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SUMMARY

The Ethiopia/Afar hotspot has been frequently explained as an upper mantle continuation of
the African superplume, with anomalous material in the lower mantle under southern Africa,
rising through the transition zone beneath eastern Africa. However, the significantly larger
amplitude low velocity anomaly in the upper mantle beneath Ethiopia/Afar, compared to the
anomalies beneath neighboring regions, has led to questions about whether or not along-
strike differences in the seismic structure beneath eastern Africa and western Arabia are
consistent with the superplume interpretation. Here we present a new P-wave model of the
hotspot’s deep structure and use it to evaluate the superplume model. At shallow (< ~400 km)
depths, the slowest velocities are centered beneath the Main Ethiopian Rift, and we attribute
these low velocities to decompression melting beneath young, thin lithosphere. At deeper
depths, the low velocity structure trends to the northeast, and the locus of the low velocity
anomaly is found beneath Afar. The northeast-trending structure with depth is best modeled
by northeastward flow of warm superplume material beneath eastern Africa. The combined
effects of shallow decompression melting and northeastward flow of superplume material
explain why upper mantle velocities beneath Ethiopia/Afar are significantly slower than those
beneath neighboring East Africa and western Arabia. The superplume interpretation can thus
explain the deep seismic structure of the hotspot if the effects of both decompression melting
and mantle flow are considered.
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INTRODUCTION

The Ethiopia/Afar hotspot is one of the most prominent geophysical
and geochemical anomalies on Earth and its origin, like that of many
other hotspots, is still widely debated. Seismic tomography studies
of the upper mantle published over the past decade have called into
question models invoking plume heads because the low velocity
anomaly in the mantle beneath Ethiopia/Afar is too deep and too
wide to be readily explained by a simple plume model (e.g., Bastow
et al. 2005, 2008; Benoit et al. 2006a,b). The hotspot has also been
frequently explained as an upper mantle continuation of the African
superplume, a broad, anomalous upwelling that originates in the
lower mantle beneath southern Africa (e.g. Ritsema et al. 1999;
Ritsema & Allen 2003; Simmons et al. 2007, 2009; Forte et al.
2010), and there are a growing number of geochemical studies that
also support this interpretation (e.g. Marty et al. 1996; Pik et al.
2006; Hilton et al. 2011).

Hansen et al. (2012) recently demonstrated that the superplume
structure likely crosses the transition zone from the lower to the up-
per mantle beneath northern Zambia or southern Tanzania (Fig. S1)
and suggested that flow of anomalously warm superplume mate-

rial may continue within the upper mantle to the northeast under
Kenya, Ethiopia, Afar, and western Arabia. However, the signifi-
cantly larger amplitude low velocity anomaly in the upper mantle
beneath Ethiopia/Afar, compared to anomalies beneath neighboring
East Africa and western Arabia (Fig. S1), has led to questions about
whether or not along-strike differences in the seismic structure be-
neath eastern Africa and Arabia are consistent with the superplume
interpretation.

Differences in the geographic locus of the seismic anomaly be-
tween tomographic models have also contributed to questions about
the superplume interpretation. For instance, many global studies
(e.g. Ritsema & Allen 2003; Montelli et al. 2006; Simmons et al.
2011) show the slowest velocities beneath the Afar Depression
(Fig. 1), which has long been interpreted as the center of the hotspot.
However, some higher-resolution regional-scale models (e.g., Bas-
tow et al. 2005, 2008; Benoit ef al. 2006a,b) show that the most
pronounced low velocities are beneath the Main Ethiopian Rift
(MER) to the southwest of Afar.

Here we present a new image of mantle P-wave velocity varia-
tions beneath Ethiopia/Afar and use it to evaluate the superplume
model. The velocity image has been developed using a global
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Figure 1. Map of the study region with 30 s digital topography (Wessel &
Smith 1998). Red triangles: EHB catalog stations, blue squares: augmented
stations also used by Hansen et al. (2012), purple squares: new augmented
stations. Bold dashed lines: MER boundaries. NMER/CMER/SMER: north-
ern/central/southern Main Ethiopian Rift.

tomographic inversion and a dataset containing travel-times from
earthquakes recorded on many new seismic stations within Ethiopia,
Afar, and across the study region, thereby providing improved reso-
lution over the Hansen ez al. (2012) model. Our image reveals impor-
tant features of the low velocity zone (LVZ) beneath Ethiopia/Afar,
which we use to show that the deep seismic structure of the hotspot
is consistent with the superplume interpretation.

ADAPTIVELY PARAMETERIZED
TOMOGRAPHY

The new P-wave image has been developed using an adaptive pa-
rameterization approach (Karason 2002; Li et al. 2008), described
in detail by Hansen et al. (2012). This tomographic approach uses
travel-time residuals calculated with respect to travel-times pre-
dicted by the ak135 Earth model (Kennett ef al. 1995). The largest
source of travel-time residuals used is the reprocessed International
Seismological Centre database (Engdahl er al. 1998; hereinafter
referred to as the EHB database), which includes over 15 million
travel-time residuals from more than 496,000 earthquakes between
January 1964 and October 2007 (Fig. S2).

Many of the African stations included in the EHB database only
operated for short periods of time and their distribution is sparse
compared to many other regions of the globe. Therefore, we have
augmented the EHB dataset with P-wave travel-times recorded by
new permanent AfricaArray (www.africaarray.org) seismic stations
as well as by temporary seismic networks operated over the past
two decades (Fig. 1; Fig. S2). Compared to Hansen et al. (2012),
the dataset employed here includes an additional 14 592 travel-time
measurements from 187 new stations in and around Ethiopia and
Afar, greatly improving coverage of the study region.

The dataset was inverted for a global model of mantle P-wave
structure. Significant lateral variations in resolution may result from
uneven seismic raypath coverage in the mantle, and most tomo-
graphic techniques use a regularly-spaced grid, which tends to either
over-emphasize poorly sampled regions or average out small-scale
structure. To mitigate the effects of uneven data coverage, the tomo-
graphic method employed here constructs an adaptable grid based
on the sampling density of the data (Kérason 2002). The adaptive
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grid is developed by combining one or more cells from a base grid
until a minimum ray density in each cell is achieved (Karason 2002;
Li et al. 2008; Hansen et al. 2012), resulting in a finer grid spacing
for regions with increased ray coverage (Fig. S3). The small inci-
dence angles of P-waves may cause crustal anomalies to ‘smear’
to deeper depths in the model; therefore the inversion also takes
crustal structure into account using an a priori 3-D crustal model
(CRUST?2.0; Bassin et al. 2000). This approach balances the crust
and upper mantle contributions to the misfit (Li et al. 2006, 2008).

Karason (2002) and Li ef al. (2008) provide a full description of
the sensitivity matrix calculations. Briefly, for short-period data with
a center frequency of ~1 Hz, the data are back-projected along ray-
paths calculated in the ak135 reference model. Weighted composite
rays are used to reduce the size of the sensitivity matrix (Spakman
& Nolet 1988; Karason & van der Hilst 2001). For long-period data,
3-D sensitivity kernels are approximated following Karason & van
der Hilst (2001). This approach allows the low-frequency data to
constrain long wavelength structure without preventing short-period
data from resolving smaller scale structures.

Although our inversion solves for the full mantle structure
(Fig. S1), we are primarily interested in the upper mantle varia-
tions beneath Ethiopia and Afar. Fig. 2a shows the P-wave velocity
perturbations relative to the ak135 reference model (8V},) at selected
upper mantle depths beneath the study region. These results were
obtained after 200 iterations of the inversion and correspond to a
92 per cent reduction of the error function. The length of the resid-
ual vector dropped from 0.95 to 0.31 s. While all of eastern Africa
is underlain by slow velocities, at depths < ~400km the slowest
velocities (8§, ~ —3 per cent) are concentrated beneath the central
and northern MER, with the center of the LVZ situated slightly to
the northwest of the rift axis. At deeper depths (> ~400km), the
center of the LVZ shifts to the northeast beneath Afar. This can also
be seen in cross-section (Fig. 2b), where the low velocities have
a northeast trend with depth. Checkerboard resolution tests illus-
trate that the amplitude recovery in the model is ~30-50 per cent
(Fig. S4). This is due, in a large part, to regularization parameters
used in the inversion to suppress the effects of noise in the data.

DISCUSSION

At shallow mantle depths (< ~400km), our tomographic results
show the locus of the hotspot anomaly beneath the MER, similar to
anumber of regional studies (Bastow ef al. 2005, 2008; Benoit ez al.
2006a,b). However, at deeper depths, our image of § V, is more simi-
lar to other global and regional tomography models (e.g. Ritsema &
Allen 2003; Montelli et al. 2006; Chang & Van der Lee 2011; Sim-
mons ef al. 2011, 2012), which show the anomaly centered beneath
Afar. Bastow ef al. (2008) suggested that the shallow LVZ structure
beneath the MER could result from either enhanced decompression
melting beneath young, thin lithosphere and/or from focused mantle
flow. Other studies have also explored these options. For instance,
Rychert et al. (2012) argued that the geodynamics in this region can
be explained by decompression melting with little or no influence
from mantle upwelling. Hammond et al. (2013) also advocated for
near-surface melting but suggested that density-driven flow deeper
in the mantle also contributes to the seismic structure.

Using a synthetic anomaly in the upper mantle, we have simu-
lated the LVZ beneath the MER to assess whether the observed low
velocities can be attributed purely to decompression melting beneath
thin lithosphere (Fig. 3a). The depth extent of decompression melt-
ing beneath Ethiopia is not well constrained, but petrologic studies
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Figure 2. (a) P-wave velocity perturbations relative to the ak135 reference model (6V},) at selected upper mantle depths. Bold dashed lines: MER boundaries.
Two profiles, A-A’ and B-B’, are shown in the 150 km depth panel. Profile A-A’ passes through the center of the LVZ. Profile B-B’ is perpendicular to
profile A-A” and runs through the center of the slowest part of the LVZ. (b) Cross-sections along both profiles A-A’” and B-B’. Dashed lines: 410 and 660 km
discontinuities. All panels have been plotted with a &= 3 per cent color scale.

estimate the melting depth beneath Afar is ~70-90 km (Furman been set to —6 per cent, which is comparable to that estimated by
2007, and references therein). Therefore, we use an 80-km thick Bastow et al. (2008). Synthetic travel-times were created and in-
synthetic anomaly in our model (Fig. 3a). Given our amplitude verted using the same model parameterization as was used for the

recovery at these depths, the corresponding input amplitude has data. Noise was added to the synthetic travel-times as a Gaussian
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Figure 3. Resolution tests with synthetic anomalies. Left: Input models, Right: recovered models. All anomalies have been projected onto the adaptive grid
(Fig. S3). 8V}, indicates velocity perturbations relative to the ak135 reference model. (a—b) 80-km thick anomaly situated beneath the MER to simulate
decompression melting in the upper mantle. The input amplitude was set to a constant —6 per cent, as described in the text. (c—d) Anomaly representing
focused mantle flow beneath the MER with no decompression melting. The corresponding input amplitude is —3 per cent. (e—f) A combined model with both
decompression melting and focused mantle upwelling represented by the anomalies. Input amplitudes are the same as those used in panels (a) and (c). (g-h)

Same as (e—f) but now the ‘mantle flow’ anomaly extends laterally beneath Afar.

residual time error with a standard deviation of 0.3 s, which is the
residual remaining in our model after inversion. The recovered im-
age (Fig. 3b) shows ~150km of vertical smearing, which is not
atypical for P-wave tomography studies (e.g. Benoit et al. 2003,
2006b; Park er al. 2007); however, the results do not match the
observed low velocities beneath Ethiopia/Afar, which extend down
through the transition zone (Fig. 2b). In addition, we have also
examined a ~200km thick synthetic anomaly, which is the max-
imum depth estimated for decompression melting beneath rapidly
thinning lithosphere (e.g. Webb & Forsyth 1998), but these results
also failed to match our observations (Figs S5a-b). Therefore, de-
compression melting cannot be the only factor contributing to the
observed seismic anomaly.

We have also investigated the possibility of focused mantle flow
beneath the MER (Fig. 3¢). In this case, the synthetic input anomaly
has an amplitude of —3 per cent and extends from the surface to the
base of the transition zone, similar to synthetic tests performed by
Hansen et al. (2012). The results (Fig. 3d) better match the depth

extent of the imaged LVZ (Fig. 2), but neither the pronounced low
velocities at shallow depths beneath the MER nor the low velocities
at depths > ~400 km beneath Afar are observed.

To investigate the combined effects of decompression melting
and mantle flow, additional modeling tests have been performed.
As in the previous cases (Figs 3a and c; Fig. S5a), a —6 per cent
synthetic anomaly was used to simulate decompression melting
beneath the MER, and a —3 per cent anomaly is used to repre-
sent mantle flow (Fig. 3e; Fig. S5¢). The recovered image (Fig. 3f;
Fig. S5d) provides a reasonable match to the pronounced low veloc-
ities observed beneath the MER in our tomographic model as well
as the continuation of the low velocities through the transition zone
(Fig. 2). However, a key difference between our observed anomaly
(Fig. 2) and the recovered synthetic image (Fig. 3f) is the north-
east trend of the low velocities with depth. This trend can be better
simulated by allowing the synthetic ‘mantle flow’ anomaly to extend
laterally to the northeast beneath both the MER and Afar (Figs 3g-h;
Figs S5e—f).
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Figure 4. Cartoon illustrating our interpretation of the mantle structure
beneath eastern Africa. Pink shaded region and white arrows indicate the
flow of superplume material. DM: decompression melting; MER: Main
Ethiopian Rift.

To summarize, the depth-dependent structure of the LVZ in our
model can be explained by a combination of decompression melting
at shallow mantle depths beneath the MER and warm material
throughout the upper mantle beneath both the MER and Afar, but
not by either phenomena alone. The combined effects are needed
to explain the depth extent of the LVZ, the northeast trend of the
LVZ with depth, and why the amplitude of the velocity anomaly
beneath Ethiopia/Afar is significantly greater than those beneath
neighboring East Africa and western Arabia. Some decompression
melting beneath Afar cannot be ruled out (e.g. Hammond ef al.
2013), but our model and resolution tests suggest more extensive
melting beneath the MER.

The finding that decompression melting beneath the MER is con-
tributing significantly to the LVZ structure is in accord with geolog-
ical evidence showing young, thin lithosphere beneath the central
and northern parts of the MER (Ebinger & Casey 2001; Bonini ez al.
2005; Rooney et al. 2007; Bastow et al. 2008; Keranen & Klem-
perer 2008; Abebe ef al. 2010). The warm material throughout the
upper mantle beneath the MER and Afar can be readily attributed to
northeast-directed flow of anomalous African superplume material
(Fig. 4). As noted in the introduction, Hansen ef al. (2012) sug-
gested that warm superplume material crosses the transition zone
from the lower to the upper mantle beneath northern Zambia or
southern Tanzania and that the flow of this material may continue
within the upper mantle to the northeast under Kenya, Ethiopia,
Afar, and western Arabia. The full mantle structure obtained in the

current study shows a similar pattern to that shown by Hansen et al.
(2012), consistent with these interpretations (Fig. S1). Additionally,
the northeastward trend of the LVZ with depth beneath Afar high-
lighted by our current model (Fig. 2) is consistent with superplume
material flowing from southwest to northeast beneath East Africa,
Ethiopia, and Afar (Fig. 4). Patterns of seismic anisotropy revealed
by shear-wave splitting measurements also suggest a northeastward
flow field in the upper mantle beneath this region (Gao et al. 2010;
Bagley & Nyblade 2013).

The northeasterly-directed flow field, as illustrated in Fig. 4, is
idealized in that it does not reflect perturbations that may arise from
variations in lithospheric structure. Such variations could direct
anomalous mantle material around regions of thicker lithosphere,
such as that found beneath the Tanzania craton (Bagley & Nyblade
2013), or focus it to shallower depths beneath regions of thinner
lithosphere. Nevertheless, while complexities in the flow field asso-
ciated with the African superplume are likely to exist, a dominant
northeasterly-directed flow is sufficient to explain the origin of the
warm material throughout the upper mantle beneath the MER and
Afar.

The northeasterly trend of the LVZ with depth (Fig. 2) can also
help to explain differences between tomographic images of the
hotspot anomaly. Regional models which show the center of the
hotspot anomaly beneath the MER may better resolve the shallow
LVZ caused by decompression melting, while global models may
better resolve the deeper mantle structure beneath Afar. The adap-
tive parameterization approach, coupled with the expanded travel-
time dataset, employed here allows us to help bridge this resolution
gap.

CONCLUSIONS

We have developed a new P-wave velocity model to evaluate the su-
perplume interpretation for the Ethiopia/Afar hotspot. At shallow
(< ~400km) depths, the slowest velocities are centered beneath
the central and northern MER, and we attribute these low velocities
mainly to decompression melting beneath young, thin lithosphere.
At deeper depths, the low velocity structure trends to the northeast,
and the locus of the LVZ is found beneath Afar. The northeast trend
of the LVZ is best modeled by northward flow of warm superplume
material beneath eastern Africa, and the combined effects of de-
compression melting and northward flow of superplume material
explain why the LVZ beneath the Ethiopia/Afar hotspot is more
pronounced than low velocities beneath East Africa and western
Arabia. The superplume model for the hotspot is thus consistent
with the deep seismic structure of the mantle beneath Ethiopia and
Afar if the effects of both decompression melting and mantle flow
are considered.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. (a) Map (left) and cross-sectional view (right) of the
P-wave tomography model from Hansen et al. (2012), highlight-
ing the superplume structure beneath Africa. (b) Corresponding
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images to those shown in (a) but from the current P-wave to-
mography model. Dashed lines in the cross-sections mark the
410 and 660km discontinuities. On this scale, the two models
look very similar and hence interpretations from Hansen et al.
(2012) also apply to the current model. The main focus of
the manuscript, however, is the upper mantle structure beneath
Ethiopia/Afar.

Figure S2. Event distribution map. Red circles denote events that
are included in the EHB database. Blue circles denote augmented
events that were added to the dataset in this study. All augmented
events had magnitudes > 5.5 and were located within 30—100° from
their corresponding recording station.

Figure S3. (a) Examples of the adaptive grid generated for our cur-
rent P-wave tomography model, shown at selected mantle depths.
Darker colors highlight smaller cells, where better sampling of
the model is obtained. All cells contain at least 900 hit counts
(Hansen et al. 2012). Red dashed lines mark the boundaries of
the MER. (b) Comparable images to those shown in (a) but for
the Hansen ef al. (2012) tomography model. Comparing these im-
ages, one can see that the additional data included in the current
model has improved the raypath coverage throughout the study
area.

Figure S4. (a) Checkerboard resolution tests, shown at selected
mantle depths, from the current P-wave tomography model. The
input pattern includes 5°-wide anomalies with alternating +6 per
cent velocity variations. All images have been plotted with the same
color scale so that the degree of pattern and amplitude recovery can
be easily compared. (b) Comparable images to those shown in (a)
but for the Hansen et al. (2012) tomography model. Comparing
these images, one can see that the additional data included in the
current model has improved the degree of pattern and amplitude
recovery.

Figure SS5. Additional resolution tests with synthetic anoma-
lies, comparable to Fig. 3. However, the ‘decompression melt
anomaly’ at shallow mantle depths is now 200-km thick, which
is the maximum depth estimated for decompression melting
beneath rapidly thinning lithosphere (e.g. Webb & Forsyth
1998) (http://gji.oxfordjournals.org//lookup/supp1/doi:10.1093/gji/
ggtl16/-/DC1).

Please note: Oxford University Press are not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.
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