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Abstract Ethiopia is a region where continental rifting gives way to oceanic spreading. Yet the role that
pre-existing lithospheric structure, melt, mantle flow, or active upwellings may play in this process is
debated. Measurements of seismic anisotropy are often used to attempt to understand the contribution
that these mechanisms may play. In this study, we use new data in Afar, Ethiopia along with legacy data
across Ethiopia, Djibouti, and Yemen to obtain estimates of mantle anisotropy using SKS-wave splitting. We
show that two layers of anisotropy exist, and we directly invert for these. We show that fossil anisotropy
with fast directions oriented northeast-southwest may be preserved in the lithosphere away from the rift.
Beneath the Main Ethiopian Rift and parts of Afar, anisotropy due to shear segregated melt along sharp
changes in lithospheric thickness dominates the shear-wave splitting signal in the mantle. Beneath Afar,
away from regions with significant lithospheric topography, melt pockets associated with the crustal and
uppermost mantle magma storage dominate the signal in localized regions. In general, little anisotropy is
seen in the uppermost mantle beneath Afar suggesting melt retains no preferential alignment. These results
show the important role melt plays in weakening the lithosphere and imply that as rifting evolves passive
upwelling sustains extension. A dominant northeast-southwest anisotropic fast direction is observed in a
deeper layer across all of Ethiopia. This suggests that a conduit like plume is lacking beneath Afar today,
rather a broad flow from the southwest dominates flow in the upper mantle.

1. Introduction

Ethiopia is often cited as a natural laboratory for the study of the final stages of continental breakup [Ebinger
and Casey, 2001; Nyblade and Langston, 2002; Maguire et al., 2003]. However, debate still exists as to the
mechanism that allows continents to break apart and for rifting to be sustained. The role that mantle upwel-
lings [Rogers, 2006; Chang and Van der Lee, 20111, mantle flow [Ebinger and Sleep, 1998; Hansen et al., 2012],
melt [Buck, 2004; Kendall et al., 2005; Holtzman and Kendall, 20101, and pre-existing lithospheric structure
[Vauchez et al., 2000; Gashawbeza et al., 2004; Cornwell et al., 2010] may play has been discussed widely, yet
to date a consensus remains elusive. The study of seismic anisotropy, the variation of seismic wave speed
with direction of propagation, offers the chance to differentiate between some of these mechanisms as it
can highlight mantle flow through the alignment of olivine [Babuska and Cara, 1991], lithospheric fabrics
[Silver, 1996], or the presence of aligned pockets of melt [Kendall, 2000]. A number of studies have
attempted to unravel the anisotropic signature beneath Ethiopia [Ayele et al., 2004; Gashawbeza et al., 2004;
Kendall et al., 2005; Sebai et al., 2006; Montagner et al., 2007; Sicilia et al., 2008; Bastow et al., 2010; Hammond
et al, 2010; Gao et al., 2010; Obrebski et al., 2010; Keir et al., 2011; Hammond, 2014], yet, to date, no consen-
sus exists on the mechanisms causing the observed anisotropy. Here we use new data sets from Afar, Ethio-
pia combined with large data sets from Ethiopia, Yemen, and Djibouti to estimate shear-wave splitting
beneath the Afar Triple Junction and surrounding regions. We use new, novel shear-wave splitting inversion
techniques [Wookey, 2012] to unravel multiple layers of anisotropy beneath the rift, thus allowing us to
place constraints on the dominant mechanisms of anisotropy beneath this complex tectonic setting.

2, Seismic Anisotropy

Mantle anisotropy is commonly associated with flow, which aligns the faster a axis of olivine crystals in the
direction of flow (lattice preferred orientation, LPO) [Babuska and Cara, 1991]. However, other mechanisms
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exist that also generate seismic anisotropy. These include the periodic layering of sediments or volcanics in
the crust and the presence of preferentially oriented fractures, fabrics, or fluids in the crust and mantle
(examples of shape preferred orientation, SPO). In volcanic settings, aligned melt either in the form of dikes
and sills in the crust [Hammond, 2014] or oriented pockets of melt in the mantle [Kendall et al., 2005] will
cause seismic waves to travel faster parallel to the melt pockets than perpendicular to them. The amount of
anisotropy depends on the aspect ratios and melt fractions, with even small amounts of melt generating
considerable seismic anisotropy if the aspect ratios are low [see Kendall, 2000; Holtzman and Kendall, 2010,
for review].

A common technique used to estimate anisotropy is shear-wave splitting [Silver and Savage, 1994]. As a
shear wave enters an anisotropic medium, it will split into two orthogonally polarized quasi shear waves
which travel at different speeds. This so called split shear wave allows us to characterize the symmetry of
the anisotropic system (¢) and the time lag (0t) between the two shear waves can be used as a proxy for
strength or thickness of the anisotropic medium. Commonly, core phases (SKS-waves and SKKS-waves) are
used to investigate mantle anisotropy. These are shear waves which travel from the source as an S-wave,
convert to a P-wave to travel through the outer core and convert back to an S-wave upon re-entering the
mantle. The conversion to a P-wave, eliminates source side anisotropy. Typically, it is assumed that anisot-
ropy is accrued in the uppermost mantle beneath the seismometer, as apart from the D” layer at the core-
mantle boundary, the rest of the mantle is largely isotropic [Savage, 1999]. Due to the near vertical ray path
in the upper mantle, SKS-wave splitting gives very good lateral resolution beneath a station, but lacks depth
resolution.

Silver and Savage [1994] show that in the presence of depth varying anisotropy, splitting parameters vary as
a function of the initial source polarization of the shear wave. In the case of core phase splitting, the initial
source polarization is the same as the back-azimuth (assuming no complexity at the core-mantle boundary).
This variation has a characteristic /2 variation, and thus allows for multiple layers of anisotropy to be iden-
tified, provided events from different back-azimuths are analyzed. Ethiopia meets this criteria being sur-
rounded by subduction zone seismicity at the right distance (80°-140°), and having many stations
deployed for long time periods (Figure 1). These data along with results based on other methods such as
surface waves, which constrain azimuthal anisotropy (the variation of wave speed with the direction of
propagation) and radial anisotropy (the variation of wave speed for vertically (Rayleigh) polarized and hori-
zontally (Love) polarized waves) [Sebai et al., 2006; Montagner et al., 2007; Sicilia et al., 2008; Bastow et al.,
2010], mean we can unravel the complex anisotropic signature seen beneath Ethiopia and place constraints
on the driving forces behind rifting in East Africa.

3. Previous Studies of Anisotropy in East-Africa

Early studies of shear-wave splitting in East-Africa show anisotropic fast directions parallel to the Kenyan rift
[Gao et al., 1997; Barruol and Hoffmann, 1999; Barruol and Ben Ismail, 2001]. This suggested that olivine
alignment due to passive upwelling, as expected for oceanic rifts [Wolfe and Solomon, 1998] was unlikely, as
this would be oriented perpendicular to the rift. Rather, Gao et al. [1997] suggested that low upper mantle
velocities [e.g., Slack et al., 1994] indicated that hot material flowed along the rift, aligning olivine, a result
consistent with more recent regional studies [Bagley and Nyblade, 2013]. More recently, Gao et al. [2010]
investigated anisotropy in Ethiopia and proposed that the anisotropy is dominated in this region by flow in
the asthenospheric mantle to the northeast, consistent with recent thermochemical convection models
[Forte et al., 2010; Faccenna et al., 2013]. However, Barruol and Ben Ismail [2001] and Gao et al. [2010] show
evidence for complicated splitting results as a function of back-azimuth in Kenya and Ethiopia/Djibouti,
respectively, suggesting that more than one layer of anisotropy may be present.

Further evidence of multiple regions of anisotropy comes from studies using dense seismic networks in the
Main Ethiopian Rift (MER). These show consistent fast directions trending rift parallel, but with time lags
varying between ~1 and 3 s [Gashawbeza et al., 2004; Kendall et al., 2005]. These results show variations in
splitting parameters above regions of Quaternary-recent volcanism, where a rotation in fast direction
mimics the rotation in the Quaternary-recent volcanic segments. This was cited as evidence that oriented
melt pockets dominate the anisotropy beneath the rift [Kendall et al., 2005], but Gashawbeza et al., [2004]
argue that away from the rift pre-existing lithospheric structural fabrics play a role. Further evidence for a
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Figure 1. The seismic array, see legend for details of experiments. Stations in red show results not published previously. Stations in white
show data that have been reanalyzed for this study. Thick white lines show major border faults and rift margins. Gray-filled regions show
Quaternary-recent volcanic segments. The inset plot in the top left shows the earthquake distribution. Note the good back azimuthal cov-
erage. YTVL: Yerer-Tullu Wellel volconotectonic lineament, MER: Main Ethiopian Rift, DMH: Dabbahu-Manda-Hararo segment. All other
codes relate to seismic stations (see supporting information Table S1).

melt dominated anisotropic signal in the rift comes from Ayele et al. [2004] who show an increase in the
amount of splitting in regions of increased volcanism. Also considerable crustal anisotropy is present, evi-
denced in studies of shear-wave splitting from local earthquakes [Keir et al., 2005, 2011], and anisotropic
receiver functions [Hammond, 2014]. These studies suggest that melt in the crust is a likely cause of
anisotropy.

Surface waves offer another method to determine anisotropy beneath a region. They lack lateral resolution,
but do offer depth constraints [Montagner, 1998]. Regional studies show a significant anisotropic signature
in the uppermost mantle beneath East-Africa [Sebai et al., 2006; Montagner et al., 2007; Sicilia et al., 2008;
Bastow et al., 2010]. Sicilia et al. [2008] invert for both radial and azimuthal anisotropy showing changes in
anisotropic characteristics with depth. They argue that horizontal flow from a mantle plume beneath Afar is
the cause of the deeper anisotropy, with possible fossil or melt-related anisotropy in the top 100 km [Mon-
tagner et al., 2007; Sicilia et al., 2008]. Bastow et al. [2010] compared radial and azimuthal anisotropy from
surface waves and SKS splitting values showing that melt rather than channelized flow must be the cause
of anisotropy in the uppermost mantle beneath the MER, which was further constrained to the top 90 km
by waveform modeling of SKS phases [Hammond et al., 2010].

The results of the previous work show that a significant anisotropic signature is present beneath East-Africa,
but it is not clear what the dominant mechanism is. Blackman et al. [1993], Kendall [1994], Blackman and
Kendall [1997], and Wolfe and Silver [1998] show that in a mid-ocean ridge setting anisotropy is likely a
trade-off between LPO due to the passive upwelling of mantle material, and SPO due to aligned melt in the
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lithosphere at the ridge axis. Blackman and Kendall [1997] show that at the ridge axis large amounts of
aligned melt are expected resulting in large splitting. Away from the axis, where the amount of partial melt
is likely insignificant, anisotropy is dominated by olivine alignment due to mantle flow, as is seen beneath
the East-Pacific Rise [Wolfe and Solomon, 1998; Harmon et al., 2004]. However, in a continental rift setting,
the presence of old thicker lithosphere means that pre-existing structure can also produce significant aniso-
tropy(Silver, 1996; Vauchez et al., 2000] and any steep topography on the lithosphere-asthenosphere bound-
ary will cause shear-derived segregation of melt to form bands of melt, another mechanism generating
anisotropy [Holtzman and Kendall, 2010].

Beneath East Africa, multiple conduits of upwelling material have been proposed to exist [Sebai et al., 2006;
Montagner et al., 2007; Sicilia et al., 2008; Chang and Van der Lee, 2011], which would manifest itself as a
radial [Riimpker and Silver, 2000] or circular [Druken et al., 2013] pattern in azimuthal anisotropy. Alterna-
tively, a more broad upwelling may be present, which flows along lithospheric topography, thus would flow
toward the north-east beneath Ethiopia [e.g., Ebinger and Sleep, 1998; Sleep et al., 2002; Forte et al., 2010;
Hansen et al., 2012]. More recent studies imaging the upper mantle beneath Afar show that a conduit like
plume is unlikely in the uppermost mantle beneath Ethiopia [Rychert et al., 2012; Hammond et al., 2013].
Rather decompression melting dominates at the rift axis [Rychert et al., 2012], combined with small off-axis
upper mantle diapiric upwellings [Hammond et al., 2013]. These flow mechanisms potentially provide fur-
ther localized anisotropic fabrics.

4. Data

Unraveling the expected complex anisotropic signals present in the splitting data requires data from a
range of back azimuths. In our case, we are fortunate that over the last two decades many stations have
been deployed throughout Ethiopia, and Ethiopia is also well located in terms of being surrounded by seis-
micity at the right epicentral distance (90°-140°) (Figure 1). We use data from five temporary experiments,
and two permanent stations deployed in Yemen, Ethiopia and Djibouti (Figure 1). New data come from
nine stations deployed during the Afar urgency project [Ebinger et al., 2008; Keir et al., 2009] and a large
NERC SEIS-UK [Brisbourne, 2012] and IRIS-PASSCAL deployment of 41 broadband seismometers which cov-
ered most of the Afar Depression and surrounding highlands [Belachew et al., 2011; Hammond et al., 2011].
We include data in this study up until October 2010. Additionally, we provide new results from five French
stations (RLBM (Réseau Large Bande Mobile)), deployed in Ethiopia and Yemen [Sebai et al., 2006]. We also
reanalyze data from the EKBSE (Ethiopia Kenya Broadband Seismic Experiment) [Nyblade and Langston,
2002] and the main deployment stage of EAGLE (Ethiopia Afar Geophysical Lithospheric Experiment) experi-
ments [Maguire et al., 2003]. We include two additional permanent stations; FURI, an IRIS run station in
Ethiopia, and ATD, a GEOSCOPE run station in Djibouti. These permanent stations have been operational
since 1993 (ATD) and 1997 (FURI). Many of the temporary deployments deployed stations in similar loca-
tions (e.g., EKBSE, Afar Urgency, and Afar consortium all had stations in the Afar capital Semera, thus this
location has 8 years of data and 149 SKS/SKKS splitting measurements) (see supporting information Table
S1 and Figure S1).

5. Shear-Wave Splitting Measurements

We estimate splitting in SKS/SKKS phases using a semiautomated technique [Teanby et al., 2004; Wustefeld
et al., 2010], based on the methodology of Silver and Chan [1991]. We filter the data between 3.3 and 20 s
and rotate and time shift the horizontal components to find the combination of fast polarization angle and
time delay which minimizes the second eigenvalue of the covariance matrix for particle motion for a time
window around the phase. This linearizes the particle motion and usually results in minimizing energy on
the transverse component (assuming the shear wave was radially polarized before entering the anisotropic
medium). This gives us an estimate of the fast polarization direction (¢) and the time lag between the fast
and slow shear waves (6t). We calculate 100 splitting measurements for 100 different windows and cluster
analysis is used to identify the best result [Teanby et al., 2004]. After a visual inspection of the good splitting
data (looking for linearized particle motion, minimized transverse energy, and good signal-to-noise ratio),
we further categorize the splitting results into good (¢ o < 10°, Oteror < 0.15), fair (10° < ooy < 20°,
0.15 < Otepror < 0.25) and poor ((20° < Pepror < 30°,0.25 < Otepor < 0.3s)) results. We only categorize the
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Figure 2. Individual and one-layer inversion splitting results. Thin black lines show the individual good and fair splitting results (see text
for definition). Red lines show the one-layer inversion result for all stations.

data for plotting purposes, all data are used in the multiple layer shear-wave splitting inversions as even
poorly constrained results can add useful constraints in the inversion. In some cases, no splitting is seen in
the incoming shear waves, even when signal is clear. These so called null events can either be due to the
initial polarization of the shear wave being similar to the symmetry axis of the anisotropy or the structure
beneath the station is isotropic [Wustefeld and Bokelmann, 2007]. These data are included in the multiple
layer shear-wave splitting inversions as they add valuable constraints. In total, we use 691 earthquakes (sup-
porting information Table S2) estimating shear-wave splitting in 3092 phases (supporting information Table
S3) and identify a further 845 null results (supporting information Table S4). An example splitting result and
null result is shown in supporting information Figure S1 and good, fair, and stacked results are shown in
Figure 2.

Similar to previous studies of shear-wave splitting in Ethiopia [Ayele et al., 2004; Gashawbeza et al., 2004;
Kendall et al., 2005; Gao et al., 2010], we observe a dominant northeast-southwest fast direction across the
whole data set, with the suggestion of more north-south fast directions toward the northernmost Afar/Pla-
teau region and more east-west orientations close to the southeastern plateau (Figure 2). The only excep-
tions are three urgency stations (treated as one station in this study as they are almost colocated) deployed
above the region of recent diking activity on the Dabbahu-Manda-Hararo volcanic segment which show
fast directions in a north-south orientation, parallel to the dike orientation (Figure 2).

Interestingly, some of the seismic stations show considerable variation in splitting parameters with back-
azimuth (Figure 3). Gao et al. [2010] showed that station ATD has a 2x variation with back-azimuth,
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Figure 3. Example shear-wave splitting inversions for station ATD. (a) The one-layer splitting inversion. (b) Theoretical two-layer shear-
wave splitting curves [Silver and Savage, 1994] for the error surface stacking [Restivo and Helffrich, 1999] (dashed black line), the one-layer
inversion (dashed blue line), the two-layer inversion (red), and the two-layer result of Gao et al. [2010] (green). Note the similarity between
the green and red curves. The two-layer inversion result for (c) the upper layer and (d) the lower layer. The red star shows the two-layer
result of Gao et al. [2010] (Pupper=—71 ° Otypper =0.655, strength ypper =0.037, e, =38 , Otiower =2.00s, strength joe, =0.113).

indicative of multiple layers of anisotropy [Silver and Savage, 1994]. Obrebski et al. [2010] used surface waves
and P-wave receiver functions at ATD showing that multiple layers of anisotropy are consistent with these
seismic data sets. With our new data, we show that many other stations throughout Afar also show the sig-
nature of multiple layer anisotropy with systematic variation in fast direction and time lag with back-
azimuth (Figure 3 and supporting information Figures S1-521).

6. Multiple Layer Shear-Wave Splitting Inversions

Previous studies investigating multiple layers of anisotropy [Barruol and Hoffmann, 1999; Barruol and Ben
Ismail, 2001; Gao et al., 2010] have attempted to model them using the theoretical curves of Silver and Sav-
age [1994]. This works well as a method of hypothesis testing, however, there remains an inherent
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ambiguity in inverting data using this technique as differing parameters for two layer splitting can have
very similar curves [Wookey, 2012]. For example, the best fitting two layer case for station ATD suggested by
Gao et al. [2010] (upper layer: —71°, 0.65 s, lower layer: 38°, 2.0 s) has almost identical theoretical curves to
that shown for a case with markedly different splitting parameters (upper layer: 63°, 0.71 s, lower layer: 29°,
1.09 s) (Figure 3).

Here we use a newly developed shear-wave splitting inversion method [Wookey, 2012]. This technique
allows us to split the region beneath a seismic station into box-shaped domains. Within each domain, it is
assumed that a constant anisotropy exists, given an 81 component fourth rank tensor (C), which can be rep-
resented by a 6 X 6 matrix without loss of information (Voight notation). Two parameters are varied in each
domain. The angle of anisotropic symmetry (—90°-90°) (assuming a HTI medium) and the strength parame-
ter (0-0.15) (a factor which determines the dilution of C by Voight-Reuss-Hill averaging). A strength factor of
0.1 equates to ~1.7 s of splitting assuming a 40 km thick layer. We place no constraints on the thickness of
the layer due to the trade-off of strength with layer thickness, for example a 0.05 strength over an 80 km
thick layer will give the same results as that for a 0.1 strength and 40 km thick layer. By systematically rotat-
ing and diluting the base elastic constants, we can calculate the anisotropic tensor for a suite of symmetry
axes and strength factors. From this it is possible to calculate the polarization and phase velocity of the two
shear waves (thus the expected ¢ and dt) by solving the Christoffel equation. With this information, we can
define the shear-wave splitting operator for each domain in our model (I"; defined by ¢ and ot in the
domain). We then correct the real data for these modeled splitting operators and measure the second
eigenvalue of the particle motion (/,) after correction. This is the key step in the Wookey [2012] shear-wave
splitting technique as it allows us to minimize the summed 1, for all waveforms in the data set. The Silver
and Chan [1991] technique estimates shear-wave splitting parameters by minimizing /,, thus the Wookey
[2012] shear-wave splitting technique incorporates the analysis step of the data into the inversion mecha-
nism itself thus removing any need to deal with complex misfit functions inherent in comparing the mod-
eled and measured fast polarization and time lags [see Wookey, 2012, for more details]. This step also allows
us to include null data into the inversion with no special treatment. To evaluate each candidate model, we
calculate a reduced chi-square misfit

where v is the number of degrees of freedom (taken to be the number of seismograms inverted minus the
free parameters in the model), /,, is the normalized second eigenvalue of the ith seismogram, and ¢ is its
associated error, estimated from an initial standard splitting analysis of the data. In all, one and two layer
models tested the misfit is significantly larger than one. This implies that the modeling is not spuriously fit-
ting noise, but that also there is still complexity in the data which the model is not capturing. Improvements
in misfit reduction do, therefore, imply a better fitting model.

Figure 3 shows an example inversion for station ATD. We show that the crust and mantle beneath ATD is
best fit (misfit = 14.93) by two layers of anisotropy with a fast orientation of 63 = 11°, and delay time of

0.7 = 0.1 s in the upper layer and a fast orientation of 29 = 5° and delay time of 1.1 = 0.2 s in the lower
layer. The results have a lower misfit than the model shown by Gao et al. [2010] (misfit = 16.61) which has a
fast orientation of —71° and delay time of 0.65 s in the upper layer and fast orientation of 38° and delay
time of 2.0 s in the lower layer.

The first step to systematically constrain anisotropy beneath Ethiopia is to determine how well a single layer
of anisotropy can match the data. We construct a model with one domain for each seismic station and
invert the data. We compare this with the error surface stacking technique of Restivo and Helffrich [1999]
(supporting information Table S5 and Figure 3). It is clear that both techniques give similar results.

To invert more than one layer of anisotropy, we follow the workflow shown in Figure 4. It is important that
we have good back-azimuthal coverage [Wookey, 2012]. We set a criteria that a station must have at least
eight splitting measurements across five different 10° bins (supporting information Table S5). All stations
that pass this test are then inverted for a two-layer model. To identify stations which show robust two-layer
splitting characteristics, we apply the following tests:
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1. The two-layer inversion has fast directions which
are not within 0 = 10° or 90 = 10° of each other (i.e,,

At least 8 data
across 5 10° back-

azimuth bins # True close to the same fast direction, or orthogonal fast
directions).
P ralse 2. None of the layers in the two-layer inversion have

Perform inversion | . .
an effective strength, accounting for errors, of 0.

3. The misfit for a two-layer inversion must be lower
than that for a one-layer inversion.

1-layer anisotropy 4. The two-layer inversion must show a unique

solution.

Fast directions in
either layer are not
within 0+10° or
90£10°

In total, 22 stations passed this test, while 67 stations
are either best fit with one layer of anisotropy,
orthogonal layers of anisotropy or have no unique
solution. Fourteen stations do not have enough data
from enough back-azimuths for us to invert. Figure 3
shows the two-layer inversions for station ATD (all
other results are shown in supporting information

Figures S2-521) and Table 1 and Figure 5 show the
best fitting two-layer results.

7. Results

Either layer does
not have an effec-
tive strength of 0

1-layer anisotropy

Misfit is lower than
the 1 layer inver-
sion (but larger
than 1)

7.1. Ethiopian Plateau and Yemen

Evidence for two layers of anisotropy in the Ethi-
opian plateau and Yemen are sparse. One station,
YAYE in Ethiopia, shows some evidence for upper

layer anisotropy, but foliation direction beneath
this station is unclear. Station YAF in Yemen

Figure 4. The workflow followed in performing the two-layer shows upper layer orientations which match
inversions. major geological features [Windley et al., 1996].

The lower layer beneath the Ethiopian plateau is
oriented northeast-southwest and beneath Yemen mimics the orientation of the Red Sea and Gulf of
Aden rifts (Figure 5).

7.2. Main Ethiopian Rift (MER)

The upper layer beneath the MER has fast directions aligned rift parallel, except for two distinct east-west
fast directions which lie close to the east-west trending chain of volcanoes called the Yerer-Tullu Wellel vol-
conotectonic lineament (YTVL) (Figure 5). The lower layer beneath the MER has consistent northeast-
southwest oriented fast directions (Figure 5).

7.3. Afar Depression

Beneath the Afar Depression a complicated pattern of two-layer anisotropy is observed. Close to the large
border faults at the western margin of the Afar Depression, a strong two-layer anisotropy signature is
observed (Figure 5). The fast directions in the upper layer align parallel to the border faults (e.g., HALE,
ABAE, BTIE, and SHEE), with a significant strength present (<0.13 or <2.25 s). Other stations in Afar, which
lie close to the present day rift axis, expressed at the surface by segments of Quaternary-recent volcanism,
show fast directions which parallel these segments (e.g., ATD and GEWE), and mimic the trends seen in the
upper mantle S-wave velocity structure (Figure 6). There exists one more region of anomalous upper layer
anisotropy beneath Afar. Three stations (DIGE, IGRE, and HARE) (Figure 1) show fast directions with an east-
west orientation (Figure 5). The lower layer beneath the Afar Depression shows a consistent northeast-
southwest orientation, although two stations (ASYE and DIGE) (Figure 1) do show more northwest-
southeast and north-south orientations (Figure 5).

While there exist 22 stations with clear examples of two layers of anisotropy, 67 show that one layer best
fits the results. This implies that either just one layer of anisotropy is present, or if more than one layer exists
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Table 1. Two-Layer Inversion Results.

Two-Layer Inversion

Upper Layer

Lower Layer

Station Latitude (°) Longitude (°) One-Layer Misfit ¢ () At (s) ¢ () At (s) Misfit
AAUS 9.03 38.77 39.77 236+ 5.1 1.11+0.07 717 £32 0.56 * 0.06 32,62
ABAE 13.35 39.76 23.70 16.2 = 4.0 1.24 =0.16 60.7 £7.1 0.37 = 0.06 19.88
ADTE 11.12 40.76 2227 340 £ 45 0.34 * 0.06 122+56 0.69 * 0.06 21.80
ADUE 8.54 38.90 45.83 100.3 = 14.8 0.60 = 0.30 29.8 5.7 1.98 = 0.31 3494
AMME 8.30 39.09 11.47 193.9 4.1 0.95 * 0.07 718 4.1 0.60 = 0.06 9.09
ASYE 11.56 41.44 34.83 36.1 £5.1 143 =031 —424 *+45 0.86 = 0.33 2297
ATD 11.53 42.85 2191 63.1 =109 0.71 = 0.07 293 *+49 1.09 = 0.23 14.93
BELA 6.93 38.47 8143 75.1 £ 144 0.90 = 0.47 71x£79 1.95 = 0.50 78.92
BTIE 11.19 40.02 42.98 —30.8+10.1 0.95 *+ 0.48 463 + 6.1 1.65 = 0.60 36.16
BUTE 8.12 38.38 88.19 —43*35 0.70 = 0.07 505 *44 1.21 £ 0.06 69.17
CHAE 9.31 38.76 16.91 426+56 0.86 = 0.43 13.0 = 18.0 0.65 + 0.25 13.76
DIGE 12.33 40.27 101.24 67.5*+6.6 1.09 +0.28 —-82*+47 148 = 0.34 80.38
DONE 8.51 39.55 11.58 153+57 1.62 = 0.08 742 *+38 0.43 + 0.06 8.75
GEWE 10.00 40.57 30.24 33.7 %197 0.48 =0.23 42+48 1.01 £0.34 28.54
GTFE 9.00 39.84 10.58 194+ 46 1.35+0.07 62.7 43 0.16 = 0.06 10.51
HALE 13.84 40.01 12.53 16.1 £6.3 2.25*0.59 958 *+9.1 0.95 +0.53 10.51
HARE 11.61 40.88 28.64 86.0 =214 0.58 = 0.06 276 *+69 1.00 = 0.33 22.90
IGRE 12.25 40.46 20.05 769 *13.1 0.77 = 0.06 174=*=75 1.05*+0.24 18.12
LEME 8.61 38.61 23.36 56.9 =23 0.72 *= 0.05 28.8*+33 0.83 = 0.05 21.68
SHEE 10.00 39.89 60.55 40.1 £ 6.5 1.50 = 0.32 —251%+126 0.79+0.17 38.49
YAF 13.87 45.25 41.99 —156.6 +5.2 0.95 * 0.07 99.3 +49 1.26 = 0.07 36.79
YAYE 11.86 38.00 15.64 —109.1 £6.1 0.70 = 0.08 206 =44 0.69 = 0.06 11.57

the fast directions are oriented in similar or orthogonal directions. To investigate this, we plot a histogram
of the strength of the lower layer and the strength from the best fitting one layer inversions (Figure 5). The
strength of the lower layer/one-layer inversions is stronger beneath the MER than the Afar Depression.

8. Discussion

Previous authors have suggested many mechanisms which may cause anisotropy beneath Ethiopia, ranging
from preserved structure in the lithosphere [Gashawbeza et al., 2004; Kendall et al., 2006], oriented melt
pockets [Gao et al., 1997; Ayele et al., 2004; Kendall et al., 2005; Bastow et al., 2010; Hammond et al., 2010]
and flow in the mantle [Gao et al., 1997; Ayele et al., 2004; Kendall et al., 2005; Montagner et al., 2007; Bastow
et al., 2010; Gao et al., 2010]. Our new results allow us to place constraints on the importance of these
mechanisms.

8.1. Upper Layer

8.1.1. Ethiopian Plateau and Yemen

Our results show two examples where upper layer anisotropy seems to align with pre-existing structures
beneath the western Ethiopian plateau (YAYE) and Yemen (YAF) (Figure 5). Beneath these regions thicker
crust [Hammond et al., 2011; Ahmed et al., 2013], thicker lithosphere [Rychert et al., 2012], faster mantle seis-
mic velocities [Hammond et al., 2013] (Figure 6), and relatively little active volcanism is present suggesting
that fossil fabric is frozen into the Pre-Cambrian lithosphere as suggested by [Gashawbeza et al., 2004; Ken-
dall et al., 2006]. Unfortunately, a lack of stations in Western Ethiopia or Yemen means this cannot be con-
strained fully.

8.1.2. Main Ethiopian Rift

An upper layer of anisotropy is present beneath many stations in the MER. This layer is likely due to melt in
the top 90 km of the crust/mantle [Kendall et al., 2005; Bastow et al., 2010; Hammond et al., 2010]. A strong
indicator that melt is playing a role comes from the correspondence of east-west oriented upper layer fast
directions which align with the east-west trending YTVL volcanic chain (Figure 5). This coincides with east-
west oriented lower crustal and mantle low seismic velocities [Daly et al., 2008; Bastow et al., 2008; Keranen
et al., 2009; Kim et al., 2012; Hammond et al., 2013] (Figure 6), off-axis volcanism [Abebe et al., 1998], and
lower crustal seismicity interpreted as magma injection into the lower crust [Keir et al., 2009].
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Figure 5. Map showing the well constrained two-layer inversion results for (a) the upper layer and (b) lower layer. Colored circles show
the ot and the bars are aligned parallel to the fast directions for all two-layer inversions which pass the tests outlined in the text. Shaded
squares show the one-layer inversion results. Dashed black lines show structural trend lines in Ethiopia and Eritrea [after Berhe, 1990] and
dotted lines show the location of major geologic terranes and boundaries in Yemen [after Windley et al., 1996]. The inset in the lower plot
shows the delay times for one-layer inversion results for the MER (blue) and Afar (red) corresponding to the stations enclosed by the blue
and red regions, respectively. Note the larger delay times for the MER stations. AD: Afar Depression, DMH: Dabbahu-Manda-Hararo mag-
matic segment, MER: Main Ethiopian Rift, YTVL: Yerer-Tullu Wellel volconotectonic lineament. All other codes relate to seismic stations dis-
cussed in the text.
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Figure 6. Comparison of the two-layer inversions and mantle S-wave seismic tomography. Tomography at 75 km depth beneath (a) Afar and (b) MER compared with the upper layer of
anisotropy. (c) Tomography at 300 km depth compared with the lower layer of anisotropy. See Figure 5 for description of the two-layer inversion results. The gray-shaded regions show
areas with <10 rays in the seismic tomography, see Hammond et al. [2013] for more details of the tomography.

The fact that the one-layer inversion results have a larger strength/delay time in the MER than in the Afar
Depression suggests that an upper layer oriented in a similar direction to the lower layer exists beneath the
MER. It is possible that the lower layer is stronger beneath the MER than Afar, but the strong evidence for
low velocity zones in the top 90 km beneath the MER [Benoit et al., 2006; Bastow et al., 2008; Hammond

et al., 2013] with a clear anisotropic signature [Kendall et al., 2005; Bastow et al., 2010; Hammond et al., 2010]
suggests that an upper layer is playing a role.

8.1.3. Afar Depression

Beneath the Afar Depression there exist clear signs of an upper layer of anisotropy beneath some stations,
particularly those close to the large border faults (HALE, ABAE, BTIE, and SHEE) separating the plateau from
the depression and close to Quaternary-recent volcanic segments (ATD and GEWE) (Figure 5). However,
large parts of the Afar Depression show best fit one-layer inversions matching the northeast-southwest
regional fast directions, but with a lower strength than the MER to the south. These suggest that beneath
large parts of Afar little upper layer anisotropy exists. Additionally, extra constraints on the anisotropy and
velocity structure beneath the Afar Depression can be taken from surface waves [Knox et al., 1998; Sicilia

et al., 2008; Guidarelli et al., 2011] and body-wave studies [Makris and Ginzburg, 1987; Keir et al., 2011; Rychert
et al.,, 2012; Stork et al., 2013; Hammond et al., 2013; Hammond, 2014]. Thus, to build a model which explains
these Afar data, we must explain the following:

1. Regions of significant shear-wave splitting in the upper layer close to the rift margins and rift axis.

2. Very weak shear-wave splitting in the upper layer away from the rift margins and rift axis.

HAMMOND ET AL.

©2014. The Authors. 1888



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2013GC005185

3. Vsy < Vsy in the top 100 km beneath the Afar Depression [Sicilia et al., 2008].
4. Vs, > Vsy below 100 km beneath the Afar Depression [Sicilia et al., 2008].
5. Strong anisotropy in the crust close to magmatic segments [Keir et al., 2011; Hammond, 2014].

6. Strong low velocities beneath the rift axis, likely associated with melt in the top 100 km [Makris and Ginz-
burg, 1987; Knox et al., 1998; Guidarelli et al., 2011; Rychert et al., 2012; Stork et al., 2013; Hammond et al.,
2013] (Figure 6).

Four stations close to the western margin (HALE, ABAE, BTIE, and SHEE) show north-south orientations
(Figure 5). It has been suggested that close to strong gradients in lithospheric thickness, high strains are
developed and melt will be preferentially aligned [Holtzman and Kendall, 2010]. Afar has been shown to
have little to no mantle lithosphere present compared to 75 km thick lithosphere beneath the plateau
[Rychert et al.,, 2012], and very sharp gradients in crustal thickness [Hammond et al., 2011] and seismic
velocity structure [Hammond et al., 2013] (Figure 6) are present at this margin (Figure 7). Also, these
regions of clear two-layer anisotropy are in regions where crustal Vp/Vs is highest [Hammond et al.,
2011], and where some of the highest crustal shear-wave splitting results are observed, again with a
north-south fast direction [Keir et al., 2011] (Figure 7). It seems likely that preferential alignment of melt
is the dominant mechanism of anisotropy along the rift margin. This mechanism predicts that Rayleigh
waves will travel at a faster velocity than Love waves (Vs < Vsy). This model can explain points 1, 3, 4,
and 6 above.

Geophysical imaging work in the Afar Depression has shown that the crust and mantle close to mag-
matic segments contain significant amounts of partial melt giving rise to anisotropic Vp/Vs [Hammond,
2014], low seismic velocities [Makris and Ginzburg, 1987; Knox et al., 1998; Guidarelli et al., 2011; Ham-
mond et al, 2011, 2013; Stork et al, 2013], and high conductivities [Desissa et al, 2013]. Much of this
melt is suggested to be in the top 90 km [Rooney et al., 2005; Hammond et al.,, 2010; Rychert et al.,
2012; Ferguson et al., 2013]. Stations close to rift axis, expressed by the presence of Quaternary-recent
volcanics, show fast directions which mimic the orientation of the magmatic segments (ATD and
GEWE) (Figure 5). Unfortunately, the only other segment where we have stations, the Dabbahu-
Manda-Hararo (DMH) segment, does not have enough data for us to constrain two layers of anisot-
ropy. However, it does show anomalous fast directions, with a northwest-southeast orientation, mim-
icking the orientation of the magmatic segment (Figure 2), and similar to the orientation seen from
splitting in crustal earthquakes [Keir et al., 2011]. Three stations close to DMH (DIGE, IGRE, and HARE)
show more east-west fast directions in the upper layer. Hammond [2014] show that this mimics the
orientation of anisotropy in the crust. Much of the melt is stored in the lower crust in the form of
sills which gives little shear-wave splitting, but Hammond [2014] show that some melt is present in
vertical inclusions preferentially oriented toward the volcanic segment, likely linked with the magmatic
plumbing system beneath DMH. Hammond [2014] estimate up to 10% anisotropy in the crust close to
DMH. Assuming a mantle velocity of 3.6 km s~' [Hammond et al,, 2011], this would equate to an
upper layer thickness of 39, 27, and 21 km for station DIGE, IGRE, and HARE (Figure 1). Thus, we sug-
gest that beneath the magmatic segments a significant anisotropy from oriented melt exists mainly in
the crust and uppermost mantle and the orientations are related to the crustal strain field [Keir et al.,
2011; Hammond, 2014]. Interestingly, for the stations close to the border faults a thicker upper layer
(ABAE = 45 km, HALE =81 km, BTIE = 34 km, and SHEE =54 km) is required to explain the anisotropy
(assuming 10% anisotropy). This supports the idea that at locations with sharp changes in lithospheric
topography strain-derived segregation of melt in the mantle can align melt generating the anisotropy
(Figure 7).

Beneath many stations in Afar, including stations above focused low velocities seen in the mantle tomogra-
phy (Figure 6) little to no anisotropy in the upper layer is observed. In regions where little lithospheric
topography is observed, Holtzman and Kendall [2010] show that anisotropy is considerably lower and that
horizontal melt bands are likely to form. Shear-waves passing vertically through these melt bands will pro-
duce little shear-wave splitting. This seems to fit point 2 above, yet this model predicts Vs, > Vs, through
this region, the opposite of what is predicted from surface wave studies [Sicilia et al., 2008]. The results from
Sicilia et al. [2008] are based on regional data, so it is possible that melt at the steeply dipping lithospheric
topography dominate the signal. However, another observation from seismic tomography is that focused
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Figure 7. Annotated cross sections through (a) the MER and (b) Afar of the S-wave tomography showing the preferred models. See Figure
6 for the location of the cross sections. Also shown is topography (thick black line), crustal thickness, and bulk crustal Vp/Vs (multicolored
line) [Hammond et al., 2011]. The thin black line shows interpreted lithospheric thickness [after Rychert et al., 2012]. Red ellipses show
aligned melt and red circles show melt with little alignment. The pink band shows the region of melt initiation [Hammond et al., 2010;
Rychert et al., 2012; Ferguson et al., 2013]. Triangles show Holocene (yellow) and older (green) volcanoes.

diapiric upwellings exist in the uppermost mantle beneath Afar and passive upwelling seems to dominate
beneath the rift axis [Rychert et al., 2012; Hammond et al., 2013]. This implies that the dominant flow mecha-
nism in the uppermost mantle is near vertical. Rychert et al. [2012] suggest that little to no lithosphere is left
beneath the Afar Depression, a result supported by geochemical observations in the northern Red Sea,
which suggest that the lower crust and mantle lithosphere were replaced by upwelling asthenosphere
before the Nubian and Arabian plates separated [Ligi et al., 2012]. This implies that the considerable amount
of melt in the mantle beneath Afar migrates up toward the surface and cannot form significant alignment
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until it meets the crust-mantle interface. In this case, little melt anisotropy would be observed as no prefer-
ential alignment exists. Rather any anisotropy would be due to the vertical alignment of olivine crystals
from vertical flow. This would cause no shear-wave splitting and (Vs < Vs)), explaining points 2 and 4
above.

8.2. Mantle Flow: Lower Layer

A lower layer of anisotropy exists beneath all of Ethiopia with a consistent northeast-southwest orientation.
Alignment of olivine due to flow in the mantle can generate anisotropy, yet the absence of any radial flow
means a localized upwelling is unlikely. Rather, flow from the African superplume is the most likely cause, a
result supported by recent thermochemical convection models [Forte et al., 2010; Faccenna et al., 2013]. This
would induce radial anisotropy of Vs, > Vs, in surface waves, explaining point 5 above. There are two loca-
tions where more north-south orientations are observed (Figure 5). These are located close to focused
strong low velocities seen in mantle tomography results (Figure 6), interpreted as focused diapiric upwel-
lings from the uppermost mantle [Hammond et al., 2013]. This suggests that mantle flow may be affected in
the vicinity of these small mantle upwellings. Beneath Yemen, the deeper layer of anisotropy has an east-
west orientation (Figure 5), showing that the mantle flow beneath Yemen may deviate due to the presence
of thicker lithosphere.

9. Conclusions

The extensive focus of seismic research in Ethiopia over the last two decades, including new deployments
in the Afar Depression means that we have access to exceptional data sets across the region. These allow us
to use a newly developed shear-wave splitting inversion technique [Wookey, 2012] which has clearly shown
that two layers of anisotropy exist across much of Ethiopia. We show:

1. The MER is underlain by an upper layer, likely related to oriented melt pockets, including melt aligned
oblique to the rift following the Yerer-Tullu Wellel volconotectonic lineament [Kendall et al., 2005; Bastow
et al., 2010; Hammond et al., 2010].

2. The shallow mantle beneath the Afar Depression shows evidence for aligned melt close to regions of
sharp lithospheric topography [Kendall et al., 2005; Hammond et al., 2010; Holtzman and Kendall, 2010].

3. A significant upper layer of anisotropy is present close to the DMH volcanic segment which can be
explained by melt alignment in the crust [Keir et al., 2011; Hammond, 2014].

4. Away from the regions of steep LAB topography, little uppermost mantle anisotropy is observed suggest-
ing that melt retains little preferential orientation due to the lack of mantle lithosphere and that the vertical
alignment of olivine crystals dominates the anisotropic signature [Gao et al., 2010].

5. The plateau regions show anisotropy consistent with fossil anisotropy frozen into the lithosphere
[Gashawbeza et al., 2004; Kendall et al., 2006], but more data are required to constrain this.

6. A lower layer of anisotropy is evident across all of Ethiopia, and is oriented predominantly northeast-
southwest. We suggest that this is linked to flow from the African superplume [Ebinger and Sleep, 1998;
Sleep et al., 2002; Forte et al., 2010; Gao et al., 2010; Hansen et al., 2012; Faccenna et al., 2013]. There is no evi-
dence for radial flow expected for a localized upwelling from the deeper mantle.

7. The only deviations from the northeast-southwest flow in the lower layer beneath Ethiopia exist close to
the locations of suspected uppermost mantle diapiric upwellings [Hammond et al., 2013], suggesting these
locally modify the northeast-southwest flow.

8. One station in Yemen shows signs of a more east-west orientation in the lower layer, suggesting that the
lithosphere beneath Yemen may be deflecting flow to a more Gulf of Aden trend.

This study shows that melt must play an important role in late stage continental breakup, but the mecha-
nism by which it is extracted from the mantle varies according to the stage of rifting. In the earlier stages of
breakup, melt is segregated at the rift margins, as observed in the narrow MER. As rifting develops and the
rift axis moves away from the margins, melt retains little preferential orientation and is extracted from the
mantle by buoyancy forces alone. Evidence of this in Afar shows that, even though vestiges of continental
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material remain present in the crust beneath Afar [Makris and Ginzburg, 1987; Hammond et al., 2011], the
mantle beneath this region behaves much like a slow-spreading mid-ocean ridge.
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