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Abstract: Explaining the cause and support of Africa’s varied topography remains a fundamental
question for our understanding of the long-term evolution of the continent. As geodynamical mod-
elling becomes more frequently used to investigate this problem, it is important to understand the
seismological results that can be incorporated into these models. Crustal thickness estimates are
crucial for calculating components of topography that are isostatically compensated. Variations
in seismic velocity help constrain variations in subsurface temperature and density and thus buoy-
ancy; measurements of anisotropy can also be used to determine the contribution of the mantle flow
field to dynamic topography. In this light, we review the results of passive seismic studies across
Africa. At the continental scale there are significant differences in crustal models, meaning large
uncertainties in corrections for isostatic topography. In east Africa, multiple seismic experiments
have provided firm constraints on crustal and mantle structure. Tomographic images illuminate a
broad (c. 500 km wide) low-velocity region in the upper mantle, with possible connection to the
African Superplume in the lower mantle. These observations, alongside the variations in radial ani-
sotropy, strongly suggest that the mantle flow field contributes significantly to the uplift of the
region. Beneath southern Africa, low velocities are observed near the base of the continental
lithosphere; the depth to transition zone discontinuities however suggests that they are not
linked to the superplume beneath. It is thus less clear what role the sublithospheric mantle plays
in supporting the region’s high topography. Many of Africa’s secondary topographic features
(e.g. Atlas, Hoggar, Bie Dome) are underlain by slow velocities at depths of 100—150 km and
are adjacent to rapid changes in lithospheric thickness. Whether these variations in lithospheric
structure promote small-scale convection or simply guide the larger-scale mantle flow field

remains ambiguous.

Forty years after the advent of plate tectonic theory,
while the vertical motion of the oceanic plates
can be explained by relatively simple arguments
concerning their age and thermal structure
(McKenzie 1978) the vertical movements in
continental regions often remain a matter of con-
siderable debate. For example, for a region sur-
rounded by mostly extensional plate boundaries
there is significant topography on the African
continent. The dominant first-order feature is the
near bimodal topography described by Doucouré
& de Wit (2003): elevated topography (c. 500—
3000 m) is observed in eastern and southern
Africa, while lower topography occurs in western
and central Africa and towards the north-eastern
(Egyptian) margin of the continent (Fig. 1). Super-
imposed on these long-wavelength structures are
a series of basins and swells (Fig. 1), famously
described by Holmes (1944). In northern Africa
the swells are frequently topped by relatively
young (c. 35 Ma—Recent) volcanism (e.g. Hoggar,

Tibesti, Fig. 1) suggesting a link to elevated
mantle temperatures and dynamic support. In the
south, swells are also observed on top of the gener-
ally high topography (e.g. Namibia, Bie; Fig. 1) but
in these regions are not always associated with
recent volcanism. A simple correlation between
hotspot tectonism and uplift is therefore not necess-
arily applicable continent-wide. The timing and
cause of Africa’s considerable topography thus
remains a matter of continued debate.

In his work The African Plate, Burke (1996)
presented the view that the majority of African
topography, including the Great Escarpment, has
been formed during the last ¢. 30 Ma. One indi-
cation for this young continent-wide uplift has
come from interpretations of the correlations of an
African surface defined using geomorphological
evidence. Secondly, the prominent Oligocene
unconformity observed in seismic reflection data
all around the continental margin is compelling
evidence that uplift commenced around this time
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Fig. 1. Location map of Africa showing major tectonic features superimposed on regional topography (MER, Main
Ethiopian Rift; AD, Afar Depression). Red lines are major plate boundaries.

(e.g. Burke 1996). Roberts & White (2010) estimate
uplift histories from river profiles for a number of
regions in Africa; they also suggest that significant
uplift has occurred since 30—40 Ma. The timing,
however, is not uniform across the continent, with
recent, rapid, localized uplift occurring in regions
such as the Bie Dome (Fig. 1).

In contrast, others believe that a significant part
of the high African topography has a much older
history. Doucouré & de Wit (2003) attempt to
reconstruct the Mesozoic topography of Africa by

removing the topographic effect of features known
to be of Cretaceous age or younger. They observe
that the bimodality of African topography was
already in place in the Early Mesozoic. Significant
evidence for a Mesozoic timing of the uplift
comes in the form of apatite fission-track thermo-
chronology. De Wit (2007) reviews the various
apatite fission track studies alongside offshore
stratigraphic studies to suggest that denudation
across southern Africa operated on a wide scale
(>1000 km) during the Cretaceous. Are the inferred
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Mesozoic and Cenozoic histories incompatible with
each other, or simply a result of differing techniques
being sensitive to specific time periods?

The tectonic and geodynamic processes relating
to topographic variation also appear to be variable.
Collisional processes, commonly associated with
regions of high topography, are the predominant
factor only in the Atlas mountains (Fig. 1) of north-
western Africa (e.g. Frizon de Lamotte et al. 2000);
even in this region, however, the high topography
has also been associated with convective upwelling
of the underlying mantle (e.g. Teixell et al. 2005).
Elsewhere, other factors such as the emplacement
of volcanic rock at the surface during hotspot tecton-
ism, crustal thinning and rift flank flexure during
extensional tectonics (e.g. the East African Rift or
EAR) are likely to contribute to the development
of Africa’s variable topography (Fig. 1).

Are all these parts of the African plate presently
in a state of isostatic equilibrium, or do regions
require dynamic components towards the support
of the topographic variations? The classical view
of isostasy can be separated into two end-member
models: Airy and Pratt. In Airy isostasy, the
excess mass of high topography is compensated by
a thickened root of low-density material relative to
the surroundings. In contrast, in the Pratt model
there is no thickening of the root; high topography
is compensated instead by a lower-density column
directly beneath. In order to assess the cause of
any isostatic support, it is therefore necessary to
know both the crustal thickness and density.
Depending on the choice of compensation depth,
variations in the lithospheric mantle density must
also be considered (see e.g. Crosby et al. 2010).

If the topography is not isostatically supported,
alternatives include regional support due to the
strength of the lithosphere or a dynamic mantle
component to the support. Many of Africa’s domal
regions appear to have a thin (<40 km) effective
elastic plate thickness (Pérez-Gussinyé et al.
2009), so flexural support appears an unlikely can-
didate to explain the first-order topographic obser-
vations. Dynamic support, or dynamic topography,
will occur when flow (caused by density variations
within the Earth’s mantle) interacts with the
surface layer (for a recent review see Braun 2010).
If there are dynamic components to the support of
Africa’s high topography, are these dominated by
perturbations in the deep mantle (e.g. Lithgow-
Bertelloni & Silver 1999; Gurnis et al. 2000),
more localized asthenospheric upwellings (e.g.
King & Ritsema 2000; Montagner et al. 2007,
Al-Hajri et al. 2009) or a combination of both?

Crustal thickness and density, mantle density
and temperature and flow direction are therefore
of first-order importance in understanding topogra-
phy. Serendipitously, many of these are manifest

as measurable seismic signatures. For example,
receiver function and controlled source seismic
studies provide detailed constraints on the depth of
velocity discontinuities such as the Moho, the
lithosphere—asthenosphere boundary and the mantle
transition zone. Seismic velocities measurable using
body and surface-wave tomography are strongly
influenced by variations in mantle temperature and
density. The alignment of olivine crystals in the
flowing mantle results in seismic anisotropy,
which can be quantified via analysis of shear-wave
splitting and surface-wave studies of the directional
dependence of seismic velocities. Many studies on
the African continent in the last 20 years have per-
formed these analyses and thus provide valuable
constraints for the geodynamic community. It is
the goal of this manuscript to review the seismologi-
cal experiments that have been performed in Africa
to date, with a view to understanding better the vari-
able topography of the continent.

Following the approach of Burke (1996), discus-
sion will be focused on three areas: southern Africa;
east Africa; and central, north and western Africa.
An overview of the topographic features and a
brief discussion of the plausible tectonics and geo-
dynamics is initially presented. We then review
the recent regional seismic studies, focusing on
crustal thickness, mantle velocity structure and
observations of seismic anisotropy. Finally, we con-
sider whether these studies provide direct evidence
of the processes causing topographic variation
and, in particular, how the seismic results may
provide additional constraints for the ongoing geo-
dynamical modelling. It is clear that there is no
single factor controlling the topographic expression
of the African continent.

African topography
Eastern Africa

Nyblade & Robinson (1994) proposed that southern
Africa, the East African Plateau and part of the
south-eastern Atlantic form a contiguous region:
the African superswell. Comparisons of bathymetry
and elevation with models of plate cooling and the
global mean elevation of 565 m, respectively,
shows that the African superwell has c¢. 500 m
residual topography (Nyblade & Robinson 1994).
Within east Africa there appear, however, two
quite distinct regions with higher elevations: the
Kenya/Tanzania dome and the Ethiopian Plateau
(Ebinger et al. 1989). The topography of Kenya
and Tanzania appears to be contiguous with the
higher elevations throughout the south of the conti-
nent, although its appearance is accentuated by the
low-lying Congo Basin to the west (Fig. 1). In con-
trast, the Ethiopian Plateau is clearly separated from
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this area by a distinct NW —SE-trending topographic
low (the Turkana Depression). On top of these broad
swells, the scars of the EARS can also be seen. In the
north, the Afar depression marks the region of the
rift—rift—rift triple junction where the Red Sea and
Gulf of Aden spreading centres meet with the
EAR. The rift-related topography can be followed
through Ethiopia, and then into the two branches
surrounding the Archaean Tanzania Craton (Fig. 1).

Many authors have invoked thermal plumes
to explain Africa’s hotspot tectonism and uplift,
but the location and number of plumes or upper
mantle convective cells is often debated. For
example, Ebinger & Sleep (1998) suggested that
one large plume spread beneath the African Plate
near Turkana at c. 45 Ma, but only small amounts
of melt volume were produced until lithospheric
thinning commenced in the Red Sea and Gulf of
Adenrifts. Topography at the base of the lithosphere
channelled buoyant material up to ¢. 1000 km from
Turkana to the evolving Red Sea rift and the
Mesozoic rift zones of eastern and central Africa.
Alternatively, two Cenozoic plumes may have
existed beneath East Africa, one rising and disper-
sing beneath southern Ethiopia at c. 45 Ma and the
other rising beneath the Afar depression (e.g.
George et al. 1998). More recent geochemical
studies have explained their observations based on
a modified single-plume hypothesis: multiple
upwellings from the African superplume (Kieffer
et al. 2004; Furman et al. 2006).

The timing of Ethiopia’s high topography is
perhaps somewhat better constrained than that
of southern Africa due to the dating of the volcanism
in the region. A thick pile (500—2000 m) of conti-
nental flood basalts and rhyolites were emplaced
in the central Ethiopian Plateau c¢. 30 Ma
(Hofmann et al. 1997; Ayalew et al. 2002; Coulie
et al. 2003). This is thought to have been due to
the impact of the Afar mantle plume, which was
coeval with marked uplift of the plateau (c. 20—
30 Ma; Pik et al. 2003). Isolated shield volcanism
in the period c¢. 30—10 Ma occurred across the
Ethiopian Plateau (Fig. 1) and added c. 2 km of
additional local relief (e.g. Coulie er al. 2003;
Kieffer et al. 2004). The temporal evolution of
rift-related topography remains somewhat contro-
versial. In southern Ethiopia, results from
low-temperature (U-Th)/He thermochronometry
suggest that the rift development has been continu-
ous since initiation in the Miocene (Pik ef al. 2008).
In contrast, Gani et al. (2007) suggest that signifi-
cant recent (c. 10 Ma) uplift was due to foundering
of the Plateau lithosphere following extensive
heating and weakening since the onset of flood
basalt volcanism at ¢. 30 Ma.

Timing of plateau formation around Kenya and
Tanzania is less well constrained. The earliest
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volcanism in Kenya started in the Turkana region
of northern Kenya at ¢. 35-40 Ma (e.g. Furman
et al. 2006), and has also been associated with the
impingement of a mantle plume (e.g. George et al.
1998). Following the rift system to the south
through Kenya and Tanzania, the onset of Cenozoic
volcanism becomes progressively younger (e.g.
Morley et al. 1992). Locally, there is also evidence
for Neogene uplift along the flanks of some rift
valleys (e.g. Spiegel et al. 2007).

Southern Africa

Within this broad area of uplifted topography
(Fig. 1) there are regions with significant local vari-
ations. For example, significant topography is
observed along much of the continental margin
and has been associated with the break-up of Gond-
wana (c¢. 130 Ma). Although this relationship is
questioned by Burke (1996), both voluminous
sediment accumulation offshore of the southern
coast (Tinker et al. 2008) and apatite—fission track
studies (e.g. Brown et al. 2002) support a hypothesis
of uplift and erosion at this time. However, recent
analyses of river profiles on each of the southern
African subswells (Bie, Namibia, Drakensburg;
Fig. 1) indicates more recent (<30 Ma) uplift. Both
the Bie Dome and the Drakensburg Escarpment
show significant (0.5—1 km) uplift since c¢. 10 Ma,
while the river profiles on the Namibian swell have
been modelled successfully by continued uplift
since the Oligocene (30 Ma; Roberts & White
2010). More recent post-Pliocene uplift has also
been inferred on the Angolan margin from the analy-
sis of offshore seismic data (e.g. Al-Hajri et al. 2009).

The cause of the elevated topography in southern
Africais less clear than in east Africa, where models
involving mantle plumes have been invoked to
explain volcanism that correlates spatially with the
observed domal features. Geodynamic modelling
from global tomographic models suggest that in
southern Africa much of the elevation could be
explained by density anomalies below 1000 km
depth (e.g. Lithgow-Bertelloni & Silver 1999).
Gurnis et al. (2000) noted that if the continental
lithosphere is thick and has a high effective viscosity,
an increased coupling between the deep mantle and
surface can lead to increased elevations. Nyblade
& Sleep (2003) proposed an alternative mechanism
for supporting the high topography, suggesting that
the combined effects of multiple plumes in the
Mesozoic could generate sufficient long-lasting
uplift to account for the present elevations.

Northern, central and western Africa

The remaining portion of Africa covers a wide
region from the Congo Basin and Cameroon
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Volcanic Line (CVL) in central Africa, across much
of the Sahara and into the Atlas Mountains in the
north (Fig. 1). At the northern margin of the conti-
nent, the high relief of the Atlas Mountains has
been associated with the convergence of Africa
and Europe (e.g. Frizon de Lamotte et al. 2000).
Although the tectonic shortening appears to be
relatively modest (e.g. Teixell er al. 2003), Buiter
et al. (2009) show that significant topography can
be reached through the inversion of a failed rift.
Additionally, recent modelling of the lithospheric
structure beneath the Atlas, using a variety of
geoid, gravity, topography and heat-flow data,
suggests that a NE—SW-trending strip of thinned
lithosphere underlies the region (e.g. Zeyen et al.
2005; Fullea et al. 2007). A variety of geodynamical
models have thus been proposed for this region: one
suggestion being that a shallow mantle upwelling
(Teixell et al. 2005) contributes to the regional
topography.

The topographic swells in the central part of
north Africa (e.g. Hoggar, Tibesti; see Fig. 1) have
associated volcanism dating from the Oligocene
(c. 30 Ma) through to the Quaternary (e.g. Wilson
& Guiraud 1992). The volcanism has been related
to the time period when the African plate became
relatively stationary to mantle circulation and the
distribution was explained by regions of fertile
lithospheric mantle (e.g. Ashwal & Burke 1989;
Burke 1996). Ebinger & Sleep (1998) showed that
while channelling along regions of thin lithosphere
would lead flow of plume material beneath the
Darfur swell and towards the CVL, it could not
explain the volcanism of Hoggar and Tibesti. Simi-
larly, geochemical data also suggest very different
characteristics between the volcanism in Hoggar
and that found near the Afar hotspot (Pik ez al. 2006).

In addition to the volcanic swells in northern
Africa are a number of intracontinental basins
(e.g. Taoudeni, Ghadames, Sirte and Al-Kufrah).
The mechanisms for the subsidence of these and,
indeed, all intracontinental basins remain heavily
debated. Low strain-rate stretching (e.g. Armitage
& Allen 2010), cooling of the lithosphere (e.g.
Kaminski & Jaupart 2000) and dynamic subsidence
(e.g. Heine et al. 2008) have all been proposed to
explain the general behaviour of this style of
basin. For northern Africa, Holt et al. (2010)
recently illustrated that models of lithospheric
cooling (from an originally thin lithosphere) can
explain the subsidence history of the Ghadames
and Al-Kufrah basins. There are, however, signifi-
cant differences in estimates of the present-day
lithospheric thickness beneath all the north
African basins (see Priestley et al. 2008; Pasyanos
2010; Global and continental studies). For
example, the Taoudeni Basin sits atop the thick
lithosphere of the West African Craton, thus

indicating that varied mechanisms may be required
for the different basins.

Further to the south, another intracontinental
basin (the Congo Basin) provides the most notice-
able region of low topography on the African conti-
nent (Fig. 1). Flanked by the CVL, Kenyan Dome
and Bie Dome, the Congo Basin has accumulated
4-9 km of sediments beginning with extension in
the Late Precambrian time and with subsidence con-
tinuing until the present day (see e.g. Daly et al.
1992; Giresse 2005). The long sedimentary
history, in contrast to other extensional basins
such as the North Sea, is difficult to explain and
has important implications for the low topography
observed today. Hartley & Allen (1994) suggested
recent subsidence may relate to convective down-
welling beneath the region, a hypothesis supported
in the recent geodynamic modelling of Forte et al.
(2010). Analysis of geophysical data over the
basin has given varied results. From analysis of
the gravity signature, Downey & Gurnis (2009)
inferred a high-density anomaly within the mantle
lithosphere. In contrast, the modelling of Crosby
et al. (2010) suggested that the extended period of
subsidence could be explained by extension and
subsequent cooling of initially thick lithosphere,
and interpreted the gravity anomaly in terms of
recent convective drawdown.

Passive seismic experiments in Africa

Our understanding of the structure of the crust and
upper mantle beneath Africa has advanced signifi-
cantly over the last 15 years, primarily due to the
deployment of broadband seismometers either as per-
manent stations or as temporary networks designed
to investigate specific geological and tectonic
problems. Over the last 20 years, networks such as
Geoscope, Geofon, US Geological Survey (USGS),
Incorporated Research Institutions for Seismology/
International Deployment of Accelerometers, IRIS/
USGS and the Mediterranean Broadband Seismo-
graphic Network have provided publicly available
broadband data from permanent stations in many
countries, including: Algeria, Botswana, Central
African Republic, Djibouti, Egypt, Ethiopia, Gabon,
Ivory Coast, Kenya, Madagascar, Mali, Morocco,
Namibia, Senegal, South Africa, Tunisia, Uganda
and Zambia (Fig. 2).

In addition to the data available from the
global networks, the ongoing AfricaArray project
(Nyblade et al. 2008) is rapidly increasing the
number of permanent broadband seismometers
within the African continent (Fig. 2). Supplementing
the permanent networks, a number of large active
and passive land-based regional experiments have
been carried out and significantly increase the
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Fig. 2. Map of broadband seismic stations (1990—-2010) with data available through IRIS-Data Management Centre or
Geofon-GFZ Potsdam. Black squares show permanent seismograph stations from global networks; grey squares show
stations as part of Africa Array (Nyblade et al. 2008); dark grey triangles show stations from temporary networks
operating between 1995-2008 (e.g. Carlson et al. 1996; Nyblade et al. 1996; Hanka et al. 2000; Nyblade & Langston
2002; Maguire et al. 2003; Tibi et al. 2005; Wdlbern et al. 2010); light grey triangles show temporary networks

operating from 2008 to present.

available data (Fig. 2). The purpose of Africa’s por-
table seismic experiments has been broad-ranging.
In east Africa, the principal goal has been to under-
stand hotspot tectonism and the development of
various stages of rifting from embryonic continental
rifting in the south to incipient sea-floor spreading in
Afar (e.g. Nyblade & Langston 2002; Maguire et al.

2003). The Precambrian cratons of Tanzania and
southern Africa have also been studied seismically,
with the goal of understanding the processes that
shaped the early Earth (e.g. Carlson et al. 1996;
Nyblade et al. 1996). In Cameroon, seismic data
have been collected in order to investigate the
origins of the CVL (Tibi et al. 2005) which,
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unusually for an intra-plate volcanic line, has no age
progression and has been attributed variously to
plume flow and small-scale convection models.
Each of these tectonic and geodynamic processes
have seismological signatures with important impli-
cations for the development of topography. Further
projects have either recently begun (e.g. Morocco)
or are scheduled to begin soon (e.g. Zambia,
Mozambique, Morocco), so the African seismic
database will continue to grow in the coming years.

Review of seismological observations

In the following sections we follow the approach of
Burke (1996) by summarizing seismological con-
straints from three areas: east Africa, southern
Africa and central /north/west Africa. In doing so,
we focus on the seismological results that have first-
order importance for understanding topography. We
first consider variations in crustal thickness, which
have significant implications for isostacy. Mantle
seismic velocity structure is then reviewed in the
light of the causes and support of topography.
Finally, because of its potential to place constraints
on the mantle flow field beneath the continent, we
summarize constraints from studies of mantle
anisotropy.

Estimates of crustal thickness

Global and continental studies. Many geodynamic
studies of the African continent proceed on the
assumption that the crust can be adequately
described by global models such as 3SMAC

340°
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(Nataf & Ricard 1996) or Crust 2.0 (Bassin et al.
2000; Fig. 3a, b). These models are however rela-
tively simple and lack the fine-scale details revealed
by regional seismic experiments. 3SMAC, for
example, is defined by only three layers: sediments
and upper and lower crust. Thicknesses of the layers
are constrained from a variety of geophysical com-
pilations, inherently having non-uniform coverage
(Nataf & Ricard 1996). In contrast, Crust 2.0 is
more complex with five layers to allow for variable
sediments, and an additional middle crustal layer
(Bassin et al. 2000). Each point on the 2 x 2
degree grid is given a key 1D profile to assign
various types of crustal structure. The velocities
and densities are then dependent on the type of
crustal structure; these key profiles and associated
density variations are thus important when estimat-
ing crustal isostacy.

Although lacking the resolution of local studies,
short-period surface-wave studies using broadband
seismic stations deployed across the African conti-
nent provide an improved spatial resolution com-
pared to the global crustal models. Using an
analysis of group velocity dispersion, Pasyanos &
Nyblade (2007) present a crustal thickness map for
the African continent (Fig. 3c) as well as estimates
of crustal and mantle velocities. Although the path
coverage is uneven, at short periods the uncertain-
ties on the group velocity measurements should be
small; uncertainties in crustal thickness will be
due principally to the model parameterization and
the trade-off between crustal thickness and velocity.

In contrast to the global models, a thinner crust
(c. 30 km) is observed beneath much of northern

Pasyanos & Nyblade
o .

340 20°
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| —20° 20"
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—40° ~40°
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Fig. 3. Crustal thickness variation across Africa. Estimates taken from: (a) the global model 3SMAC (Nataf &
Ricard 1996); (b) the global model Crust2.0 (Bassin et al. 2000); and (c) the surface-wave study of Pasyanos & Nyblade

(2007).
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Africa and a thicker crust (c. 40 km) is seen beneath
many of the cratonic keels of the African land mass
(Kaapvaal, Congo, West African Craton; Fig. 3).
The general increase in crustal thickness in the
south of the continent is consistent with the higher
elevations observed in the region. However,
perhaps surprisingly given their low elevation, the
thickest crust in the cratonic regions is observed
beneath the Congo Basin (c. 45-50 km) and the
Taudeni Basin (c. 40—45 km) in NW Africa. Other
features absent from the global crustal models but
identified in the Pasyanos & Nyblade (2007) study
include the thinner crust between the Ethiopian
and East African plateaus, and thin crust beneath
the Benue Trough in west Africa (Fig. 3c).

Eastern Africa. East Africa has been host to some of
the largest seismic experiments in the world whose
focus has been the improved understanding of the
transition from embryonic continental rifting in
the south to incipient sea-floor spreading in Afar
(e.g. Maguire et al. 2003; Bastow et al. 2011).
Although detailed constraints on crustal structure
come from wide-angle profiles in select parts of
the EAR system (e.g. KRISP Working Group
1987; Prodehl & Mechie 1991; Maguire et al.
2006), the best spatial coverage of crustal thickness
comes from analysis of P-to-S converted phases
from the Moho captured during receiver function
analysis. A common approach is the so-called
H-K stacking procedure of Zhu & Kanamori
(2000), which uses P-to-S converted phases from
teleseismic earthquakes to constrain bulk-crustal
properties (crustal thickness and VpVs ratio)
beneath a seismograph station.

In Ethiopia, receiver function studies (Dugda
et al. 2005; Stuart et al. 2006; Cornwell et al.
2010) corroborate the wide-angle results (Macken-
zie et al. 2005; Maguire er al. 2006), indicating
that extension in the Ethiopian rift is achieved
without the marked crustal thinning that would be
predicted from many traditional models of
break-up. Moho depths are c. 40 km on the Ethio-
pian and Somalian plates, and 32-36 km within
the rift (Fig. 4b). These observations, coupled with
evidence of crustal melt zones imaged by magneto-
telluric study (Whaler & Hautot 2006) and the
spatial coincidence of seismicity in and around the
rift associated with these zones of partial melt
(Keir et al. 2009), indicate that extension is accom-
modated principally by magma intrusion into the
extending plate. Only further north in Afar does
the crust appreciably thin to c¢. 25km (Dugda
et al. 2005), coincident with a marked reduction in
elevation towards and ultimately (in the Danakil
Depression) below sea level.

Further south adjacent to the Kenya rift, receiver
functions suggest a crustal thickness of 39—42 km
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to the east of the rift and ¢. 38 km to the west
(Dugda et al. 2005). While there is little information
from passive seismic studies on the crustal thickness
along the rift itself, analysis of seismic refraction
and wide-angle reflection data from the Kenya
Rift International Seismic Project (KRISP) exper-
iments suggest that the crustal thickness varies
from 35 km in the south beneath the Kenyan dome
to as little as 20 km beneath the low-lying Turkana
depression (Mechie et al. 1997). Regional Rayleigh
wave dispersion data (Benoit et al. 2006b) and the
continent-wide study of Pasyanos & Nyblade
(2007) corroborate these controlled source results
and show that Mesozoic crustal thinning can
explain the low-elevation region that separates the
Ethiopian and East African plateaus.

Beneath the western branch of the rift system,
recent analysis of teleseismic data has suggested
crustal thickness of c¢. 30 km on the rift shoulder
and significantly thinner crust (c¢. 20-28 km)
beneath the Rwenzori block, where the mountains
reach elevations of more than 5000 m (Wdlbern
et al. 2010; Fig. 4d). These recent observations of
thin crust beneath regions of very high elevation
are in marked contrast to normal Airy isostasy,
suggesting that alternative mechanisms such as
delamination of a lithospheric block may have
caused the uplift (Wolbern et al. 2010). Further to
the SE below the cratonic region of Tanzania,
crustal thickness estimates are c. 40 km with slightly
thicker crust beneath the Ubendian Belt on the SW
margin of the craton (Last er al. 1997; Julia et al.
2005; Fig. 4d).

Southern Africa. Within southern Africa a number
of studies have used receiver functions to determine
the crustal structure (e.g. Nguuri ef al. 2001; Niu &
James 2002; Stankiewicz et al. 2002; Nair et al.
2006). These studies have been in broad agreement
and show crust of c¢. 38 km beneath much of the
Kaapvaal Craton, with the exception of a c. 44 km
thick region adjacent to the Limpopo Belt (see
Appendix A). Further to the south, the Namaqua
Natal Mobile Belt and Cape Fold Belt is underlain
by variable, thick crust (c. 36—50 km), and there is
significantly thinner crust (c. 26km) on the
oceanic side of the escarpment at the very south-
western margin of the continent (see also Harvey
et al. 2001). One of the most recent studies of the
crust beneath the Southern Africa Seismic Exper-
iment (SASE) array (Kgaswane et al. 2009) also
incorporates group-velocity surface-wave data
from Pasyanos & Nyblade (2007) and Larson &
Ekstrom (2001) alongside the receiver functions,
and finds similar estimates of Moho depth (see
Fig. 4c) beneath the cratonic region. However,
beneath the Namaqua Natal Mobile Belt, the
results from the joint inversion generally suggest
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Fig. 4. Crustal thickness constraints for the African continent constrained using receiver function analysis. Data are

sourced from (a) West Africa — Tokam et al. (2010); (b) Ethiopia — Dugda et al. (2005); Stuart et al. (2006); highest
signal-to-noise ratio crustal constraints from the study of Cornwell et al. (2010) are also used; (¢) Southern Africa —

Kgaswane et al. (2009); (d) Eastern Africa — Last et al. (1997); Dugda et al. (2005); and Wdlbern et al. (2010). CAR,
Central African Republic. Station locations and crustal thicknesses are listed in Appendix A.

thinner crust than indicated by the receiver functions
alone (Fig. 4c; Appendix A).

Further constraints on crustal thickness come
from the ambient noise tomography of Yang et al.
(2008), with additional information from the tele-
seismic two-plane-wave tomography study of Li &
Burke (2006). Encouragingly, beneath much of the
cratonic region the results are in good agreement
with the study of Nair ef al. (2006) and Kgaswane
et al. (2009), indicating thickened crust through
the northern Kaapvaal Craton and Limpopo Belt.

Because the results from different seismic tech-
niques show good agreement, the confidence in
the crustal thickness estimates is enhanced. It is
noticeable, however, that the abrupt changes in
crustal thickness within the Kaapvaal Craton are
not always mirrored by topographic variations
expected from simple Airy isostasy (Nair et al.
2006; Yang et al. 2008). This observation has
been confirmed by modelling of the Bouguer
gravity anomaly over the Bushveld complex,
where high-density mafic rocks are required to
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provide the mass within the crustal section to
balance the thickened root (Webb et al. 2004).

Northern, central and western Africa. Seber et al.
(2001) developed a 3D crustal model for the
middle-east and north Africa, combining data from
crustal-scale refraction and reflection profiles,
receiver functions, gravity modelling and surface-
wave data. The limited seismic data through much
of north Africa means that this model is predomi-
nately based on inferences from the geology of the
region with significant interpolation between few
data points. The results indicated thickest crust
(>40km) towards the SW margin of the West
African Craton (Seber et al. 2001). Elsewhere in
northern Africa, detailed knowledge is absent due to
the lack of data. However, the recent study by Liu
& Gao (2010) analysed the crustal structure beneath
the GEOSCOPE seismograph station at Tamnarasset,
immediately adjacent to the Hoggar swell. Almost
20 years of data were available for the station,
leading to an exceptionally high-resolution study.
Crustal thickness is observed to be ¢. 34 km, although
there is significant contrast in the observed receiver
functions between adjacent geological terranes
(Liu & Gao 2010). There is no obvious increase in
crustal thickness detected by raypaths that have
Moho conversions close to the Hoggar swell.
However, the lack of seismic stations deployed
directly on the swell precludes any unambiguous
testing of isostatic crustal thickness variations.

In western Africa, the recent seismic experiment
investigating the CVL provides detailed infor-
mation on crustal thickness. Using a joint inversion
of receiver functions with Rayleigh wave-group
velocities, Tokam ez al. (2010) find significant
variation in Moho depths (Fig. 4a). Beneath the
CVL the Moho is observed at 35-39 km depth,
similar to the depths observed in the adjacent
Pan-African belt. Thicker crust is observed under
the margin of the Congo Craton (c. 43—48 km),
associated with the continent—continent collision
during the formation of Gondwana; thinner crust
to the north (c. 26—31 km) is likely to be related
to the formation of the Benue Trough (Tokam
et al. 2010). These recent estimates of crustal
thickness from receiver functions are also in agree-
ment with earlier seismic refraction studies (Stuart
etal. 1985). Across the CVL there is also a good cor-
relation between the crustal thickness estimates and
the Bouguer gravity anomaly (Tokam et al. 2010).

While topographic variations on the African
continent are often mirrored by isostatically predict-
able variations in crustal thickness (e.g. thinned
crust beneath the rifts of western and eastern
Africa), the lack of correlation between elevation
and Moho depth in other areas implies that other
mechanisms must be contributing to the observed
topography. In the following section we review

present-day understanding of Africa’s mantle
seismic structure in an effort to examine the role
of the mantle in controlling topography.

Velocity variations in the upper mantle

While seismic velocities are affected by factors such
as melt, water, composition and grain size, within
the upper mantle temperature is generally con-
sidered the dominant control on velocity (e.g.
Goes et al. 2000; Faul & Jackson 2005). Studies
that provide information on the lateral and vertical
variation in seismic velocity are therefore crucial
in providing information on likely temperature
variations. In turn, knowledge of mantle velocity
structure helps determine mantle contributions to
the development and maintenance of topography.
The structure of the mantle transition zone (MTZ)
is also sensitive to variations in temperature. The
opposite Clapeyron slopes of the 410 and 660 km
discontinuities should lead to a thickened MTZ in
cold regions and a thinned MTZ in hot regions
(Bina & Helffrich 1994). The depth of the disconti-
nuities can be determined, for example, by receiver
function analysis, adding seismological constraints
on thermal structure to those derived from the
tomographic studies.

Global and continental studies. The deep seismic
structure of Africa is presented by numerous
global tomographic inversions using data from the
global seismic networks (e.g. Grand 2002;
Ritsema & Allen 2003; Montelli ef al. 2006; Li
et al. 2008; Simmons et al. 2010). One dominant
feature common to all models is the African Super-
plume, a broad (c. 500 km wide), c¢. 3% S-wave
slow-velocity anomaly that originates at the core—
mantle boundary beneath southern Africa, and
rises towards the base of the lithosphere somewhere
in the region of Ethiopia and the Red Sea/Gulf of
Aden. These global models, and the influence
of the African Superplume, have been the focus of
much of the geodynamic modelling beneath Africa
and the adjacent regions (e.g. Lithgow-Bertelloni
& Silver 1999; Gurnis et al. 2000; Daradich et al.
2003; Simmons et al. 2007; Forte et al. 2010).

The majority of global studies provide lower-
resolution images of upper mantle structure than
regional studies. Body wave tomographic inver-
sions generally require relatively close station
spacing (<200 km) in a region of interest to place
accurate constraints on structure in the upper
c¢. 300km. Given the uneven distribution of
seismic stations across Africa, surface-wave
studies that constrain seismic structure along the
great circle path between the source and the receiver
are therefore a vital technique to image the velocity
variations in the upper mantle on a continental-
scale. Since the propagation of surface waves is
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predominately within the crust and upper mantle
(dependent on the frequency and mode of surface
wave studied), it is therefore possible to achieve
good path coverage and resolution in regions with
no seismic stations (see e.g. Fishwick 2010), given
a good distribution of seismic sources.

A number of global and regional surface-wave
studies including Africa have been performed
during the last fifteen years (e.g. Ritsema & van
Heijst 2000; Debayle et al. 2001; Sebai et al.
2006; Pasyanos & Nyblade 2007; Lebedev & van
der Hilst 2008; Priestley er al. 2008; Fishwick
2010). Within the upper mantle the dominant
feature of these models is the contrast between the
fast velocities associated with Precambrian litho-
sphere and much slower velocities (5-10%)
beneath the rest of the continent. Figure 5 shows
the results from the studies of Fishwick (2010) and
Lebedev & van der Hilst (2008). While both
studies use surface-wave data, different inversions
codes and datasets (regional and global, respect-
ively) are used. The similarity in results, which
show the lateral extent of fast velocities and
clearly highlight the different cratonic regions, is
encouraging and suggests they are a reliable rep-
resentation of the velocity structure. If these
ancient cores, depicted by regions of fast velocity,
have thermal anomalies that are completely
balanced by compositional density differences (the
isopycnal hypothesis proposed by Jordan 1975),
there should be no residual topographic expression.
In Africa, the cratonic regions of the NW and the
south have contrasting topographic signatures,
implying that the physical properties of the cratonic
lithosphere are, indeed, not the principal cause of the
broad-scale topographic variation.

A secondary geodynamic feature that may be
associated with changes in lithospheric structure is
upwelling caused by edge-driven convection (e.g.
King & Anderson 1998). This process has been
invoked as a possible cause for the intraplate volca-
noes on the African continent (King & Ritsema
2000), and could therefore contribute to the
observed topographic swells. In east Africa,
seismic results show a clear link between melt,
upper mantle slow velocities and slow velocities
in the deep mantle (see below), indicating that the
volcanism and high topography is not primarily
caused by edge-driven convection. However, in
other African regions the results are less clear.
Montagner et al. (2007) suggest that many of the
hotspots in northern Africa are only associated
with shallow slow-velocity anomalies, compatible
with an edge-driven origin. In SW Africa, Al-Hajri
et al. (2009) associated the Bie Dome with slow-
velocity anomalies in the upper mantle.

More recently, attempts have been made to
quantify lithospheric thickness variations beneath
parts of Africa from surface-wave results (e.g.

Priestley et al. 2008; Fishwick 2010; Pasyanos
2010). Figure 6 shows the lithospheric thickness
estimates for the whole of Africa from the recent
tomographic study of Fishwick (2010), which is
broadly similar to that of Priestley et al. (2008)
and Pasyanos (2010). For example, all the models
show thick lithosphere (c. 200 km) beneath NW
Africa, although whether or not this extends to the
northern continental margin beneath the Atlas
mountains remains ambiguous. Within central
Africa, there remains significant debate as to the
lateral extent of thick lithosphere (and fast seismic
velocities) beneath the Congo Basin. It appears that
the lithosphere thins towards the eastern margin
of the basin; however, the thickness estimates differ
significantly (c. 180 km — Fig. 6 and c. 120 km —
Pasyanos 2010). Improved knowledge of lithospheric
thickness and structure beneath the basin has impor-
tant consequences in understanding the subsidence
history and present-day topography of the region
(Downey & Gurnis 2009; Crosby 2010; Forte 2010).

The filtered free-air gravity anomaly (e.g.
GRACE data, Tapley et al. 2005) provides an
additional source of information to make inferences
on the cause of the topographic variation. Many
regions with high topography (e.g. Atlas, Hoggar,
Tibesti and Bie) correlate with positive gravity
anomalies, are close to the edge of the regions of
thick lithosphere and/or are underlain by thin
lithosphere (Fig. 6). These results suggest that the
surface expression of mantle upwelling may be con-
trolled by the edge of the cratonic lithosphere.
Without further geodynamical modelling however,
it is not possible to say whether this is edge-driven
convection (e.g. the model proposed by King &
Ritsema 2000) or simply rapid changes in litho-
spheric structure influencing the larger-scale
mantle flow field.

Eastern Africa. P- and S-wave tomographic images
(Fig. 7) presented by Bastow et al. (2008) corrobo-
rate a growing body of evidence that Ethiopia is
underlain by a broad (c¢. 500 km wide) low-velocity
zone (Debayle et al. 2001; Grand 2002; Benoit et al.
2006a; Li et al. 2008; Simmons et al. 2009) that
connects to the African Superplume in the lower
mantle. There is no evidence for a narrow
(c. 100-200 km diameter) plume tail beneath Ethio-
pia, as would be expected if a starting plume existed
today. Absolute delay times at permanent station
AAE in Addis Ababa, which indicate the mantle
beneath Ethiopia is among the slowest worldwide
(Poupinet 1979; Bastow et al. 2008), strongly
suggest that high temperatures and partial melt are
necessary to explain the seismic observations. The
inference from these results is that it is reasonable
to suggest that the upper mantle thermal anomaly
is likely to have a significant role in the formation
and support of the Ethiopian Plateau.
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Fig. 5. Comparison of surface-wave models for the African continent. All data are plotted with the same colour
scale and relative to the reference model ak135 (Kennett e al. 1995). Grey lines delineate 2% contour intervals in
velocity perturbation. (a, b) Shear-wave speeds at 100 km and 200 km depth from the regional tomographic study of
Fishwick (2010). (¢, d) Shear-wave speeds at 110 km and 200 km depth extracted from the global tomographic study of
Lebedev & van der Hilst (2008).

Further south in Kenya, low-velocity zones velocity lithosphere, which overlies low-velocity
beneath the EAR are also imaged using body-wave material that extends to at least 400 km depth
seismic tomography (e.g. Achauer & Masson 2002;  (Ritsema et al. 1998). Surface-wave studies
Park & Nyblade 2006). In Tanzania, tomographic  suggest a slightly thinner lithosphere than observed
images illuminate the c¢. 200—300 km deep high- in other cratonic regions (e.g. Weeraratne et al.
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Fig. 6. Estimates of lithospheric thickness from the tomographic model of Fishwick (2010); velocities are converted
to temperatures using the empirical parameterization of Priestley & McKenzie (2006). Red (positive) and blue
(negative) contours show the long-wavelength free-air gravity anomalies from the GRACE data (Tapley

et al. 2005).

2003; Fishwick 2010); shear velocities beneath the
Tanzanian Craton are higher than a global average
to adepth of 150 + 20 km. Beneath Kenya and Tan-
zania there is significant variation in the depth of the
410 discontinuity, indicating potential variation in
mantle temperatures at these depths; for large
regions the estimated depth is 20—40 km deeper
than normal (Nyblade 2011).

The joint inversion of receiver functions and
surface-wave dispersion data also suggests that
there is significant difference in seismic velocities
within the lithospheric mantle beneath Ethiopia
and east Africa. The much slower velocities
beneath Ethiopia suggest that this region has been
affected to a much greater extent by a mantle
thermal anomaly (e.g. Julia et al. 2005; Dugda
et al. 2009). Given the similar domed topography
seen in each region, the effects at lithospheric
depths may be controlled by differences in the pre-
existing lithospheric structure rather than signifi-
cantly different thermal anomalies in the mantle

upwellings. A fundamental question that remains
in east Africa is whether the Turkana Depression
is low simply due to crustal isostasy (e.g. Benoit
et al. 2006b) or whether there are also differences
in mantle upwellings in the region.

Southern Africa. A significant focus of the work on
southern Africa has been to obtain high-resolution
models of the lithospheric structure beneath the
Kaapvaal Craton. For example, array-based tech-
niques using surface waves have been applied to
map fine-scale variation in velocity structure (Li &
Burke 2006; Chevrot & Zhao 2007). Detailed body-
wave tomography has also been performed using the
SASE data (James et al. 2001; Fouch et al. 2004),
indicating the continuation of fast wave speeds
(relative to an unknown background model) to
depths of 300—400 km (Fig. 7). All these models
show heterogeneity within the upper mantle, but
provide little conclusive evidence as to the possible
cause of the elevated topography of southern Africa.
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However, one area of significant debate has been
the existence of any upper mantle low-velocity zone
beneath the Kaapvaal Craton. While the body-wave
tomography suggests fast velocities to >300 km
depth, modelling of triplicated body-wave phases
suggests a distinct low-velocity zone beneath
150 km depth (Wang et al. 2008). Results from
surface-wave analysis show similar discrepancies;
some studies indicate a low-velocity zone is
required to fit dispersion data (e.g. Priestley 1999;
Pedersen et al. 2009); other studies show no
indication of the low-velocity zone but instead
have a change in anisotropy (Freybourger et al.
2001). Recently, Priestley & Tillmann (2009) have
shown that the surface-wave tomography and
body-wave tomography results are not necessarily
incompatible, due to the difficulty of estimating the
absolute velocity variation with depth for the body-
wave models.

Imaging of mantle discontinuities using receiver
functions has also indicated the existence of a low-
velocity zone beneath southern Africa. A number of
studies have placed the depth to this transition of
c. 150 km (e.g. Savage & Silver 2008; Hansen
et al. 2009a, b; Vinnik et al. 2009; Moorkamp
et al. 2010). Whether this discontinuity is the litho-
sphere—asthenosphere boundary or is instead
related to a change in physical properties within
the subcontinental lithospheric mantle remains an
area of debate (see e.g. Fishwick 2010; Rychert
et al. 2010 for further discussion).

If the low-velocity zone beneath the Kaapvaal
is caused by thermal anomalies and thus provides
support to the high topography, then discontinuities
within the MTZ may provide further indications of
the depth extent of any anomaly and links to
whole mantle convection. Using P- and S-receiver
functions, Vinnik et al. (2009) suggest the presence
of a distinct low-S-velocity layer above the 410 km
discontinuity (also observed by Wittlinger & Farra
2007), high attenuation in the upper mantle and a
discontinuity at 450 km depth. Although these fea-
tures were attributed to the effects of plume-like
phenomena in the upper mantle, there was no appar-
ent thinning of the transition zone; the different
arrival times from P660s and P410s phases were
close to those from the IASP91 global reference
model (Vinnik et al. 2009). Stankiewicz et al.
(2002) also investigated the transition zone discon-
tinuities for southern Africa. Beneath Kimberley
the discontinuities were similar to the global
average, while for other sections of the Kaapvaal
Craton the 410 was slightly elevated and the 660
depressed (indicating a slightly cooler mantle temp-
erature than normal; Stankiewicz er al. 2002). It
therefore remains unclear as to whether there is
any present-day thermal support for the high topo-
graphy beneath southern Africa.

Northern, central and western Africa. The limited
number of dense seismic networks makes it difficult
to ascertain the extent of any anomalously high-
temperature mantle underlying the volcanic swells
in northern Africa. Hadiouche & Jobert (1988) indi-
cated an east—west band of low velocities in the
north of the continent; the slowest velocities were
however observed further north than the Hoggar
swell, beneath the Saharan basins and correlating
to the location of high heat-flow measurements
(Lesquer et al. 1990). Recent studies (e.g. Montagner
et al. 2007; Priestley et al. 2008; Sicilia et al. 2008;
Fishwick 2010) indicate low velocities within the
upper mantle (Fig. 5), but do not provide a consistent
view on either the exact location or depth extent.
Due to the resolution limits of fundamental-mode-
dominated surface-wave tomography, body-wave
studies may eventually offer greater insight into the
structure below 300 km depth; however, the lack of
stations is presently a problem. Ayadi et al. (2000)
showed slow upper mantle velocities beneath the
Hoggar swell extending to depths of 300 km in
some places. However, this was interpreted as modi-
fication of the lithospheric mantle rather than evi-
dence of asthenospheric upwelling (Ayadi et al.
2000); the length of the profile also limits the
maximum depth to where there is resolution.
Studies using multiple-bounce body waves have the
potential for good resolution in the upper mantle
and have indicated slow wave speeds beneath
Hoggar throughout the upper mantle (Begg et al.
2009) or, alternatively, very slow wave speeds in
the transition zone (Simmons et al. 2009).

In western Africa, the velocity structure beneath
the Cameroon Volcanic Line was investigated in the
1980s (Dorbath et al. 1986; Plomerova et al. 1993)
and again in a recent seismic experiment (Reusch
et al. 2010). All studies have shown low velocities
in the uppermost mantle beneath the region (e.g.
Fig. 7), although Dorbath er al. (1986) found no
simple correlation with topography. Both Plomer-
ova et al. (1993) and Reusch et al. (2010) attribute
the velocity anomalies in the upper mantle to asthe-
nospheric upwelling. The most recent results
(Fig. 7) show a tabular low-velocity zone extending
to at least 300 km depth which, when combined with
the timing of volcanism in the region, corroborates
the edge-driven convection hypothesis for the
origins of volcanism in the region (Reusch et al.
2010). However, the depth extent of the low-
velocity anomaly has yet to be resolved.

Seismic anisotropy

Seismic anisotropy (the directional dependence of
seismic wave speed) can result from the alignment
of minerals in the crust and mantle, the preferential
alignment of fluid or melt or some combination
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thereof (e.g. Blackman & Kendall 1997). This has
the implication that studies of seismic anisotropy
can place fundamental constraints on the present-
day strain field that characterizes a tectonically
active region; they are also capable of elucidating
the strain field that acted in the past in regions
now seismically and volcanically inactive (fossil
anisotropy). Beneath the deforming plates the
mantle flow field also imparts a seismic anisotropic
fabric, principally due to the lattice preferred orien-
tation (LPO) of anisotropic olivine crystals.

When a shear wave encounters an anisotropic
medium, it splits into two orthogonal shear waves
with one travelling faster than the other. Splitting
can be quantified by the time delay (6f) between
the two shear waves and the orientation (¢) of the
fast shear wave (Silver & Chan 1991). Body-wave
studies (e.g. Kendall et al. 2005) generally have
good lateral resolution, but are limited to regions
with seismic stations. In contrast, surface waves
can be used to investigate seismic anisotropy
along the great circle path between stations.
Surface-wave particle motions decay with depth,
dependent on their wavelength. Their velocity is
therefore period dependent, a characteristic that
can be exploited to resolve velocity as a function
of depth. In tandem, therefore, combined study of
body and surface waves can be used to place
detailed constraints on strain and flow with depth
(e.g. Bastow et al. 2010).

Geodynamic studies that predict mantle flow
patterns (e.g. Forte et al. 2010) inherently make
testable predictions about seismic anisotropy. For
example, a vertically oriented olivine fabric resulting
from a buoyant mantle plume would not be expected
to produce significant shear-wave splitting in verti-
cally propagating SKS phases. On the other hand,
lateral flow of material along the lithosphere—
asthenosphere boundary or aligned olivine at the
base of a moving plate (‘basal drag’) are likely to
be characterized by ¢ measurements parallel to the
direction of flow (although complications do exist in
the relationship between LPO and flow, e.g. Kaminski
& Ribe 2002) and observations of large &t.

Global and continental studies. Given the number
of proposed mantle upwellings beneath the
African plate, the relatively slow horizontal plate
motion and variations in lithospheric thickness, the
mantle flow field at the lithosphere—asthenosphere
boundary is likely to be particularly complicated.
In a global model of azimuthal anisotropy,
Debayle et al. (2005) indicate weak (<1%) aniso-
tropy beneath much of central and southern Africa
at depths of 200 km. Slightly larger values are
observed towards the northern and eastern margin
of the continent. Using the same inversion technique
but on a continent scale, Priestley et al. (2008) also

found similarly low magnitudes of anisotropy at
depths below 150 km. The low magnitude of azi-
muthal anisotropy suggests either weak horizontal
flow or spatially variable anisotropy that shows
no consistent direction when averaged over the
spatial resolution of the surface-wave studies.
However, using surface waves once more but apply-
ing a different methodology, Sebai et al. (2006)
indicate that a general north—south trend in the
fast direction of anisotropy is observed beneath the
continent at depths of 200—300 km away from Afar.

The uncertainties in magnitude and direction of
anisotropy beneath Africa in surface -ave studies
means that comparisons of geodynamical models
with seismic anisotropy have presently focused on
results from shear-wave splitting analyses. Behn
et al. (2004) compare shear-wave splitting measure-
ments at thirteen ocean island stations surrounding
Africa with varying geodynamic models. For
stations away from mid-ocean ridges, the anisotropy
was best explained by a model which incorporated
large-scale upwelling originating in the lower
mantle alongside plate motions (Behn et al. 2004).
Forte et al. (2010) compare both flow direction
and the horizontal component of maximum
stretching from their geodynamic model with SKS
results. While the relationship between either flow
or stretching and the SKS results appears compli-
cated, along the East African Rift there is a very
strong subhorizontal flow field that likely also con-
tributes to observed seismic anisotropy (Forte
et al. 2010).

Eastern Africa. A number of workers have pre-
sented studies of SKS shear-wave splitting along
the East African Rift System (e.g. Kendall et al.
2006; Fig. 8). In Tanzania and Kenya, fast polariz-
ation directions parallel the eastern and western
branches of the rift system that surround the Tanza-
nia Craton (e.g. Gao et al. 1997; Walker et al. 2004).
The strength of seismic anisotropy is much lower in
the south where the rift is least evolved. Measure-
ments away from the rift, from the craton and the
SE part of the EAR extending into the Mozambique
Belt, are somewhat different however (Walker et al.
2004). Beneath the Tanzanian Craton, splitting is
much weaker and oriented in a more east—west
direction parallel to Precambrian structural trends
(e.g. Shackleton 1986). Walker et al. (2004) inter-
pret the splitting patterns in Tanzania in terms of a
number of mechanisms including asthenospheric
flow around a cratonic keel, plume-lithosphere
interactions, pre-existing lithospheric fabric and
melt-induced anisotropy.

Ayele et al. (2004) interpreted splitting measure-
ments in Kenya, Ethiopia and Djibouti in terms of
melt inclusions noting that the magnitude of split-
ting increases from the south to the north, consistent
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Fig. 8. Compilation of SKS shear-wave splitting measurements from the East African Rift (Gao ez al. 1997; Ayele et al.
2004; Gashawbeza et al. 2004; Walker et al. 2004) and southern Africa (Silver et al. 2001). In the inset figure, detailed
splitting observations from the Ethiopia Afar Geoscientific Lithospheric Experiment (EAGLE) experiment are from
Kendall et al. (2005). In both maps, arrows show the orientation of fast shear wave and the length of arrow is
proportional to magnitude of splitting. The bottom figure shows ot as a function of latitude.
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with the expectation that more melt is expected
towards the mature Afar Depression. Building on
this study and later SKS splitting analyses in Ethio-
pia (e.g. Gashawbeza er al. 2004; Kendall et al.
2005, 2006), Bastow et al. (2010) combined analy-
sis of surface and body waves to show that three
mechanisms for anisotropy act beneath the Ethio-
pian rift: periodic thin layering of seismically fast
and slow material in the uppermost c. 10 km;
oriented melt pockets (with aspect ratio c¢. 0.02) at
¢. 20—75 km depth; and olivine LPO in the upper
mantle beneath. The results are explained best by
a model in which low-aspect-ratio melt inclusions
(dykes and veins) are being intruded into an
extending plate during late stage break-up (Bastow
et al. 2010). In conjunction with the results on
crustal structure (see ‘Eastern Africa’ section) these
observations from Ethiopia again show that magma
plays an important role in accommodating strain
during the late stages of continental break-up. In
northern Afar, where the strain field is characterized
by the subaerial Red Sea and Gulf of Aden rifts,
two anisotropic layers are identified in SKS shear-
wave splitting analysis (Gao et al. 2010): the upper
layer, interpreted as WNW-trending dyke intrusions;
and the lower layer with a stronger NE-trending ani-
sotropic fabric, interpreted as LPO due to horizontal
flow in the mantle beneath the extending plate.

The extent to which the mantle beneath east
Africa has a vertical flow component is unclear
from the body-wave studies, because the method
delivers only null measurements when anisotropic
fabrics are perpendicular to the shear-wave particle
motion. However, using data from both Rayleigh
and Love waves, surface-wave studies can estimate
the variation in radial anisotropy (the difference in
velocity between vertically and horizontally propa-
gating shear waves). Montagner et al. (2007) and
Sicilia et al. (2008) find low values of radial aniso-
tropy beneath Afar which, combined with the slow
wave speeds, indicates an upwelling consistent
with geodynamic models that also points towards
a vertical and thus buoyant component of the flow
field. These surface-wave studies also show a
complex pattern of azimuthal anisotropy with sig-
nificant variations of fast direction with depth, not
completely consistent with the SKS results.

Southern Africa. Shear-wave splitting observations
from the SASE experiment in southern Africa
were some of the first to show that Archaean
mantle deformation could be preserved as fossil
mantle anisotropy (Silver et al. 2001): fast polariz-
ation directions systematically follow the trend of
Archaean structures. The most anisotropic regions
are Late Archaean in age (Zimbabwe Craton,
Limpopo Belt, western Kaapvaal Craton), with ot
reducing dramatically in off-craton regions to the
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SW and Early Archaean regions to the SE (Fig. 8).
Silver et al. (2001) also proposed that small or ver-
tically incoherent seismic anisotropy was a likely
explanation for the Early Archaean regions of
southern Africa. In contrast, Freybourger et al.
(2001) modelled the structure beneath the array
using surface-wave data; azimuthal anisotropy com-
patible with the SKS results was not observed
at periods sensitive to lithospheric mantle depths.
Radial anisotropy, with SH faster than SV in the
top 100 km, was however required to fit the data.

Below the thick lithosphere of southern Africa,
one estimate of seismic anisotropy comes from the
detailed analysis of converted phases (Vinnik
et al. 2009); interpretation of these results indicated
a NE fast direction at ¢. 300 km depth. Given the
inferred depth to this anisotropy and correlation
with plate motion, it has been related to deformation
of the base of the lithosphere or an asthenospheric
fabric. In the continental-scale study by Sebai
et al. (2006) radial anisotropy is positive beneath
southern Africa, although the anisotropy extends
to greater depths than in the model of Freybourger
et al. (2001), and the Love wave path coverage is
limited. There is therefore no strong evidence for
vertical upwelling acting as a support for the
southern Africa topographic high.

Northern, central and western Africa. In the rest of
Africa there have been no local-to-regional studies
of seismic anisotropy. Given the evidence for slow
velocities and possible mantle upwelling beneath
the Cameroon Volcanic Line (see ‘Northern,
central and western Africa’ section), detailed
estimates of radial anisotropy could provide funda-
mental constraints on the extent of vertical flow.
Similarly, the geodynamic modelling of Forte
et al. (2010) indicates significant upwelling from a
region termed the West African Superplume.
Further measurements of anisotropy in this region
would improve the understanding of the contri-
bution to topography of the mantle flow fields.

Discussion and outlook

Seismic data can help constrain a number of factors
that are fundamental to the cause and support of
Africa’s topography. Receiver function analysis,
for example, can help constrain crustal thickness
and density variations. These in turn are essential
to appreciate what proportion of the observed
topography is isostatically compensated. Mantle
velocities, revealed using seismic tomography, are
readily interpreted in terms of temperature vari-
ations and buoyancy. Coupled with measurements
of seismic anisotropy, which place constraints on
the direction of mantle flow, these observations
help to identify regions where topography is
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dynamically supported. With the inclusion of
receiver function study of the mantle transition
zone, seismological observations can also be used
to link some regions of high topography and
recent volcanism to upwellings that originate in
the lower mantle. Given constraints on topography
on the LAB, the geodynamicist can also constrain
more subtle effects on topography from edge-driven
mantle convection; this level of investigation is
however only possible via a suite of seismological
observations.

We now know from global-to-regional seismic
tomographic inversions that the mantle beneath
eastern and southern Africa is characterized by a
broad low-velocity zone that extends from the
core mantle boundary beneath southern Africa and
impinges on the LAB somewhere in the region of
Ethiopia. Geodynamic and seismic studies (e.g.
Lithgow-Bertelloni & Silver 1999; Gurnis et al.
2000; Daradich et al. 2003; Simmons et al. 2007,
Forte et al. 2010) each show that the mantle flow
field is important in explaining the first-order super-
swell topography. Detailed correlations of dynamic
topography, however, require a calculation of the
isostatically compensated topography. Nyblade &
Robinson (1994) used average elevation on the
continents and the expected bathymetry to estimate
the residual topography for the African superswell,
and this residual was matched in the studies of
Lithgow-Bertelloni & Silver (1999) and Gurnis
et al. (2000). The recent seismic tomography of
Simmons et al. (2009) and geodynamic modelling
of Forte et al. (2010) use estimates of dynamic topo-
graphy as a constraint on their models. In these cases
the isostatic topography is estimated from the
Crust2.0 model (Bassin et al. 2000).

Figure 3 shows that when compared to the rela-
tively smooth continent-scale crustal model of
Pasyanos & Nyblade (2007) derived using surface-
wave data, Crust2.0 provides very different a
priori constraints on crustal structure. The model
of Pasyanos & Nyblade (2007) for example shows
generally thicker crust in the southern half of the
African continent, as might be expected due to the
high topography. This bimodality in crustal thick-
ness is not, however, observed in Crust2.0 (Bassin
et al. 2000). Fortunately, the ever-growing body
of literature reporting on regional variations in
crustal thickness in Africa means that future geo-
dynamic models should be able to place tighter a
priori constraints on the crust.

Despite these uncertainties at a continental scale,
dense seismic networks have successfully improved
our understanding of regional topographic variation.
In Ethiopia, for example, where controlled-source
(e.g. Keranen et al. 2004; Maguire et al. 2006)
and passive-source seismic study (e.g. Dugda
et al. 2005; Daly et al. 2008) provides detailed

constraints on the structure across the EAR, model-
ling of the gravity field has been successful in
resolving fine-scale variations in crustal density
(e.g. Cornwell et al. 2006; Mickus et al. 2007). A
well-resolved crust has led to a better-understood
mantle: the observed low-density buoyant upper
mantle (e.g. Bastow et al. 2008) is required
beneath the under-plated uplifted Ethiopian
Plateau and the Main Ethiopian Rift (MER) in
order to account for the long-wavelength features
of the gravity field (Cornwell et al. 2006). Consist-
ent with these observations, thermochronological
analysis of incision rates on the Ethiopian Plateau
point strongly towards a mantle contribution to the
observed plateau uplift (e.g. Pik et al. 2008).

While significant progress has been made in
eastern Africa in understanding topography (see
also Nyblade 2011), several challenges remain.
Many tomographic studies provide only relative
measures of seismic velocity because they invert
relative and not absolute arrival-time data (e.g.
Bastow et al. 2005, 2008; Benoit et al. 2006c;
Park & Nyblade 2006). Linkage of these low-
velocity zones to the lower mantle is also unclear
from receiver function analyses of 410 and
660 km discontinuities that do not, as yet, confi-
dently identify broad regions where the transition
zone is thinned due to elevated temperatures.
Despite these and other remaining questions in
east Africa, given the number of seismic exper-
iments and interdisciplinary studies it is perhaps
unsurprising that eastern Africa is now the best
understood region of the continent.

Elsewhere, correlations between seismic results
and topography are often unclear. In southern
Africa, for example, local crustal thickness vari-
ations within the Kaapvaal Craton are not matched
by changes in topography (Webb er al. 2004;
Yang et al. 2008). Furthermore, the cause and
extent of the observed upper mantle low-velocity
zone remains ambiguous (e.g. Savage & Silver
2008; Hansen et al. 2009b), and the observations
within the MTZ do not indicate a present-day link
to the underlying superplume (Stankiewicz et al.
2002). Recent geodynamic models that incorporate
chemical heterogeneity to the mantle density field
also find no present-day dynamic uplift beneath
much of southern Africa (Forte et al. 2010).
There remains no single, unambiguous explanation
for the broad region of high topography in southern
Africa.

Many of the smaller-scale topographic features
(Fig. 1) such as the volcanic swells of north
Africa, the Atlas Mountains, the Cameroon Volca-
nic Line and the swells around the margin of
southern Africa are underlain by low velocities in
the uppermost mantle (e.g. King & Ritsema 2000;
Montagner et al. 2007; Al-Hajri et al. 2009;
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Reusch et al. 2010; Fig. 5). These topographic fea-
tures are often located close to abrupt changes in
lithospheric thickness (e.g. Priestley et al. 2008;
Fishwick 2010; Fig. 6) and edge-driven convection
may therefore influence topography in these regions
(King & Ritsema 2000; Reusch et al. 2010). Alter-
natively, these rapid variations in lithospheric thick-
ness could act as a guide to the larger-scale mantle
flow, focusing upwellings at the margin of cratonic
regions.

As the volume of seismic data from Africa con-
tinues to increase many of these issues will be
addressed, adding fundamental new constraints to
future generations of geodynamic models. To con-
clude, we highlight a number of key seismic obser-
vations and methodologies that will be particularly
important in establishing improved links between
seismological and topographic variations.

(1) Continent-wide high-resolution measure-
ments of crustal thickness and density are
required for accurate quantification of
Africa’s isostatically compensated topogra-
phy. This goal will be achieved best via
receiver function analysis at future dense
deployments across the continent, although
improved surface-wave studies will also
help. Residual topography, in the absence of
compressional tectonics, can then be attribu-
ted more confidently to mantle effects.

(2) In order to understand the effects of the mantle
in dynamically supporting topography, imp-
roved tomographic images of mantle structure
will be required. The development of techniques
to estimate absolute velocities from regional
body-wave studies to replace the present gen-
eration of relative arrival-time models will
help constrain physical properties (density,
viscosity, etc.) of the mantle more accurately.

(3) Ray tracing through these updated 3D
tomographic models, rather than a 1D Earth
model, will help remove the effects of upper
mantle heterogeneity and thus sharpen
migrated images of the transition zone
revealed by receiver function analysis. The

Appendix
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resulting maps of P660s-P410s will sub-
sequently help identify uplifted and volcani-
cally active regions where upper-mantle low
velocities are sourced from the lower mantle.
(4) Understanding small-scale convection patterns
in the asthenosphere can be appreciated only
when variations in lithospheric thickness are
constrained better from combined surface
wave and receiver function study. These
lateral variations in lithospheric structure then
need to be incorporated in future generations
of geodynamic models. The related lateral
changes in temperature, density and, particu-
larly, viscosity may have profound implications
for the flow regime in the uppermost mantle.
(5) Estimates of seismic anisotropy become
increasingly important to validate the geo-
dynamical modelling. Improved resolution of
Love wave velocities is needed to determine
shorter-wavelength features of radial aniso-
tropy. Shear-wave splitting measurements
provide short-length-scale constraints on the
direction of the flow field, and concurrent ana-
lyses of these data with estimates of azimuthal
anisotropy from surface waves will help separ-
ate lithospheric and asthenospheric contri-
butions to the observations. The latter will
provide benchmark constraints for future geo-
dynamic models that predict the flow field.

It is clear that while seismic studies can provide a
number of important constraints, it is only through
the integration of many areas of Earth sciences
that a full understanding of Africa’s varied topogra-
phy will emerge.

All those involved in African seismic deployments must
be acknowledged, as without them there would be no
data and no results to review. We are grateful to
A. Reusch for providing images from her Cameroon tomo-
graphic study. M. Pasyanos and S. Lebedev are also
thanked for providing datasets from their tomographic
studies for inclusion in the manuscript. Two anonymous
reviewers and editor S. Buiter provided comments that
helped focus the contribution. IB is funded by a Lever-
hulme Trust Early Career Fellowship.

Table Al. Compilation of Moho depth estimates from receiver functions and joint inversion of receiver

functions and surface-wave dispersion data (see Fig. 4)

Southern Africa

Southern Africa

Station Latitude Longitude Depth (km) Station Latitude Longitude Depth (km)
SA01 —34.29 19.25 26°, 30.0° SA53 —24.11 29.33 43*
SA02 —33.74 20.27 44°, 38.5¢ SA54 —23.72 30.67 35.5% 38.0°

(Continued)
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Table Al. Continued

Southern Africa Southern Africa

Station Latitude Longitude Depth (km) Station Latitude Longitude Depth (km)

SA03 —33.66 21.34 36-44°, 48.7° SAS5 —22.98 28.3 43 42.7°

SA04 —32.85 19.62 25.5%, 36-44° SA56 —23.01 29.07 43% 41.7°

SA05 —32.61 21.54 25.5%, 40-45° 44.1° SA57 —2298 30.02 40.5%, 40.3¢

SA07 —31.98 20.23 41-46°, 46.2° SA58 —23.52 31.4 43.7°

SA08 —31.91 22.07 50P, 49.3¢ SA59 —24.84 24.46 40.5% 41.0°

SA09 —30.92 22.99 387, 46", 47.6° SA60 —23.85 24.96 40.5%, 41.1°

SA10 —30.97 2391 33.0%, 45.5%, SA61 —23.95 24.02 43% 43.2°
42-46°, 46.8°

SAll —29.97 20.95 40.5% 41.4° SA62 —24.85 25.14 40.5% 41.3¢

SA12 —29.85 22.25 43.9¢ SA63 —23.66 26.08 43%, 42.3°

SA13 —29.98 23.14 35.5% 35.9° SA64 —2297 26.2 40.5% 41.2¢

SAl4 —29.87 24.02 337, 34.2° SA65 —22.82 27.22 40.5%, 43.0°

SA15 —29.9 25.03 35.5% 36.4° SA66 —21.9 26.37 38.0% 48.0%, 46.9°

SA16 —28.95 222 40.5%, 34.7° SA67 —21.89 27.27 45.5%

SA17 —28.93 23.23 35.5% 38.0° SA68 —21.95 28.19 45.5%, 50.3¢

SA18 —28.63 24.31 35.5% 36.5° SA69 —2231 29.27 52.6°

SA19 —28.91 24.83 35.5% 36.6° SA70 —21.09 26.34 50.5% 51.6°

SA20 —29.02 26.2 35.5% 36.4° SA71 —20.93 27.14 43%, 43.6°

SA22 —27.97 22.01 35.5% 48.0* SA72 —20.14 28.61 35.5% 37.7°

SA23 —27.93 23.41 40.5%, 40.4° SA73 —21.85 30.28 35.5% 45.5%, 49.6°

SA24 —27.88 24.24 38, 38.4° SA74 —21.92 30.93 40.5%, 42.2¢

SA25 —27.85 25.13 38 37.8° SA75 —20.86 29 37.5% 39.0°

SA26 —27.55 26.18 37.5% 39.1° SA76 —20.64 29.85 35.5% 36.5°

SA27 —27.86 27.29 37.5% 39.1° SA77 —20.76 30.92 387, 39.0°

SA28 —27.9 28.07 37.5% 37.4° SA78 —19.47 30.77 35.5% 37.2°

SA29 —26.93 23.04 35.5% 35.8° SA79  —20.02 30.52 37.5% 37.7°

SA30 —27.07 24.17 35.5% 36.6° SA80 —19.96 31.32 35.5% 37.5°

SA31 —27 25.02 38", 38.5¢ SA81 —30.93 21.27 339, 42-46°, 46.6°

SA32 —26.87 26.28 37.5% 38.9° SA82 —30.98 22.25 42-48°, 49.1°

SA33 —26.9 27.18 37.5% 37.6° POGA —27.35 31.71 33.0% 40.5%

SA34 —26.8 28.1 35.5% 37.5° HVD —30.61 25.5 35.5°

SA35 —27.02 29.09 40.5%, 39.6° SEK —28.32 27.63 37.5°

SA36 —26.88 30.13 389, 36.5° MOPA —23.52 314 35.5% 43.0"

SA37 —25.97 23.72 33% 34.6° Swz —27.18 25.33 38?

SA38 —25.93 25.09 38%, 39.2¢ UPI —28.36 21.25 40.5%

SA39 —-259 26.15 40.5% 41.7° CVNA —31.48 19.76 28"

SA40 —25.9 27.15 43 44.5° GRM —33.31 26.57 28.0%, 35.5%

SA42 —25.67 29.22 38% 42.0° BB02 —28.38 24.59 40.5*

SA43 —25.79 30.07 35.5% 43.0%, 43.3° BB08 —28.43 24.63 35.5°

SA44 —26.03 30.9 25.5%,40.5% 41.2° BB14 —28.54 24.68 38"

SA45 —24.88 26.16 45.5% 43.8° BB24 —28.62 24.63 35.5°

SA46 —24.84 27.11 40.5%,39.4° BB31 —28.79 24.93 35.5%

SA47 —24.85 28.16 45.5% 48.9° BOSA —28.61 25.56 35.5% 35.8°

SA48 —24.9 29.22 45.5%, 45.2° LBTB —25.02 25.6 43" 41.4°

SA49 —24.96 30.31 389, 53.5° SUR —32.38 20.81 35.5% 42-46, 49.2°

SAS0 —23.87 27.17 389, 39.7°

SA51 —23.86 28.16 43? 48.9°

SA52 —23.8 28.9 38%, 39.7°

Western Africa Eastern Africa

Station Latitude Longitude Depth (km) Station Latitude Longitude Depth (km)

CMO1 2.39 9.83  28¢ NYAN 021 3045  32°

CMO02 2.7 13.29 43¢ RUBO 0.34 30.04 21°

CMO03 3.52 15.03 43¢ RUGA  —0.26 30.1 38°

CMO04 2.98 11.96 45.5¢ RWEB 0.32 30.49 32°

CMO05 2.94 9.91 28¢ SEML 0.91 30.36 34°

(Continued)
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Table Al. Continued
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Western Africa

Eastern Africa

Station Latitude Longitude Depth (km) Station Latitude Longitude Depth (km)
CMO06 239 1127  455¢ SEMP 0.84 3017 27°
CMO07 3.87 1146 43¢ ANGA -25 36.8 39f
CMO09 4.23 933 2559 4054 KAKA 0.56 34.8 37"
CM10 422 1062 38 KITU —1.37 38 40°
CMI11 398 13.19  48¢ KMBO —1.13 3725 41°
CMI12 4.48 11.63 38 KR42 0.04 3573 38f
CM13 4.59 946  28¢ NAL -237 36.8 42f
CM15 5.03 993  33¢ TALE 0.98 3498  38f
CM16 5.48 1057 3559 BASO —432 3514  41%
CM17 5.55 1231 3559 MBWE —496 3435  37%
CM18 5.72 936  30.5¢ MITU —6.02 3406 38
CM19 5.98 1123 3559 MTAN  —7.91 3332 378
CM20 6.23 10.05 339 MTOR —525 354 382
CM21 6.47 1262 3559 PUGE —4.72  33.18 37®
CM22 6.48 1327 355¢ RUNG —6.94 3352 428
CM23 6.37 10.79 4059 SING —4.64 3473 378
CM24 6.52 1429 3559 HALE —53 38.62 398
CM25 6.76 11.81 389 KIBA —532 3657  36°
CM26 7.27 13.55  33¢ KIBE —538 3748 372
CM27 7.36 1267 3559 KOMO —384 3672  36°
CM28 8.47 1324 3059 KOND —49 35.8 378
CM29 9.35 1339 2559 LONG -273 367 378
CM30 9.76 13.95  28¢ TARA —389 3602  37¢
CM31 10.33 1526 3059 GOMA  —4.84  29.69 448
CM32 10.62 1437 339 INZA —5.12 304 428
PAND —898 3324 358
BURO 086  30.17  24°
ITOJ 0.84 3023  21°
KABA 078  30.13  24°
KABE 0.87 3047  34°
KABG 0.63  30.65  30°
KAGO 0.68 3046  32°
KARA 0.09 299 28°
KARU 079 3022  21°
KASE —-003  30.15  30°
KASS 0.57 3031  24°
KILE 0.21 3001 22°
KISA 059 3074  30°
KMTW 074 3038  30°
MBAR  —0.6 3074 300, 33
MIRA 0.66 3057  29°
MWEY —0.19 299 28°
NGIT 0.64 3003  25°
Ethiopia Ethiopia
Station Latitude Longitude Depth (km) Station Latitude Longitude Depth (km)
ADEE 779 3991 376" AAUS 904 3877 37
ADUE 854 389 33.9" ARBA 607 3756 30
AMME 8.3 39.09  37.6" BELA 6.93 3847  38f
ANKE 959 3973 376" BIRH 9.67 3953  41f
AREE 893 3942 336" DMRK 1031 3773 41
ASEE 797  39.13 382" GOBA 7.03 3998  42f
AWAE 899  40.17  36.0" GUDE 8.97 3777 365
BEDE 891 4077 419" HERO 7.03 3928  42°

(Continued)
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Table Al. Continued

Ethiopia Ethiopia
Station Latitude Longitude Depth (km) Station Latitude Longitude Depth (km)
BORE 873 3955 320" HIRN 922 4111 41f
BUTE 8.12 3838 320" HOSA 756 3786 37
CHAE 931 3876  40.7" JIMA 768 3683 36
DIKE 8.06 3956  42.6" KARA 1042 3994  44f
DZEE 878 39 38.4" NAZA 857 3929 27
FURI 8.9 36.69  37.4%37.4" NEKE 9.09 3652 34
GTFE 899 3984 314 SELA 797  39.13  27°
INEE 9.9 39.14 407" WANE  10.17 4065 30
HIRE 922 4111 394" WASH 899  40.17 35
KARE 1042 3994 438" WELK 8.3 3778 33f
KOTE 939 394 457" BAHI 1157 3739 44
LEME 8.61 3861 333" CHEF 6.16 3821 37
MECE 859 4032 376" DELE 844 3633 36
MELE 931 402 35.0" DIYA 1183  39.6 37
MIEE 924 4076 350" TEND 1179 41 25
NURE 8.7 39.8 32.6" TERC 715 3718  34°
SENE 9.15  39.02 419" 1179 8.85 3924 358
SHEE 10 39.9 35.9" 1246 8.5 39.57 382
E31 878  39.86 354" 1266 836  39.67 355
E32 8.85  40.01 352" 1281 825 397 36.4!
E33 893 3993 355" 1296 8.13 3972 386
E34 7.21 38.6 38.9" 1306 8.05  39.69  40.1
E35 9.13  40.17 343" 1324 793 3975 411
E36 9.11 4001 350" 1333 787 3981 410!
E40 936 4022 350" 1337 785 3984 404
E50 827 395 36.9" 1351 778 3994 389
E51 815 3935 386" 1373 771 4014 375
E52 8.14 3924 386" 1400 738 4017 388
E55 8.3 3895 383" E59 871 3935 323
E57 859  39.13 373"

E64 857 3929 336"

E67 838  39.68  37.0"

E70 8.88  39.15 357"

E71 8.69 389 33.9"

E72 849 3983 384"

E76 773 3865 402"

E79 764 3872 392"

“Kgaswane et al. (2009); hHarvey et al. (2001); “Nair et al. (2006); dTokam et al. (2010); *Wolbern et al. (2010); fDugda etal. (2005); ELast

et al. (1997); "Stuart et al. (2006); ‘Cornwell ez al. 2010.

References

ACHAUER, U. & MassoN, F. 2002. Seismic tomography of
continental rifts revisited: from relative to absolute
heterogeneities. Tectonophysics, 358, 17-37.

AL-HAIR1, Y., WHITE, N. & FISHWICK, S. 2009. Scales of
transient convective support beneath Africa. Geology,
37, 883-886.

ARMITAGE, J. J. & ALLEN, P. A. 2010. Cratonic basins and
the long-term subsidence history of continental interiors.
Journal of the Geological Society, London, 167, 61-70.

AsHwWAL, L. D. & BURKE, K. 1989. African lithospheric
structure, volcanism, and topography. Earth and Pla-
netary Science Letters, 96, 8—14.

AvADI, A., DOrRBATH, C., LESQUER, A. & BEZZEGHOUD,
M. 2000. Crustal and upper mantle velocity structure

of the Hoggar swell (Central Sahara), Algeria.
Physics of the Earth and Planetary Interiors, 118,
111-123.

AYALEW, D., BARBEY, P., MARTY, B., REISBERG, L.,
YirGu, G. & Pik, R. 2002. Source, genesis, and
timing of giant ignimbrite deposits associated with
Ethiopian continental flood basalts. Geochimica et
Cosmochimica Acta, 66, 1429—1448.

AYELE, A., STUART, G. & KENDALL, J.-M. 2004. Insights
into rifting from shear wave splitting and receiver func-
tions; an example from Ethiopia. Geophysical Journal
International, 157, 354-362.

BassIN, C., LASKE, G. & MASTERS, G. 2000. The current
limits of resolution for surface wave tomography in
North America. Eos, Transactions, American Geophy-
sical Union, 81, F897.



366 S. FISHWICK & 1. D. BASTOW

Bastow, I. D., StuarT, G. W., KENDALL, J. M. &
EBINGER, C. J. 2005. Upper-mantle seismic structure
in a region of incipient continental breakup: northern
Ethiopian rift. Geophysical Journal International,
162, 479-493.

Bastow, 1. D., NYBLADE, A. A., STUART, G. W., ROONEY,
T. O. & Benorr, M. H. 2008. Upper mantle seismic
structure beneath the Ethiopian hotspot: rifting at the
edge of the African low velocity anomaly. Geochemis-
try, Geophysics, Geosystems, 9, Q12022, doi: 10.1029/
2008GC002107.

Bastow, 1. D., PiLipou, S., KENDALL, J. M. & STUART,
G. W. 2010. Melt-induced seismic anisotropy and
magma assisted rifting in Ethiopia: evidence from
surface waves. Geochemistry, Geophysics, Geosys-
tems, 11, QOABOS, doi: 10.1029/2010GC003036.

Bastow, I. D., KEIR, D. & DALy, E. 2011. The Ethiopia
Afar  Geoscientific ~ Lithospheric ~ Experiment
(EAGLE): probing the transition from continental
rifting to incipient sea floor spreading. In: BECCALUVA,
L., BiIANCHINI, G. & WILSON, M. (eds) Volcanism and
Evolution of the African Lithosphere. Geological
Society of America, Special Papers, 478, 51-76.

BEGG, G. C., GRIFFIN, W. L. ET AL. 2009. The lithospheric
architecture of Africa: seismic tomography, mantle
petrology and tectonic evolution. Geosphere, S,
23-50.

BEHN, M. D., CONRAD, C. P. & SILVER, P. G. 2004. Detec-
tion of upper mantle flow associated with the African
Superplume. Earth and Planetary Science Letters,
224, 259-274.

BeNoIT, M., NYBLADE, A., OWENS, T. & STUART, G.
2006a. Mantle transition zone structure and upper
mantle S velocity variations beneath Ethiopia: evi-
dence for a broad, deep-seated thermal anomaly. Geo-
chemistry, Geophysics, Geosystems, 7, Q10113, doi:
10.1029/2006GC001398.

BENOIT, M., NYBLADE, A. & PASYANOS, M. 2006b. Crustal
thinning between the Ethiopian and East African
Plateaus from modeling Rayleigh wave dispersion.
Geophysical Research Letters, 33, L13301, doi:
10.1029/2006GL025687.

BENOIT, M., NYBLADE, A. & VANDECAR, J. 2006¢. Upper
mantle P wavespeed variations beneath Ethiopia and
the origin of the Afar hotspot. Geology, 34, 329-332.

Bina, C. R. & HELFFRICH, G. 1994. Phase transition Cla-
peyron slopes and transition zone seismic discontinuity
topography. Journal of Geophysical Research, 99,
15853-15860.

BLACKMAN, D. & KENDALL, J. M. 1997. Sensitivity of
teleseismic body waves to mineral texture and melt
in the mantle beneath a mid-ocean ridge. Philosophical
Transactions of the Royal Society, London, 355,
217-231.

BRrAUN, J. 2010. The many surface expressions of mantle
dynamics. Nature Geoscience, 3, 825—833.

BrownN, R. W., SUMMERFIELD, M. A. & GLEADOW,
A. J. W. 2002. Denudational history along a transect
across the Drakensberg Escarpment of southern
Africa derived from apatite fission-track thermochro-
nology. Journal of Geophysical Research, 107, doi:
10.1029/2001JB000745.

BUITER, S. J. H., PFIFFNER, O. A. & BEAUMONT, C. 2009.
Inversion of extensional sedimentary basins: a

numerical evaluation of the localisation of shorten-
ing. Earth and Planetary Science Letters, 288,
492-504.

BURKE, K. 1996. The African plate. South African Journal
of Geology, 99, 341-409.

CARLSON, R. W., GrRoVE, T. L., bDE WIT, M. J. & GURNEY,
J. J. 1996. Anatomy of an Archean craton: a program
for interdisciplinary studies of the Kaapvaal Craton,
southern Africa. Eos, Transactions, American Geophy-
sical Union, 77, 273-277.

CHEVROT, S. & ZHAO, L. 2007. Multiscale seismic tom-
ography finite-frequency Rayleigh wave tomography
of the Kaapvaal craton. Geophysical Journal Inter-
national, 169, 201-215.

CORNWELL, D. G., MACKENZIE, G. D., ENGLAND, R. W.,
MAGUIRE, P. K. H., Asraw, L. M. & OrLuma, B.
2006. Northern Main Ethiopian Rift crustal structure
from new high precision gravity data. In: YIRGU, G.,
EBINGER, C. J. & MAGUIRE, P. K. H. (eds) The Afar
Volcanic Province within the East African Rift
System. Geological Society, London, Special Publi-
cations, 256, 307-321.

CORNWELL, D. G., MAGUIRE, P. K. H., ENGLAND, R. W. &
STUART, G. W. 2010. Imaging detailed crustal structure
and magmatic intrusion across the Ethiopian rift using
a dense linear broadband array. Geochemistry, Geo-
physics, Geosystems, 11, QOABO03, doi: 10.1029/
2009GC002637.

COULIE, E., QUIDELLEUR, P. Y., GILLOT, P. Y., COURTIL-
LOT, V., LEFEVRE, J. C. & CHIESA, S. 2003. Compara-
tive K—Ar and Ar—Ar dating of Ethiopian and
Yemenite Oligocene volcanism: implications for
timing and duration of the Ethiopian traps. Earth and
Planetary Science Letters, 206, 477—-492.

CRrosBY, A., FisHwick, S. & WHITE, N. 2010. Structure
and evolution of the intracratonic Congo Basin. Geo-
chemistry, Geophysics, Geosystems, 11, Q06010, doi:
10.1029/2009GC003014.

DaLy, E., KEIrR, D., EBINGER, C. J., STuArT, G. W,
Bastow, I. D. & AYELE, A. 2008. Crustal tomographic
imaging of a transitional continental rift: the Ethiopian
rift.  Geophysical ~ Journal International, 172,
1033-1048.

DaLy, M. C., LAWRENCE, S. R., DIEMU-TsHIBAND, K. &
MaATtouaNa, B. 1992. Tectonic evolution of the
Cuvette Centrale, Zaire. Journal of the Geological
Society, London, 149, 539—546.

DARADICH, A., MITROVICA, J., PYSKLYWEC, R., WILLETT,
S. & ForTE, A. 2003. Mantle flow, dynamic topogra-
phy, and rift-flank uplift of Arabia. Geology, 31,
901-904.

DE WiT, M. 2007. The Kalahari Epeirogeny and climate
change: dfferentiating cause and effect from core to
space. South African Journal of Geology, 110,367 -392.

DEBAYLE, E., LEVEQUE, J.-J. & CARA, M. 2001. Seismic
evidence for a deeply rooted low-velocity anomaly in
the upper mantle beneath the northeastern Afro/
Arabian continent. Earth and Planetary Science
Letters, 193, 423-436.

DEBAYLE, E., KENNETT, B. L. N. & PRIESTLEY, K. 2005.
Global azimuthal seismic anisotropy: the unique plate-
motion of Australia. Nature, 433, 509-512.

DORBATH, C., DORBATH, L., FAIRHEAD, J. D. & STUART,
G. W. 1986. A teleseismic delay time study across the



SEISMIC STUDIES OF AFRICA

Central African Shear Zone in the Adamawa region of
Cameroon, West Africa. Geophysical Journal of the
Royal Astronomical Society, 86, 751-766.

Doucourg, C. M. & peE Wir, M. J. 2003. Old inherited
origin for the present near bimodal topography of
Africa. Journal of African Earth Sciences, 36,371 -388.

DownNEY, N. J. & Gurnis, M. 2009. Instantaneous
dynamics of the cratonic Congo basin. Journal of
Geophysical Research, 114, B06401, doi: 10.1029/
2008JB006066.

DucGpA, M. T., NYBLADE, A. A., JULIA, J., LANGSTON,
C.A., AMMON, C. A. & Simivu, S. 2005. Crustal struc-
ture in Ethiopia and Kenya from receiver function
analysis: implications for rift development in eastern
Africa. Journal of Geophysical Research, 110,
B01303, doi: 10.1029/2004JB003065.

DUGDA, M. T., NYBLADE, A. A. & JULIA, J. 2009. S-wave
velocity structure of the crust and upper mantle beneath
Kenya in comparison to Tanzania and Ethiopia:
implications for the formation of the East African
and Ethiopian plateaus. South African Journal of
Geology, 112, 241-250.

EBINGER, C. J. & SLEEP, N. H. 1998. Cenozoic magmatism
throughout east Africa resulting from impact of a
single plume. Nature, 395, 788-791.

EBINGER, C., BECHTEL, T., ForsyTH, D. & BowiN, C.
1989. Effective elastic plate thickness beneath the
East African and Afar plateaus and dynamic compen-
sation of the uplifts. Journal of Geophysical Research,
94, 2883-2901.

FauL, U. H. & JacksoN, 1. 2005. Seismic signatures of
temperature variations in the upper mantle. Earth and
Planetary Science Letters, 234, 119—134.

FisHwick, S. 2010. Surface wave tomography: imaging of
the lithosphere asthenosphere boundary beneath
central and southern Africa. Lithos, 120, 63-73.

ForTE, A., QUERE, S., MoucHA, R., SIMMONs, N. A,
GRAND, S. P., MiTROVICA, J. X. & ROWLEY, D. B.
2010. Joint seismic-geodynamic-mineral physical
modelling of African geodynamics: a reconciliation
of deep-mantle convection with surface geophysical
constraints. Earth and Planetary Science Letters,
295, 329-341.

FoucH, M. J., JAMES, D. E., VANDECAR, J. C., VAN DER
LEE, S. & KAAPVAAL SEISMIC GROUP. 2004.
Mantle seismic structure beneath the Kaapvaal and
Zimbabwe Cratons. South African Journal of
Geology, 107, 33—44.

FREYBOURGER, M., GAHERTY, J. B., JorDAN, T. H. & THE
KAAPVAAL SEISMIC GROUP. 2001. Structure of
the Kaapvaal craton from surface waves. Geophysical
Research Letters, 28, 2489—-2492.

FRrRIZON DE LAMOTTE, D., SAINT BEZAR, B., BRACENE, R.
& MERCIER, E. 2000. The two main steps of the Atlas
building and geodynamics of the western Mediterra-
nean. Tectonics, 19, 740-761.

FULLEA, J., FERNANDEZ, M., ZEYEN, H. & VERGES, J.
2007. A rapid method to map the crustal and litho-
spheric thickness using elevation, geoid anomaly and
thermal analysis. Application to the Gibraltar Arc
System, Atlas Mountains and adjacent zones. Tectono-
physics, 430, 97-117.

FurmaN, T., Brycg, J.,, HanaN, B., Yircu, G. &
AYALEW, D. 2006. Heads and tails: 30 Million years

367

of the Afar plume. /n: YIRGU, G., EBINGER, C. J. &
MAGUIRE, P. K. H. (eds) The Afar Volcanic Prov-
ince within the East African Rift System. Geolog-
ical Society, London, Special Publications, 259,95-119.

GANI, N., GANI, M. & ABDELSALAM, M. 2007. Blue Nile
incision on the Ethiopian Plateau: pulsed plateau
growth, Pliocene uplift, and hominin evolution. GSA
Today, 17, 4—11.

GAo, S., Davis, P. ET AL. 1997. SKS splitting beneath the
continental rift zones. Journal of Geophysical
Research, 102, 22781-22797.

Gao, S. S., Liu, K. H. & ABDELSALEM, M. G. 2010.
Seismic anisotropy beneath the Afar Depression
and adjacent areas: implications for mantle flow.
Journal of Geophysical Research, 115, B12330, doi:
10.1029/2009JB007141.

GASHAWBEZA, E., KLEMPERER, S., NYBLADE, A., WALKER,
K. & KERANEN, K. 2004. Shear wave splitting in
Ethiopia: Precambrian mantle anisotropy locally modi-
fied by Neogene rifting. Geophysical Research Letters,
31, L18602, doi: 10.1029/2004GL020471.

GEORGE, R., ROGERS, N. & KELLEY, S. 1998. Earliest mag-
matism in Ethiopia: evidence for two mantle plumes
in one continental flood basalt province. Geology, 26,
923-926.

GIRESSE, P. 2005. Mesozoic—Cenozoic history of the
Congo Basin. Journal of African Earth Sciences, 43,
301-315.

GOES, S., CAMMARANO, F. & HANSEN, U. 2000. Shallow
mantle temperatures under Europe from P and S
wave tomography. Journal of Geophysical Research,
105, 11153-11169.

GRrAND, S. P. 2002. Mantle shear-wave tomography and
the fate of subducted slabs. Philosophical Transactions
of the Royal Society, 360, 2475-2491.

GURNIS, M., MITROVICA, J. X., RITSEMA, J. & VAN HEDLIST,
H. J. 2000. Constraining mantle density structure using
geological evidence of surface uplift rates: the case of
the African superplume. Geochemistry, Geophysics,
Geosystems, 1, 1020, doi: 10.1029/1999GC000035.

HapIoUCHE, O. & JOBERT, N. 1988. Geographical distri-
bution of surface-wave velocities and 3D upper
mantle structure in Africa. Geophysical Journal Inter-
national, 95, 87—-109.

HaNka, W., YuaN, X., KIND, R., WACKERLE, R., WYLE-
GALLA, K., Bock, G. & TrRuMBULL, R. 2000. First
insights to upper mantle structure under the Damara
Belt Namibia, from receiver function study. Eos,
Transactions, American Geophysical Union Sup-
plement, Fall Meeting Abstracts, F831.

HANSEN, S. E., NYBLADE, A. A. & JULIA, J. 2009a. Esti-
mates of crustal and lithospheric thickness in sub-
saharan Africa from S-wave receiver functions. South
African Journal of Geology, 112, 229-240.

HANSEN, S. E., NYBLADE, A. A., JULIA, J., DIrRkS, P. H. G.
M. & DuURRrRHEIM, R. J. 2009b. Upper-mantle low-
velocity zone structure beneath the Kaapvaal craton
from S-wave receiver functions. Geophysical Journal
International, 178, 1021-1027.

HARTLEY, R. & ALLEN, P. A. 1994. Interior cratonic basins
of Africa: relation to continental breakup and role of
mantle convection. Basin Research, 6, 95—-113.

HARVEY, J. D., DE WIT, M. J., STANKIEWICZ, J. & Dou-
COURE, C. M. 2001. Structural variations of the crust



368 S. FISHWICK & 1. D. BASTOW

in the Southwestern Cape, deduced from seismic recei-
ver functions. South African Journal of Geology, 104,
231-242.

HEINE, C., MULLER, R. D., STEINBERGER, B. & TORSVIK,
T. H. 2008. Subsidence in intracontinental basins
due to dynamic topography. Physics of the Earth and
Planetary, 171, 252-264.

HorMANN, C., COURTILLOT, V., FERAUD, G., ROCHETTE,
P., YIrGU, G., KETEFO, E. & PIK, R. 1997. Timing of
the Ethiopian flood basalt event and implications for
plume birth and global change. Nature, 389, 838—841.

HoLMES, A. 1944. Principles of Physical Geology. Thomas
Nelson and Sons Limited, Edinburgh.

HoLrt, P., ALLEN, M. B., vAN HUSEN, J. & BIgRNSETH,
H. M. 2010. Lithospheric cooling and thickening as a
basin forming mechanism. Tectonophysics, 495,
184-194.

JAMES, D. E., FoucH, M. J., VANDECAR, J. C., VAN DER
LEg, S. & KAAPVAAL SEISMIC GROUP. 2001.
Tectospheric structure beneath southern Africa. Geo-
physical Research Letters, 28, 2485-2488.

JorpAN, T. H. 1975. The continental tectosphere. Reviews
of Geophysics and Space Physics, 13, 1-12.

JULIA, J., AMMON, C. & NYBLADE, A. 2005. Evidence for
mafic lower crust in Tanzania, East Africa, from joint
inversion of receiver functions and Rayleigh wave dis-
persion velocities. Geophysical Journal International,
162, 555-569.

Kaminski, E. & Jaupart, C. 2000. Lithosphere structure
beneath the Phanerozoic intracratonic basins of North
America. Earth and Planetary Science Letters, 178,
139-149.

Kaminskr, E. & Ri1BE, N. M. 2002. Timesclaes for the evol-
ution of seismic anisoptropy in mantle flow. Geochem-
istry, Geophysics, Geosystems, 3, 1051, doi: 10.1029/
2001GC000222.

KEIR, D., BAsTow, I. D., WHALER, K. A., DALY, E., CORN-
WELL, D. G. & HauTtor, S. 2009. Lower crustal earth-
quakes near the Ethiopian rift induced by magmatic
processes. Geochemistry, Geophysics, Geosystems,
10, QOABO02, doi: 10.1029,/2009GC002382.

KENDALL, J., STUART, G. W., EBINGER, C. J., BAsTow,
1. D. & KEIR, D. 2005. Magma assisted rifting in Ethio-
pia. Nature, 433, 146—148.

KEenDALL, J., PiLipou, S., KEIR, D., Bastow, I. D,
STUART, G. W. & AYELE, A. 2006. Mantle upwellings,
melt migration and the rifting of Africa: insights from
seismic anisotropy. In: YIRGU, G., EBINGER, C. J. &
MAGUIRE, P. K. H. (eds) The Afar Volcanic Province
within the East African Rift System. Geological
Society, London, Special Publications, 259, 55-72.

KENNETT, B. L. N., ENGDAHL, E. R. & BuLAND, R. 1995.
Constraints on seismic velocities in the Earth from
travel times. Geophysical Journal International, 122,
108-124.

KERANEN, K., KLEMPERER, S., GLOAGUEN, R. & EAGLE
WORKING GROUP. 2004. Three dimensional
seismic imaging of a protoridge axis in the main Ethio-
pian rift. Geology, 32, 949-952.

KGaswaNE, E. M., NYBLADE, A. A., JULIA, J., DIRKS,
P. H. G. M., DURRHEIM, R. J. & Pasyanos, M. E.
2009. Shear wave velocity structure of the lower
crust in southern Africa: evidence for compositional
heterogeneity within Archaean and Proterozoic

terrains. Journal of Geophysical Research, 114,
B12304, doi: 10.1029/2008JB006217.

KIEFFER, B., ARNDT, N. ET AL. 2004. Flood and shield
basalts from Ethiopia: magmas from the African super-
swell. Journal of Petrology, 45, 793-834.

KING, S. D. & ANDERSON, D. L. 1998. Edge-driven con-
vection. Earth and Planetary Science Letters, 160,
289-296.

KING, S. D. & RITSEMA, J. 2000. African hot spot volcan-
ism: small-scale convection in the upper mantle
beneath cratons. Science, 290, 1137-1140.

KRISP WORKING GROUP. 1987. Structure of the Kenya
rift from seismic refraction. Nature, 325, 239-242.
LARsoN, E. W. F. & EKsTROM, G. 2001. Global models of
surface wave group velocity. Pure and Applied Geo-

physics, 158, 1377-1399.

LasT, R. J., NYBLADE, A. A., LANGSTON, C. A. & OWENS,
T.J. 1997. Crustal structure of the East African Plateau
from receiver functions and Rayleigh wave phase
velocities. Journal of Geophysical Research, 102,
24469-24483.

LEBEDEV, S. & VAN DER HiLsT, R. D. 2008. Global upper-
mantle tomography with the automated multimode
inversion of surface and S-wave forms. Geophysical
Journal International, 173, 505-518.

LESQUER, A., TAKHERIST, D., DAUTRIA, J. M. &
HapIOUCHE, O. 1990. Geophysical and petrological
evidence for the presence of an ‘anomalous’ upper
mantle beneath the Sahara basins (Algeria). Earth
and Planetary Science Letters, 96, 407—418.

L1, A. & Burkg, K. 2006. Upper mantle structure of
southern Africa from Rayleigh wave tomography.
Journal of Geophysical Research, 111, B10303, doi:
10.1029/2006JB004321.

L1, C., vaAN DER HiLsT, R. D., ENGDAHL, R. & BURDICK, S.
2008. A new global model for P wave speed variations
in Earth’s mantle. Geochemistry, Geophysics, Geosys-
tems, 9, Q05018, doi: 10.1029/2007GC001806.

LiTHGOW-BERTELLONI, C. & SILVER, P. 1999. Dynamic
topography, plate driving forces and the African super-
swell. Nature, 395, 269-272.

Liu, K. H. & Gao, S. S. 2010. Spatial variations of crustal
characteristics beneath the Hoggar swell, Algeria,
revealed by systematic analyses of receiver functions
from a single seismic station. Geochemistry, Geophy-
sics, Geosystems, 11, QO08011, doi: 10.1029/
2010GC003091.

MACKENZIE, G. D., THYBO, H. & MAGUIRE, P. K. H. 2005.
Crustal velocity structure across the Main Ethiopian
Rift: Results from two-dimensional wide-angle
seismic modelling. Geophysical Journal International,
162, 994—1006.

MAGUIRE, P. K. H., EBINGER, C. J. ET AL. 2003. Geophy-
sics project in Ethiopia studies continental breakup.
Eos, Transactions, American Geophysical Union, 84,
342-343.

MAGUIRE, P. K. H., KELLER, G. R. ET AL. 2006. Crustal
structure of the northern Main Ethiopian Rift from
the EAGLE controlled-source survey; a snapshot of
incipient lithospheric break-up. In: YIrRGu, G.,
EBINGER, C. J. & MAGUIRE, P. K. H. (eds) The Afar
Volcanic Province within the East African Rift
System. Geological Society, London, Special Publi-
cations, 259, 269-292.



SEISMIC STUDIES OF AFRICA

MCKENZIE, D. P. 1978. Some remarks on the development
of sedimentary basins. Earth and Planetary Science
Letters, 40, 23-32.

MECHIE, J., KELLER, G. R., PRODEHL, C., KHAN, M. A. &
GACIRI, S. J. 1997. A model for the structure, compo-
sition and evolution of the Kenya rift. Tectonophysics,
278,95-119.

Mickus, K., TADESSE, K., KELLER, G. & OLuMA, B. 2007.
Gravity analysis of the main Ethiopian rift. Journal of
African Earth Sciences, 48, 59—69.

MONTAGNER, J.-P., MARTY, B. ET AL. 2007. Mantle
upwellings and convective instabilities revealed by
seismic tomography and helium isotope geochemistry
beneath eastern Africa. Geophysics Research Letters,
34, L.21303, doi: 10.1029/2007GL031098.

MoNTELLI, R., NoLET, G., DAHLEN, F. & MASTERS, G.
2006. A catalogue of deep mantle plumes: new
results from finite-frequency tomography. Geochemis-
try, Geophysics, Geosystems, 7, Q110007, doi:
10.1029/2006GC001243.

MoorkaMP, M., JONEs, A. G. & FisHwick, S. 2010. Joint
inversion of receiver functions, surface wave
dispersion and magnetotelluric data. Journal of Geo-
physical Research, 115, B04318, doi: 10.1029/
2009JB006369.

MoRLEY, C., WEscoTT, W., STONE, D., HARPER, R.,
WIGGER, S. & KARANIJA, F. 1992. Tectonic evolution
of the northern Kenyan Rift. Journal of the Geological
Society, 149, 333.

NAIR, S. K., Gao, S. S., Liu, K. H. & SILVER, P. G. 2006.
Southern African crustal evolution and composition:
constraints from receiver function studies. Journal of
Geophysical Research, 111, B02304, doi: 10.1029/
2005JB003802.

NATAF, H.-C. & RicARD, Y. 1996. 3SMAC: an a priori
tomographic model of the upper mantle based on geo-
physical modeling. Physics of the Earth and Planetary
Interiors, 95, 101-122.

NGuuri, T. K., GORE, J. ET AL. 2001. Crustal structure
beneath southern Africa and its implications for the
formation and evolution of the Kaapvaal and Zim-
babwe cratons. Geophysics Research Letters, 28,
2501-2504.

Niu, F. & JaMEs, D. E. 2002. Fine structure of the lower-
most crust beneath the Kaapvaal Craton and its impli-
cations for crustal formation and evolution. Earth and
Planetary Science Letters, 200, 121-130.

NYBLADE, A. A. 2011. The upper mantle low velocity
anomaly beneath Ethiopia, Kenya and Tanzania: Con-
straints on the origin of the African Superswell in
eastern Africa and plate v. plume models of mantle
dynamics. In: BEccALuva, L., BIANCHINI, G. &
WILsSON, M. (eds) Volcanism and Evolution of the
African Lithosphere. Geological Society of America,
Special Papers, 478, 37-50.

NYBLADE, A. & ROBINSON, S. 1994. The African
superswell.  Geophysics  Research — Letters, 21,
765-768.

NYBLADE, A. & LanGstOoN, C. A. 2002. Broadband
seismic experiments probe the East African Rift. Eos,
Transactions, American Geophysical Union, 83,
405-408.

NYBLADE, A. A. & SLEEP, N. H. 2003. Long lasting epeiro-
genic uplift from mantle plumes and the origin of the

369

Southern African Plateau. Geochemistry, Geophysics,
Geosystems, 4, 1105, doi: 10.1029,/2003GC000573.

NYBLADE, A., BIRT, C., LANGSTON, C. A., OWENS, T. J. &
Last, R. J. 1996. Seismic experiment reveals rifting
of craton in Tanzania. Eos, Transactions, American
Geophysical Union, 77, 520-521.

NYBLADE, A. A., Dirks, P., DURRHEIM, R., WEBB, S.,
JONES, M., COOPER, G. & GRAHAM, G. 2008. Africaar-
ray: developing a geosciences workforce for
africa’s natural resource sector. Leading Edge, 27,
1358-1361.

Park, Y. & NYBLADE, A. 2006. P-wave tomography
reveals a westward dipping low velocity zone
beneath the Kenya Rift. Geophysics Research
Letters, 33, L07311, doi: 10.1029,/2005GL025605.

Pasyanos, M. 2010. Lithospheric thickness modelled
from long-period surface wave dispersion. Tectono-
physics, 481, 38—50.

PasyaNos, M. & NYBLADE, A. A. 2007. A top to bottom
lithospheric study of Africa and Arabia. Tectonophy-
sics, 444, 27-44.

PEDERSEN, H. A., FISHWICK, S. & SNYDER, D. B. 2009. A
comparison of cratonic roots through consistent
analysis of seismic surface waves. Lithos, 109,
81-95.

PEREZ-GUSSINYE, M., METOIS, M., FERNANDEZ, M.,
VERGES, J., FULLEA, J. & Lowry, A. R. 2009. Effective
elastic thickness of Africa and its relationship to
other proxies for lithospheric structure and surface
tectonics. Earth and Planetary Science Letters, 287,
152-167.

Pik, R., MArTY, B., CARIGNAN, J. & LAVE, J. 2003.
Stability of the Upper Nile drainage network (Ethiopia)
deduced from (U-Th)/He thermochronometry:
implications for uplift and erosion of the Afar plume
dome. Earth and Planetary Science Letters, 215,
73-88.

Pik, R., MARTY, B. & HiLToN, D. R. 2006. How many
mantle plumes in Africa? The geochemical point of
view. Chemical Geolology, 226, 100—114.

Pik, R., MARTY, B., CARIGNAN, J., YIRGU, G. & AYALEW,
T. 2008. Timing of East African Rift development in
southern Ethiopia: implication for mantle plume
activity and evolution of topography. Geology, 36,
167-170.

PLOMEROVA, J., BABUSKA, V., DORBATH, C., DORBATH, L.
& LiLie, R. J. 1993. Deep lithospheric
structure across the Central African Shear Zone in
Cameroon. Geophysical Journal International, 115,
381-390.

PouPINET, G. 1979. On the relation between P-wave
travel time residuals and the age of the continental
plates. Earth and Planetary Science Letters, 43,
149-161.

PRIESTLEY, K. 1999. Velocity structure of the continental
upper mantle: evidence from southern Africa. Lithos,
48, 45-56.

PrIESTLEY, K. & MCcKENZzIE, D. 2006. The thermal
structure of the lithosphere from shear wave
velocities. Earth and Planetary Science Letters, 244,
285-301.

PrIESTLEY, K. & TiLLmaNN, F. 2009. Relationship
between the upper mantle high velocity seismic lid
and the continental lithosphere. Lithos, 109, 112—124.



370 S. FISHWICK & 1. D. BASTOW

PRIESTLEY, K., MCKENZIE, D., DEBAYLE, E. & PILIDOU, S.
2008. The African upper mantle and its relationship to
tectonics and surface geology. Geophysical Journal
International, 175, 1108—1126.

PrRODEHL, C. & MECHIE, J. 1991. Crustal thinning in
relationship to the evolution of the Afro-Arabian rift
system: a review of seismic refraction data. Tectono-
physics, 198, 311-327.

REUSCH, A. M., NYBLADE, A. A., WIENS, D. A., SHORE, P.
J., ATEBA, B., TaBoD, C. T. & NNANGE, J. M. 2010.
Upper mantle structure beneath Cameroon from body
wave tomography and the origin of the Cameroon
Volcanic Line. Geochemistry, Geophysics, Geosys-
tems, 11, Q10W07, doi: 10.1029/2010GC003200.

RITSEMA, J. & VAN HEDIST, H. 2000. New seismic model of
the upper mantle beneath Africa. Geology, 28, 63—66.

RiTSEMA, J. & ALLEN, R. M. 2003. The elusive mantle
plume. Earth and Planetary Science Letters, 207,
1-12.

RITSEMA, J., NYBLADE, A. A., OWENS, T. J., LANGSTON,
C. A. & VANDECAR, J. C. 1998. Upper mantle
seismic velocity structure beneath Tanzania, East
Africa: implications for the stability of cratonic litho-
sphere. Journal of Geophysical Research, 103,
21201-21213.

ROBERTS, G. G. & WHITE, N. 2010. Estimating uplift rate
histories from river profiles using African examples.
Journal of Geophysical Research, 115, B02406, doi:
10.1029/2009IB006692.

RYCHERT, C. A., SHEARER, P. M. & FIscHER, K. M. 2010.
Scattered wave imaging of the lithosphere—astheno-
sphere boundary. Lithos, 120, 173—185.

SAvAGE, B. & SiLvER, P. G. 2008. Evidence for a
compositional boundary within the lithospheric
mantle beneath the Kalahari craton from S receiver
functions. Earth and Planetary Science Letters, 272,
600-609.

SEBAL A., STUTZMANN, E., MONTAGNER, J.-P., SICILIA, D.
& BEUCLER, E. 2006. Anisotropic structure of the
African upper mantle from Rayleigh and Love wave
tomography. Physics of the Earth and Planetary
Interiors, 155, 48—62.

SEBER, D., SanDvoL, E., SANDvOL, C., BrinDIsi, C. &
BaRrRAZANGI, M. 2001. Crustal model for the Middle
East and North Africa region: implications for the iso-
static compensation mechanism. Geophysical Journal
International, 147, 630-638.

SHACKLETON, R. 1986. Precambrian collision tectonics in
Africa. In: CowaRrD, M. P. & RiEs, A. C. (eds) Col-
lision Tectonics. Geological Society, London, Specical
Publications, 19, 329-349.

SICILIA, D., MONTAGNER, J. P. ET AL. 2008. Upper mantle
structure of shear-waves velocities and stratification of
anisotropy in the Afar Hotspot region. Tectonophysics,
462, 164—-177.

SILVER, P. & CHAN, G. 1991. Shear wave splitting and
subcontinental mantle deformation. Journal of Geo-
physical Research, 96, 16429—-16454.

SILVER, P. G., Gao, S. S. & Liu, K. H. (THE KAAPVAAL
SEISMIC GROUP). 2001. Mantle deformation
beneath Southern Africa. Geophysics Research
Letters, 28, 2493-2496.

SimMons, N. A., ForTE, A. M. & GRraND, S. P. 2007.
Thermochemical structure and dynamics of the

African superplume. Geophysics Research Letters,
34, 1.02301, doi: 10.1029,/2006GL028009.

SimMONS, N. A., FORTE, A. M. & GRAND, S. P. 2009. Joint
seismic, geodynamic and mineral physical constraints
on three-dimensional mantle heterogeneity: impli-
cations for the relative importance of thermal
v. compositional heterogeneity. Geophysical Journal
International, 177, 1284—1304.

SimMoONS, N. A., FORTE, A. M., BoscHI, L. & GRAND, S. P.
2010. GyPSuM: A joint tomographic model of mantle
density and seismic wave speeds. Journal of Geophysi-
cal Research, 115, BI12310, doi: 10.1029/
2010JB007631.

SPIEGEL, C., KoHN, B. P., BELTON, D. X. & GLEADOW,
A. J. W. 2007. Morphotectonic evolution of the
central Kenya rift flanks: implications for late Ceno-
zoic environmental change in East Africa. Geology,
35, 427-430.

STANKIEWICZ, J., CHEVROT, S., VAN DER HiLsT, R. D. &
DE WiIT, M. J. 2002. Crustal thickness, discontinuity
depth, and upper mantle structure beneath southern
Africa: constraints from body wave conversions.
Physics of the Earth and Planetary Interiors, 130,
235-251.

STUART, G. W., FAIRHEAD, J. D., DORBATH, L. & DORBATH,
C. 1985. A seismic refraction study of the crustal struc-
ture associated with the Adamawa Plateau and Garoua
Rift, Cameroon, West Africa. Geophysical Journal of
the Royal Astronomical Society, 81, 1-12.

StuarT, G. W., Bastow, 1. D. & EBINGER, C. J. 2006.
Crustal structure of the northern Main Ethiopian rift
from receiver function studies. In: YIrGUu, G.,
EBINGER, C. J. & MAGUIRE, P. K. H. (eds) The Afar
Volcanic Province within the East African Rift
System. Geological Society, London, Special Publi-
cations, 253, 271-293.

TAPLEY, B., RIES, J. ET AL. 2005. GGMO2 — an improved
Earth gravity field model. Journal of Geodynamics, 79,
467-478.

TEIXELL, A., ARBOLEYA, M.-L., JULIVERT, M. &
CHARROUD, M. 2003. Tectonic shortening and topo-
graphy in the central High Atlas (Morocco). Tectonics,
22, 1051, doi: 10.1029,/2002TC001460.

TEIXELL, A., AZARZA, P., ZEYEN, H., FERNANDEZ, M. &
ARBOLEYA, M.-L. 2005. Effects of mantle upwelling
in a compressional setting: the Atlas Mountains of
Morocco. Terra Nova, 17, 456-461.

TiBl, R., LARSON, A. M. ET AL. 2005. A broadband seismo-
logical investigation of the Cameroon Volcanic Line.
Eos, Transactions, American Geophysical Union, 86
(Abstract S11B-0170).

TINKER, J., DE WIT, M. & BROWN, R. 2008. Linking source
and sink: evaluating the balance between onshore
erosion and offshore sediment accumulation since
Gondwana break-up, South Africa. Tectonophysics,
455, 94-103.

TokaM, A.-P. K., TABoD, C. T., NYBLADE, A. A., JULIA, J.,
WIENS, D. A. & Pasyanos, M. E. 2010. Structure of
the crust beneath Cameroon, West Africa, from the
joint inversion of Rayleigh wave group velocities and
receiver functions. Geophysical Journal International,
183, 1061-1076.

VANDECAR, J. C., JAMES, D. E. & AssuMpcAo, M. 1995.
Seismic evidence for a fossil mantle plume beneath



SEISMIC STUDIES OF AFRICA 371

South America and implications for plate driving
forces. Nature, 378, 25-31.

VINNIK, L., OResHIN, S., KosArRev, G., KisELEV, S. &
MAKEYEVA, L. 2009. Mantle anomalies beneath
southern Africa: evidence from seismic S and P recei-
ver functions. Geophysical Journal International, 179,
279-298.

WALKER, K., NYBLADE, A., KLEMPERER, S., BOKELMANN,
G. & OweNs, T. 2004. On the relationship between
extension and anisotropy: constraints from shear
wave splitting across the East African Plateau.
Journal of Geophysical Research, 109, B083202, doi:
10.1029,/2003JB002866.

WANG, Y., WEN, L. & WEIDNER, D. 2008. Upper mantle
SH- and P- velocity structures and compositional
models beneath southern Africa. Earth and Planetary
Science Letters, 267, 596—608.

WEBB, S. J., CAWTHORN, R. G., NGuuRi, T. & JAMES, D.
2004. Gravity modeling of Bushveld Complex connec-
tivity supported by Southern African Seismic Exper-
iment results. South African Journal of Geology, 107,
207-218.

‘WEERARATNE, D. S., FOrRsYyTH, D. W., FISCHER, K. M. &
NYBLADE, A. A. 2003. Evidence for an upper mantle
plume beneath the Tanzanian craton from Rayleigh
wave tomography. Journal of Geophysical Research,
108, 2427, doi: 10.1029/2001JB001225.

WHALER, K. A. & Hautor, S. 2006. The electrical
resistivity structure of the crust beneath the northern

Ethiopian rift. In: YrGu, G., EBINGER, C. J. &
MAGUIRE, P. K. H. (eds) The Afar Volcanic Province
within the East African Rift System. Geological
Society, London, Special Publications, 256, 293-305.

WILSON, M. & GUIRAUD, R. 1992. Magmatism and rifting
in Western and Central Africa, from Late Jurassic to
Recent times. Tectonophysics, 213, 203-225.

WITTLINGER, G. & Farra, V. 2007. Converted waves
reveal a thick and layered tectosphere beneath the
Kalahari super-craton. Earth and Planetary Science
Letters, 254, 404—415.

WOLBERN, I., RUMPKER, G., SCHUMANN, A. & MUWANGA,
A.2010. Crustal thinning beneath the Rwenzori region,
Albertine rift, Uganda, from receiver-function analy-
sis. International Journal of Earth Sciences, 99,
1545-1557.

YANG, Y., L1, A. & RitzwoLLER, M. H. 2008. Crustal
and uppermost mantle structure in southern Africa
revealed from ambient noise and teleseismic tomo-
graphy. Geophysical Journal International, 174,
235-248.

ZEYEN, H., AYARZA, P., FERNANDEZ, M. & Rim1, A. 2005.
Lithospheric structure under the western African—
European plate boundary: a transect across the Atlas
Mountains and the Gulf of Cadiz. Tectonics, 24, doi:
10.1029/2004TC001639.

ZHU & KANAMORI 2000. Moho depth variation in southern
California from teleseismic receiver functions. Journal
of Geophysical Research, 105, 2969—2980.



