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[1] Continental rifting is constrained by the architecture and heterogeneous composition of lithosphere
within which rifting occurs. Recent studies in Ethiopia show that the Cenozoic northern Main Ethiopian
Rift (NMER) has developed in a Neoproterozoic lithospheric framework modified by a Tertiary plume,
magma injection having replaced mechanical failure as the main strain accommodation mechanism. A 400
km long profile of 91 broadband seismic stations striking southeast across the NMER from the uplifted
Ethiopian plateau to beyond the southern margin of the rift has provided a high-resolution P receiver
function section, here interpreted in terms of crustal architecture and composition in light of independent
geophysical observations. Synrift deposits are identified over a �110 km wide region beneath which strain
was accommodated during the early stages of rifting. Major variations in crustal thickness and seismic
properties along the profile divide the crust into four distinct regions. Beneath the northwestern rift flank
(average crustal thickness 37.5 km and Vp/Vs 1.82) mafic middle and lower crustal rocks are overlain by a
felsic upper crust. Here a high P wave velocity lowest crustal layer (northwestern lower crustal layer) is
proposed to consist of frozen gabbroic sills and possibly some partial melt. We suggest partial melting of
lower crustal rocks and/or fractional crystallization may have contributed to the bimodal prerift and synrift
magmatism. Also, the presence of this layer through its effect on crustal and lithospheric strength and rift-
related diking may have controlled the location and development of the NMER in the vicinity of the
profile. Beneath the rift (average crustal thickness 34.5 km and Vp/Vs 1.87) the crust is subdivided into a
northwestern sector, with a thinned crust and strong likelihood of partially molten rocks, and a southeastern
sector, where high velocity and density anomalies and the presence of a Moho ‘‘hole’’ in the receiver
function profile constrain the limits of a well-developed crustal magma system. To the southeast, a 35 km
wide zone marks the transition from intruded and thinned (by �5 km) crust beneath the rift to the
amagmatic, thick crust of the southeastern rift flank (average crustal thickness 39 km and Vp/Vs 1.77)
suggested to be of felsic to intermediate composition.
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1. Introduction

[2] Continental rifts often evolve in settings with
heterogeneous crust and lithosphere [e.g., Jones et
al., 1992; Birt et al., 1997; Wilson et al., 2005].
The heterogeneity may be added as the rift devel-
ops, such as the addition of magmatic material to
the crust [e.g., Thybo et al., 2000; White et al.,
2008; Thybo and Nielsen, 2009], or it may be
preexisting, influencing the location, style and
timing of the rift [e.g., Dunbar and Sawyer,
1989; Tommasi and Vauchez, 2001; van Wijk and
Blackman, 2005; Huismans and Beaumont, 2007].

[3] The Main Ethiopian Rift (MER) provides an
excellent natural laboratory to study such hetero-
geneity associated with continental rift zones as it
initiated in a Precambrian lithospheric fabric that
had been modified by Tertiary plume magmatism
[Gashawbeza et al., 2004; Keranen and Klemperer,
2008] and then evolved into the present-day rift, in
which magma injection has probably replaced
mechanical failure as the main strain accommoda-
tion mechanism [Ebinger and Casey, 2001]. Fur-
thermore, the region is well studied; previous
geophysical studies have revealed first-order
cross-rift and along-axis changes in crustal and/or
upper mantle velocity [Keranen et al., 2004;Mack-
enzie et al., 2005; Bastow et al., 2005; Benoit et al.,
2006a, 2006b; Maguire et al., 2006], density
[Mahatsente et al., 1999; Woldetinsae and Götze,
2005; Cornwell et al., 2006] and electrical conduc-
tivity [Whaler and Hautot, 2006].

[4] The present paper provides increased lateral
resolution by constraining small-scale (<50 km)
changes in seismic crustal structure and inferred

composition beneath the rift and its uplifted flanks
using receiver functions from a dense (�5 km
spacing) 400 km cross-rift profile of broadband
seismometers. These seismological data span the
northern MER (NMER) and form part of the
multidisciplinary Ethiopia Afar Geoscientific
Lithospheric Experiment (EAGLE) [Maguire et
al., 2003]. Receiver functions (RFs) [e.g., Langston,
1977] are analyzed to (1) constrain the crustal
structure beneath the rift valley and rift flanks,
(2) define the thickness and extent of magmatic
addition to the crust, and (3) infer the composition
of the crust and both hot spot– and rift-related
magmatic addition. The implications of these new
results are explored in terms of rift evolution and the
effects of magma emplacement.

1.1. Geology and Tectonics

[5] The NMER formed within the Precambrian
crustal basement of the Pan-African shield that
consists of Neoproterozoic orogenic belts such
as the Arabian-Nubian shield (ANS) [Stern,
1994; Abdelsalam and Stern, 1996; Johnson
and Woldehaimanot, 2003]. The ANS is largely
composed of juvenile calc-alkaline volcanic
rocks which have suffered low-grade metamor-
phism during closure of sutures incorporating
ophiolitic assemblages [Abdelsalam and Stern,
1996; Yihunnie and Tesfaye, 2002]. The region is
covered by in excess of 3 km of Jurassic to Late
Eocene marine sediments that were deposited
unconformably on the Precambrian basement
[Dow et al., 1971; Garland, 1972; Tefera et al.,
1996] (Figure 1).
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[6] A hot mantle upwelling impacting onto the
base of the lithosphere is believed to have initiated
volcanism in southwestern Ethiopia (�45–40 Ma
[Ebinger et al., 1993]) and in northern Ethiopia
where flood basalts cover an area of about
600,000 km2 [Mohr, 1983] and consist of a <2 km
layer of bimodal basalt-rhyolite volcanic rocks [e.g.,
Ayalew et al., 2002; Ayalew and Yirgu, 2003]. The
flood basalts are thought to have erupted very
rapidly (within 1Myr) throughout northern Ethiopia

at �30 Ma [Hofmann et al., 1997; Rochette et al.,
1998; Coulie et al., 2003], but the ages of prerift
basalts have been measured at �24 Ma in the
NMER [Chernet et al., 1998]. Uplift of the
Ethiopian Plateau followed the flood basalt erup-
tion from 29 to 25 Ma [Pik et al., 2003] and
possibly continued episodically to the present day
[Gani et al., 2007].

[7] Rifting within the southern and central MER is
believed to have occurred between 18 and 15 Ma
[WoldeGabriel et al., 1990] with extension in the
NMER commencing after �11 Ma with the devel-
opment of border faults and half grabens [Ebinger
and Casey, 2001; Wolfenden et al., 2004]. The
present-day rift floor of the NMER is characterized
by elongate axial zones of Quaternary eruptive
centers arranged in an en echelon right-stepping
pattern that developed after 1.8 Ma [Boccaletti et
al., 1999; Ebinger and Casey, 2001] (Figure 1).

[8] Geochemical analysis indicates that synrift
basalts were derived by moderate degrees of melt-
ing of fertile peridotite at depths probably
corresponding to the base of the modern litho-
sphere (53–88 km) [Rooney et al., 2005]. Three
compositionally distinct source domains were iden-
tified, based upon mixing of melts: (1) a depleted
upper mantle source, (2) an enriched mantle source
with an upper crustal component, and (3) an
enriched mantle source with an lower crustal com-
ponent [Furman et al., 2006]. Quaternary xenolith-
bearing basalts from the Debre Zeit (Bishoftu)
(Figure 1) and Butajira regions, offset 20 km to
the west of the contemporaneous main rift axis,
show that a process of diking/veining affects the
crust and lithospheric mantle in the NMER to a
depth of at least 30 km [Rooney et al., 2005]. Plio-
Holocene fluvio-lacustrine sediments and Holocene
alluvial cover comprise the remainder of the rift
valley fill [e.g., Kazmin, 1975; Abebe et al., 2005].

1.2. Previous Seismological Crustal Studies

1.2.1. Controlled Source Seismic Methods

[9] As part of the EAGLE project across- and
along-rift �400 km long wide-angle reflection/
refraction controlled source profiles were shot,
together with a 100 km diameter 2-D array span-
ning the rift valley at the intersection of the two
profiles [Maguire et al., 2003]. Traveltimes were
modeled using a combination of tomography and
forward modeling to produce 2-D and 3-D P wave
velocity models for the crust and uppermost mantle

Figure 1. A simplified geological and structural map
of the northern main Ethiopian rift with magmatic
segments (MS) and border faults (BF) [after Boccaletti
et al., 1999; Ebinger and Casey, 2001; Acocella and
Korme, 2002; Korme et al., 2004; Wolfenden et al.,
2004]. The location of Debre Zeit (Bishoftu) is shown as
DZ and the bold line indicates the best fit EAGLE Line
1 profile [e.g., Maguire et al., 2003]. The inset shows
the tectonic setting of the northern East African rift
system with major fault lineation, volcanism and
extension rates, and directions between tectonic plates
[Bilham et al., 1999; Chu and Gordon, 1999; McClusky
et al., 2003]. The location of Danakil (D) and the Asal
rift (A) are also shown. Adapted from Cornwell et al.
[2006].
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[Keranen et al., 2004; Mackenzie et al., 2005;
Maguire et al., 2006].

[10] An overview by Maguire et al. [2006] identi-
fies two main results related to the cross-rift profile
(Figure 2): (1) middle and upper crust velocities
varying from �6.1 km/s beneath the rift flanks to
�6.6 beneath axial zones of intense Quaternary
volcanic activity, interpreted as cooled gabbroic
bodies arranged en echelon along the current rift
axis, and (2) a high-velocity (Vp � 7.4 km/s) lower
crustal layer beneath the northwestern rift flank,
interpreted as Oligocene mafic material emplaced
at the base of the crust (underplate).

1.2.2. Teleseismic Earthquake Analyses

[11] Controlled-source seismic methods provide P
wave velocity (Vp) information of the subsurface
from predominantly horizontally traveling, high-
frequency waves. Teleseismic RF studies, on the
other hand, provide S wave velocity (Vs) informa-
tion from vertically traveling waves and therefore
have the ability to define lateral and depth-wise
changes in subsurface composition via the ratio of
Vp to Vs (Vp/Vs).

[12] Table 1 summarizes the results of previous RF
studies in Ethiopia, all of which used the H-k
stacking method of analysis [Zhu and Kanamori,

2000] to estimate crustal thickness and bulk crustal
Vp/Vs. Ayele et al. [2004] analyzed RFs at the
permanent broadband stations in Addis Ababa
(FURI and AAE) to find a crustal thickness of
�40 km. Dugda et al. [2005] deduce that the
crust within the NMER is of mafic composition
where Vp/Vs � 1.87 and partial melt may exist
where Vp/Vs > 1.87. They attribute the large range
in crustal thickness beneath rift stations (Table 1)
to differing amounts of extension and/or under-
plating and intrusion. Outside of the rift, the
estimated Moho depths and Vp/Vs values of
1.71–1.81 were interpreted to represent crust that
has not been modified greatly by Cenozoic rifting
and volcanism.

[13] Stuart et al. [2006] use a more dense array to
find similar estimates of average crustal Vp/Vs and
Moho depth to Dugda et al. [2005] within the rift,
and interpret a mafic crust and the presence of
partial melt (where Vp/Vs > 1.95) toward the Afar
depression. They also note high Vp/Vs values of
more than 2.0 beneath the western rift margin. The
western flank of the rift (Nubian plate) generally
displays a thicker crust (40–43 km) than the
eastern flank (Somalian plate) (38–40 km).

[14] This study reports on a RF study along a
400 km long profile that spans the NMER with
station spacing of the order of 5 km (Figure 3). The

Figure 2. Ray trace P wave velocity model for the EAGLE cross-rift controlled source seismic study (after
Mackenzie et al. [2005], #2005, Wiley-Blackwell). Model outlines indicate regions sampled by raypaths, and P
wave velocities are given in km/s. Bold lines mark horizons sampled by reflected rays, and SP denotes shot point
location.
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45 EAGLE broadband stations that Stuart et al.
[2006] used to calculate RFs were also included
(e.g., BORE, E51).

2. Method

2.1. Data

[15] RFs were calculated using data recorded by
EAGLE phase I, II and III broadband stations
[Maguire et al., 2003]. The broadband data from
phase III are previously unpublished and were
recorded by an installation of 91 SEIS-UK Güralp
CMG-6TD three-component broadband seismom-
eters for a period of 2 months (21 November 2002
to 19 January 2003) along the 400 km cross-rift
profile (Figure 3).

[16] The individual recordings of earthquakes (mb >
4.5, angular distances of 29–100�) from the NEIC
catalogue were visually inspected across the phase
III profile; a total of 22 events (Table 2) displayed a
clear P arrival with high signal-to-noise and were
accepted for further analysis. The events used for the
phase I and II arrays RF analysis were listed by
Bastow [2005].

2.2. Receiver Function Calculation

[17] RFs record the seismic response to an incom-
ing teleseismic P wave at a given seismometer. P-S
conversions caused by any interface with a signif-
icant acoustic impedance contrast occur as peaks
on RFs, at times related to their depth beneath the
recording seismic station. Vertically polarized con-
verted S waves dominate the radial component of a
RF (R) whereas horizontally polarized converted S
waves dominate the transverse component (T).

[18] Following the removal of instrument responses,
RFs were calculated using the spectral division
method [Ammon, 1991] with a water level fraction
of 0.001 andGaussianwidth parameters of either 1.0
or 2.0 (’0.5 or 1Hz low-pass filters). ARFwas only
accepted if it satisfies the following criteria under
visual examination: (1) the result of deconvolving
the vertical (Z) component from itself, using the
chosen Gaussian width, shows a narrow, undistorted
pulse; (2) the R and T RFs do not show significant
presignal noise; (3) the T RFs show smaller (or
comparable) amplitudes to the R RF; (4) the direct
P arrival energy peak on the R RF occurs at, or
shortly after, zero time; and (5) the R and T RFs do
not display significant ‘‘ringing.’’

[19] Approximately a third of the calculated RFs
exhibited a long-period (>20–30 s) noise signature,
regardless of the choice of Gaussian width andwater
level fraction, which was removed by applying a

Table 1. A Summary of the Findings of Previous
Receiver Function Studies in Ethiopia and Djiboutia

Region
Moho

Depth (km) Vp/Vs

Poisson’s
Ratio (s) Source

Djibouti 23 1.90 0.31 D06
Afar 25 2.13 0.36 D05
MER 27–38 1.78–2.08 0.27–0.35 D05
MER 30–38 1.85–2.10 0.29–0.35 S06
E. Plateau 37–42 1.74–1.81 0.25–0.28 D05
E. Plateau 38–40 �1.80 �0.26 S06
W. Plateau 34–44 1.71–1.81 0.24–0.28 D05
W. Plateau 38–43 �1.85 �0.28 S06

a
MER, Main Ethiopian Rift; E. Plateau, the Ethiopian Plateau

region to the east of the MER; W. Plateau, the Ethiopian Plateau region
to the west of the MER. The Vp/Vs and Poisson’s ratio values are given
for each study for comparison. D05, Dugda et al. [2005]; D06, Dugda
and Nyblade [2006]; S06, Stuart et al. [2006].

Figure 3. Location of EAGLE seismic stations. Phase
I and phase II three-component broadband stations are
marked by squares and diamonds, respectively. Phase III
three-component broadband stations are marked by
inverted triangles. The cross-rift best fit profile is shown
with dashed lines marking 30 km distance from the
profile. The surface projections of receiver function
pierce points at 35 km depth are also shown with crosses.
Zones of concentrated magmatism, or ‘‘magmatic
segments,’’ are shown by irregular dashed lines.
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zero-phase Butterworth high-pass filter with a cutoff
period of 10 s directly after calculation. Further-
more, applying a minimum-phase instead of a zero-
phase high-pass filter to remove the long-period
noise was explored to aid the identification of two
phases at typical Moho conversion arrival times
[Cornwell, 2008].

2.3. Binning and Stacking

[20] A form of migration was applied to each
event-station pairing, where each RF is repositioned
to the predicted location of the P-S conversion
assuming an IASP91 Earth model [Kennett and
Engdahl, 1991] with a Moho depth compatible with
previous estimates (35 km). Figure 3 shows these
predicted Moho piercing points projected vertically
onto the surface for all the event-station pairs used to
calculate RFs in this study. The individual migrated
RFs were then stacked every 5 km along the best fit
linear profile, using 30 km2 bins (Figure 4).

2.4. Phase Identification

[21] To clarify the identification of phases on the
observed RF profile, synthetic RFs were calculated
at 5 km intervals from the coincident controlled
source Pwave velocity model (Figure 2) assuming a
constant Vp/Vs of 1.85, using the reflectivity method
[Kennett, 1983] and the same processing parameters
as those for the observed RFs (i.e., a Gaussian width

of 1.0 or 2.0; a water level value of 0.001; and a
fixed ray parameter of 0.06 s/km) (Figure 4a). The
assumed Vp/Vs value is expected to be a close first
approximation for the crystalline crust, but is prob-
ably an underestimation for the low Vp near-surface
sedimentary layers [e.g., Castagna et al., 1985].

2.4.1. Zero-Time P Phase

[22] The synthetic RF stacks show P arrivals at
zero time, except between 150 and 240 km, where
the P peaks are broadened and offset from zero by
up to 0.4 s. This offset from zero time is indicative
of the low-velocity sediments at the surface [e.g.,
Cassidy, 1992] modeled by Mackenzie et al.
[2005]. The observed data show typical offsets of
less than 0.2 s but more than 0.2 s between 130 and
240 km and the largest offset of nearly 0.4 s
between 0 and 50 km along the profile. The offset
P arrivals are modeled in section 3.1.

2.4.2. Phase PpPsuc

[23] The phase PpPsuc has reflected as a P wave at
the surface before being converted from the base of
the sediments (i.e., the step from �5 to >6 km/s
at the top of the basement in the seismic velocity
model, Figure 2). It occurs at times between 1.0
and 3.5 s after the P arrival in the synthetic RFs
(Figure 4a) and is latest with the highest ampli-
tudes beneath the rift valley. The phase PpPsuc
typically occurs earlier in the observed RFs, at

Table 2. Events Used for Phase III Receiver Function Analysisa

Date and Time (UTM)
Latitude
(deg)

Longitude
(deg)

Depth
(km) Magnitude

Dist
(deg)

Baz
(deg)

1 Dec 2002, 1437:23 �11.24 117.26 19 5.6 81.3 103.0
2 Dec 2002, 0200:35 �26.13 70.82 10 5.3 47.9 139.3
2 Dec 2002, 0458:55 37.75 21.09 10 5.6 31.7 333.5
2 Dec 2002, 1342:10 1.51 126.39 10 6.0 87.9 88.9
2 Dec 2002, 1821:50 �6.52 71.43 10 4.9 36.9 115.1
4 Dec 2002, 1130:54 19.38 94.51 53 5.7 55.0 73.4
4 Dec 2002, 1550:42 38.73 142.19 40 5.0 94.5 49.6
14 Dec 2002, 1327:29 39.74 97.44 22 5.6 60.1 49.8
17 Dec 2002, 0432:53 �56.95 �24.83 10 6.3 84.3 209.4
18 Dec 2002, 1412:22 �57.09 �24.98 10 6.2 84.4 209.3
19 Dec 2002, 0342:46 0.91 126.27 33 5.6 87.9 89.5
21 Dec 2002, 1741:14 4.98 123.16 602 5.7 84.1 86.0
25 Dec 2002, 1257:06 39.57 75.22 29 5.7 44.1 41.9
25 Dec 2002, 1913:42 35.64 69.86 90 5.5 38.4 43.4
30 Dec 2002, 0449:09 7.47 123.41 10 6.3 84.0 83.5
6 Jan 2003, 1457:34 20.09 121.50 33 5.7 80.3 71.2
6 Jan 2003, 2343:51 15.65 119.66 10 6.0 79.1 75.9
9 Jan 2003, 0442:43 0.54 98.60 45 5.7 60.7 95.0
10 Jan 2003, 1525:59 0.22 97.92 26 5.3 60.1 95.5
14 Jan 2003, 1413:57 27.99 62.35 56 5.5 28.9 48.4

a
Angular distances (Dist) and back azimuths (Baz) are calculated from the northwestern end of the EAGLE cross-rift profile. UTM, universal

time meridian.
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1.5–2.5 s, with the largest amplitudes of this phase
occurring in the southeasternmost 70 km of the
profile. The arrival times of PpPsuc are used to
constrain the depth to basement in section 3.2.

2.4.3. Ps Phase From the Moho

[24] The P to S wave conversion at the Moho is
prominent at �5 s at 0–25 km and 235–400 km

Figure 4. Cross-rift profile of binned and stacked (a) synthetic and (b) observed radial RFs after migration to their
correct position at 35 km using the IASP91 Earth model [Kennett and Engdahl, 1991]. Note that the number of events
stacked to make each bin trace is printed at the base of that trace. A Gaussian width of 2 was used to calculate the
receiver functions (maximum frequency ’ 1.0 Hz), and a zero-phase high-pass filter (0.1 Hz) was applied to remove
long-period noise. The synthetic receiver functions were calculated using the reflectivity method [Kennett, 1983] and
the P wave velocity model shown in Figure 2 that was converted to both S wave velocity (using a constant Vp/Vs of
1.85) and density (using the velocity-density relationship of Cornwell et al. [2006]).
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along the profile for both the synthetic and real RFs
(Figure 4). The Ps peak is narrowest and occurs
closer to �4 s after the P arrival in northwestern
parts the rift valley (175–205 km along the profile)
and appears to be absent beneath the southeastern-
most part of the rift valley. Within the rift Ps has
reduced amplitudes, indicative of a smaller acous-
tic impedance contrast across the Moho or a
gradational boundary. The reduced energy could
also be caused by destructive interference with
crustal reverberations, particularly if there is a
sedimentary basin present close to the surface. This
scenario seems unlikely, however, because the P
and PpPsuc phases have similar arrival times across
the entire rift, suggesting a consistent near-surface
structure. Where identifiable, the Ps phase is used
(with its multiples) to derive bulk crustal Vp/Vs and
thickness estimates in section 4.

2.4.4. Phases PsM1 and PsM2

[25] The PsM1 and PsM2 are P to S conversions at
the top and bottom, respectively, of the anoma-
lously high Vp (>7.2 km/s) lower crustal layer
beneath the northwestern half of the profile (north-
western lower crustal layer (NWLCL)). In general,
the synthetic RFs from the controlled source model
show a small amplitude PsM1 phase at �4.5 s and
a marginally larger amplitude PsM2 phase at �6 s,
identifiable between 50 and 180 km along the
profile (Figure 4a). For the observed RFs, the
PsM1 phase occurs at �4.0–4.5 s and typically
has a small amplitude. It can be directly identi-
fied between 30 and 110 km along the profile
and indirectly identified to 170 km as a broad-
ened PsM2 phase peak. The PsM2 amplitudes are
generally comparable to those of the Moho Ps
phase to the southeast of the rift and the arrival
times vary between �5.0 and �6.5 s. The timing
and amplitude of these phases are modeled in
section 3.3.

2.4.5. Crustal Multiples

[26] There are strong reverberations from the Moho
Ps phase reflected at the surface (PpPs) along the
southeastern section of the profile at 15–18 s in the
synthetic RFs. This phase is somewhat identifiable
in the observed data, particularly between 235 and
320 km. The sharp discontinuities at the top and
base of the lower crustal layer produce large-
amplitude multiple energy between 15 and 21 s
in the synthetic stacks, which is not observed in the
real data. In the rift valley, the observed RFs
display significant energy between 5 and 15 s, in

addition to the multiple energy predicted by the
synthetics at 15–17 s.

3. Forward Modeling

[27] Forward modeling was used to constrain the
thickness, Vp and Vp/Vs of the near-surface sedi-
mentary layer(s) and the high-Vp lower crustal
layer (NWLCL) that occurs beneath the north-
western half of the profile.

3.1. Sedimentary Thickness

[28] Picked P arrival maxima from stacks at 5 km
intervals across the profile (Figure 5a) show offsets
from zero time of 0.05–0.57 s with an estimated
picking error of ±0.02 s. The presence of a low-
velocity layer near the surface results in P arrivals
offset from zero time because the resolution of the
RFs is inadequate to separate the P arrival and base
of the near-surface layer conversion peaks from
each other [e.g., Cassidy, 1992]. The offset time is
related to the frequency content of the RFs that
sample the layer(s) and the thickness, Vp/Vs ratio
and P wave velocity (Vp) of the sedimentary layer
and the Vp/Vs ratio and Vp of the layer below. The
zero-time offsets are modeled assuming a simple
two-layer model over a half-space with fixed
parameters (Vp = 5.0 km/s and Vp/Vs = 1.75)
determined from the controlled source model
(Figure 2). Combinations of parameters within
ranges of 0–2 km, Vp/Vs = 2–4 and Vp = 3–4 km/s
were used to create the synthetic RFs which were
matched with the observed offset times and wave-
forms. An example of a forward modeled synthetic
RF compared with observed data is shown in
Figure 5b.

[29] This forward modeling is nonunique, but indi-
cates that models with sedimentary thicknesses
between 0.5 and 1.0 km and realistic P wave
velocities (3–4 km/s) and Vp/Vs ratios (2–3) are
acceptable. This layer extends �50 km outside
the confines of the rift valley, coincident with the
extent of the lowest Vp (<4 km/s) layer in the
controlled source model (near to SP14 on Figure 2)
and the synrift (Mio-Pliocene) rhyolites (Figure 1).

3.2. Depth to Basement

[30] Picked times of PpPsuc peaks (Figure 5c)
increase toward the rift axis from both flanks,
indicating that the depth to basement (where Vp >
6 km/s) deepens into the rift, assuming that similar
velocity characteristics exist above the boundary.
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Using the formula that relates depth to a boundary
with the P to PpPs time [Zhu and Kanamori,
2000], the picked times for this phase can be
converted to depths (assuming a ray parameter of
0.06 s/km, Vp = 5.0 km/s and Vp/Vs = 1.75 above
the boundary).

[31] The calculated depths to this discontinuity
range between 2.8 and 6.0 km; the deepest are
beneath the rift valley and shallowest at the far
ends of the profile on the rift flanks (Figure 5d).
The layer appears to thicken more gradually into
the rift from the southeastern rift flank than from the
northwestern flank where abrupt offsets in the
discontinuity (with 0.5–0.8 km vertical change)
occur near 50 km, 130 km and 260 km along the

profile. The depth variation across the profile cannot
be explained purely in terms of velocity changes as
the physical properties of the layer would be geo-
logically implausible (i.e., a 3 km depth change
requires Vp or Vp/Vs changes of 2.5 km/s or 1.0,
respectively). The presence of a varying near-
surface low-velocity layer will change the average
velocity of the upper layer in these synthetic tests,
but this will only significantly change the depth
estimates if the two layers are of similar thickness.

3.3. Northwestern Lower Crustal Layer

[32] The thickness of the NWLCL was initially
determined from the difference in arrival time
between the PsM1 and PsM2 peaks, where identifi-
able (Figure 4b), for a range of typical lower crustal
Vp/Vs values, following the method of Zhu and
Kanamori [2000]. Following this analysis the wave-
forms of RF stacks are modeled to constrain the
thickness, Vp and Vp/Vs of the NWLCL.

[33] During the arrival time analysis it is assumed
that PsM1 and PsM2 originate from the top and base
of the NWLCL and the average ray parameter is
0.06 s/km. The minimum-phase filtered RFs were
employed in this analysis because they enable a
double peak to be identified along a large propor-
tion of the profile and the effect of filtering on the
relative timing of the two peaks is minor [Cornwell,
2008]. Using the controlled sourcemodel (Figure 2),
a constant P wave velocity of 7.5 km/s is chosen for
the NWLCL, whilst Vp/Vs is varied between 1.75
and 1.95, since the calculated thickness (h) is less
sensitive to variations in Vp than Vp/Vs [Cornwell,
2008]). Results show an overall thinning from 16 ±
2 km to 10 ± 1 km of the NWLCL toward the
southeast, into the rift. This is opposite to that in the
controlled source seismic model (Figure 2), where
the lower crustal layer increases in thickness from
approximately 10 to 16 km into the rift (toward the
southeast). The NWLCL layer thickness is in the
range 6.6–11.0 km in regions where a double peak
is not clearly identified but can be estimated from a
widened single peak (from 155 to 175 km along the
profile, Table 3).

[34] Representative RF waveforms around 25 and
90 km on the profile (Figure 4b) were chosen for
further modeling. Minimum-phase and zero-phase
high-pass filters (0.1 Hz) were applied to both the
stacked and synthetic RFs to aid the matching
process. In line with the controlled source results,
Vp for this lower crustal layer was varied between
7.3 and 7.7 km/s whilst other layer parameters
were kept constant (Table 4). The effects of varying

Figure 5. Analysis of P and PpPsuc arrival times:
(a) picked P arrival times; (b) an example of comparing
synthetic receiver functions (blue) with selected receiver
function stacks (black indicates stack at 170 km; red
indicates stack at 175 km along the profile) to model the
P arrival offsets; (c) PpPsuc phase picks; and (d) depth
variation across the profile, calculated from the picked
PpPsuc arrival times in Figure 5a using the equation
given by Zhu and Kanamori [2000].
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NWLCL thickness, P wave velocity and Vp/Vs on
the arrival times and amplitudes of PsM1 and PsM2

were investigated by Cornwell [2008], with the
best fitting models presented in this paper.

[35] The observed RF stack at 25 km along the
profile shows PsM1 and PsM2 with similar ampli-
tudes when minimum-phase filtered (Figure 6a).
The best fit model of the NWLCL has a Vp of
7.5 km/s, Vs of 3.90 km/s (Vp/Vs of 1.93) and a
thickness of 10 km, with a top boundary at a depth
of 32 km.

[36] The observed RF stack at 90 km is represen-
tative of those from 80–105 km along the cross-rift
profile, with a lower-amplitude PsM1 than PsM2

(Figure 6b). As there is a five-fold increase in the
summed RFs, the quality of these stacks is higher
than at 25 km. There is little evidence in the
waveforms of multiple phases from this layer,
which is indicative of either small or gradational
boundaries at the top and base of the NWLCL, or a
reduction of multiple phase energy due to destruc-
tive interference with other phases. Assuming a

Table 3. Measured and Estimated Peak-to-Peak
NWLCL Phase Times and Calculated Layer Thickness
at Likely Vp/Vs Ratios

a

Distance
(km)

Dt
(s)

h1.75
(km)

h1.85
(km)

h1.95
(km)

hrefr
(km)

Vp

(km/s)

25 1.58 14.8 13.1 11.8 10.5 7.58
30 1.76 16.6 14.7 13.2 10.9 7.58
35 1.76 16.6 14.7 13.2 11.6 7.57
40 1.86 17.5 15.5 13.9 12.0 7.57
45 1.89 17.8 15.8 14.1 12.2 7.57
75 1.44 13.5 11.9 10.7 13.3 7.40
80 1.44 13.5 11.9 10.7 13.4 7.38
85 1.63 15.3 13.6 12.2 13.5 7.36
90 1.60 15.0 13.3 11.9 13.7 7.33
95 1.47 13.8 12.2 11.0 13.8 7.29
100 1.40 13.2 11.7 10.5 14.0 7.27
105 1.14 10.7 9.5 8.5 14.3 7.28
110 1.01 9.5 8.4 7.6 14.3 7.28
115 1.04 9.8 8.7 7.8 14.5 7.29
120 1.18 11.0 9.8 8.8 14.7 7.30
125 1.18 11.0 9.8 8.8 14.8 7.31
155 0.85 8.0 7.1 6.3 15.8 7.40
160 0.78 7.4 6.5 5.8 15.7 7.43
165 0.95 8.9 7.9 7.1 15.6 7.49
170 0.88 8.3 7.3 6.6 15.5 7.57
175 0.88 8.3 7.3 6.6 15.3 7.64

a
Measured (bold) and estimated peak-to-peak NWLCL phase times

(Dt) and calculated layer thickness for 30 km2 bins at likely Vp/Vs

ratios (e.g., h1.75). The seismic refraction model (Figure 2) high-Vp

lower crustal layer thickness (hrefr) and Vp are shown in italics. All
calculations follow Zhu and Kanamori [2000] and assume a constant
Vp of 7.5 km/s and p of 0.06 s/km.

Table 4. Starting Model Parameters for NWLCL
Forward Modeling

Layer
Vp

(km/s)
Vs

(km/s)
Density
(kg/m3)

Thickness
(km)

1 5.00 2.86 2590 4
2 6.30 3.60 2840 26
3 7.50 4.29 3150 13
4 8.10 4.63 3330 1

Figure 6. A comparison of stacked filtered real and
synthetic radial receiver functions at (a) 25 and (b) 90
km along the profile. Velocity model containing a
simple northwestern lower crustal layer (NWLCL) as
shown (Figure 6a) (NWLCL model parameters are Vp =
7.50 km/s, Vs = 3.90 km/s, Vp/Vs = 1.93, h = 10 km, and
DM1 = 32 km; Vp/Vs = 1.75 elsewhere in the model) and a
gradational northwestern lower crustal layer (Figure 6b)
(NWLCL model parameters are Vp = 7.20–7.80 km/s,
Vs = 3.69–4.00 km/s, Vp/Vs = 1.90, h = 13 km, andDM1 =
32 km; Vp/Vs = 1.75 elsewhere in both models). The
conversions and multiple phases PpPsuc (indicated by 1),
PsM1 (indicated by 2), PsM2 (indicated by 3), PpPsM1

(indicated by 4), and PpPsM2 (indicated by 5) are also
labeled. Receiver functions are as follows: bold black
indicates observed, and thin red indicates synthetic.
Velocitymodel lines are as follows: bold indicatesVp, and
thin indicates Vs.
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discontinuity at the layer boundaries, the best
fitting model at 90 km has a Vp of 7.5 km/s, Vs

of 3.75 km/s (Vp/Vs of 2.00), a thickness of 11.5
km and a top boundary at a depth of 33.5 km.

[37] A gradational upper NWLCL boundary, how-
ever, is considered to best match the observed
waveforms of PsM1 and PsM2. Various velocity
gradients were tried, which have the effect of
reducing the amplitude of PsM1 (and PpPsM1), with
gradients occurring over larger vertical distances
showing the greatest amplitude reduction. A grad-
ual increase in Vs on the top boundary from 3.69 to
4.00 km/s over 13 km produces a good fit to the
observed waveforms (Figure 6b). The gradient is
actually modeled as stepwise linear increase in Vp

and Vs (NWLCL parameters are: Vp = 7.20–
7.80 km/s; Vs = 3.69–4.00 km/s; Vp/Vs = 1.90;
h = 13 km; DM1 = 32 km). Even if the whole of the
NWLCL is characterized by a velocity gradient, a
double peak (i.e., PsM1 and PsM2) still appears in
the resulting synthetic RF. To obtain an optimum
waveform fit, theVp/Vs in the layer has to be reduced
slightly to 1.90. Cornwell [2008] found that a layer
with gradational properties can produce similar
relative PsM1 and PsM2 amplitudes as raising the Vp/
Vs in a layer with discontinuities as boundaries.

4. Crustal Thickness and Vp/Vs: H-k
Stacking

4.1. Overview

[38] TheH-k stackingmethod of Zhu andKanamori
[2000] was applied to the observed cross-profile RF
stacks (Figure 4b) to produce estimates of crustal
thickness (H) and average crustal Vp/Vs (k). This
technique stacks the amplitudes of RFs at the
predicted arrival times of Ps, PpPs and PpSs + PsPs
for various values of H and Vp/Vs. It is assumed that
there is a clear Moho Ps phase as well as crustal
multiples PpPs and PpSs + PsPs. An average P
wave velocity for the crust of 6.25 km/s was applied
to all stacking calculations, close to the average
crustal Vp values from the controlled source model
and the mean of the average crustal Vp values for
previous RF H-k studies in Ethiopia (Table 1).

4.2. H-k Analysis in the Presence of an
Anomalous (Vp > 7.2 km/s) Lower Crustal
Layer

[39] Where a high-Vp (>7.2 km/s) lower crustal
layer exists, the H-k stacking method may be used
to find either (1) the average crustal Vp/Vs and

crustal thickness above or (2) the average crustal
Vp/Vs and crustal thickness including the layer. In
addition to a double Ps phase, the presence of a
high-Vp lower crustal layer will create two PpPs
and PsPs + PpSs phases that may constructively
stack to produce false maxima in H-k space.

[40] An H-k estimate should therefore be consid-
ered reliable only if the maximum H-k stack
amplitude is found from the (weighted) sum of
phase amplitudes from the same horizon (e.g., Ps,
PpPs and PsPs + PpSs associated with the top of
an identified lower crustal layer). Reliable H-k
estimates in the presence of a lower crustal layer,
therefore, require that (1) the observed reverbera-
tions are correctly identified as originating from
either the top or base of the layer and (2) combi-
nations of phases from the same boundary are
used. Furthermore, RFs without sufficient band-
width to create separate peaks indicative of a lower
crustal layer may produce unreliable H-k stacking
results. We investigate this effect by performing
H-k analysis on cross-rift profile stacked RFs that
were calculated with both a maximum frequency
of �0.5 and �1.0 Hz.

4.3. Results

[41] Reliable estimates of bulk crustal thickness
(H) and Vp/Vs (Figure 7) were achieved primarily
beneath the rift valley and southeastern rift flank,
where results from lower- and higher-frequency
stacks in the same location were within calculated
error bars in most cases (Figure 8). Based upon the
obtained values of H and Vp/Vs, the profile can be
divided into four distinct regions: (1) beneath the
northwestern rift flank (from 25 to 160 km along
the profile) with Vp/Vs likely to be in the range
1.80–1.88 (but possibly as high as 2.00) and H
likely to be 34–41 km (but possibly as deep as
48 km) with evidence for a lower crustal layer,
(2) beneath the rift valley (from 160 to 245 km)
where Vp/Vs = 1.84–1.92 and H = 33–36 km,
(3) beneath the southeastern rift flank (from 275
to 375 km) where Vp/Vs = 1.78–1.85 and H =
37–40 km, and (4) a transition zone between the
rift valley and southeastern rift flank zones (from
245 to 270 km) where H increases from �35 km
to �40 km and Vp/Vs decreases from �1.92 to
�1.76 (Figure 8).

[42] At the far northwestern end of the profile, both
the low- and high-frequency results estimate an H
value of �48 km with a corresponding Vp/Vs of
�1.68. Estimates for the neighboring stacks at
25 and 30 km are significantly different with an
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H of �39 km and Vp/Vs of �1.84. Beneath the
remainder of the northwestern rift flank where the
NWLCL has been estimated to be up to 18 km thick,
reliable results were only obtained with stacks with
the lower frequencies. Vp/Vs estimates here are in the
range 1.82–1.84 and crustal thickness 40–42 km
(Figure 8). The high-frequency H and Vp/Vs esti-
mates rise sharply, perhaps providing indirect evi-
dence the presence of a NWLCL that is sufficiently
thick to affect the H-k technique results.

[43] Beneath the northwestern part of the rift val-
ley, H is estimated to be in the range 32–34 km
with Vp/Vs between 1.90 and 1.91. It is difficult to
obtain H-k results beneath the southeastern part of
the rift valley because the phase from the Moho is
either absent or has a low amplitude.

5. Interpretation and Discussion

5.1. Near-Surface Layers and Basement
Structure

[44] The uppermost low-velocity (Vp = 3–4 km/s;
Vp/Vs = 2–3) layer that occurs beneath and to the

northwest of the rift valley was defined by forward
modeling to be less than 1 km thick and correlates
with the extent of a low-velocity (Vp � 3.3 km/s)
and low-density (�2380 kg/m3) layer modeled
using seismic refraction/wide-angle reflection
[Mackenzie et al., 2005] and high-resolution grav-
ity data [Cornwell et al., 2006]. This layer corre-
sponds to the northwestern rift margin region and
the rift valley, where Miocene–Early Pliocene age
pyroclastic and basaltic rocks and Plio-Holocene
fluvio-lacustrine sediments crop out on the surface
[e.g., Kazmin, 1975; Wolfenden et al., 2004; Abebe
et al., 2005] (Figures 1 and 9).

[45] Stratigraphically below the Miocene pyroclas-
tic rocks is over 3 km of Jurassic-Paleogene marine
sediments and the Oligocene flood basalt series
[Tefera et al., 1996] (Figure 1). The upper crustal
basement discontinuity forms the base of these
sediments and is deepest beneath the rift valley
(�6.0 km) and shallowest (�2.8 km) at the ends of
the profile. Interpreted as the top surface of the
Precambrian basement, this interface corresponds
to an increase in P wave velocity of more than

Figure 7. An example of a (a) low-frequency and (b) high-frequency H-k result for a single stack at 195 km (note
that the low- and high-frequency results also depict an example of a quality of 1 = good and 2 = fair, respectively).
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1 km/s [Mackenzie et al., 2005] (Figure 2). Major
offsets in the basement are imaged at 50, 140 and
275 km along the profile (Figure 5d). These
structures coincide with the surface locations of
large-offset rift border fault zones (Figure 9) and

are interpreted to be related to the early mechanical
stretching phase of rift evolution. Their location, in
addition to the extent of the uppermost sediments,
suggests that early rift-related extension appears to
be confined to a �100 km wide zone; the present-

Figure 8. Cross-rift profile H-k stacking results, shown as (a) Vp/Vs (k) and (b) crustal thickness (H) (labeled as
depth). Large blue and orange circles denote the low-frequency (<0.5 Hz) and high-frequency (<1 Hz) results,
respectively, with 1 = good and 2 = fair quality. Small orange circles show high-frequency results probably influenced
by the presence of a high-Vp lower crustal layer. Nearby H-k stacking results by Stuart et al. [2006] and Dugda et al.
[2005] are projected onto the line and shown as yellow stars and squares, respectively. (c) Summary diagram showing
the NWLCL best fit forward models at 25 km and 90 km (Figure 6) in green, thickness estimates from peak-to-peak
times (Table 3) with filled squares according to layer Vp/Vs (upper boundary is fixed at 30 km), and H-k stacking
results as colored bars. Background grey dots depict the major horizons imaged by the seismic model in Figure 2.
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day rift valley occupies the southeasternmost 60 km
of this zone (Figures 1 and 9). Since the Jurassic-
Paleogene sedimentary sequence is observed to rest
unconformably on Precambrian basement [Dow et
al., 1971; Garland, 1972], these basement faults
may be evidence of a predepositional basement
topography.

[46] The lower boundary of the Oligocene flood
basalt sequence is not well resolved by this study,
but it can be observed in the field at both rift
margins [Wolfenden et al., 2004] and it occurs in
the Mugher Gorge (located at �70 km along the
profile, see Figure 9). The floor of the gorge is
composed of marine sediments, thus indicating the
thickness of the flood basalts to a be <800 m in this
region.

5.2. Crust Beneath the Northern Main
Ethiopian Rift

[47] The H-k technique provides estimates of an
average crustal Vp/Vs and a crustal thickness. Vp/Vs

values can be directly converted into Poisson’s
ratios (s), which are commonly used to character-
ize bulk crustal composition. The high bulk crustal
Vp/Vs (1.84–1.92) beneath the rift valley section of
the profile suggests that the crust is either composed
predominantly of mafic material [Christensen,
1996] and/or contains a significant volume of partial
melt [Watanabe, 1993; Owens and Zandt, 1997].
Within the center of the rift, beneath the Boset
magmatic segment (Figure 1), a 20 km wide zone
of elevated upper crustal P wave velocity and
density has been interpreted as mafic (gabbroic)
intrusions into the upper (and possibly lower) crust,
associated with focussed Quaternary-Recent mag-
matism [Mahatsente et al., 1999; Keranen et al.,
2004;Mackenzie et al., 2005;Cornwell et al., 2006].
The results obtained in this study agree with the

anomalously high Vp/Vs values of up to 2.08 iden-
tified beneath the NMER and Afar by previous RF
studies (Table 1) in the rift [Ayele et al., 2004;Dugda
et al., 2005; Stuart et al., 2006]. The present study,
however, provides higher spatial sampling needed
to image rift structure and magmatic modification of
the crust. The local earthquake study of Daly et al.
[2008] shows Vp/Vs values of 1.81–1.84 beneath the
rift axis between 12 and 25 km depth, which they
interpret as cooled mafic dikes.

[48] The highest estimates of average Vp/Vs occur
in the thinnest crust (�32 km) beneath the north-
western side of the rift valley. Major element mass
balance and thermodynamic modeling of geochem-
ical data suggest that the lavas erupted in this
(northwestern) part of the rift during the Quaterna-
ry fractionated at various levels between the base
of the crust and the near-surface [Rooney et al.,
2007]. Gravity modeling requires a �12 km wide
zone containing considerable (at least 40%) frozen
mafic magma at depths greater than 10 km beneath
this region [Cornwell et al., 2006], upper and
middle crustal tomography shows Vp/Vs values of
up to 1.85 [Daly et al., 2008] and Whaler and
Hautot [2006] interpret a conductive lower crust as
evidence of partial melt. Deep seismicity (>25 km)
in this region has been attributed to ongoing
magma injection into the lower and middle crust
by Keir et al. [2009].

[49] An absence of Ps energy converted at the
Moho is observed beneath the southeastern half
of the rift valley (e.g., Figure 4b). The cause of this
‘‘Moho hole’’ could be (1) destructive interference
of Moho conversions with crustal converted phases
and their reverberations, (2) an S wave velocity
gradient (rather than a typical sharp Moho contrast)
at the base of the lower crust, (3) low S wave
velocity in the uppermost mantle that significantly

Figure 9. Sketch diagram of the likely near-surface structure and simplified geological units beneath the cross-rift
profile, derived from analysis of receiver functions. Calculated depths to basement (orange squares) are plotted, with
the size of the squares representative of the depth range beneath each station (assuming an upper layer where Vp =
4.8–5.2 km/s and Vp/Vs = 1.70–1.85). Bold black lines mark the locations of steps in the modeled boundary. Red
lines mark prominent fault zones identified by Wolfenden et al. [2004]. The profile is oriented NW (0 km) to SE
(400 km) with a vertical exaggeration of 10:1.
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reduces the shear wave velocity contrast [Zandt et
al., 2004], and (4) anisotropy at or near the Moho
resulting in P-SH converted energy (rather than the
P-SV energy shown in Figure 4b) [e.g., Levin and
Park, 1997]. Since crustal phases (e.g., PpPsuc) are
coherent across the entire rift valley and do not
interfere with the Moho conversions explanation 1
is unlikely (Figure 4b). There is evidence for
anisotropy at predicted Moho depths in the form
of coherent P-SH converted energy �4 s after the
P arrival [Cornwell, 2008], but the resolution of
the RFs has so far precluded this from being mod-
eled. The waveforms of the RFs do not provide
enough information to discriminate between models
of low-velocity uppermost mantle or a gradational
Moho. Both models imply the presence of magma-
tism near the base of the crust beneath this part of the
rift valley; the extent of the ‘‘Moho hole’’ delineates
the 20–25 km wide zone of magma-derived new
crust within the rift valley. Mackenzie et al. [2005]
observed high-amplitude and high-frequency
reflected Moho phases within this part of the rift
valley and interpreted these as lower crustal sills.
Geochemical evidence has been interpreted to sug-
gest that magmas in this (southeastern) part of the
rift have risen quickly from lithospheric mantle
depths (�53–88 km) to within�5 km of the surface
before undergoing significant fractionation to pro-
duce large Quaternary felsic volcanoes [Rooney et
al., 2005, 2007]. In the same region within the crust,
Whaler and Hautot [2006] imaged an electrically
conductive zone between 15–25 km depth which
they interpreted to contain partial melt andCornwell
et al. [2006] defined a 20 km wide zone of inferred
gabbroic intrusions at a depth of about 8 km from
gravity interpretation.

5.3. Ethiopian Plateau Crust: NW Part
of the Profile

[50] Themost reliable estimates (from low-frequency
RFs) indicate that the NW rift margin and rift flank
crust is thicker (36–42 km) and less mafic (Vp/Vs =
1.80–1.88) than that beneath the rift valley. This is
supported by both Dugda et al. [2005] and Stuart et
al. [2006], who find crust with a thickness and Vp/Vs

of 38–44 km and 1.80–1.82 in this region of the
western Ethiopian plateau (but do not take account
of a high-Vp lower crustal layer). Tomography in the
uppermost �20 km of the crust indicates Vp/Vs

values of 1.72–1.76 beneath the NW plateau [Daly
et al., 2008] and Whaler and Hautot [2006] show a
10–15 km thick resistive upper crust above a more
conductive lower crust beneath the northwestern rift
flank, compared to a <5 km thick resistive layer

beneath the rift valley. These observations probably
signify that a mafic lower and middle crust is
overlain by a more felsic upper crust, which, when
sampled together, produce the observed high bulk
crustal Vp/Vs estimates beneath the NW plateau and
rift margin, but not as high as the mainly mafic crust
beneath the NMER (Figure 8c).

5.3.1. Extent of the NWLCL

[51] Forward modeled depths to the upper bound-
ary of the NWLCL of 29–31 km are consistent,
within error, with depths determined by seismic
refraction/wide-angle reflection by Mackenzie et
al. [2005] for all but the northwestern end of the
profile. This upper interface could be gradational,
particularly where the layer is thinnest, with the
sharpest changes in Vp modeled to occur where the
NWLCL is thickest. We interpret this boundary to
mark the upper limit of mafic intrusive material
into the lower crust. In a similar study, Harland et
al. [2009] modeled a 6 km thick high-velocity
(>7.0 km/s) lower crust beneath the Faroe Islands
to have a gradational upper boundary and, follow-
ing arguments by White et al. [2008], interpret the
layer as heavily intruded crust, rather than ‘‘under-
plated’’ igneous rock.

[52] Depths to the base of the NWLCL of 41–
42 km (using single RF stacks) and 36–46 km
(from double-peak times) are shallower than in the
controlled source model (49–50 km), but a good
resolution was achieved for only �60 km of this
boundary (Figure 2). Forward modeling constrains
the thickness of the NWLCL to between 6 and
18 km (assuming constant layer Vp and Vp/Vs

values of 7.3–7.7 km/s and 1.75–1.95, respective-
ly), with the thinnest parts of the NWLCL occur-
ring beneath the northwestern rift margin, unlike
the refraction/wide-angle reflection results that
imply a thickening of the NWLCL toward the
NMER [Mackenzie et al., 2005] (Figure 8c).

[53] The high Vp/Vs (>1.85) of the NWLCL pro-
duces an upper boundary with a large Vp and small
Vs discontinuity, whereas the lower boundary dis-
plays a relatively small Vp and a large Vs discon-
tinuity (if a general increase in Vp with depth is
assumed) (e.g., Figure 6a). The refraction/wide
angle reflection method is sensitive to changes in
Vp and preferentially images the upper boundary,
whereas RFs preferentially image the lower bound-
ary (Figure 4). This may explain the discrepancy
between the two methods when constraining the
geometry of the NWLCL and in other regions
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worldwide where a similar layer is imaged [e.g.,
Tomlinson et al., 2006].

5.3.2. Composition, Internal Structure,
and Source of the NWLCL

[54] The Vp/Vs values of 1.85–1.93 indicate that
the layer is composed mainly of mafic material
and/or a small percentage of partial melt is present
[e.g., Watanabe, 1993; Owens and Zandt, 1997].
A 50 km deep layer consisting entirely of frozen
gabbro at moderate to high temperatures would
produce a Vp/Vs of �1.87 and P wave velocities
similar to the 7.0–7.4 km/s obtained from well-
resolved regions of the seismic refraction/
wide-angle reflection model [Christensen, 1996;
Mackenzie et al., 2005]. However, layering within
the NWLCL is inferred by the high-amplitude and
high-frequency reverberatory signature [Mackenzie
et al., 2005; Maguire et al., 2006]. A similar
reflective character within the lower crust beneath
Kenya was modeled as either igneous intrusions
(sills) or magma chamber cumulates [Birt, 1996;
Thybo et al., 2000]. It is difficult to determine the
proportion of intruded gabbroic sills compared to
metamorphosed lower crust because the measured
and modeled seismic velocities of gabbro (Vp =
7.3 km/s; Vs = 4.0 km/s; Vp/Vs = 1.83) are very
similar to those of some metamorphosed lower
crustal rocks (e.g., the granulite facies of metabasic
rocks) [Christensen and Mooney, 1995].

[55] The thickest parts of the NWLCL are situated
directly above parts of the Ethiopian hot spot, a
500 km wide low P and S wave velocity zone at
depths of 75 to 400 km in the upper mantle, which
extends westward outside the confines of the rift
valley [Bastow et al., 2005; Benoit et al., 2006a,
2006b; Bastow et al., 2008], elucidating the like-
liest source for the magmatic addition. If these
features are linked, a predominantly vertical ascent
of magma through the mantle is inferred, although
we expect that significant lateral movement of
magmas has also occurred during the long mag-
matic history of the region.

5.3.3. Emplacement of the NWLCL
and Melting of the Lower Crust

[56] If the NWLCL is assumed to be composed of
100% gabbro and laterally continuous with an
average thickness of 10 km beneath the entire
Ethiopian plateau (a surface area of more than
800,000 km2), the required volume of emplaced
gabbro is roughly 8,000,000 km3. Emplacement
would have taken place either within the estimated

1 Myr of high-magma flux that produced the major
flood basalt sequences [Hofmann et al., 1997;
Rochette et al., 1998; Coulie et al., 2003] or over
a longer time period that is more consistent with
the episodic (possibly minor) basaltic volcanism
[Chernet et al., 1998] and/or major uplift that
began at 29–25 Ma [Pik et al., 1999; Gani et al.,
2007]. This postulated amount of emplaced gabbro
appears disproportionately high compared with the
estimated flood basalt volume of �180,000 km3

[Kieffer et al., 2004] and implies that only a small
fraction of the mafic material reached the surface
(this is the case even if the NWLCL is a local
feature).

[57] Following work by White et al. [2008], adding
a 15 km layer of magmatic intrusive material with a
P wave velocity of 7.3 km/s requires a positive
mantle temperature anomaly of 150–175 K, assum-
ing instantaneous emplacement. If this hot material
is emplaced into the lower crust it would raise the
regional geotherm and partially melt portions of it,
potentially creating a layer of silicic magmas above
the NWLCL [Huppert and Sparks, 1988; Bergantz,
1989; Whittington et al., 2009]. Annen and Sparks
[2002]modeled repeated basalt sill intrusion into the
lower crust and found that the main controls on the
generation of melt are (1) the rate of magma intru-
sion, (2) the composition and water content of the
preexisting crustal rocks, and (3) the temperature
and water content of the intruding basalt magma.
Melt generation involves simultaneous cooling and
crystallization of intruding magma and partial melt-
ing of both new mafic crust and the preexisting old
crust. The proportion of these components depends
on the fertility of the crust and the temperature and
water content of the mafic magma. Fractional crys-
tallization of the NWLCL is therefore a strong
candidate as the source of the rhyolitic ignimbrites
that contribute 20% of the volume of Ethiopian
flood basalt province rocks [Ayalew et al., 2002].
Where it extends beneath the rift, the NWLCL could
therefore provide the geochemically derived
enriched mantle source with an lower crustal com-
ponent proposed by Furman et al. [2006].

5.3.4. Effects of the NWLCL on Rift
Initiation and Evolution

[58] The new results imply that rifting is located
where the least amount of magma has been
emplaced into the lower crust. Whilst magmatic
emplacement may have strengthened the crust by
thickening it and increasing its component of
relatively strong olivine rheology, the lithosphere
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will be locally weakened, because the quartzo-
feldspathic rheology of the crust is weaker than
the olivine rheology of the mantle [Kusznir and
Park, 1987]. As such, the NWLCL would have
played an important role in defining where strain
was accommodated during rift initiation, assum-
ing that a significant proportion of it had already
been emplaced. It also appears to have had a role
in the more recent strain-focusing stage of NMER
evolution, since the current narrow rift was formed
where the NWLCL is thinnest or absent. Further-
more, crystallized magma intruded into the lower
crust may inhibit the later injection of dikes, as
high-density upper crustal dikes are only modeled
in regions beneath the southeastern sector of the rift
[Cornwell et al., 2006], forming a well-developed
magma system where no NWLCL has been imaged
[Rooney et al., 2007].

5.4. Somalian Plate Crust: SE Part
of the Profile

[59] The estimated average crustal Vp/Vs of 1.74–
1.82 of the Somalian Plate indicate a felsic-
intermediate crust underlies the majority of the
southeastern rift flank (Figure 8c). A highly resistive
upper and lower crust beneath the southeastern rift
flank (markedly different to the resistive upper and
conductive lower crust beneath the northwestern
rift flank) is constrained by magnetotelluric (MT)
work [Whaler and Hautot, 2006] but similar crustal
Pwave velocity (apart from the addition of the high-
Vp lower crustal layer) are imaged by the coincident
refraction/wide-angle reflection model. There is no
geophysical or geochemical evidence of extensive
magmatism beneath the parts of the southeastern rift
flank sampled in this study. The crustal thickness of
the Somalian Plate crust ranges from 37 to 41 km
using theH-k stacking method, similar to that found
by Stuart et al. [2006] (38–40 km) andDugda et al.
[2005] (37–42 km). Mackenzie et al. [2005] mod-
eled a Moho depth of 39–40 km (i.e., 35 km of
crystalline crust overlain by 4–5 km of sediments)
from seismic refraction/wide angle reflection data
along the same profile and Tiberi et al. [2005]
estimated a crustal thickness of �40 km using
gravity and topography data.

[60] A �35 km wide region corresponding to the
southeastern rift margin is interpreted as the tran-
sition zone between magmatic and amagmatic crust,
with average crustal Vp/Vs decreasing from�1.92 to
�1.76. Crustal thinning of �5 km is estimated
within this transitional zone, identical to that mod-
eled by Mackenzie et al. [2005]. The synrift sedi-

mentary rocks do not cross this transition and the
large-offset Arboye border fault is also coincident
with the northwestern limit of the transition zone
[Wolfenden et al., 2004]. The transition zone was
therefore likely to be present in the earliest stage of
rifting, which probably formed a �100 km wide
extensional half graben that developed to become
the more focussed to the narrow �60 km of the
present day. It is likely that a preexisting terrane
boundary, suture or shear zone [e.g., Berhe, 1990;
Stern, 1994; Abdelsalam and Stern, 1996; Yihunnie
and Tesfaye, 2002; Johnson and Woldehaimanot,
2003], whichmay produce a locally weak zone or an
adjacent locally strong zone, has been exploited by
the early extension and later magmatism in this
location, which had a strong influence on rift evo-
lution from its inception.

6. Conclusions

[61] 1. A <1 km thick layer consisting of low-
velocity synrift (Miocene-Recent) deposits extends
beneath and up to 50 km to the northwest of the
present-day rift valley floor, marking the �110 km
wide region over which strain was accommodated
during the early stages of rifting.

[62] 2. A layer consisting of Jurassic-Paleogene
marine sedimentary rocks occurs over the entire
length of the profile (400 km) with likely P and S
wave velocities of 3.4–4.4 and 2.0–2.5 km/s. The
unit marks the last period that the uplifted Ethiopian
plateau was at sea level, has a thickness of more
than 3 km and thickens from the northwest to the
southeast.

[63] 3. A 2.8–6.0 km deep unconformity between
Jurassic marine sedimentary rocks and Precambrian
crystalline basement rocks is deepest beneath the rift
valley and shallowest at the ends of the profile.
Some large (<1 km) offsets in basement topography
are correlated with major rift faults within the wide
strained region, whereas others occur beneath both
rift flanks.

[64] 4. There are major variations in crustal thick-
ness and seismic properties along the NW–SE
cross-rift profile that divide the crust into four
regions: (1) �115 km of the northwestern rift flank
where crustal thickness is 36–42 km and average
crustal Vp/Vs is 1.80–1.88; (2) �85 km including
the rift valley where crustal thickness is 33–36 km
and average crustal Vp/Vs is 1.84–1.92; (3)�35 km
of the southeastern rift flank, adjacent to the rift
valley, where crustal thickness and average crustal
Vp/Vs changes from 37 to 40 km and 1.85 to 1.78;
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and (4)�100 km of the southeastern rift flank where
crustal thickness is 37–41 km and average crustal
Vp/Vs is 1.74–1.82.

[65] 5. The crust beneath the rift valley can be
subdivided into northwestern and southeastern rift
sectors. The thinnest crust (with a clear Moho at
�32 km) and highest Vp/Vs values occur in the
northwestern sector, suggesting crustal thinning
and a strong likelihood of partially molten rocks.
In conjunction with gravity and geochemical stud-
ies, the crust in the northwestern rift sector is
interpreted to have a poorly developed magma
system, containing less intrusive magma than the
crust in the southeastern rift sector, where high
velocity and density anomalies and a Moho ‘‘hole’’
constrain the limits of a well-developed magma
system, consisting of upper crustal magma cham-
bers, midcrustal intense gabbroic diking and lower
crustal sills.

[66] 6.Moderately elevatedVp/Vs (1.80–1.88) show
that the crust beneath the Ethiopian plateau (north-
western rift flank) consists of some mafic material
and, when combined with magnetotelluric results,
suggests that a mafic middle and lower crust may be
overlain by a felsic upper crust. The most notable
feature of the crust of the northwestern rift flank is
a thick (6–18 km), high P wave velocity (7.3–
7.7 km/s) lower crustal layer (NWLCL).

[67] 7. The upper and lower depth limits of the
NWLCL are constrained to be 27–31 km and 36–
48 km, respectively, with the thinnest parts occur-
ring toward the northwestern rift margin, indicating
that rifting occurred where thickening due to mag-
matic intrusion had probably strengthened the crust
by the least amount across the profile (assuming
the majority of the NWLCL had been emplaced
prior to rifting).

[68] 8. Vp/Vs is modeled to be high (1.85–1.93)
within the NWLCL and is interpreted to be com-
posed of frozen gabbroic sills (which may also
contain some partial melt), supported by knowledge
obtained from seismic reflection/wide-angle refrac-
tion, gravity and geochemical studies. A gradational
upper boundary and inferred layered internal struc-
ture suggest that the NWLCL was formed by
repeated intrusions into the lower crust, which
may have partially melted existing lower crustal
rocks and/or partially crystallized to contribute to
the observed bimodal prerift and synrift volcanism.

[69] 9. Average crustal Vp/Vs of 1.70–1.77 suggest
that the crust beneath the southeastern rift flank is
felsic to intermediate in composition, with a crustal

thickness range of between 37 and 41 km and no
clear geophysical evidence for concentrated mag-
matic intrusion. A �35 km wide transition zone
marks the change from the intruded (and probably
thinned) crust beneath the rift to the amagmatic
thick crust of the southeastern rift flank, in which
average crustal Vp/Vs decrease by �0.07 and
crustal thicknesses increase by �5 km.
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