal distances much smaller than
the continent scale but on the map at 280km depth,
azimuthal anisotropy is roughly North-South, except in
the Afar area, which might indicate differential motion
between the African plate and the underlying mantle.

The strongest positive velocities correspond to the
West Africa, Congo and Kalahari cratons and are visible
down to 300 km depth. Whereas velocities and radial
anisotropy gradually decrease with increasing depth,
there is a significant change of azimuthal anisotropy
amplitude and direction around 180km depth which
might indicate the base of the cratons. The Tanzania cra-
ton is shallower and fast velocity anomalies are observed
only down to 180km depth. Below, we observe slow
velocities which could be the signature of a plume as
suggested by Weeraratne et al. (2003).

The slowest velocities correspond to the Afar plume,
the currently the most active area of Africa. The Afar
plume conduit is visible down to the deepest depth
inverted (300km) and is associated with weak radial
anisotropy, suggesting active upwelling whose origin
is too deep to be resolved by our model. Both the
velocity anomaly maps and the North-South azimuthal
anisotropy at 180 km depth suggest that it might interact
with the smaller Tanzania plume.

In central Africa, tomographic maps show that only
Mt Cameroon is associated with a shallow negative
anomaly and that Hoggar, Tibesti and Darfur have
no seismic signature in the upper mantle, suggest-
ing an asthenospheric origin for these hotspots. Radial
anisotropy is larger than beneath Afar and azimuthal
anisotropy is North-South in central Africa, confirming
that these hotspots have no connection with the Afar
plume.
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Appendix A. Resolution tests

In order to estimate the lateral resolution of our
model, we used checkerboard tests. We constructed
synthetic phase velocities for the real path coverage.
The inversion was performed with the same corre-
lation length (400km) and a priori errors as in the
real case. The resolution is considered good when the
checkerboard image is reconstructed. Fig. 7 illustrates
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(a) Input model: 500km x 500km anomalies

20° 20°
0° 0°
-20° -20°
0° — C — -40°
340° 0° 20° 40° 340° 0° 20° 40°
_I5 _4 2 02 4 6 8 azimuthal anisotropy 2% | 4%
ACICpmm (%)
(b) Input model: 1000km x 1000km anomalies After inversion
200 200
00 00
20° { B
w LLLL .
340° 0° 20° 40° 340° 0° 20° 40°
_('5 _'4 2 0 2 ¢:|, é 8 azimuthal anisotropy 2% | 4%
ACIC yrom (%)
(C) Input model After inversion
20%y: 20°
D° OD
-20°%y -20°
'400 ”"““'—.'";’_. -4U°
340° 0° 20° 40° 340° 0° 20° 40°
6 4202 46 8 azimuthal anisotropy |2% | 4%
ACICyom (%)
(d) Input model: 1000km x 1000km anomalies After inversion
Love wave path coverage
20° 20°
0° 0°
-20° -20°
-40°) - = -40°
340° 0° 20° 40° 340° 0° 20° 40°

64202468
ACIC yrom (%)
Fig. 7. Four synthetic tests (synthetic model on the left, models after
inversion on the right) for Rayleigh wave path coverage (a)-(c) and
Love wave path coverage (d). (a), (b) and (d): The synthetic model has
fast and slow anomalies of 5° x 5° (a) and 10° x 10° (b and d), respec-
tively, and no anisotropy. (c): The synthetic model has no isotropic-
velocity anomalies, but an anisotropy pattern in cells of 10° x 10° with
the fast axis oriented N45E and N-45E.

four of the resolution tests. Fig. 7a—c correspond to
the Rayleigh wave path coverage. In Fig. 7a and b,
the synthetic model displays fast and slow anomalies
of 500km x 500km and 1000km x 1000 km, respec-
tively, and no anisotropy. After inversion, the input
model is well recovered beneath Africa without trade-off
between isotropic-velocity and anisotropy parameters.
In Fig. 7c, the synthetic model displays no isotropic-
velocity anomalies, but there is an anisotropy pattern in
cells of 1000 km x 1000 km with fast axis oriented N45E
and N-45E. The model is well recovered beneath Africa
and the trade-off between velocities and anisotropy
parameters is less than 0.5%. Fig. 7d corresponds to
the Love wave path coverage and shows that phase
velocity anomalies 1000 km wide are correctly recov-
ered beneath Africa, except at the West and the South.
These tests show that our path coverage permits resolu-
tion of structure around 500 km wide for the isotropic-
velocity and around 1000 km wide for the anisotropy.
Azimuthal anisotropy resolution is uniform below Africa
and radial anisotropy (derived from the discrepancy
between Rayleigh and Love waves) cannot be recovered
at the West and the South of Africa.

Synthetic tests of the Rayleigh and Love wave phase
velocity simultaneous inversion versus depth can be
found in Silveira and Stutzmann (2002) and show that
the vertical smearing of the anomalies does not exceed
30 km.
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