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Abstract: The tiffing of continents and eventual formation of ocean basins is a fundamental com- 
ponent of plate tectonics, yet the mechanism for break-up is poorly understood. The East African 
Rift System (EARS) is an ideal place to study this process as it captures the initiation of a rift in the 
south through to incipient oceanic spreading in north-eastern Ethiopia. Measurements of seismic 
anisotropy can be used to test models of rifting. Here we summarize observations of anisotropy 
beneath the EARS from local and teleseismic body-waves and azimuthal variations in surface- 
wave velocities. Special attention is given to the Ethiopian part of the rift where the recent 
EAGLE project has provided a detailed image of anisotropy in the portion of the Ethiopian Rift 
that spans the transition from continental rifting to incipient oceanic spreading. Analyses of 
regional surface-waves show sub-lithospheric fast shear-waves coherently oriented in a north- 
eastward direction from southern Kenya to the Red Sea. This parallels the trend of the deeper 
African superplume, which originates at the core-mantle boundary beneath southern Africa 
and rises towards the base of the lithosphere beneath Afar. The pattern of shear-wave anisotropy 
is more variable above depths of 150 km. Analyses of splitting in teleseismic phases (SKS) and 
local shear-waves within the rift valley consistently show rift-parallel orientations. The magnitude 
of the splitting correlates with the degree of magmatism and the polarizations of the shear-waves 
align with magmatic segmentation along the rift valley. Analysis of surface-wave propagation 
across the rift valley confirms that anisotropy in the uppermost 75 km is primarily due to melt 
alignment. Away from the rift valley, the anisotropy agrees reasonably well with the pre-existing 
Pan-African lithospheric fabric. An exception is the region beneath the Ethiopian plateau, where 
the anisotropy is variable and may correspond to pre-existing fabric and ongoing melt-migration 
processes. These observations support models of magma-assisted rifting, rather than those of 
simple mechanical stretching. Upwellings, which most probably originate from the larger super- 
plume, thermally erode the lithosphere along sites of pre-existing weaknesses or topographic 
highs. Decompression leads to magmatism and dyke injection that weakens the lithosphere 
enough for rifting and the strain appears to be localized to plate boundaries, rather than wider 
zones of deformation. 

The 3000 km-long East Africa Rift System (EARS) 
is a striking feature of  the African continent 
(Fig. 1). The EARS marks the separation of the 
Nubian and Somalian plates and the possible iso- 
lation of smaller micropates (Calais et al., this 
volume). In the north, it becomes an arm of a 
r i f t - r i f t - r i f t  triple junction with the Gulf of Aden 
and Red Sea rifts. The formation of ocean basins 
through continental rifting is a fundamental 
feature of plate tectonics, yet the mechanism for 
break-up is poorly understood. The EARS is 
unique in that it captures each stage of the evolution 
of such a basin, from the birth of a rift in Tanzania, 

to the transition from continental rift to incipient 
oceanic spreading centre in northern Ethiopia 
(e.g. Ebinger & Casey 2001). 

Another prominent feature of the African conti- 
nent is its elevation and dynamic topography, 
which are due to deep-seated mantle upwelling 
beneath the continent (Davies 1998). The African 
superplume is one of two large-scale low-velocity 
anomalies that are clearly visible in the degree- 
two component of tomographic images of the 
mantle (the other lies beneath the southern Pacific 
Ocean). This low-velocity anomaly originates at 
the core -mant le  boundary beneath southern 

From: YIRGU, G., EmNGER, C.J. & MAGUmE, P.K.H. (eds) 2006. The Afar Volcanic Province within the East African 
Rift System. Geological Society, London, Special Publications, 259, 55-72. 
0305-8719/06/$15.00 © The Geological Society of London 2006. 
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SEISMIC ANISOTROPY AND THE RIFTING OF AFRICA 57 

Africa, and rises in a north-northeastward direction 
(Ritsema et  al. 1999), producing the African super- 
swell (Nyblade & Robinson 1994). This buoys up 
Africa and the southwestern flank of Arabia 
(Lithgow-Bertelloni & Silver 1998; Gurnis et  al. 

2000; Daradich et al. 2003). 
The connection between the African superplume/ 

superswell and the EARS is unclear. Global 
tomography shows plume-like features extending 
into the lower mantle beneath the Afar region of 
Ethiopia, but its connection to the superplume is 
not well defined (compare, for example, models of 
Montelli et  al. 2004 and Ritsema et  al. 1999). 
Regional tomography shows a thin tabular low- 
velocity zone to depths of over 250 km beneath the 
continental part of the Ethiopian rift (Bastow et  al. 
2005). This anomaly broadens laterally in the more 
oceanic northeasterly region and appears to connect 
with the Afar plume (Benoit et  al. 2003; Debayle 
et  al. 2001). There are also numerous lines of 
evidence for a separate plume or upper-mantle 
instability under Tanzania or Uganda (Ebinger & 
Sleep 1998; Nyblade et al. 2000; Weeraratne et  al. 
2003), but its depth extent is unclear. The north- 
south propagation of volcanism and rifting, and 
general NNW movement of Nubia, suggest that the 
Tanzanian plume may have originally impacted 
beneath SW Ethiopia (George et  al. 1998; Courtillot 
et  aL 1999). However, this may be part of a larger 
single plume (Ebinger & Sleep 1998; Furman et  al. 
this volume). 

The driving forces for continental rifting come 
from distant plate forces (e.g. subduction), tractions 
imposed on the base of the plate due to underlying 
mantle convection, and forces associated with asth- 
enospheric upwelling beneath the plate (e.g. small- 
scale convection or plumes) (Ebinger 2005). The 
perhaps simplest model of rifting involves mechan- 
ical stretching, where strain is accommodated by 
large offset border faults (McKenzie 1978). Such 
a mechanism requires large stresses in order to 
rupture cold, thick lithosphere. Alternatively, 
plume-lithosphere interactions may heat the litho- 
sphere enough to promote magma production and 
more easily facilitate rifting of the consequently 
weakened lithosphere (Buck 2004). In the southern 
part of the EARS, where the rift is young, the strain 
is more predominantly accommodated by border 
faults, whilst in northeastern Ethiopia, where 
oceanic spreading is starting, the strain is largely 
accommodated by magma injection along segments 
in the rift valley (Ebinger & Casey 2001; Keranen 
et  al. 2004). It is estimated that nearly 80% of the 
strain in the crust is localized to the magmatic 
segments (Bilham et  al. 1999). 

Seismic methods offer a means of testing such 
models of rifting. Tomography can be used to 
map the structure of low-velocity anomalies and 

hence the morphology of warm mantle upwellings 
beneath rifts (e.g. Evans & Achauer 1993). 
Additionally, measurements of seismic anisotropy 
can be used to infer patterns of strain and flow 
(Vauchez et  al. 2000). The anisotropy can be due 
to the lattice-preferred orientation (LPO) of crystals 
or the preferred orientation of inclusions (e.g. 
oriented melt pockets (OMP)) or periodic thin 
layering (PTL) of contrasting materials (e.g. 
Kendall 2000). The resulting rock fabric produces 
a directional dependence in seismic velocities, or, 
in other words, seismic anisotropy. Here we use 
observations of anisotropy on a range of length 
scales to test models of rifting with the aim of 
achieving a better understanding of the connection 
between large-scale mantle flow and ocean basin 
formation. 

There are a number of seismic methods for 
measuring anisotropy in the mantle (e.g. see 
Kendall 2000). The observation of two indepen- 
dent, orthogonally polarized shear-waves is 
perhaps the most unambiguous indicator of wave 
propagation through anisotropic media. A shear- 
wave in an isotropic medium will split into two 
shear-waves when it encounters an anisotropic 
medium. The orientation of the shear-waves and 
their difference in travel-times constrain the 
symmetry and magnitude of the anisotropy. Shear- 
wave splitting measured in teleseismic core 
phases such as SKS is routinely used to measure 
upper-mantle anisotropy (for review, see Savage 
1999). Using networks or arrays of seismic stations, 
SKS splitting measurements offer good lateral res- 
olution of anisotropy, but poor vertical resolution. 
Analyses of splitting in local events, if available, 
can be used to provide depth constraints on the 
extent and magnitude of the anisotropy. 

Seismic anisotropy also affects surface-waves. It 
leads to azimuthal variations in surface-wave phase 
velocities, discrepancies between Love-wave and 
Rayleigh- wave-derived shear-wave velocity 
models, and particle motion anomalies (Kirkwood 
& Crampin 1981). The dispersive nature of 
surface-wave propagation leads to good resolution 
of anisotropy variation with depth, but long wave- 
lengths mean poor horizontal resolution. The analy- 
sis of anisotropy using a combination of seismic 
body- and surface-waves provides good vertical 
and horizontal resolution and offers information 
about length scales of anisotropy. 

Here we summarize observations of seismic aniso- 
tropy beneath the EARS. Special detail is given to the 
Ethiopian part of the rift, where we have detailed cov- 
erage from data acquired during the EAGLE 
(Ethiopia Afar Geoscientific Lithospheric Exper- 
iment) project (Maguire et  al. 2003). After a review 
of anisotropy mechanisms, we start with the regional 
picture from teleseismic surface-wave analyses and 
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58 J.M. KENDALL ETAL .  

progress to increasingly finer resolution beneath the 
Northern Main Ethiopian Rift (NMER). 

Mechanisms for seismic anisotropy 
( L P O  vs. O M P )  

The primary mechanism for seismic anisotropy in 
the upper mantle is the lattice-preferred orientation 
of olivine (and to a lesser extent enstatite) cry- 
stals in peridotites. Experimental measurements 
(Nicholas & Christensen 1987; Ben Isma'11 & 
Mainprice 1998) and numerical simulations 
(Blackman et  al. 1996; Tommasi 1998) show that 
the a-axis [100] of olivine crystals will align in 
the flow direction. This is most effective when the 
rock is deforming by dislocation creep, which is 
controlled by strain rate and history, grain size, 
temperature and fluid content. There is some varia- 
bility in the magnitude of anisotropy observed in 
xenoliths of peridotite, but it is on average 5% 
(Ben Ismall & Mainprice 1987). In general, such 
polycrystal rocks have triclinic elastic symmetry, 
but with peridotites this can be well-approximated 
with an orthorhombic symmetry (Blackman & 
Kendall 2002). Anisotropy is often observed to 
decrease beneath 220 km (e.g. Montagner 1994). 
This may be due to a transition from dislocation 
to diffusion creep, which is less effective in produ- 
cing LPO (Karato 1992). More recently, it has been 
proposed that at high pressures the dominant slip 
direction in olivine changes to the c-axis [001], 
which produces little aggregate anisotropy 
(Mainprice et  al. 2005). 

Figure 2a shows P-wave and S-wave velocities as 
a function of propagation direction for a peridotite 
from Tanzanian upper-mantle xenoliths (Vauchez 
et al. 2005). P-wave velocities are fastest in the 
flow direction, whilst shear-wave splitting is 
minimal for S-wave propagation in the flow direc- 
tion. With a horizontal flow direction and a vertical 
flow plane, a near-vertically propagating shear- 
wave (e.g. SKS) will show large amounts of 
shear-wave splitting and the fast shear-wave will 
be polarized in the direction of flow. The amount 
of SKS splitting will be much less for a horizontal 
flow plane. Assuming horizontal flow and horizon- 
tal wave propagation, the largest shear-wave split- 
ting will occur in directions near normal to the 
flow direction and horizontally polarized shear- 
waves (Sh) will be faster than vertically polarized 
shear-waves (Sv); consequently, Love-wave ana- 
lyses will yield faster shear-wave models than 
those derived from Rayleigh waves. Love-  
Rayleigh models will be much more similar for 
surface-waves propagating in the flow direction. 

The preferred alignment of inclusions will also 
produce a long-wavelength anisotropy, provided 

the periodicity of the inclusions is much shorter 
than the seismic wavelength. In contrast, LPO is a 
more intrinsic cause of anisotropy and will not be 
seismic-wavelength dependent. Microcracks 
vertically oriented parallel to the direction of 
maximum horizontal stress are thought to be the 
main cause of anisotropy in the shallow crust 
(Crampin 1994). The resulting style of anisotropy 
is often referred to as azimuthal anisotropy as it pro- 
duces azimuthal variations in velocities, and is 
often approximated by hexagonal symmetry with 
a horizontal symmetry axis or horizontal transverse 
isotropy (HTI). Alternatively, PTL of materials 
with contrasting velocities (e.g. volcanics and 
sediments) can be very effective in generating 
long-wavelength anisotropy (Backus 1962). If the 
layering is horizontal, the medium will act like a 
homogeneous hexagonally symmetric material 
with a vertical symmetry axis. This is commonly 
referred to as vertical transverse isotropy (VTI), 
but the terms polar or radial anisotropy are also 
often used to describe such symmetry. A character- 
istic of such media is a lack of azimuthal variation 
in velocities and a lack of shear-wave splitting in 
vertically travelling shear-waves. 

The preferred alignment of melt inclusions is a 
very effective way to generate anisotropy (Kendall 
1994). The magnitude of the anisotropy is not 
only very sensitive to the volume fraction of the 
melt, but also the shape of the melt inclusions. 
Thin disk-like inclusions are more effective at gen- 
erating anisotropy than long tube-shaped inclusions 
(Kendall 2000). Spherical melt pockets are 
obviously the least-effective shapes for generating 
anisotropy. The shape and orientation of melt is 
controlled by wetting angles and strains in the 
medium (Schmeling 1985; Faul et al. 1994). As 
strain and melt fraction increases, the melt will 
start to align along grain edges and then crystal 
faces. 

Figure 2b shows P- and S-wave velocities in a 
medium with vertically oriented melt pockets 
(OMP) that are tabular and disk-like in shape. 
P-wave velocities are highest for wave propagation 
parallel to the melt pockets, and shear-wave split- 
ting is largest in these directions. For directions of 
horizontal wave propagation parallel to the OMP, 
vertically polarized shear-waves (Sv) are faster 
than horizontally polarized shear-waves (Sh). 
With surface waves, Love waves would produce a 
slower shear-wave model than that derived from 
Rayleigh waves. No shear-wave splitting occurs 
when waves propagate in a direction normal to 
the flat face of the inclusion. These predictions are 
sensitive to the inclusion aspect ratio, but they are 
most sensitive to the shape of the inclusion and 
the material in the inclusion. For example, flat 
oblate inclusions of melt are much more effective 

 at University of Michigan on October 26, 2014http://sp.lyellcollection.org/Downloaded from 



SEISMIC ANISOTROPY AND THE RIFTING OF AFRICA 59 

(a) 

MED 
~ /  SLOW 

• FAST 

4" 

Earth surface (xlow directitm ~ 4,5 

" ' - 4 . ,  " -  ~ , 

3,5 

3 , h 
-80 -60 -40 -20 0 20 40 60 80 

Azimuth (~ (degrees from flow direcioa) 

Vp (kin/S) l A V s (%) Fest -shmlr  

a.5 

8.4 

8.3 

8.2 i 

Min, Vp= 7JT, max. VP= 1t .73 l r . o  V r~ , = . , = I 

1 

Antl~4rl~ • lO.3 

mlerisatlon 

(b) 

FAST 

• FAST 

Symmetq/plans 

I" " ' ,"  e e  

4.5 

4 

3.5 

, , , , , i , h 
-80 -60 -40 -20 0 20 40 60 80 

Azimuth~ (degrees from symmetry plane) 

Pffll~tl'O!~/• $.4 

F a s  n ~  

Fig. 2. Mechanisms for seismic anisotropy. (a) Anisotropy due LPO of upper-mantle minerals. Top left shows directions 
of fast, slow and medium P-wave velocities, assuming a horizontal flow direction and a vertical flow plane as shown in 
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fraction is assumed to be 0.1% and the melt lies in disk-like in pockets (oblate spheroids) with an aspect ratio of 0.02. 
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in generating anisotropy than prolate inclusions of 
high-velocity material. A further discussion of ani- 
sotropy sensitivity to inclusion shape and material 
can be found in Blackman & Kendall (1997) and 
Kendall (2000). 

These diagnostics of wave propagation in various 
styles of anisotropy can be used to help guide 
interpretations of the cause of anisotropy. 

Regional patterns of surface-wave 
anisotropy 

A large-scale picture of upper-mantle anisotropy 
can be derived from observations of azimuthal vari- 
ations in surface-wave phase velocities. For 
example, Hadiouche et  aL (1989) derived aniso- 
tropy models for Africa, noting a general north- 
south trend in the fastest direction for 40-100 sec 
Rayleigh waves in eastern Africa. 

More recently, Debayle et  al. (2005) have con- 
structed a high-resolution, 3D tomographic model 
for the shear-wave velocity and azimuthal aniso- 
tropy of the African upper mantle. Their model 
resulted from the analysis of 9000 multi- 
mode (fundamental and first three higher modes) 
Rayleigh waveforms from 1022 regional earth- 
quakes recorded at 250 stations. To construct the 
model, they first obtained path-averaged Sv-velocity 
models that best predicted the observations. Periods 
of 50-160 sec were used and path lengths ranged 
from 1000km to 10000km. The path-average 
models were then inverted for horizontal variations 
in shear-velocity and azimuthal anisotropy at differ- 
ent depths. Tests showed that a few hundred kilo- 
metres of lateral resolution and 40-50 km vertical 
resolution is achieved in the top 400 km of the 
mantle. 

Figure 3 shows depth slices from the Debayle 
et  al. (2005) model centred on Ethiopia. Diffuse 
low-velocity zones lie beneath Afar and the Ethio- 
pian plateau, and are in general agreement with 
recent body-wave travel-time tomography models 
(Montelli et al. 2004; Bastow et  al. 2005; Benoit 
et  al. 2006). These results are also similar to 
recent surface-wave results of Sebai et al. (2006). 

Within the lithosphere or upper 150 kin, the ani- 
sotropy shows clear differences between the Nubian 
plate and Somalian plate. The anisotropy orien- 
tation varies with depth between SE-NW and 
east-west beneath the Ethiopian plateau. The 
trend in the upper 75 km agrees with the orientation 
of major faults and Mesozoic rift structures (Moore 
& Davidson 1978; Berhe 1990). The orientation in 
the underlying lithosphere aligns with an east-west 
trending suture (Stern et al. 1990), the interpretation 
of which is somewhat controversial (Church et al. 
1991). Both directions are different from 

Pan-African north-south structural trends (Berhe 
1990; Abdelselam & Stern 1996). However, 
beneath the Somalian lithosphere, the surface- 
wave model shows a coherent north-south trend. 
The surface waves average horizontal structure 
over a few hundred kilometres in length scales. 
Within the Ethiopian Rift valley, the anisotropy 
appears weak, presumably because the surface- 
waves average a range of azimuthally anisotropic 
structures. Beneath Tanzania, the fast shear-wave 
direction is oriented roughly east-west and paral- 
lels the palaeo-fabric of the Tanzanian craton (e.g. 
Shackleton 1986). 

At greater depths, beneath the EARS lithosphere, 
the anisotropy shows a consistent NE orientation, 
which parallels the rift from Tanzania to Arabia. 
This is roughly the orientation of the inferred 
large deep-seated African superplume as it rises 
towards Arabia (Ritsema & Allen 2003). 

SKS splitting along the EAR 

SKS splitting analysis has been performed in many 
regions of continental rifting. In general, the orien- 
tation of the fast shear-wave is usually rift parallel, 
but there are some interesting variations. Fast shear- 
wave polarizations beneath the Rio Grande Rift are 
consistently rift parallel (Sandvol et  al. 1992; G6k 
et  al. 2003), whereas within the Baikal Rift the 
fast polarization directions are perpendicular to 
the rift (Gao et  al. 1994). Gao et  al. (1997) argue 
that fossil fabric beneath a rift should be weakened 
due to the enhanced mobility of olivine crystals at 
higher temperatures. However, recent studies of 
lithospheric peridotities affected by plumes do not 
seem to show this effect (Vauchez & Garrido 
2001; Vauchez et al. 2005). Gao et al. (1997) also 
note that tomography results suggest that mantle 
beneath the Baikal Rift is cooler than beneath the 
Rio Grande Rift or EARS. Where temperatures 
are high enough to produce melt, rift-related aniso- 
tropy may be due to OMP (Kendall 1994; Gao et al. 

1997). 
There have been a number of studies of SKS 

splitting along the EARS (see compilation in 
Fig. 4). SKS splitting at permanent stations in 
Africa exhibit little variation in splitting parameters 
with source backazimuth, and it is therefore argued 
that the upper-mantle anisotropy is due to a simple 
single layer (Ayele et  al. 2004; Barruol & Ben 
Ismail 2001; Walker et al. 2003). Ayele et al. 

(2004) interpret splitting in Kenya, Ethiopia and 
Djibouti in terms of melt, noting that the magnitude 
of the splitting correlates with amount of melt 
production. 

In Tanzania and Kenya, data from temporary 
seismic deployments show fast shear-wave 
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(PREM); red and blue colours indicate areas of slower and faster wave propagation with respect to PREM and the 
reference velocity is shown at the top of each map. Green bars indicate fast directions for horizontally propagating 
Sv-waves and their length is proportional to the magnitude of the azimuthal anisotropy. 

polarizations parallel to the edges of  the eastern 
and western arms of  the EARS that encircle the 
Tanzanian craton (Gao e t  al. 1997; Walker et  al. 
2003). Gao et  al. (1997) interpreted rift-parallel 

anisotropy in terms of  an OMP mechanism. The 
magnitude of  splitting is much smaller in the south 
where the rift is youngest.  Measurements  away 
from the rift, f rom the craton and the SE part 
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Fig. 4. SKS splitting measurements along the EARS; dashed white line on regional map (lower left) shows outline of 
rift. Lower fight shows detail from Northern Ethiopian Rift. Major mid-Miocene border faults and monoclines are 
marked with solid and dashed lines, respectively. Larger grey arrows show direction of absolute plate motion. 
Quaternary magmatic segments are shaded in red. In both maps, arrows show orientation of fast shear-wave and length 
of arrow is proportional to magnitude of splitting. Magenta arrows show results of Walker et al. (2004); blue show 
results of Gao et al. (1997); green, Gashawbeza et al. (2004); orange, Barruol & Ben Ismail (2004); red, Ayele et al. 
(2004); yellow and white show results from NMER (see Kendall et aL 2005). Top figure shows SKS splitting (dt) as a 
function of latitude. Circle colours match those used for the maps. 

of  the rift extending into the Mozambique Belt, are 
somewhat  different (Walker e t  al. 2003). Splitting 
beneath the Tanzanian craton is much  weaker and 
oriented in a more ea s t -wes t  direction, in align- 
ment  with Precambrian structural trends (Shackle- 
ton 1986). Walker e t  al. (2003) interpret the 

splitting pattern in terms of  a number of mechan- 
isms including: asthenospheric flow around a cra- 
tonic keel, p lume- l i thosphere  interactions, pre- 
existing lithospheric fabric and melt-induced aniso- 
tropy. Anisotropy due to asthenospheric flow 
around continental keels has been used to explain 
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patterns of SKS splitting around cratonic North 
America (Fouch et al. 2000). SKS splitting due to 
plume-lithosphere interactions beneath Tanzania 
have been predicted by Sleep et al. (2002), but it 
is difficult to constrain such interpretations as the 
location or even present-day existence of the 
plume is unknown. Weeraratne et  al. (2003) use 
Rayleigh-wave tomography to infer the location 
of a plume beneath the Tanzanian craton, but the 
predicted SKS splitting is inconsistent with the 
observations (Walker et  al. 2003). 

More recently, Kendall et  al. (2005) made over 
500 SKS splitting measurements at over 70 
EAGLE temporary stations centred on the NMER 
(Fig. 4). The orientation of the fast shear-waves 
are roughly rift parallel. The magnitude of the split- 
ting varies considerably over short distances 
(<40kin)  and arguments based on the size of 
Fresnel zone (Rtimpker & Ryberg, 2000) constrain 
the differences in anisotropy to the uppermost 
100 kin. There will also be a weaker, but more 
uniform, contribution to the SKS splitting from 
the underlying large-scale flow in the region, as 
revealed by surface waves. In general, the degree 
of splitting increases northward towards the more 
oceanic part of the rift, but is highest near the 
flanks of the rift. On the flanks of the rift the orien- 
tation of the fast shear-waves parallel the border 
faults and monoclines. Within the rift valley the 
orientation of the anisotropy rotates counter- 
clockwise and follows the en-echelon orientation 
of the magmatic segments. The shallow source of 
anisotropy, increased splitting in more magmatic 
regions, and the anisotropy alignment with mag- 
matic segments lead to the interpretation that the 
anisotropy is controlled by OMP. 

In contrast, Gashawbeza et  al. (2004) measure 
SKS splitting with a wider-aperture network, but 
again the fast shear-wave polarizations are parallel 
to the trend of the rift. They argue that the aniso- 
tropy beneath Ethiopia is Precambrian in origin 
with some Neogene reworking near the rift. They 
draw on interpreted suture orientations inferred 
from ophiolite belts (Berhe 1990), but as noted pre- 
viously these interpretations are somewhat contro- 
versial (Church et  al. 1991) (see also discussion). 

In summary, observations of SKS splitting 
within EARS rift valleys are conformal to the 
trend of the rifts. Based on observations of SKS 
splitting alone, it is difficult to discriminate 
between anisotropy due to olivine LPO associated 
with asthenospheric flow, fossil anisotropy in the 
lithosphere surrounding the rift, and anisotropy 
due to OMP. However, the fast shear-wave orien- 
tations are clearly not aligned with directions of 
absolute plate motion (APM), thus ruling out aniso- 
tropy due to simple asthenospheric flow coupled to 
the base of the plates. The observations are also not 

in agreement with predictions of extension-induced 
olivine LPO (e.g. Blackman et al. 1996; Vauchez 
et  al. 2000), as observed at the East Pacific Rise 
(Wolfe & Solomon 1998) and in the perhaps 
cooler Baikal Rift (Gao et  al. 1997), where fast 
shear-wave polarizations are perpendicular to the 
spreading direction. 

Surface-wave anisotropy within the 
Northern Ethiopian Rift 

A more-detailed picture of anisotropy beneath the 
Ethiopian Rift valley is obtained from the analysis 
of Rayleigh-Love wave propagation within the 
rift valley. Pilidou et al. (2004) analysed nearly 
80 Rayleigh- and Love-wave seismograms from 
23 local, regional and teleseismic events, recorded 
at 20 EAGLE broadband stations. Group velocities 
are measured from local rift earthquakes with 
propagation paths of length 400-800 km. Phase 
velocities are measured along interstation propa- 
gation paths of length 30-250 kin. With both, the 
paths cross the rift valley with a wide range of 
azimuths. Such analyses allow us to test the LPO 
and OMP hypotheses. The predicted magnitude of 
Love-Rayleigh-wave model discrepancies can be 
similar for LPO and OMP mechanisms, but azi- 
muthal variations predicted by these models are 
quite different (see Fig. 2). 

Pilidou et  al. (2004) follow a two-step procedure 
to determine path-averaged Earth models. In the 
first step, they calculate the group/phase velocity 
dispersion for the fundamental mode along a 
given path, and higher modes where the data 
allow it. In the second step, they match, through 
inversion, each dispersion curve with a theoretical 
dispersion curve for a suitably chosen layered- 
Earth model. The Rayleigh- and Love-waves are 
inverted separately. Data in the period range of 
5 - 5 0  sec are analysed, which resolves Earth struc- 
ture in the uppermost 75 kin. Horizontal resolution 
at a depth of 50kin is roughly 50kin for the 
Sv-waves and 80 km for Sh-waves. Figure 5 sum- 
marizes the results. 

In the upper 10 kin, Sh-waves are faster than Sv- 
waves, independent of azimuth. Surface-wave ani- 
sotropy in the shallow crust beneath the NMER is 
therefore best explained with a VTI model, most 
probably caused by the layering of volcanics and 
sediments in the uppermost crust (e.g. see 
Mackenzie et al. 2005; Keller et  al. 2003). 

Beneath 20 kin, there is a clear azimuthal vari- 
ation in the shear-wave velocities. For wave propa- 
gation along the axis of the rift valley, the Sv model 
consistently shows faster velocities than the Sh 
model. At more oblique angles to the rift axis, the 
anisotropy is diminished and the Sh velocities 
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Fig. 5. Surface-wave anisotropy within the NMER. Azimuthal variation in Sv (blue) and Sh (pink) wavespeeds at 
depths of i0 km, 35 km and 45 kln. Solid line is natural smooth spline fit to individual measurements and azimuth is 
measured clockwise from north. Estimates are made from group velocity measurements made on local events and 
interstation phase velocity measurements (see Pilidou et al. (2005) for more detail). Map shows the interstation paths 
for phase velocity measurements. 

become faster than the Sv velocities. This pattern is 
similar to that predicted with the OMP model where 
the normal to the melt pockets is perpendicular to 
the rift axis (Fig. 2). This is in contrast to the vel- 
ocities predicted from the peridotite anisotropy, 
which predict very little anisotropy for the limited 
range of directions where Sv velocities are faster 
than Sh velocities. These models therefore suggest 
OMP as the primary mechanism for anisotropy 
beneath the rift to the maximum depth of  resolution 
( ~ 7 0  km). The OMP anisotropy is over 12% and 
extends over at least 50 km of  the upper mantle. 

This would produce over 1.5 seconds of SKS split- 
ting, which is roughly the average amount of  SKS 
splitting observed in the NMER valley (Kendall 
e t  al. 2005). 

S h e a r - w a v e  s p l i t t i n g  in  c r u s t a l  

e a r t h q u a k e s  

Shear-wave splitting in shallow earthquakes can be 
used to study the anisotropy within the crust if 
events lie within a near-vertical cone beneath the 
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station (the so-called shear-wave window of Booth 
& Crampin 1985). Keir et  al. (2005) analysed 
events at depths between 6 and 25 km beneath the 
EAGLE stations. The orientations of fast shear- 
waves at these stations parallel local surface fea- 
tures (Fig. 6). For example, the splitting at ANKE 
parallels the nearby mid-Miocene Ankober border 
fault. Within the rift valley, the anisotropy generally 
parallels Quaternary-age eruptive centres and active 
faults. 

A VTI crust due to fine-scale layering, as 
suggested for the rift valley by the surface-wave 
analysis, will not generate any splitting in near- 
vertically propagating shear waves. Therefore, the 
anisotropy is most likely due to vertical cracks or 
inclusions aligned by regional and local stresses in 
the crust. The magnitude of the splitting varies dra- 
matically across the EAGLE network, suggesting a 

heterogeneous stress field or variations in the under- 
lying cause of anisotropy. The deepest events lie 
beneath the Ethiopia plateau and although they 
show small splitting values (up to 0.15 sec), they 
show clear depth-dependent variations in shear- 
wave splitting to a depth of 25 kin. This suggests 
roughly 1% anisotropy beneath the plateau. In con- 
trast, earthquakes 7 km beneath the Boset magmatic 
segment show 0.24 sec of splitting, which translates 
to over 6% anisotropy. Stations within the rift 
valley but located outside magmatic segments 
show less splitting (e.g. MELE or E79), but the 
average magnitude of splitting in the rift valley is 
nearly 3%, much larger than that beneath the 
plateau to the NW. 

Where it is possible to compare, the orientation 
of the fast shear-wave agrees with the direction of 
maximum horizontal stress, as inferred from focal 
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Fig. 6. Crustal anisotropy as determined from shear-wave splitting in crustal earthquakes. Calculation assumes 
anisotropy is uniformly distributed between the source and receiver. Orientation of arrows shows polarization of fast 
shear-wave, whilst the length of the arrow is proportional to the magnitude of the anisotropy. Heavy black lines 
show orientation of border faults, dashed lines show monoclines and thin lines show outline of magmatic segments in 
the rift valley. 
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mechanisms (Keir et al. 2006). Keir et al. (2005) 
interpret these observations in terms of the injection 
of vertically aligned magma intrusions or cracks 
beneath the Quaternary magmatic segments. 
Stations outside the rift show directions sub-parallel 
to metamorphic basement fabrics, consistent with 
melt decrease away from the rift. Support for this 
interpretation comes from other geophysical 
studies. Keranen et al. (2004) and Tiberi et al. 
(2005) interpret cooled mafic intrusions in the 
middle to lower crust beneath these magmatic seg- 
ments using wide-angle refraction tomography and 
gravity models, respectively. The anomaly under 
Boset is especially pronounced, where melt- 
related anomalies have been interpreted in magneto- 
telluric (MT) (Whaler & Hautot 2006) and gravity 
(Cornwell et al. 2006) data. There is evidence for 
melt in the lower crust beneath the Ethiopian 
plateau, both in the past and at present, from 
wide-angle seismic refraction images of underplat- 
ing (MacKenzie et al. 2005), mid-crustal conduc- 
tive anomalies in MT data (Whaler & Hautot 
2006), and Quaternary eruptive centres as far 
north as Lake Tana. Cumulatively, these results 
suggest the anisotropy is related to variable 
amounts of melt pocket alignment in the crust, 
with a higher degree of dyke intrusion in the crust 
beneath the rift. 

proposed plumes beneath Africa ranges from as 
few as one to as many as 40 (Davies 1998). Further- 
more, based on laboratory experiments, the stability 
of a single large inclined superplume has been ques- 
tioned (Davaille et al. 2005). Hence the pattern of 
sub-lithospheric anisotropy may be related to a 
more complicated pattern of upwellings from the 
deep mantle beneath Africa. Instead of a large 
single superplume beneath the upper mantle, there 
may be more than one plume head beneath our 
study region. For example, recent tomographic 
images suggest a plume beneath the Red Sea/Gulf 
of Aden that extends vertically into the lower 
mantle (Montelli et al. 2004). Future regional- 
scale seismic experiments will help address this 
issue by better delineating mantle structure 
beneath Africa (e.g. AfricaArray http://africaarray. 
psu.edu; Dalton 2005). 

Anisotropy beneath Africa cannot be explained 
by the direction of absolute plate motion. Africa is 
nearly stationary in a hotspot reference frame and 
the Nubian and Somalian plates move slowly in a 
northwesterly direction (Fig. 4). However, recent 
analysis of GPS and earthquake slip vector data 
(Calais et al. 2006) show relative extension direc- 
tions across the rift valleys, which are consistently 
perpendicular to the polarization of the fast 
shear-wave. 

Synthesis of results 

L a r g e - s c a l e  f l o w  

Deep mantle flow associated with the African 
superswell is oriented in a rift-parallel direction 
beneath the EARS. The signature of this is 
perhaps evident in the pattern of surface-wave ani- 
sotropy at depths below 125 km (Debayle et al. 
2005). It has been argued that this large-scale flow 
pattern is responsible for the dynamic topography 
of Africa (Lithgow-Bertelloni and Silver 1998; 
Gurnis et al. 2000) and Arabia (Daradich et al. 
2003) and the EARS plate motions (Calais et al. 
2006). The interaction of this density-driven flow 
with absolute plate motions has also been used to 
explain SKS splitting observations at permanent 
stations on islands surrounding Africa (Behn et al. 
2004). In fact, the regional patterns of surface- 
wave anisotropy (Fig. 3) are reminiscent of the 
flow patterns predicted by Behn et al. (2004). It is 
therefore plausible that the sub-lithospheric aniso- 
tropy beneath the EARS is due to olivine LPO 
caused by viscous coupling between the overlying 
plates and a superplume that rises beneath Tanzania 
(e.g. Sleep et al. 2002). 

The precise architecture of the upwelling upper- 
mantle beneath Africa is uncertain. The number of 

M a g m a  a s s i s t e d  r i f t i n g  

It is difficult to reconcile the rift valley surface-wave 
anisotropy and SKS splitting directions with a model 
of olivine alignment beneath the Ethiopian rift. This 
precludes olivine alignment due to current processes 
(either mechanical extension or flow along the rift 
axis) or fossil fabric within we-existing lithosphere. 
Instead, melt pockets oriented in a rift-parallel direc- 
tion explain the observations remarkably well (see 
Fig. 2). The combined body-wave and surface- 
wave results provide robust evidence for aligned 
melt beneath the Northern Ethiopian Rift to depths 
of at least 75 kin. This is further supported by struc- 
tural (Ebinger & Casey 2001; Wolfenden et al. 
2004), geochemical (Rooney et al. 2005), earthquake 
seismicity (Keir et al. 2006) and controlled-source 
seismic (Keranen et al. 2004) data, which indicate 
that the magmatic segments are zones of intense 
dyke injection and magmatic intrusion. Major 
element analyses of xenoliths from the Bishoftu 
area (near station DZEE, Fig. 1) suggest melting at 
depths up to 75 km (Rooney et al. 2005). 

Regional tomography (Green et al. 1991; Ritsema 
et al. 1998; Bastow et al. 2005) show highly focused 
low-velocity anomalies beneath continental parts of 
the EARS. Vp/Vs ratios suggest that these anomalies 
may indicate partially molten mantle (Bastow et al. 
2005). Anisotropy due to OMP explains how 
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remarkably conformal the SKS splitting polarizations 
are to the rift valleys. This is further supported by the 
fact that the magnitude of the splitting (dt) increases 
moving northward in the direction of increased 
magma production (Fig. 4). 

Shear-wave splitting in crustal earthquakes 
suggests that the melt-induced anisotropy persists 
well into the crust. There is an apparent contradic- 
tion between the rift-valley surface-wave results 
and the crustal splitting. This is resolved with a 
model of layered sediments and volcanics, punctu- 
ated by vertically aligned dykes and intrusions. 
The resulting anisotropy will be orthorhombic in 
symmetry. Vertically propagating shear-waves 
will not be sensitive to VTI anisotropy caused by 
the layering. In contrast, the surface-waves, with 
poorer lateral resolution, will not be able to 
resolve the localized and highly variable anisotropy 
beneath the magmatic segments and thus be most 
sensitive to the layering. 

Although the anisotropy beneath the rifts appears 
to be dominated by melt, it is likely to be due to a 
range of mechanisms. Holtzman et al. (2003a) 
show strain partitioning and melt segregation in lab- 
oratory simulations of dunite deformation. These 
experiments suggest that anisotropy in deformed 
regions of partial melt may be due to OMP, LPO 
and the periodic layering of melt-rich and melt-poor 
bands. Interestingly, these experiments show olivine 
a-axis [100] alignment in the shear plane, but ortho- 
gonal to the shear direction. For vertical flow, the 
olivine a-axis alignment will be horizontal and rift- 
parallel, further accentuating the anisotropy due to 
aligned melt pockets and melt bands. Cumulatively, 
these mechanisms are highly effective in generating 
seismic anisotropy (Holtzman et al. 2003b). 

Evidence of melt-related anisotropy is important 
as it supports ideas of magma-assisted rifting. An 
asthenospheric upwelling will heat the lithosphere 
and produce melt, thus reducing the strength of 
the lithosphere enough for it to rupture without 
large amounts of stretching (Buck 2004). Strain gra- 
dients will focus and align the melt in the mantle 
beneath rift shoulders, as predicted by Sleep 
(1997) and observed by Kendall et al. (2005). 
Melt is then focused up to the rift axis, eventually 
erupting at magmatic segments and perhaps follow- 
ing strain gradients (e.g. Phipps-Morgan 1987). 

Regional tomography and geochemical studies 
indicate localized upwellings or small plumes that 
may originate from the African superplume. These 
will thermally thin the lithosphere and lead to 
decompression melting and magma injection into 
the lithosphere. The distant forces acting on the 
African plates are weak, but the extra forces due 
to small-scale convection beneath the rift may 
be sufficient to rift the weakened lithosphere 
(Burov & Guillou-Frottier 2005). 

P a n - A f r i c a n  f a b r i c  

There is likely to be fossil anisotropy within the 
ancient lithosphere away from the rift valley. SKS 
splitting beneath the Tanzanian craton is weak, 
but parallels Precambrian Pan-African fabric 
(Walker et  at. 2004). In general, cratonic fabric in 
Africa appears to generate small amounts of SKS 
splitting (e.g. Kaapvaal (Silver et al. 2001; Fouch 
et al. 2004); Congo (Ayele et al. 2004)). 

The pre-existing lithospheric fabric in Ethiopia is 
less clear, owing to the cover of pervasive flood 
basalts. Mesozoic rift structures strike NW-SE,  
and Pan-African structural trends are oriented 
north-south (e.g. Moore & Davidson 1978). 
However, based on the orientation of ophiolite 
belts, Berhe (1990) inferred a N E - S W  trending 
suture that connects the north-south Turkana trend- 
ing suture and the north-south trending Nabitah 
suture in Arabia. In contrast, Stern et al. (1990) 
have used the same ophiolite belts to suggest a 
major east-west suture in this region that is in 
part marked by chains of eruptive volcanic centres 
(e.g. the Ambo lineament). Due to limited basement 
outcrop, the interpretation of such sutures is contro- 
versial (Church 1991). SKS splitting beneath the 
Ethiopian plateau roughly aligns (within 20-30 
degrees) with the suture orientation proposed by 
Berhe (1991) (Gashawbeza 2004). Vauchez et al. 
(1997) have argued that there is correlation 
between mechanical anisotropy and pre-existing 
anisotropic fabric; in other words, rifting has a ten- 
dency to occur along previous sutures. In contrast, 
larger-scale surface-wave anisotropy shows a 
northwest orientation in the upper 75 km beneath 
the Ethiopian plateau and a north-south orientation 
in the deeper lithosphere. These surface waves will 
average structures over large horizontal distances 
and will see the cumulative effect of any pre- 
existing fabric and/or aligned melt. Any fossil ani- 
sotropy will be more dominant away from the rift 
valley. It would appear that the surface waves are 
not capable of resolving the near-surface near-rift 
melt-related anisotropy. 

Beneath the Ethiopian plateau (NW of the rift), 
the fast shear-wave orientations remain rift-parallel 
over 200 km from the rift flanks (Gashawbeza et al. 
2004; Kendall et al. 2005; Keir et al. 2005). As 
discussed, this may indicate pre-existing structural 
trends, but the signal may be still due to aligned 
melt in the lower crust and uppermost mantle, 
as it is beneath the rift valley. Indeed, there is 
further evidence for magmatism under the plateau. 
Whaler & Hautot (2006) see evidence from 
magneto-telluric surveying for large conductive 
bodies in the mid-crust. MacKenzie et al. (2005) 
interpret crustal underplating beneath this region 
in a wide-angle reflection profile (see also 
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Maguire e t  al. 2006). Evidence from surface 
geology and magneto-telluric data of Quaternary 
volcanism and dyking is observed as far north as 
Lake Tana (Hautot et  al. 2006). Finally, fine-scale 
tomographic images show a large low-velocity vel- 
ocity anomaly beneath the Ethiopian plateau, offset 
northwestward from the rift valley. Analysis of Vp/ 
Vs ratios derived from P-wave and S-wave models 
suggests this anomaly is most probably melt related 
and not purely thermal in origin (Bastow et  al. 

2005). Therefore, beneath the Ethiopian plateau 
the anisotropy may be due to a complicated combi- 
nation of mechanisms associated with pre-existing 
fabric, fault trends and aligned melt. This may 
explain discrepancies in the surface-wave and 
body-wave results, as they are sensitive to different 
lateral and vertical length scales. 

Summary 
Figure 7 summarizes our working model of aniso- 
tropy beneath the EARS. Shear tractions and buoy- 
ancy forces induced by deep mantle flow appear to 
drive rifting in Africa. In this model, the large-scale 

African superplume feeds smaller plumes or upwel- 
lings that impinge on the base of a heterogeneous 
lithosphere (e.g. Ebinger & Sleep 1998). The 
plume material flows around rigid keeled cratonic 
blocks, pooling beneath lithospheric thin spots 
(Sleep e t  al. 2002), which correlate with pre- 
existing rift zones and/or sutures (Dunbar & 
Sawyer 1989; Vauchez et  al. 1997; Ebinger & 
Sleep 1998). The strain associated with rifting is 
then accommodated by magma injection along 
narrow plate boundaries, not diffuse regions. Exten- 
sion is accommodated in focused zones of melt pro- 
duction where magma injection outpaces faulting. 
Anisotropy in the rift valley is dominated by the 
melt signature, whilst the pre-existing Pan-African 
anisotropic fabric contributes a weak signature 
away from the rift. The wide range of observations 
of seismic anisotropy beneath Africa hold a signa- 
ture of the processes that lead to rifting and eventual 
formation of an ocean basin. 
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