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[1] The Miocene-Recent East African Rift in Ethiopia subaerially exposes the transitional stage of rifting
within a young continental flood basalt province. As such, it is an ideal study locale for continental
breakup processes and hot spot tectonism. We combine teleseismic traveltime data from 108 seismic
stations deployed during two spatially and temporally overlapping broadband networks to present detailed
tomographic images of upper mantle P and S wave seismic velocity structure beneath Ethiopia.
Tomographic images reveal a ~500 km wide low P and S wave velocity zone at 75 to >400 km depth in
the upper mantle that extends from close to the eastern edge of the Main Ethiopian Rift (MER) westward
beneath the uplifted and flood basalt-capped NW Plateau. We interpret this broad low-velocity region
(LVR) as the upper mantle continuation of the African Superplume. Within the broad LVR, zones of
particularly low velocity are observed with absolute delay times (0¢p ~ 4 s) that indicate the mantle beneath
this region is amongst the slowest worldwide. We interpret these low velocities as evidence for partial melt
beneath the MER and adjacent NW Plateau. Surprisingly, the lowest-velocity region is not beneath Afar
but beneath the central part of the study area at ~9°N, 39°E. Whether this intense low-velocity zone is the
result of focused mantle upwelling and/or enhanced decompressional melting at this latitude is unclear. The
MER is located toward the eastern edge of the broad low-velocity structure, not above its center. This
observation, along with strong correlations between low-velocity zones and lithospheric structures,
suggests that preexisting structural trends and Miocene-to-Recent rift tectonics play an important role in
melt migration at the base of the lithosphere in this magmatic rift zone.
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1. Introduction

1.1. Overview

[2] Ethiopia has long been recognized as an ideal
location to study rifting and hot spot tectonism
because of the Cenozoic continental flood basalt
volcanism, plateau uplift, and transition from con-
tinental rifting to incipient seafloor spreading
found there [Ebinger and Casey, 2001; Nyblade
and Langston, 2002; Furman et al., 2006]. In this
paper, we use new P and S wave tomographic
models of upper mantle structure beneath Ethiopia
to advance our understanding of the origin, nature,
and evolution of the Ethiopian hot spot and the
Main Ethiopian Rift (MER).

[3] Many authors have invoked starting thermal
plumes [Griffiths and Campbell, 1990], citing
surface observations such as geochemistry and
elevated topography, to explain Ethiopia’s hot spot
tectonism, but the location and number of plumes
or upper mantle convective cells is often debated
[e.g., Schilling et al., 1992; Burke, 1996; Ebinger
and Sleep, 1998; George et al., 1998; Courtillot et
al., 1999; Rogers et al., 2000; Furman et al., 2006;
Rogers, 2006]. For example, Ebinger and Sleep
[1998] suggested that one large plume spread
beneath the African Plate near Turkana at ~45 Ma
but only small amounts of melt volume were
produced until lithospheric thinning commenced
in the Red Sea and Gulf of Aden. Topography at
the base of the lithosphere channeled buoyant
material up to ~1000 km from Turkana to the
evolving Red Sea rift and the Mesozoic rift zones
of eastern and central Africa. Alternatively, George
et al. [1998] and Rogers et al. [2000] cite differ-
ences in geochemistry between Afar and Kenya to
propose that two Cenozoic plumes may have
existed, one rising and dispersing beneath southern
Ethiopia at ~45 Ma and the other rising beneath
the Afar depression. Furman et al. [2006] modify
the single plume hypothesis to invoke ideas of
multiple plume stems rising from a long-lived
deeper feature of the mantle (the African Super-
plume). Kieffer et al. [2004] claim that Oligocene
Ethiopian Plateau volcanism was sourced from a

broad region of hot, heterogeneous mantle, with
little or no input from the lithospheric mantle.
Plume models have also been advocated in many
other related studies, for instance, Schilling et al.
[1992], Baker et al. [1996], Burke [1996], Courtillot
etal [1999], Pik et al. [1999], Rogers [2006], Pik et
al. [2006].

[4] Within the context of the plume model, the
roles of lithospheric structure and process have also
been called upon to explain complexities in plateau
volcanism [e.g., Furman et al., 2006; Furman,
2007], uplift [e.g., Gani et al., 2007], and MER
evolution [e.g., Rooney et al., 2005; Bastow et al.,
2005; Yirgu et al., 2006; Keranen and Klemperer,
2007; Rooney et al., 2007; Corti, 2008]. However,
even though lithospheric structural inheritance can
strongly influence continental rift development,
[e.g., Vauchez et al., 1997], the nature of plume-
lithosphere interactions remains poorly understood
outside a 250 x 350 km area centered on the MER
[Bastow et al., 2005]. Beneath the MER a relatively
narrow (~75 km wide) low-velocity zone was
noted at lithospheric depths. Benoit et al. [2006b]
suggested a westward dip to Ethiopia’s broad
(>500 km wide) upper mantle low-velocity region
(LVR), implying that the MER may not have
formed directly above the mantle upwelling. How-
ever, their study lacked resolution above 150 km
and so the extent to which the MER and flood
basaltic magmatism may have formed in an asym-
metric manner with respect to the underlying
mantle is not known.

[s] Looking deeper into the mantle, recent seismic
studies suggest that the hot spot activity in Ethiopia
and surrounding regions may be linked to the
African Superplume, a broad (~500 km wide)
~3% S wave slow-velocity anomaly that originates
at the core-mantle boundary beneath southern
Africa and rises toward the base of the lithosphere
somewhere in the region of Ethiopia and the Red
Sea/Gulf of Aden [Grand, 2002; Ritsema and
Allen, 2003; Simmons et al., 2007; Li et al.,
2008]. When reviewed in light of other geophys-
ical observations that can be used to constrain
mantle convection (e.g., the global free-air gravity
field, tectonic plate motions, and dynamic surface
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topography) the morphology and sharp velocity
gradients of the African Superplume are explained
best by a thermochemical plume rising from the
core-mantle boundary [e.g., Ni et al., 2002; Simmons
et al., 2007]. Precisely where or how the super-
plume crosses the transition zone remains unclear
[e.g., Nyblade et al., 2000; Benoit et al., 2003,
2006a]. There is, however, increasing evidence from
global tomographic studies that low-velocity struc-
tures could be continuous across the 410 and 660 km
discontinuities in the Kenya-Ethiopia region [e.g.,
Ritsema and Allen, 2003; Li et al., 2008; Montelli
etal.,2004, 2006, and references therein]. Regional-
scale surface wave studies [e.g., Debayle et al.,
2001] also provide evidence for a broad LVR
throughout the Ethiopian upper mantle. Such deep
mantle structures cannot easily be attributed to
small-scale convection processes, which have also
been proposed as alternatives to plumes in some
large igneous provinces [e.g., King and Ritsema,
2000]. Benoit et al. [2006a, 2006b] noted that the
upper mantle LVR is most pronounced beneath
the MER, not the Afar. In contrast, global tomo-
graphic models [e.g., Ritsema and Allen, 2003;
Montelli et al., 2004, 2006; Li et al., 2008] indicate
that the lowest velocities lie beneath the Afar,
consistent with many models for rifting and hot
spot tectonism [George et al., 1998; Rogers et al.,
2000; Rogers, 2006].

[6] To address outstanding questions about the
origin and evolution of the Ethiopian hot spot
and MER, here we combine broadband seismic
data from the Ethiopian Broadband Seismic Ex-
periment [Nyblade and Langston, 2002], the Ethio-
pia Afar Geoscientific Lithospheric Experiment
(EAGLE) [Bastow et al., 2005], and two perma-
nent GDSN stations (ATD and FURI; Figure 1) to
constrain Ethiopian upper mantle seismic structure.
By combining data from two regional seismic
experiments that targeted different parts of Ethio-
pia’s upper mantle, we are able to image more
clearly details of upper mantle seismic structure
across the area than was previously possible. Our
results provide new insights into the locus of mantle
upwelling beneath the Ethiopian hot spot and the
spatial and temporal development of the MER with
respect to the underlying mantle structure.

1.2. Tectonic Setting

[7] The earliest Cenozoic volcanism in East Africa
occurred in SW Ethiopia and the Turkana depres-
sion in northernmost Kenya at 40—45 Ma [e.g.,
Ebinger et al., 1993; George et al., 1998; Furman

et al., 2006]. Approximately 2 km of basalts and
subordinate rhyolites were then erupted rapidly
across the Ethiopian Plateau at ~29—-31 Ma [Mohr,
1983; Hofmann et al., 1997] prior to or concom-
itant with the onset of rifting in the Red Sea and
Gulf of Aden [e.g., Wolfenden et al., 2004]. Addi-
tional isolated shield volcanism in the interval
~30-10 Ma occurred across the Ethiopian Plateau
(Figure 1) and added ~2 km of additional local
relief in areas such as the Simien, Choke, and
Guguftu shield volcanoes [e.g., Kieffer et al.
2004, Figure 1].

[8] The timing of uplift in Ethiopia is controversial;
commencement has been estimated at 20-30 Ma
on the basis of U-Th/He thermochronometry data
[Pik et al., 2003], but more recent studies indicate
an episodic uplift history with ~1 km uplift being
produced more recently (~10 Ma to the present),
postulated to be due to foundering of the Plateau
lithosphere following extensive heating and weak-
ening since the onset of flood basalt volcanism at
~30 Ma [Gani et al., 2007].

[s] The Miocene-Recent MER forms the third arm
of the Red Sea, Gulf of Aden rift-rift-rift triple
junction where the Arabian, Nubian, Somalian and
Danakil Plates meet in Afar [e.g., Wolfenden et al.
2004]. The MER formed within the Precambrian
metamorphic crustal basement of the Pan-African
Mozambique belt [Kazmin et al., 1978] that exhib-
its N-S to NNE-SSW suture zones [Vail, 1983;
Berhe, 1990] and NW-SE oriented strike-slip faults
[Brown, 1970; Purcell, 1976]. Extension in SW
Ethiopia and the Turkana Depression in northern
Kenya commenced by ~20 Ma with central and
northern sectors of the MER developing between
18 and 10 Ma, respectively [e.g., WoldeGabriel,
1988; Wolfenden et al., 2004]. Large offset border
faults formed along one or both sides of the rift
(Figure 1) and are often marked by chains of silicic
centers [e.g., Chernet et al., 1998]. South of
~7.5°N, a broad (~500 km wide) faulted region
extends to the west of the present day MER and
marks the zone across which the MER has migrated
east since Oligocene times [e.g., Ebinger et al.,
2000].

[10] Wolfenden et al. [2004] suggest that deforma-
tion in the MER north of 8.5°N migrated to the
center of the rift some time in the interval 6.6—
3 Ma, with an associated change from 130°E
directed extension to 105°E directed extension.
Geodetic data indicate that the MER is currently
extending in a direction N94°E at 7 mm a '
[Fernandes et al., 2004] and it has been proposed
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Figure 1. The location of the passive network stations. Filled triangles are the EAGLE Phase I passive experiment

stations (October 2001 to January 2003). Open triangles are the EAGLE Phase II passive experiment stations
(November 2002 to February 2003). Open diamonds are Penn State Ethiopia passive experiment stations (March
2000 to March 2002). Permanent stations FURI and ATD are shown by the black stars. Major mid-Miocene border
faults and Quaternary magmatic zones along the Wonji Fault Belt (WFB) are shown by the heavy black lines; dashed
lines are faulted monoclines. Circled stars are selected 30 Ma to recent volcanoes; GG is Gara Gumbi. SDZF is the
Silti Debre Zeyit Fault Zone. YTVL is the Yerer Tullu Wellel Volcanic Zone. Inset shows the regional tectonic setting
on a topographic map. RS, Red Sea; GA, Gulf of Aden; A, Arabian Plate; AD, Afar Depression; D, Danakil
Microplate; N, Nubian Plate; S, Somalian Plate. Open triangles are the locations of all broadband stations used in this
study.

that ~80% of the present-day strain is localized
within the MER [Bilham et al., 1999]. On the
strength of this evidence, Ebinger and Casey
[2001] proposed that the locus of extension in this
transitional rifting environment has localized pro-

gressively since ~12 Ma, away from the mid-
Miocene border faults, toward en echelon chains
of eruptive magmatic centers, dykes, and small
offset faults. Thus magmatic emplacement, not
border faulting, increasingly dominates the rifting
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process after the initial stages of breakup [e.g.,
Ebinger and Casey, 2001; Keranen et al., 2004;
Rooney et al., 2005; Keranen and Klemperer,
2007].

[11] Much of the Quaternary magmatic activity
within the MER has occurred in magmatic zones
in the center of the rift north of 8.5°N in the Wonji
Fault Belt (WFB) [e.g., Mohr, 1967; Ebinger and
Casey, 2001] where magmas fractionate at shallow
(<5 km) depths [Rooney et al., 2007]. South of
8.5°N, the WFB is offset within the MER toward
the Somalian Plate and is flanked to the west by the
Silti Debre Zeyit Fault Zone (SDFZ, Figure 1), in
which magmas fractionate at various depths
throughout the crust [Rooney et al., 2005, 2007].
Rooney et al. [2007] cite these differences in
magmatic plumbing system north and south of
~8.5°, in conjunction with local seismicity [Keir
et al.,, 2006] and magnetotelluric results [Whaler
and Hautot, 2006] to suggest that a simple south-
to-north transition from continental rifting to sea-
floor spreading may be inappropriate and that the
MER has formed as a result of the southward
propagation of the Red Sea Rift and northward
propagation of the East African Rift, merging at
8.5°N. Magmatic processes in the Afar Depression
and MER continue to the present day in this active
magmatic rift zone [e.g., Tadesse et al., 2003;
Wright et al., 2006].

2. Method

2.1. Data

[12] Broadband recordings of teleseismic P and S
wave traveltime data from two major seismic
experiments in Ethiopia have been combined in
the present study. Twenty seven broadband seis-
mometers operated between March 2000 and
March 2002 as part of the Ethiopia Broadband
Seismic Experiment [Nyblade and Langston, 2002]
that covered an area ~650 x 750 km, with station
spacing ~100 km to give broad spatial coverage
over the uplifted Ethiopian Plateau (Figure 1).
Spatially and temporally overlapping with this
experiment, the 29 broadband seismometers of
the EAGLE broadband network [Bastow et al.,
2005] recorded between October 2001 and January
2003 over an area 250 x 350 km centered on the
Boset volcanic zone in the center of the rift (Figure 1).
Six of the EAGLE seismometers were colo-
cated with Ethiopia Broadband Seismic Experi-
ment instruments. These stations were spaced at
~40 km and were designed to probe lithospheric

seismic structure. Fifty CMG-6TD instruments that
recorded between November 2002 and February
2003 during the EAGLE phase II Rift Valley
Experiment [Keir et al., 2006] complete our tele-
scoping view of Ethiopian seismic structure. Per-
manent IRIS GSN/GDSN stations FURI and ATD
were also operational throughout all temporary
network deployments.

[13] For the ~3 year period for which we have
data, waveforms from ~1000 earthquakes of mag-
nitude mb > 5.5 in the teleseismic epicentral
distance (A) range 30°< A < 103° were visually
inspected for those with good signal-to-noise ratio
on at least 10 stations. For P waves we finally
analyzed the recordings from 191 teleseismic
earthquakes together with 11 earthquakes that were
at distances (A > 103°) from which core (PKP)
phases were recorded. Further visual inspection of
1000 lower magnitude earthquakes (4.4 < mb <
5.5) yielded an additional 25 earthquakes to im-
prove the uniformity of data coverage with respect
to back azimuth and epicentral distance. S wave
arrivals were inspected in a similar manner to yield
a database of 40 S wave and 70 SKS phase earth-
quakes. Figure 2 shows the relatively uniform
distribution of these earthquakes with respect to
the center of the study area.

2.2. Method of Relative Arrival Time

Determination

[14] Manual picking of the first arriving P wave
identifiable across the network was performed on
waveforms that were filtered with a zero-phase
two-pole Butterworth filter with corner frequencies
of 0.4-2 Hz. Direct S waves were picked similarly
on transverse component seismograms to minimize
contamination by P and P to S wave converted
phases and were filtered between 0.04 and 0.15 Hz.
SKS phases were picked on radial component
seismograms. Subsequently, phase arrivals and
relative arrival time residuals were more accurately
determined using the multichannel cross-correla-
tion technique (MCCC) of VanDecar and Crosson
[1990]; we selected a window (3 s for P waves and
12 s for S waves) containing the initial phase
arrival and typically one or two cycles of P or S
wave energy to cross-correlate. Our chosen band-
widths are similar to those used in other teleseismic
tomographic studies, but our low-pass levels of
2 Hz and 0.15 Hz for P and S waves, respectively,
are higher than previous studies in Ethiopia (1 Hz
for P waves [Benoit et al., 2006b]; 0.1 Hz for S
waves [Bastow et al., 2005; Benoit et al., 2006a,
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Figure 2. Back azimuth and distance distribution of
earthquakes for (top) P waves and (bottom) S waves
used in this study. The concentric circles on the plot
indicate 30° intervals from the center of the network at
9°N, 39°E.

2006b]). Filter bandwidths are designed to retain as
high a frequency as possible since our inversion
procedure adopts ray theory (the infinite frequency
approximation). We eliminate all waveforms with
cross-correlation coefficients <0.85 from our analysis.

[15] The MCCC method also provides a means of
quantifying the standard error associated with each
arrival time. In this study relative arrival times

determined in this way have mean standard devi-
ation 0.02 s, and 0.05 s for P and S waves,
respectively. In line with the studies of Bastow et
al. [2005] and Tilmann et al. [2001] we regard the
MCCC derived estimates of timing uncertainty as
optimistic.

[16] Relative arrival time residuals #zzg for each
station are given by:

tres, =t — (te, — L), (1)

where ¢; is the relative arrival time for each station
i, t. is the expected traveltime based on the IASP91
traveltime tables [Kennett and Engdahl, 1991] for
the ith station, and 7, is the mean of the TASP91
predicted traveltimes associated with that particular
event. Our final traveltime data sets comprise 4735
P traveltimes and 1634 S traveltimes.

2.3. Analysis of Traveltime Residuals

[17] Bastow [2005] analyzed International Seismo-
logical Catalogue (ISC) traveltime data for perma-
nent station AAE (Figure 1) in Addis Ababa and
showed that the mean absolute delay time with
respect to the IASPI1 traveltime tables for P waves
arriving at AAE is +4.6 £ 0.15 s (2x standard
error); the mantle beneath AAE is therefore
amongst the slowest worldwide [see Poupinet,
1979]. The mean relative arrival time residual
(equation (1)) for the temporary station in Addis
Ababa (AAUS, Figure 1) is 0.08 s so we can
consider our relative arrival time residuals in
Ethiopia to be on a pedestal of ~4.1 s relative to
the global average (after correction for elevation).
If we assume that this delay in absolute P wave
traveltimes occurs in the top 600 km of the mantle,
all negative P wave velocity anomalies shown in
our tomographic images (Figures 7, 8, and 9) could
be considered >6% slow compared to normal
mantle.

[18] Figure 3 shows plots of P and S wave relative
arrival time residuals as a function of back azimuth
and epicentral distance for stations ADEE and
DIKE on the Somalian Plate; AREE, ASEE, and
GEWE in the MER; BAHI and SENE on the NW
Plateau (Figure 1). These data have been corrected
for the effects of topography using correction
velocities of 3 kms ™' and 1.7 kms™' for P and S
waves, respectively. Relative arrival time residuals
vary smoothly as a function of back azimuth and
epicentral distance at stations ASEE, AWAE, BIRH,
BUTE, KARE, NAZA, and WOLE (Figure 1) that
were occupied by both the EAGLE and Ethiopia
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Broadband Seismic Experiment networks show no
offset in traveltime data (e.g., ASEE; Figure 3).
Hence we are confident that our spatially and
temporally overlapping networks have been com-
bined successfully.

[19] Figure 3 provides several first-order observa-
tions about velocity structure in Ethiopia. Stations
on the NW Plateau (e.g., SENE, BAHI) have
relatively late arrivals from easterly and southerly
back azimuths; rays traverse low-velocity structure
beneath the rift. On the other hand, late arrivals on
the Somalian Plate (e.g., DIKE, ADEE) come from
westerly back azimuths. In the P wave study, the
largest peak-to-peak variations in 6tp (~2.5 s) are
seen at station BAHI (Figures 1 and 3). Arrivals
from back azimuths that traverse the rift valley are
later than from the north. Near the rift flanks, the
largest peak-to-peak variations in 6fp are <1.5 s
(e.g., SENE, DIKE; Figures 1 and 3). This dramatic
change in 0tp at the western edge of the network
may indicate our proximity to the edge of the
African Superplume though a larger aperture net-
work would confirm this hypothesis more confi-
dently. Large negative relative arrival time
residuals at station BAHI are also seen at station
ADEE (Figure 1) in the SE corner of the network,
~100 km from the MER. Variations in 6¢g at BAHI
do not show such extreme variations, possibly
implying a greater sensitivity of the S wave data
set to near-rift low-velocity partial melt [e.g.,
Hammond and Humphreys, 2000]. The true peak-
to-peak variations in 6tg could be larger, however,
since our back azimuth coverage is not complete at
BAHI in the range 135-180°.

[20] Intriguingly, the stations with the latest mean
relative arrival time residuals (e.g., AREE; Figures
1 and 3) are in the center of the study area around
9°N, 38°E (Figure 4). This result would be coun-
terintuitive on the basis of models for rifting that
consider the MER as a south-north transition from
continental rifting to incipient seafloor spreading
with an associated increase in melt volume toward
the Red Sea and Gulf of Aden. The observations
may instead be supportive of recent geochemical
studies that interpret the MER at ~9°N as a
junction between two rifts: the southward propa-
gating Red Sea rift and the northward propagating
East African Rift [Rooney et al., 2007]. Lower
velocities beneath the MER also contrast with

global seismic studies (that lack our dense station
coverage), which indicate lowest velocities beneath
Afar [e.g., Montelli et al. 2006].

2.4. Model Parameterization and Inversion
Procedure

[21] We adopt the method of VanDecar et al.
[1995] to image upper mantle velocity heterogene-
ities using regularized, nonlinear, least squares
inversion of Ethiopian relative arrival time resid-
uals. We adopt the same inversion procedure as the
recent regional tomographic studies of Bastow et
al. [2005], Benoit et al. [2006a], and Benoit et al.
[2006b] in Ethiopia so meaningful comparisons
can be made with the existing velocity models.

[22] Our parameterization scheme consists of 24
knots in depth between 0 and 800 km, 48 knots in
latitude between 0 and 19°N, and 50 knots in
longitude between 29 and 50°E: a total of 57,600
knots parameterizing slowness. Knot spacing is
25 km in the innermost resolvable parts (4.5—13°N,
36—44°E, 0-400 km depth). Outside this region,
knot spacing increases to 50 km between 400 and
700 km and then to 100 km to 800 km depth. Thus
we are limiting our structural interpretations to
features of spatial wavelength >50 km in the top
400 km of our model.

[23] We parameterize outside the area of interest so
that we do not map unwarranted and spurious
structure into the region where we will be making
our structural interpretations: a minimum structure
approach [VanDecar et al., 1995]. We do not
parameterize deeper than 800 km since synthetic
tests indicate that structures in the upper 500 km,
where we have a high density of crossing rays, can
be successfully differentiated from the deeper un-
resolvable parts of the model. In the regularized
nonlinear least squares inversion procedure, we
solve simultaneously for slowness perturbations,
source terms and station terms [VanDecar et al.,
1995]. The source terms are free parameters used
in the inversion procedure to account for small
variations in back azimuth and incidence angle
caused by distant heterogeneities and source mis-
locations. The station terms account for traveltime
anomalies associated with the region directly be-
neath the station where the lack of crossing rays
prevents the resolution of crustal structure.

Figure 4. Map plot of mean relative arrival time residual data for (top) P waves and (bottom) S waves. Squares are
stations with negative relative arrival time residuals (relatively fast). Circles are stations with positive relative arrival

time residuals (relatively slow).
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[24] Since our inverse problem is underdetermined
(more unknowns than observations), even in the
absence of errors we cannot expect to find a
unique solution. We therefore choose to select a
model that contains the least amount of structure
[e.g., Constable et al., 1987; Allen et al., 2002;
Bastow et al., 2005]. The nonlinearity of the
problem is addressed in the inversion procedure
by performing 3-D ray tracing through successive
linear inversion models. One iteration of 3-D ray
tracing is performed for P waves in this study, with
a ~10% loss of rays. We do not perform 3-D ray
tracing for our S wave inversion because of prob-
lems converging a sufficient number of rays.

[25] By investigating the trade-off between the
RMS residual reduction (the percent difference
between the initial and final RMS misfit to the
traveltime equations) and RMS model roughness
we select a preferred model that fits the data well
but does not account for more relative arrival time
residual reduction than can be justified by our a
priori estimation of data noise levels. All models in
this study account for 94% (from 0.52 s to 0.03 s)
of the RMS of the relative arrival time residuals for
P waves and 91% (from 1.13 s to 0.10 s) for S
waves. We are therefore treating our estimates of
RMS timing uncertainty (0.02 s, and 0.05 s for P
and S waves, respectively) as optimistic bounds
when fitting the data. Station static terms computed
during the inversion of the observed data are
shown in Figures 7b and 9b. Subtracting the station
terms from the delay times reduces the RMS of the
relative arrival time residuals from 0.52 to 0.46 s
for P waves and from 1.13 to 1.04 s for S waves;
these corrected residuals reflect more accurately
the proportion of the delay time anomalies that will
be mapped into the region of the model where we
make our interpretations.

3. Resolution

[26] Combining data from two major experiments
increases the spatial coverage and station density of
our study compared to earlier studies [e.g., Bastow
et al., 2005; Benoit et al., 2006a, 2006b]. The
increased number of station-earthquake pairs and
network operation time also increases the expected
resolving power of our combined data set. In an
earlier study, Bastow et al. [2005] investigated the
nonlinear resolving power of the EAGLE data set
(3243 P wave and 1150 S wave traveltime obser-
vations) and found good lateral and vertical reso-
lution in the region of the MER to ~300 km depth.
Bastow et al. [2005] also showed via synthetic tests

that structures >75 km beneath the EAGLE net-
work were independent of crustal structure: station
static corrections accounted successfully for the
shallower structures. Benoit et al. [2006a] and
Benoit et al. [2006b] showed that the data from
the Ethiopia Broadband Seismic Experiment could
resolve broad-scale (~200 km diameter) P and S
wave velocity structures in the Ethiopian upper
mantle at 150—500 km depth but not at lithospheric
depths (<150 km) beneath the Ethiopian Plateau.

[27] We assess the resolving power of the inversion
technique in this study by analyzing the ability of
our ray geometry to retrieve a checkerboard model
using raypaths through a 1-D Earth. In the check-
erboard test we place positive and negative slow-
ness-anomaly (Vp = +6%) spheres described by
Gaussian functions across their diameter in three
layers at 100, 300, and 500 km depth (Figures 5a
and 5b). The checkerboard approach allows us to
assess the sensitivity of our model by highlighting
areas of good ray coverage and the extent to which
smearing of anomalies occurs.

[28] We invert for these synthetic velocity struc-
tures using identical model parameterization and
inversion regularization as used during the inver-
sion of the observed data. A Gaussian residual
time error component with a standard deviation of
0.02 s is added to the theoretical P wave traveltimes
(the standard deviation of noise estimated for our
observed data).

[20] Lateral resolution and recovery of the ampli-
tudes of the anomalies (~50%) (Figures 5d, Se,
and 5f) is excellent throughout the model, with
recovery of the spheres best at ~300 km where we
expect a network of our dimensions to have the
highest density of crossing rays [e.g., Ritsema et al.
1998]. Vertical resolution is also good (Figure 5c)
to depths approaching the transition zone (410—
660 km). The quality and spatial extent of the
resolution obtained in the present study is an
improvement on that achieved by the earlier studies
of Bastow et al. [2005, Figures 5 and 6], Benoit et
al. [2006a, Figure 5], and Benoit et al. [2006b,
Figure 3], particularly beneath the NW Plateau.

[30] In addition to the checkerboard test, we assess
resolution by computing traveltimes through a
synthetic rift model that simulates the kind of
structure we see in our observed data inversions.
This model (Figure 6) has rift flanks (peak velocity
perturbation 6Vp = +3%) and a tabular low-veloc-
ity body (6Vp = —5%) beneath the MER. The
high- and low-velocity anomaly bodies are defined
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