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While the Cenozoic Afro-Arabian Rift System (AARS) has been the focus of numerous studies, it has long been
questioned if low-velocity anomalies in the upper mantle beneath eastern Africa and western Arabia are con-
nected, forming one large anomaly, and if any parts of the anomalous upper mantle structure extend into the
lower mantle. To address these questions, we have developed a new image of P-wave velocity variations in
the Afro-Arabian mantle using an adaptively parameterized tomography approach and an expanded dataset
containing travel-times from earthquakes recorded on many new temporary and permanent seismic net-
works. Our model shows a laterally continuous, low-velocity region in the upper mantle beneath all of east-
ern Africa and western Arabia, extending to depths of ~500-700 km, as well as a lower mantle anomaly
beneath southern Africa that rises from the core-mantle boundary to at least ~1100 km depth and possibly
connects to the upper mantle anomaly across the transition zone. Geodynamic models which invoke one
or more discrete plumes to explain the origin of the AARS are difficult to reconcile with the lateral and
depth extent of the upper mantle low-velocity region, as are non-plume models invoking small-scale convec-
tion passively induced by lithospheric extension or by edge-flow around thick cratonic lithosphere. Instead,
the low-velocity anomaly beneath the AARS can be explained by the African superplume model, where the
anomalous upper mantle structure is a continuation of a large, thermo-chemical upwelling in the lower man-
tle beneath southern Africa. These findings provide further support for a geodynamic connection between
processes in Earth's lower mantle and continental break-up within the AARS.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

their depth extent. Tomography models using surface waves also
show slow upper mantle velocities in this region (Debayle et al.,

The Cenozoic Afro-Arabian rift system (AARS), characterized by
crustal extension, volcanism, and plateau uplift across much of east-
ern Africa and western Arabia (Fig. 1), is arguably one of the best
places to investigate geodynamic processes leading to continental
break-up. Many body wave tomography models have shown that
the Arabian Shield, as well as the East African and Ethiopian Plateaus,
are underlain by upper mantle low-velocity anomalies that could be
connected beneath the southern Red Sea and the Turkana Depression
(Fig. 1) to form one, large upper mantle structure. Parts of this struc-
ture could also extend through the transition zone into the lower
mantle (e.g. Bastow et al., 2008; Benoit et al., 2003, 2006a; Nyblade
et al., 2000; Park et al., 2007, 2008; Ritsema et al., 1999). However,
because these models are based on seismic networks with limited ap-
erture, it is difficult to determine whether or not the anomalies are
actually parts of the same upper mantle structure or to ascertain
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2001; Fishwick, 2010; Pasyanos and Nyblade, 2007; Priestley et al.,
2008; Sebai et al., 2006; Sicilia et al., 2008), but the lateral resolution
associated with such models is generally several hundred kilometers,
which is too large to resolve separate upper mantle anomalies be-
neath different parts of the AARS. The corresponding vertical resolu-
tion of these models is also limited below ~300-400 km depth,
making it difficult to determine if the anomalies extend through the
transition zone.

The lateral and depth extent of the upper mantle low-velocity
anomalies beneath East Africa, Ethiopia, and western Arabia has im-
portant implications for understanding the origin of tectonism within
the AARS. Three types of geodynamic models have been proposed to
explain the rifting, volcanism, and plateau uplift found in this region.
The first type of model invokes small-scale convection, either result-
ing from lithospheric stretching (Fig. 2a; Buck, 1986; Mutter et al.,
1988) or from edge-flow from beneath the Congo craton (Fig. 2b;
King, 2007; King and Ritsema, 2000). The second group of models in-
cludes one or more mantle plumes beneath eastern Africa and west-
ern Arabia (Fig. 2c; e.g. Camp and Roobol, 1992; Chang and van der
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Fig. 1. Maps of study area and station distribution. (left) Distribution of stations used in our tomographic inversion. Red triangles denote stations included in the EHB database while
blue squares denote stations from the augmented dataset. (right) Close-up of the Afro-Arabian region with topography from the 30 s digital elevation map in GMT (Wessel and
Smith, 1998). Dashed lines show the extent of the East African and Ethiopian Plateaus as well as the Arabian Shield. Important topographic features are labeled.

Lee, 2011; Ebinger and Sleep, 1998; George et al., 1998; Montelli
et al,, 2006), and these models are characterized by ~100-200 km
thick plume head material ponded beneath the lithosphere, fed by
a narrow (~100-200 km diameter) plume tail. The final category of
models attributes the origin of the AARS to a feature commonly re-
ferred to as the African superplume (Fig. 2d; e.g. Bastow et al., 2008;
Benoit et al., 2006b; Forte et al., 2010; Furman et al., 2006; Park and
Nyblade, 2006; Ritsema et al., 1999; Simmons et al., 2007, 2009),
which is thought to be a large, thermo-chemical anomaly that
develops near the core-mantle boundary beneath southern Africa
and that tilts northeastward beneath eastern Africa at mid-mantle
depths. Because the different types of geodynamic models would re-
sult in different upper mantle anomalies, the nature of the upper
mantle structure across the AARS can be used to evaluate them.

To further investigate the lateral and depth extent of the upper
mantle anomalies beneath the AARS, we have developed a new tomo-
graphic image of P-wave speed variations in the African and Arabian
mantle using an adaptive parameterization method (Karason, 2002;
Li et al,, 2008). An expanded dataset containing travel-times from
earthquakes recorded on many new permanent and temporary seis-
mic networks throughout the study region has also been employed.
This approach leads to a P-wave tomography model with improved
resolution of mantle structure beneath the AARS compared to many
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Fig. 2. Origin models for the AARS. Cartoons illustrating different geodynamic origin
models that have been proposed for the AARS, including (a) small-scale convection in-
duced by lithospheric stretching, (b) small-scale convection resulting from edge-flow,
(c¢) plume models, and (d) the superplume model.

previous models, thereby enabling us to reevaluate geodynamic models
for the origin of the Cenozoic tectonism in this area.

2. Background and previous studies
2.1. Global seismic models

Using global tomographic models, a number of authors over the
past decade have commented on mantle structure beneath Africa
and Arabia. Based on a 3-D shear-wave model, the study by Ritsema
et al. (1999) was one of the earliest to suggest that the African super-
plume structure might be linked to Cenozoic tectonism in eastern
Africa and Arabia. Mégnin and Romanowicz (2000) made a similar
suggestion based on their model of shear-velocity heterogeneity,
and a possible connection between anomalous lower and upper
mantle structure beneath Africa was apparent in several other
shear wave models that were published at about the same time (e.g.
Grand, 2002; Gu et al.,, 2001; Masters et al., 2000). More recently,
Simmons et al. (2007, 2009, 2010) developed global models using
both shear-wave travel times and geodynamic observations, and in
these models, the African superplume is interpreted as a low-density,
thermo-chemical structure extending upwards from the core-mantle
boundary to depths of at least ~1500 km. Eastern Africa is also under-
lain by an upper mantle low-density structure, but the authors stated
that it is unclear whether this feature is connected to the deeper
mantle. A recent model by Ritsema et al. (2011) highlights anoma-
lously slow shear velocities extending through the lower mantle
beneath southern Africa, but this study also mentions that the con-
nection between the superplume and the upper mantle beneath
eastern Africa might be less certain than suggested by Ritsema
et al. (1999).

Using a global P-wave tomographic model, Montelli et al. (2006)
examined the depth extent of various mantle plumes. Similar to
Simmons et al. (2007, 2009, 2010), they imaged the superplume
extending upwards from the core-mantle boundary to a depth of
~1500 km. The Montelli et al. (2006) model also shows low-velocity
anomalies in the upper mantle beneath Afar and East Africa, and the
authors suggest that these anomalies originate at mid-mantle depths
or deeper. Using the same methodology as the current study, Li et al.
(2008) developed a global model of P-wave velocity perturbations.
While not discussed in detail, their model shows low velocities
throughout much of the upper mantle beneath eastern Africa and
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western Arabia as well as the lower mantle superplume anomaly. The
recent study by Simmons et al. (2011) used a global P-wave model to
examine upper mantle structures in the Middle East, somewhat out-
side of our study area, but their model illustrates that slow seismic
velocities down to at least 300 km depth underlie Ethiopia and west-
ern Arabia and may be continuous beneath the southern Red Sea.

2.2. Continental and regional seismic models

Continental- and regional-scale body wave studies have also pro-
vided many details about the mantle structure beneath Africa and
Arabia. Using both P- and S-wave travel-times, Ritsema et al.
(1998a) imaged ~200 km thick lithosphere beneath the Tanzania cra-
ton in the center of the East African Plateau and a low-velocity region
to the east of the craton, extending to depths below 400 km. Nyblade
et al. (2000) used receiver functions to illustrate that the transition
zone beneath Tanzania is thinned by 30-40 km and suggested that
a mantle plume may underlie this area. Benoit et al. (2006a, 2006b)
imaged P- and S-wave velocity perturbations beneath Ethiopia and
identified a wide (>500 km) low-velocity region also extending to
depths >400 km. Bastow et al. (2005, 2008) made similar observa-
tions and suggested that the low P- and S-wave velocities reflect
the upper mantle continuation of the African superplume. Park and
Nyblade (2006) examined the P-wave structure beneath Kenya and
imaged a westward dipping low-velocity structure extending to
depths >300 km, consistent with a connection to the lower mantle
superplume anomaly. In contrast, Chang and Van der Lee (2011)
examined the structure beneath eastern Africa and Arabia using a
joint inversion of regional and teleseismic S phases, as well as other
constraints, and they found elongated low-velocity anomalies ex-
tending to ~1400 km depth, which they interpreted as separate man-
tle upwellings beneath Kenya and Afar.

Surface wave tomography has also provided significant insight to
the mantle structure beneath Africa. In the continental-scale models
of Sebai et al. (2006), Pasyanos and Nyblade (2007), and Priestley
et al. (2008), low shear-wave speeds are seen beneath eastern Africa,
the Red Sea, and the Gulf of Aden, extending to depths of at least
350 km. These models also illustrate that high velocity roots are
present beneath cratonic regions, down to ~200-250 km. Fishwick
(2010), whose model is focused on central and southern Africa,
showed similar results. On a more regional scale, Debayle et al.
(2001) imaged a low-velocity anomaly that persists down to
660 km depth beneath Afar and suggested that their observations
are best explained by either a cluster of several narrow plume tails
or by a region of broad mantle upwelling. These findings are consis-
tent with those of Sicilia et al. (2008), who modeled S, velocities
and anisotropy beneath Afar and concluded that the hotspot must
have a deep origin. Weeraratne et al. (2003) suggested that low
velocities imaged beneath the Tanzania craton are consistent with
a plume centered beneath the East African Plateau and that thermal
perturbations may be present down to depths >660 km.

In Arabia, Benoit et al. (2003) imaged a low P-wave velocity
anomaly in the upper mantle, extending from the Red Sea eastward
into the interior of the Arabian Shield, but associated receiver func-
tion analysis did not show thinning of the transition zone beneath
this region, suggesting that the low velocities are concentrated
above 410 km. A similar study by Park et al. (2007) showed low P-
and S-wave velocities along the western side of the Arabian Shield,
and the authors favored either a single plume or a superplume
model to explain their observations. Surface wave tomography
models have also shown a broad low-velocity region across the
Arabian Shield, extending to depths >150 km along the Red Sea
coast, and Park et al. (2008) suggested that this anomalous struc-
ture results from flow beneath the southern Red Sea, with a connec-
tion to the anomaly beneath Ethiopia. Chang et al. (2011) jointly
inverted body and surface wave data and imaged slow seismic

velocities beneath the southern Red Sea. They have suggested that
mantle flow is not directed beneath the axis of the Red Sea but rather
northward from Afar beneath the Arabian Peninsula.

2.3. Additional studies

Other approaches have also provided insights into the mantle
structure and geodynamics beneath Africa and Arabia. Some mantle
convection models, which were developed from tomographic images
of wave-speed variations, indicate that dynamic topography sup-
ported by the African superplume can explain both the high surface
elevations observed across southern and eastern Africa (Forte et al.,
2010; Gurnis et al., 2000; Lithgow-Bertelloni and Silver, 1999;
Moucha and Forte, 2011) as well as the tilt of the Arabian plate
(Daradich et al., 2003), suggesting that the upper mantle anomalies
beneath East Africa, Ethiopia, and western Arabia are all part of the
same geodynamic system. However, other numerical models do not
agree with this assessment. Lin et al. (2005) advocated for two dis-
tinct mantle plumes beneath eastern Africa, while Ebinger and Sleep
(1998) suggested that one plume impinging beneath the Ethiopian
Plateau, with flow channelized by lithospheric topography into
the surrounding regions, could explain the distribution of uplift and
volcanism in this region. Alternatively, Buck (1986) and Mutter
et al. (1988) have suggested that no mantle upwellings are required
and that rifting is the result of induced small-scale convection be-
neath lithosphere that has been stretched by extensional stresses
along the edges of the African plate (Fig. 2a). Small-scale convection
has also been suggested by King and Ritsema (2000) and King
(2007), but in their models differences in heat flux between the
thicker lithosphere beneath the Congo craton and thinner lithosphere
beneath the surrounding mobile belts lead to rifting above a small-
scale thermal upwelling (Fig. 2b).

Numerous geochemical studies of the AARS, many more than can
be reviewed here, have also led to a variety of interpretations. For
example, George et al. (1998) used “°Ar/>°Ar age determinations to
argue for two separate plumes beneath Ethiopia and Kenya, and
Rogers et al. (2000) and Nelson et al. (2008) reached similar conclu-
sions using Sr, Nd, and Pb isotope ratios. Pik et al. (2006), who exam-
ined helium isotopic measurements, suggested that two types of
mantle plumes are present beneath Africa: a large, deep-seated
plume that possibly originates near the core-mantle boundary and a
second-order upwelling originating at a depth less than 400 km. On
the other hand, Furman et al. (2006) and Furman (2007) argued
that major and trace element compositions of basalts from eastern
Africa support a common, large-scale upwelling originating at deep
mantle depths (ie. the African superplume). Camp and Roobol
(1992) examined the compositions of lavas from various Cenozoic
volcanic fields. Coupled with other observations, they concluded
that the Arabian Shield is thermally supported by hot, upwelling astheno-
sphere from either a mantle plume centrally located beneath Arabia or
from channelized flow originating beneath Ethiopia.

Ultimately, while the AARS has been the focus of many studies,
considerable controversy about the nature of the upper mantle struc-
ture beneath eastern Africa and Arabia still remains. Whether the
anomalous geochemical and geophysical characteristics of the upper
mantle in this region result from a common origin has important
implications for understanding what processes have led to rifting,
volcanism, and plateau uplift within the AARS.

3. Data and methodology

As explained above, to further examine mantle structure beneath
Africa and Arabia, we have developed a new P-wave tomographic
image using the inversion method of Karason (2002) and Li et al.
(2008). This approach uses travel-time residuals from local, regional,
and teleseismic phases calculated with respect to travel-times
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predicted by the global ak135 Earth model (Kennett et al., 1995). The
largest source of global travel-time residuals used is the reprocessed
International Seismological Centre database from Engdahl et al.
(1998; hereinafter referred to as the EHB database), which includes
a wide range of seismic phases (e.g. P, Pg, Pn, pP, PKP) to maximize
the effective sampling of the Earth's structure. The EHB catalog used
in this study includes over 15 million travel-time residuals associated
with more than 496,000 earthquakes, which occurred in the time
period between January 1964 and October 2007.

Many of the African stations included in the EHB database only
operated for short periods of time and their distribution is sparse
compared to many other regions of the globe (Fig. 1). Additionally,
much new data has become available since October 2007, when the
EHB catalog ends. Therefore, we have augmented the EHB dataset
with P-wave travel-times recorded by many new permanent seis-
mic stations in Africa belonging to the AfricaArray network (www.
africaarray.org), as well as by temporary seismic networks operated
over the past two decades in Saudi Arabia, Cameroon, Nigeria,
Uganda, Ethiopia, Tanzania, Zimbabwe, Botswana, and South Africa
(Fig. 1; Supplemental Table 1).

The AfricaArray data, which comprise about 20% of the augmented
dataset, have been manually picked, and the associated mean arrival
time standard deviation is approximately 0.10s. Arrival time picks
from other networks were obtained from regional studies (Bastow
et al., 2008; Benoit et al., 2003, 2006b; Mulibo et al., 2011; Park
et al, 2007; Reusch, 2009), where relative arrival time residuals
were determined with a multichannel cross-correlation technique
(MCCC; VanDecar and Crosson, 1990). In order to account for the
relative times produced by MCCC, origin time corrections have been
applied to these data. The mean arrival time standard deviation asso-
ciated with the cross-correlated picks is 0.02 s. Great care has been
taken in combining these different datasets, and Supplemental Fig. 1
illustrates the consistency of our travel-time residuals both between
the EHB catalog and the augmented data, as well as between the
handpicked and cross-correlated travel-time measurements. In total,
the augmented dataset includes over 37,000 travel-time residuals.
To balance the smaller but high-quality augmented dataset against
the larger but somewhat noisier EHB catalog, we give the augmented
data extra weight in the inversion (Karason and van der Hilst, 2001;
Li et al., 2008).

The combined EHB and Africa-Arabia dataset has been inverted
for a global model of mantle structure using an iterative least-
squares approach (Nolet, 1985; Paige and Saunders, 1982). As de-
scribed by Li et al. (2008), the misfit function (&) is minimized by:

2 2 2 2
€ = [|[Am—d||" + ky||Lm||" + ky[[m]|" + k3 [|C-M_||

where A is the sensitivity matrix, m is the vector of model parameters,
d is the data vector of travel-time residuals, L is a smoothing operator,
and k; are regularization terms used to damp noisy data and to find
the best model with variations that are small relative to the reference
model. Experiments with different combinations of k; weighting were
performed to determine appropriate values, but the choice of these
parameters is subjective. The small incidence angles of P-waves may
cause crustal anomalies to ‘smear’ to deeper depths in the model;
therefore, the final term on the right-hand side of the equation cor-
rects for crustal structure through regularization, where C is an a
priori 3-D crustal model (CRUST2.0; Bassin et al., 2000) and M is
the crustal part of the model space. This approach balances the crust
and upper mantle contributions to the misfit and recovers the a priori
crustal model (Li et al., 2006, 2008). Global inversions are performed
in order to account for mantle heterogeneities outside the study area.

Karason (2002) and Li et al. (2008) provide a full description of
the sensitivity matrix calculations. Briefly, for short-period data with
a center frequency of ~1 Hz, the data are back-projected along ray-
paths calculated in the ak135 reference model. Weighted composite

rays are used to reduce the size of the sensitivity matrix (Karason
and van der Hilst, 2001; Spakman and Nolet, 1988). For long-period
data, 3-D sensitivity kernels are approximated following Karason
and van der Hilst (2001). This approach allows the low-frequency
data to constrain long wavelength structure without preventing
short-period data from resolving smaller scale structures.

Significant lateral variations in resolution may result from un-
even seismic raypath coverage in the mantle, and most tomographic
techniques use a regularly-spaced grid, which tends to either over-
emphasize poorly sampled regions or average out small-scale struc-
tures. To mitigate the effects of uneven data coverage, the tomo-
graphic method employed here constructs an adaptable grid based
on the sampling density of the high-frequency data (Abers and
Roecker, 1991; Bijwaard et al., 1998; Karason and van der Hilst,
2000). The adaptive grid is developed by combining one or more
cells from a base grid (~0.7° in latitude and longitude and 45 km in
depth) until a minimum ray density (900 hit counts) in each cell is
obtained (Karason, 2002; Li et al., 2008). The total number of sam-
pled, adaptive cells used in our inversion is ~530,000. Examples
of the adaptive grid developed for our P-wave tomography model
are illustrated in Supplemental Fig. 2. Regions with finer grid spacing
indicate areas with increased ray coverage, where improved resolu-
tion can be obtained.

4. Results and resolution tests

P-wave velocity perturbations (6Vp) at selected mantle depths are
shown in Fig. 3, with cross-sections provided in Fig. 4. These results
were obtained after 200 iterations of the inversion and correspond
to a 93% reduction of the error function. The relative length of the
residual vector dropped from 0.95 to 0.30s. At shallow depths
(<400 km), low velocities are prevalent beneath all of eastern Africa
and western Arabia, with a very pronounced anomaly situated be-
neath Ethiopia and Afar. Slow velocities are also seen beneath the
Cameroon volcanic line, while fast velocities delineate cratonic re-
gions in southern, central, and western Africa (Fig. 3). Across the
study area, wave speed variations range from approximately + 1.5-
2%, similar to other P-wave models of Africa and Arabia (e.g. Bastow
et al., 2005, 2008; Benoit et al., 2003, 2006b; Park and Nyblade,
2006; Park et al., 2007), but the Ethiopia-Afar anomaly is more pro-
nounced, with 6Vp ~3-4% slower than the reference model.

As shown in both map view and cross-section, the slow seismic
velocities beneath the AARS continue down through the transition
zone, extending to depths of ~700 km beneath East Africa and west-
ern Arabia and to ~900 km beneath Ethiopia (Figs. 3-4). The low
wave-speeds in the upper mantle appear to be laterally continuous,
from beneath Tanzania in the south to the eastern side of the
Arabian Peninsula in the north. We also observe a large, low-velocity
anomaly that extends from near the core-mantle boundary beneath
southern Africa to the northeast at mid-mantle depths (Fig. 4), con-
sistent with images of the superplume from previous studies (e.g. Li
et al., 2008; Montelli et al., 2006; Ritsema et al., 1998b, 1999, 2011;
Simmons et al., 2007, 2009, 2010).

To assess model resolution, several tests were performed. First, to
examine lateral resolution, checkerboard tests were constructed with
an input pattern of 5°-wide anomalies with alternating 4 2% velocity
variations. Synthetic travel-times were created and inverted using
the same model parameterization as was used for the data. Noise
was added to the synthetic travel-times as a Gaussian residual time
error with a standard deviation of 0.04 s. This is a weighted average
of the arrival time standard deviation for our augmented data. The
resolution of our model varies spatially given the uneven station dis-
tribution, but our checkerboard pattern is well-recovered at most
upper mantle depths beneath southern and eastern Africa and Arabia
and more broadly at mid-mantle depths (Fig. 5). Our best amplitude
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Fig. 3. New P-wave tomography image. P-wave velocity perturbations are shown at selected depths in the mantle. The + values in each inset indicate the bounds of the color scale
used for the corresponding panel. The locations of profiles A-A’ and B-B’ (Fig. 4) as well as C-C’ (Fig. 6) are shown in the 150 and 400 km depth panels.
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Fig. 4. Cross-sections through the tomographic image. Cross-sectional view of the P-
wave tomography model along profiles A-A’ (top) and B-B’ (bottom), highlighting
the low-velocity features in the African and Arabian mantle. Dashed lines mark the
410 and 660 km discontinuities as well as depths of 800, 900, and 1000 km.

recovery is ~50-70% due, in part, to regularization parameters used in
the inversion to suppress the effects of noise in the data.

For comparison, checkerboard tests were also generated for a
dataset equivalent to that used by Li et al. (2008; Supplemental Fig.
3). In the Li et al. (2008) study, which used the same methodology
as employed here, travel-time residuals from 154 stations examined
by Benoit et al. (2006b) were included as part of their supplemental
dataset to the EHB catalog. This improved their resolution in southern
and eastern Africa. These same data are also included in the current
model, along with travel-time residuals from an additional 251
new stations. As shown in Fig. 5, our model has improved resolution,
particularly at upper mantle depths beneath the study region.

Second, the extent of vertical smearing in our model was exam-
ined with synthetic anomalies in the upper and lower mantle
(Fig. 6). Beneath eastern Africa and Arabia, the synthetic structure
in the upper mantle is laterally continuous to match the anomaly in
our model (Fig. 4), and the thickness of the anomaly was varied
from 200 to 400 km. In the lower mantle, the synthetic structure is
similar to the superplume beneath southern Africa. Since the check-
erboard resolution tests indicate that the amplitude recovery of
our model is ~50-70% (Fig. 5), we have roughly doubled the ob-
served velocity perturbations, giving the upper and lower mantle
synthetic anomalies input amplitudes that are 3% and 1.2% slower
than the reference model, respectively. The recovered images show
~200 km of vertical smearing at all depths (Fig. 6), which is not atyp-
ical for P-wave tomography studies (e.g. Benoit et al., 2003, 2006b;
Fouch et al., 2004; Park et al., 2007). It is interesting to note that if
this level of vertical smearing is taken into account, the depth extent
of the Kalahari, Congo, and West African cratons (Figs. 3-4) is
~200 km, which agrees well with estimates of cratonic lithospheric

thickness from previous studies (Fishwick, 2010; Fouch et al., 2004;
Pasyanos and Nyblade, 2007; Priestley et al, 2008; Romanowicz,
2009; Sebai et al., 2006).

The vertical resolution of the velocity anomalies observed in our
model was also assessed with a series of squeeze tests (Allen and
Tromp, 2005; Saltzer and Humphreys, 1997; Schutt and Humphreys,
2004). Squeezing was implemented through a two-stage inversion.
During the first stage, damping parameters were specified such
that the velocity anomalies were only permitted within a particular
depth-range of the model. The residual data vector (i.e. the travel-
time data that cannot be satisfied by velocity anomalies within
the permitted depth-range) were then input into the second stage
of the inversion, where the anomalies are allowed throughout the
model. If the residuals from the first stage of inversion are zero, no
new structure will be generated once the “squeezing” is removed in
the second stage (Allen and Tromp, 2005; Saltzer and Humphreys,
1997; Schutt and Humphreys, 2004). However, if a better model
exists, significant structure outside the initial constrained domain
will develop once the velocity anomalies are allowed throughout
the model space. Synthetic examples are provided in Supplemental
Fig. 4.

To test the vertical extent of the upper mantle low-velocity anom-
aly in our tomographic model, squeezing depths ranging from 200 to
800 km were used to constrain the velocity perturbations to shal-
lower portions of the model space (Fig. 7; Supplemental Fig. 5a).
The extent of the lower mantle anomaly was also tested, but in this
case the squeezing depths, which range between 600 and 2100 km,
constrain the perturbations to progressively deeper portions of the
model space (Supplemental Fig. 5b). The depth constraints provided
by the squeezing approach are similar to those indicated by our
resolution tests. For instance, the low velocity anomaly beneath
Ethiopia appears to extend to ~900 km depth in our model (Fig. 4),
but the squeeze tests indicate this feature can likely be constrained
to depths <~700 km (i.e. ~200 km shallower; Fig. 7). However, the
slow velocities throughout the transition zone are a prevalent fea-
ture, as is the lower mantle superplume anomaly, which extends
up toward the transition zone and possibly crosses the 660 km dis-
continuity (Supplemental Fig. 5).

5. Discussion

The primary features of interest in our tomographic model are
the upper mantle, low-velocity anomaly beneath eastern Africa and
western Arabia and the lower mantle superplume anomaly. The
upper mantle structure is laterally continuous from the southern
end of the East African Plateau northeastward to the eastern side of
the Arabian Peninsula, and given the results of our resolution tests,
extends to depths of ~500-700 km throughout this region (Fig. 4).
The superplume structure in our model possibly connects to the
anomalous upper mantle structure across the transition zone just
to the southwest of the East African Plateau. As mentioned previous-
ly, three types of geodynamic models have been proposed to explain
the origin of rifting, volcanism, and plateau uplift in the AARS. In
the following sections, the nature of the mantle beneath Africa and
Arabia highlighted by our results is examined in relation to these
models to gain new insights into the causes of Cenozoic tectonism.

5.1. Plume models

The first group of models attributes the origin of the AARS to
mantle plumes, invoking plume head material ~100-200 km thick
ponded beneath the lithosphere and fed by a narrow (~100-
200 km diameter) plume tail (Fig. 2c; Davaille et al., 2005; Ebinger
and Sleep, 1998; Montelli et al., 2006). However, amongst these
models, there is little consensus about the number of plumes be-
neath eastern Africa and western Arabia. Ebinger and Sleep (1998),
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Fig. 6. Vertical resolution tests. Synthetic tests to examine the extent of vertical smearing in our model. Input models are shown on the left and recovered models are shown on the
right, and the anomalies have been projected onto the adaptive grid (Supplemental Fig. 2). The top and middle examples show an upper mantle low-velocity anomaly extending to
200 and 400 km depth, respectively, beneath eastern Africa and Arabia. The bottom example shows a low-velocity anomaly with structure similar to the superplume beneath south-

ern Africa. Refer to Figs. 3 and 8 for the locations of profiles C-C’ and D-D’, respectively.

for example, suggested that a single plume beneath southern
Ethiopia could explain the distribution of magmatism and uplift
throughout the AARS if the plume material spread laterally, guided by
lithospheric topography. In contrast, Montelli et al. (2006) imaged
low-velocity features beneath both Afar and East Africa, which they
suggest are separate plumes that originate at mid-mantle depths or
deeper. Other studies have also advocated for multiple plumes be-
neath the study region. Burke (1996) interpreted different episodes
of volcanism as originating from different plumes, including one
plume centered beneath southern Ethiopia, another beneath Afar,
and a third beneath central Kenya. Camp and Roobol (1992) sug-
gested that a plume might also exist beneath the Arabian Shield.
Chang and Van der Lee (2011) imaged two plumes beneath Kenya
and Afar, with a third plume beneath northern Arabia. The presence
of multiple plumes has also been suggested from the analysis of
gravity (Ebinger et al., 1989), geochronologic (George et al., 1998),
and geochemical (George et al., 1998; Nelson et al., 2008; Pik et al.,
2006) data and some models of mantle convection (Lin et al., 2005).

Assessing the number of plumes that may have impinged on the
lithosphere beneath the AARS could be difficult to accomplish with
seismic tomography because if multiple plumes are present, it is pos-
sible that their corresponding plume head material could have spread
laterally, coalescing into one larger feature. This would appear as a
continuous, low-velocity anomaly in the upper mantle, somewhat
similar to that seen in our model. Plume tails are also notoriously
difficult to image (e.g. Hwang et al., 2011; Montelli et al., 2006).
However, the depth extent (~500-700 km; Fig. 4) of the low-
velocity region we have imaged beneath the AARS provides impor-
tant constraints in evaluating the plume model. The 200-km thick,

upper mantle synthetic anomaly shown in the resolution tests in
Fig. 6 provides a reasonable approximation to one or more plume
heads that have spread laterally beneath the study area. As shown
in the recovered image (Fig. 6), the low-velocity structure smears
downwards by ~200 km, but this is not deep enough to be consis-
tent with the depth extent of the low-velocity region in our model
(Fig. 4).

For the plume model to create an upper mantle anomaly that
would be consistent with our results, material from multiple plume
heads would need to extend to depths of ~400-500 km beneath the
AARS (Fig. 6). Laboratory and numerical models indicate that this
may be possible if the starting plume heads were ascending through
the transition zone (Davaille et al., 2005; Sleep, 1997; van Keken,
1997). However, rifting, volcanism, and plateau uplift have been
occurring for tens of millions of years across much of eastern Africa
and western Arabia, including the eruption of flood basalts in
Ethiopia-Afar at ~30 Ma (Hofmann et al., 1997; Mohr, 1983). After
this, plume material would have flattened against the lithosphere
within the upper ~200 km of the mantle (Davaille et al., 2005;
Sleep, 1997; van Keken, 1997). Therefore, even if multiple plume
heads are invoked, the roughly uniform thickness (~500-700 km) of
the low-velocity region imaged beneath eastern Africa and Arabia is
not easily accounted for by the plume model.

5.2. Small-scale convection models
A second group of models that have been suggested to explain the

origin of the AARS invoke small-scale convection. Some studies, such
as King and Ritsema (2000) and King (2007), attribute the convection
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The models on the left have been squeezed to (top) 500 and (bottom) 800 km, respectively. The models on the right are the corresponding results of the full, two-stage squeezed
inversion. Note that when the model is not “oversqueezed” (as in the 500 km case), the low-velocity structure does retreat to slightly shallower depths.

to edge-flow (Fig. 2b), where differences in heat flux between the
thicker lithosphere beneath the Congo craton and thinner litho-
sphere beneath the surrounding mobile belts lead to rifting above a
small-scale thermal upwelling. However, the effects of edge-flow
convection are shallow, confined to depths less than ~350 km, and
do not extend over as large an area as that shown in our P-wave to-
mographic image (King, 2007; King and Ritsema, 2000). Other stud-
ies have argued that extensional stresses along the edges of the
African plate induce small-scale convection beneath the stretched
lithosphere (Buck, 1986; Mutter et al., 1988; Fig. 2a). Given the
small amount (<10%) of lithospheric extension in eastern Africa, it
is unlikely that small-scale convective instabilities arising from lith-
ospheric thinning would extend through the entire upper mantle
(Buck, 1986; Mutter et al., 1988), as shown in our results. Therefore,
our P-wave tomography model is also inconsistent with this type of
geodynamic model.

5.3. Superplume model

The third type of model attributes the origin of the AARS and the
associated perturbed upper mantle to the African superplume, a
large, thermo-chemical anomaly that develops near the core-mantle
boundary beneath southern Africa and tilts northeastward beneath
eastern Africa at mid-mantle depths (Fig. 2d; Li et al., 2008; Montelli
et al., 2006; Ritsema et al., 1998b, 1999, 2011; Simmons et al., 2007,
2009, 2010). As mentioned previously, numerous tomographic
models (Bastow et al., 2005, 2008; Benoit et al., 2006b; Park and
Nyblade, 2006; Park et al., 2007, 2008; Ritsema et al., 1999) have

suggested that the anomalous upper mantle structure beneath the
AARS represents a continuation of the lower-mantle superplume
anomaly into the upper mantle. Some mantle convection models in-
dicate that dynamic topography supported by the superplume can
explain both the high surface elevations observed across southern
and eastern Africa (Forte et al., 2010; Gurnis et al., 2000; Lithgow-
Bertelloni and Silver, 1999; Moucha and Forte, 2011) as well as the
tilt of the Arabian plate (Daradich et al., 2003). Major and trace ele-
ment compositions of basalts across eastern Africa are also consis-
tent with the superplume model (Furman, 2007; Furman et al.,
2006).

To explore the potential connectivity between the AARS and the
superplume, an additional set of resolution tests was performed
using synthetic anomalies in both the upper and lower mantle
(Fig. 8). To mimic the continuous low-velocity structure across
mid-mantle depths seen in our model (Fig. 4), the synthetic results
indicate that the superplume anomaly must extend upwards to
depths of at least ~1100 km, shallower than the ~1500 km depth
reported in other studies (e.g. Montelli et al., 2006; Ritsema et al.,
1998b; Simmons et al., 2007, 2009, 2010). Given the vertical smear-
ing of both the lower and upper mantle anomalies, these features
could be separated by up to ~400 km, and so it is difficult to say
with certainty if the anomalies are connected across the transition
zone. However, given the close proximity of the anomalies, it is
plausible that there could exist a geodynamic connection between
them. As outlined in Sections 5.1-5.2, neither the plume nor small-
scale convection models are consistent with the upper mantle low-
velocity region imaged in our study. Given these observations, and
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given that the superplume anomaly rises to fairly shallow (at least
~1100 km) depths in the mantle, we favor the superplume model
to explain the pattern of P-wave velocity variations in our tomo-
graphic image and consequently the origin of the AARS.

It is interesting to note that the low-velocity anomaly beneath
Ethiopia-Afar (Fig. 3) has a more pronounced signature than the
rest of the AARS. Using global tomography and fluid mechanics
constraints, Davaille et al. (2005) has suggested that Afar may be un-
derlain by a plume whose connection to the lower mantle has disap-
peared. As discussed in Sections 5.1 and 5.3, the vertical extent of the
upper mantle low-velocity anomaly in our model is not consistent
with plume material that has flattened against the base of the litho-
sphere, and we instead favor the superplume model. However, we
also suggest that a superplume-plume hybrid model might also be
possible. If plume material such as that described by Davaille et al.
(2005) has become entrained in the low-velocity material beneath
the AARS that originated from the superplume, this could possibly
explain why the observed velocity perturbations in this region are
more pronounced and why the Afar region has a geochemical signa-
ture that may be different than that in East Africa (e.g. George et al.,
1998; Nelson et al., 2008; Pik et al., 2006; Rogers et al., 2000). How-
ever, we would still argue that the superplume model is dominantly
responsible for driving the Cenozoic tectonism in the AARS.

6. Summary

Using an adaptively parameterized tomography approach and
travel-times from earthquakes recorded on many new permanent
and temporary seismic stations, we have developed a new image
of P-wave speed variations in the mantle which reveals a laterally
continuous low-velocity anomaly beneath eastern Africa and west-
ern Arabia, extending to a depth of ~500-700 km. Our model also
shows a continuous low-velocity structure at mid-mantle depths
connecting the lower mantle African superplume structure to the
anomalous upper mantle beneath eastern Africa. Resolution tests
indicate that there is ~200 km of vertical smearing in our model,
and thus the top of the African superplume is likely at a depth of
~1100 km or less.

We have used these observations to evaluated geodynamic
models for the origin of Cenozoic tectonism in the AARS. Models
which invoke one or more plume heads are difficult to reconcile
with the lateral and depth extent of the upper mantle low-velocity
anomaly, as are non-plume models invoking small-scale convection
passively induced by lithospheric extension or by edge-flow around
thick cratonic lithosphere. Instead, the upper mantle anomaly be-
neath eastern Africa and western Arabia can be explained by the
superplume model, where the anomalous upper mantle structure is
a continuation of a large, thermo-chemical upwelling in the lower
mantle beneath southern Africa. This finding provides further support
for a geodynamic connection between processes in the Earth's lower
mantle and continental break-up within the AARS, as has been argued
for previously by many authors.
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