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of isostatic compensation (Lithgow-Bertelloni &
Guynn 2004; Naliboff et al. 2012). The most recent
crustal compilation, CRUST 1.0 (Laske et al. 2013),
leaves this magnitude largely unchanged. The stres-
ses associated with radial tractions are larger (30—
70 MPa) across the region. With both the GPE
and radial tractions the sense of rifting in the EAR
is correct (i.e. extension in a roughly east—west
direction near the EAR). The stress magnitudes
are large in west Africa, but in a strike-slip regime,
and very small in southern Africa.

Horizontal tractions at the base of the
African lithosphere

Viscous coupling between the mantle and the over-
lying lithosphere ensures that the horizontal shear
tractions generated by mantle flow will act at the
base of the plate (Fig. 5). These are the tractions
that primarily drive all plate motions, regardless of
the location of the buoyancy sources. However,
buoyancy sources closer to the plate will provide a
larger contribution to the total torque balance for
that plate. For example, plates with slabs attached
to them will be affected more strongly and directly
by the slab buoyancy and strength than plates with-
out slabs (Conrad & Lithgow-Bertelloni 2002). In
Africa, the Somalian plate has no attached slab
(although we note that Forte er al. (2010) argued
that subduction may be initiating in this region)
and the Nubian plate has minimal slab activity to
the north. African plate dynamics have a more sig-
nificant contribution from the buoyancy of the Afri-
can LLSVPs (Lithgow-Bertelloni & Silver 1998).

Consider a high-density blob sinking into the
mantle. This will pull mantle material towards
the downwelling, which will impose tractions on
the base of the plate and, depending on their relative
directions of movement, can both enhance or oppose
plate motion. In contrast, resisting tractions are
those that result from the plate moving over a vis-
cous mantle (perhaps in response to distant forces)
and will always oppose plate motion. The net trac-
tion is the sum of the driving and resisting tractions
at a given point and is the net traction that drives
deformation (i.e. contributes to rifting).

How effectively the horizontal tractions drive
deformation will depend on the presence or absence
of low viscosity channels in the mantle and the
lithosphere.

Figure 6 (black arrows) shows the predicted hor-
izontal tractions from the Grand, S20RTS and slab
models. Figure 7b shows the stresses induced by
these tractions, but only for the Grand model. We
note that allowing for reasonable lateral variations
in viscosity has little effect on the results (Naliboff
et al. 2009).

The maximum magnitudes are 30—60 MPa and
the sense of stress is conducive to rifting in the
northern parts of the EAR (i.e. extensional). Note
that there is some extension in southern Africa,
but the stress magnitudes are negligible. These
results are in rough agreement with those of Forte
et al. (2010) and Moucha & Forte (2011), although
the approach taken is rather different from that of
Lithgow-Bertelloni & Guynn (2004).

Combined effects: a full plate model with
radial and horizontal traction

Figure 8 shows the predicted stresses when combin-
ing all sources of stress (GPE, horizontal and radial

Fig. 8. Stresses obtained when summing all contribu-
tions to the stress field (mantle + GPE) for (a) the Grand
and (b) slab models. See Figure 7 for more detail.
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mantle tractions) for two mantle heterogeneity mod-
els (the Grand and slab models).

Figure 8b shows the predicted radial and hori-
zontal stress for a model driven solely by slabs
descending into the mantle. As noted, this model
works well at predicting stresses in areas of previous
long-lived subduction, such as SE Asia (Lithgow-
Bertelloni & Guynn 2004). However, it does not
do a good job of fitting Africa’s dynamic topogra-
phy and it predicts very small horizontal tractions
(<10 MPa) and elastic stresses (<25 MPa) across
most of the African continent. This is not surprising
because the slab model has no buoyancy associated
with active upwelling (i.e. no LLSVPs). It is clear
that the mantle structure beneath Africa and its
dynamic consequences plays a fundamental part in
dynamic uplift and rifting in East Africa.

The Grand model (Fig. 8a) predicts much larger
stresses and the right sense of extension in the EAR.
An inventory of forces yields a GPE contribution to
the stress on the order of 25 MPa and similar magni-
tudes, perhaps as high as 70 MPa, from horizontal
and radial tractions (i.e. the dynamic topography).
The total sum is no more than 100 MPa, well short
of the c¢. 0.5-1.0 GPa needed to break thick, cold
continental lithosphere.

Geophysical signature of lithospheric melt

The EAR has been the focus of a number of geo-
physical investigations of the rift system for many
decades — for example, the early refraction work in
Ethiopia (Berckhemer et al. 1975) and the KRISP
experiment in Kenya (Khan et al. 1999). The Ethio-
pia Afar Geoscientific Lithospheric Experiment
(Maguire et al. 2003) and the Ethiopia Kenya
Broadband Seismic Experiment (Nyblade & Lang-
ston 2002) marked the start of a series of deploy-
ments of broadband seismometers across the Horn
of Africa. Over 200 seismic stations have been
installed in the region in the past 15 years; see,
for example, the compilations in Gallacher et al.
(2016, in review) and Civiero et al. (2015). In con-
trast, the coverage prior to this period was based on a
handful of seismic stations. A drive to better instru-
mentation in Ethiopia has come from leadership at
the University of Addis Ababa (e.g. Ayele et al.
2007). Needless to say, our ‘picture’ of the crust
and underlying mantle has seen a stepwise improve-
ment. For example, as station numbers have
increased, body-wave tomographic images of the
velocity structure have steadily improved in both
coverage and resolution (e.g. Bastow et al. 2005,
2008; Benoit et al. 2006; Hammond et al. 2013; Civ-
iero et al. 2015).

The 2005 Dabbahu event provided a particularly
spectacular exhibition of dyke injection along a

rift segment (e.g. Wright et al. 2006; Ayele et al.
2007; Ebinger et al. 2008; Hamling et al. 2009;
Grandin et al. 2010), which was the first event of
its kind to be documented with modern geodetic
techniques such as InSAR. The Afar Rift Consor-
tium project has led to a concurrent multidisci-
plinary programme of study, such that we now
have a much better understanding of how the crust
and mantle are deforming during rifting (Wright
et al. 2016).

The seismic signature of rifting reveals a num-
ber of interesting features. Figure 9 shows an image
of the P- and S-wave velocity structure at a depth
of 80 km (Hammond et al. 2013), near the bot-
tom of the African lithosphere in this region. The
velocities are not absolute, but are derived using
relative travel-time tomography where the velocity
anomalies are perturbations from a background
mean. The rift is marked by punctuated upwellings
of hot and partially molten material that penetrate
the plate. These low velocity zones are not confined
to areas beneath magmatic segments in the rift
valley; many of these zones are distributed along
the margins of the rift. An example is the Silty—
Debra—Zeit lineament on the western edge of the
Main Ethiopian Rift and the western shoulder
of the rift bordering on Afar (near Mekele). The
low velocity anomalies show a remarkable resem-
blance to the overlying geometry of the rift, even
exhibiting sharp right-angle bends away from the
trend of the Main Ethiopian Rift to the trend of the
Red Sea rift segments. In general, the Afar region
shows complicated variations in upper mantle veloc-
ity structure (e.g. Stork et al. (2013), who used Pn
tomography to image the uppermost mantle). The
low velocities cannot be explained by thermal
anomalies and partial melt is required (see Bastow
et al. 2005). It is worth noting that the absolute
travel-time delays in this region are the largest any-
where on Earth.

Surface-wave tomography reveals similar fea-
tures and offers better vertical resolution, but poorer
lateral resolution (Fishwick 2010). Using teleseis-
mic Love and Rayleigh waves, Sebai et al. (2006)
and Sicilia et al. (2008) reported low velocities to
depths of roughly 400 km beneath the Main Ethio-
pian Rift, the Afar hotspot, the Red Sea, the Gulf
of Aden and east of the Tanzania Craton. They
saw a stratified anisotropic structure, but noted that
their lateral resolution was of the order of 500 km.
Guidarelli et al. (2011) used regional Rayleigh
waves to image the Afar region in finer detail,
revealing a patchwork of stranded continental sliv-
ers surrounded by regions of low velocity, melt-rich
material, a pattern not unlike that reported by Stork
et al. (2013). Using ambient noise imaging, Koros-
telev et al. (2015) showed how magmatic processes
are focused at the axial magmatic segments and also
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Fig. 9. (a) P-wave and (b) S-wave velocity structure of the mantle at a depth of 80 km. Velocities are given as a
percentage difference from the one-dimensional background mean (grey indicates regions of unresolved velocities).
Black lines mark the rift border faults and the black elliptical shapes mark magmatic segments. Figure is from the

model of Hammond et al. (2013).

at the rift flanks. Gallacher et al. (2016, in review),
using array-based Rayleigh wave tomography with
teleseismic phases, found heterogeneities in the
Main Ethiopian Rift as well as the Afar region.
They also imaged the anisotropic velocity structure
of the region to a depth of 250 km. Their contrasting
observations in the Main Ethiopian Rift and Afar
region suggest that melt production is at its highest
early during the break-up process. In agreement
with other studies, they noted a pronounced segmen-
tation in the low velocity zones that extended well
into the mantle.

The velocity structure of a plate shows dis-
continuities at the base of the crust (the Moho)
and, at times, even at the base of the plate (the lith-
osphere—asthenosphere boundary). The so-called
receiver functions highlight these discontinuities
through the identification of seismic phase conver-
sions (e.g. S- to P-wave or P- to S-wave at these
boundaries; e.g. Dugda et al. 2005). Using P- to
S-wave conversions and their reverberations, Stuart
et al. (2006) and Hammond et al. (2014) presented a
comprehensive picture of the crustal structure
across most of Ethiopia and Eritrea (Fig. 10a).
Figure 10b shows a transect from the Ethiopian pla-
teau to northern Eritrea (at a latitude of roughly 13°).

The crust thins from nearly 40 km in thickness to
<15km in a dramatically short distance. Large
variations in the crustal structure of Afar were also
noted in the early seismic refraction and gravity
work of Makris & Ginzburg (1987). More recently,
Reed et al. (2014) showed dramatic variations in
the crust in a transect across the Tendaho Graben
in the Afar region. The thinnest crust is marked by
an increased the Vp/ V; ratio, widely well above 2;
such values are almost impossible to explain with-
out the presence of fluid (partial melt in this
instance). Hammond (2014) has shown that anisot-
ropy due to melt alignment, both horizontally (sills)
and vertically (dykes), is required to explain the
crustal receiver functions in the Afar region.

The lithosphere—asthenosphere boundary in this
region also exhibits rapid lateral changes in pro-
perties. Rychert et al. (2012) isolated S- to P-wave
conversions at a depth of c¢. 80 km. Beneath the
Ethiopian plateau, the conversions are consistent
with a sharp transition from low velocity astheno-
sphere to the higher velocity cold and rigid pan-
African lithosphere. The conversion is opposite
in nature beneath the rift and suggests a transition
to a lower velocity mantle above 80 km, an obser-
vation that Rychert er al. (2012) interpreted as the
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Fig. 10. The crustal structure of the Horn of Africa (from Hammond ez al. 2011). (a) Map view of crustal thickness
(dark grey areas are unresolved). Red ellipsoidal shapes mark the magmatic segments and the inverted triangles
show the stations contributing to the crustal thickness estimates. The black lines show the border faults separating
Afar from the western and southeastern plateaus. The dashed line shows the Tendahao-Gob’a discontinuity (northern
line) and arcuate accommodation zone (southern line). (b) A west—east cross-sectional image of crustal structure
along the latitude of ¢. 13° N produced using common conversion point imaging (see Hammond et al. (2011) for
more detail). The lower part shows an interpretation with an estimate of average V,,/V; ratios. V,,/Vs > 2.0.
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onset of melting in the rifted region. Again, the tran-
sition from the pan-African lithosphere to the rifted
region is very sharp at the base of the plate. Based on
a self-consistent model of mantle flow, Armitage
et al. (2015) argued that the warmed lithosphere
is thinned to <50 km beneath the rift, but the origin
of the melt-related discontinuity at deeper depths is
still unclear. Both the Moho and the lithosphere—
asthenosphere boundary observations show that
strain is localized at the rift flanks in a narrow region
and do not support ideas of a broad, distributed
stretching of the plate, as suggested by the tectonic
stretching model.

Observations of seismic anisotropy also high-
light regions of intense melt alignment, both at shal-
low depths beneath the magmatic segments (Keir
et al. 2005, 2011) and throughout the lithosphere
beneath the rift flanks (Kendall et al. 2005, 2006;
Hammond & Kendall 2016). Finite frequency mod-
elling of SKS splitting further supports this conclu-
sion (Hammond et al. 2010). Bastow et al. (2010)
used a combined analysis of SKS splitting and azi-
muthal variations in Love and Rayleigh waves to
show that the anisotropy in the upper 80 km of the
Main Ethiopian Rift must be due to aligned melt.
The degree of alignment is particularly intense in
the narrowest regions of the Main Ethiopian Rift
(Hammond & Kendall (2016).

However, studies based on SKS splitting (Gas-
hawbeza et al. 2004; Kendall et al. 2006; Gao
et al. 2010) and joint SKS splitting and receiver
function analysis (Obrebski ef al. 2010) have argued
that there must be a deeper seated layer of ani-
sotropy reflecting the current asthenospheric flow.
Using shear wave splitting tomography, Hammond
et al. (2014) showed that SKS splitting across the
region can indeed be explained by multiple causes.
The sub-lithospheric mantle in the rift region shows
a consistent pattern of anisotropy across the region
that can be explained by the lattice-preferred
orientation of olivine due to mantle flow. The aniso-
tropy and isotropic travel-time tomography delin-
eate a carpet of low velocity material that is rising
upwards from the deeper mantle, migrating in a
northeasterly direction towards the Arabian craton.
The lithospheric anisotropy shows much more
variability. In some places it is small and can be
explained by pre-existing fabrics in slivers of conti-
nental crust, whereas in other areas it is large and
aligned with the low velocity anomalies and/or
magmatic segments (as noted also by Keir et al.
2005, 2011).

Magnetotelluric experiments provide comple-
mentary geophysical methods to image the pres-
ence of melt. Whaler & Hautot (2006) showed
evidence of crustal melt beneath magmatic seg-
ments of the Main Ethiopian Rift and even in the
lower crust beneath the flank of the Ethiopian

plateau. There appears to be large volumes of melt
beneath parts of Afar that extend well into the man-
tle (Desissa et al. 2013). There is some discrepancy
between the estimated melt volumes from magneto-
telluric and seismic methods, but the effect of melt
composition may explain some of this (Pommier
& Garnero 2014). Linking seismic and electrical
images of melt and their anisotropy is an ongoing
challenge.

Cumulatively, these observations suggest that
strain is localized along narrow zones and that
melt is localized on the marginal lithosphere—
asthenosphere boundary (see Holtzman & Kendall
2010 for a more extensive discussion). There is
no evidence of a broad zone of stretching, implying
that local processes play a central part in rifting.

Discussion and conclusions

We have calculated the stresses induced by mantle
flow, crustal structure and topography in two types
of models using a finite element model of the litho-
sphere. In one model, the mantle flow is derived
from a model exclusively driven by slab subduc-
tion (the slab model), whereas in the other model
it is derived from a shear wave tomographic model
(the Grand model). Based on an inventory of the
stresses available, the Grand model predicts exten-
sional stresses of up to 100 MPa. In contrast, the
slab model predicts stresses of no more than 25 MPa.
The maximum magnitudes can vary between tomo-
graphic models as they depend on the amplitude of
the seismic anomalies. The conversion of velocity
to density could potentially increase the magnitudes
with these models by a maximum factor of two.
It is difficult to decouple the contribution from var-
ious mechanisms, but the mantle structure beneath
Africa plays a key part in providing the radial (and
hence dynamic topography) and horizontal tractions
in addition to the GPE necessary for rifting. Distant
slab forces are clearly not enough to explain rifting
in this region.

Nevertheless, the combined stresses are clearly
not sufficient to rupture thick, cold, dry continental
lithosphere (>1 GPa). There are at least three rea-
sons why the yield strength might be lower than
that required in such a model. First, the presence
of melt weakens the lithosphere and, based on the
calculations of Buck (2004), stresses of c. 200 MPa
are needed, which are arguably still more than
those available. However, a higher geothermal
gradient will reduce this figure; more work is
required to test the sensitivity of the yield stress to
this and other factors (e.g. melt composition and
fluid content). Second, pre-existing weaknesses
and lithospheric thin spots will reduce the strength
of the plate. There is considerable evidence
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worldwide that plates rupture along pre-existing
sutures (Wilson 1966) and Africa is no exception
(Vauchez et al. 1997). Third, the mantle may be
much wetter that we think it is and the ‘jelly sand-
wich’ model of continental lithosphere may overes-
timate the yield strength of the mantle (Jackson
2002). However, these models still predict a very
strong crust. In summary, based on our current
knowledge of the strength of the continental litho-
sphere, it is increasingly clear that we must invoke
the presence of melt as a mechanism for reducing
the strength of the African plate, in addition to pre-
existing weaknesses and/or lithospheric thin spots.

Recent geophysical investigations show abun-
dant evident for strain localization and focused
melt upwellings beneath East Africa. These obser-
vations provide the ‘smoking gun’ for magma-
assisted models of rifting and do not support the
tectonic stretching models. A better estimate of the
variations in plate thickness across the region would
provide useful information to give a better under-
standing of plate—mantle interactions (e.g. Ebinger
& Sleep 1998).

There are still a number of outstanding issues
and poorly known parameters in understanding con-
tinental rifting. For example, do we really know
the strength of a plate? The yield stresses are bet-
ter known for the crustal component of the plate,
but there is some uncertainty in determining the
strength of the mantle component. If all sources
of density heterogeneity in the mantle and litho-
sphere were known, along with all the rheological
properties, it would be possible to model mantle
flow and surface deformation within the same
framework. However, there would still be technical
difficulties because of the vastly different time-
scales of the processes involved in different types
of deformation from elastic (instantaneous) to vis-
cous (millions of years), which are at present impos-
sible to model in the context of one code.

Another uncertainty is the style of mantle upwell-
ing beneath Africa. The so-called Afar plume
is not a simple diapiric plume. The architecture of
mantle upwelling from the core—mantle boundary
to the surface beneath NE Africa is still being deter-
mined and there is considerable debate as to its
thermo-chemical nature. Smaller plumes may initi-
ate from instabilities in a deeper super-plume that
may or may not be chemically distinct from the
ambient mantle (Civiero et al. 2015; Thompson
et al. 2015). However, it is hard to see how this
anomaly could not be buoyant given the significant
dynamic topography of Africa.

The analysis in this work concentrates on Africa
and the EAR system. However, what about other
continental rifts? Although subduction is not a sig-
nificant driver of rifting in East Africa, it plays a
more significant part in rifting in the Red Sea

(Bellahsen et al. 2003). An understanding of rifting
in local settings must consider the processes as a
coupled system on a global scale.
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