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ABSTRACT

Receiver function measurements of crustal thickness (H) and Vp/Vs provide important information on the for-
mation and evolution of continental plateaus and rift zones such as the Ethiopian Plateau, the Afar and Main
Ethiopian Rifts in northeastern Africa. Unfortunately, the presence of a low-velocity sedimentary layer atop most
of the Cenozoic rift basins may lead to strong reverberations that can mask the P-to-S conversions from the Moho,
resulting in unreliable H and Vp/Vs measurements. Here we estimate H and Vp/Vs beneath the Afar Depression
(AD), Ethiopian Plateau (EP), and the Main Ethiopian Rift (MER) by stacking receiver functions. Reliable H and
Vp/Vs measurements are obtained at a total of 69 stations, among which 18 stations are pre-processed by
applying the reverberation removal technique. In comparison to the MER and EP, the AD is characterized by a
thinner crust and higher Vp/Vs, and the thinnest crust and highest Vp/Vs are found in the Red Sea Rift (RSR) in
central AD. Gradual variations of H and Vp/Vs between the previous and present axes of the RSR support a
gradual rather than jumpy migration model of the axis. The overall high Vp/Vs values in the study area can be
interpreted as a combined result of continental flood basalts at the surface, magmatic intrusion, and crustal
partial melting. The relatively low amplitude of the P-to-S converted phases from the Moho observed in the
southern part of the western Ethiopian Plateau and the AD with the exception of the RSR may be attributed to
magmatic underplating.

1. Introduction

1.1. Geological setting

other two active arms of the rift system (Courtillot et al., 1987; Man-
ighetti et al., 1997; Manighetti et al., 1998; Tesfaye et al., 2003). The
earliest known rifting in the AD occurred at ~35 Ma (d’Acremont et al.,
2005; Davidson and Rex, 1980; Ebinger et al., 1993). Rifting has pro-

The Afar Depression (AD) in northeast Africa (Fig. 1) is the most
developed section of the East African Rift System (EARS). The Red Sea
Rift (RSR), Gulf of Aden Rift (GAR), and the Main Ethiopian Rift (MER)
meet in the AD to form a rift-rift-rift triple junction with the Arabian
Plate to the northeast, the Nubian Plate to the west, and the Somalian
Plate to the southeast (Hofmann et al., 1997; McKenzie et al., 1970). The
MER separates the Ethiopian Plateau (EP), a 1000 km wide Palaeogene
flood basalt province with an average elevation of ~2.5 km (Mohr and
Zanettin, 1988), into the western Ethiopian Plateau (WEP) to its
northwest and the eastern Ethiopian Plateau (EEP) to its southeast.

In central Afar, the Tendaho graben-Goba’ad graben region is widely
regarded as the Afar triple junction, even though the arm of the GAR
propagated landward farther to the north and failed to meet with the
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gressed to seafloor spreading in the Gulf of Aden, where seafloor
spreading initiated at ~16.5 Ma (e.g., d’Acremont et al., 2005), and
propagated westward into the AD by ~0.7 Ma (Audin et al., 2001).
Magnetic anomalies of the Aden ridge are observed inland as far as the
Tendaho Graben-Goba’ad Graben region, suggesting either complex
history of ridge jumps (Courtillot et al., 1984) or an extremely asym-
metric spreading (Barberi and Varet, 1977). Extension in the southern-
most RSR initiated between 29 and 26 Ma, and was at ~10°N until the
linkage of the MER and southern Red Sea occurred at ~10 Ma (Wolf-
enden et al., 2005). The rifting-related SSE-trending spreading ridge
propagated along the Gulf of Zula to the northwest of the AD, and
stepped onto land within the Danakil Depression (Chu and Gordon,
1998). Continuously propagating southward along the Erta Ale axial
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Fig. 1. A topographic map of the study area showing major tectonic provinces
and seismic stations used in the study. The blue lines define the boundaries of
the EARS. The two red curves with arrows represent the Red Sea Rift (RSR) and
Gulf of Aden Rift (GAR), respectively, and the arrows show the propagation
directions of the spreading ridges. The Tendaho graben-Goba’ad graben (TGR)
region is outlined by the dashed rectangle. Diamonds represent stations from
the ALIE project, triangles for the AFAR project, circles for the EAGLE project,
and squares for the EBSE project. Stations represented by orange symbols did
not result in reliable results from this study. The inset in the upper left corner is
an azimuthal equidistant projection map centered at the study area showing the
distribution of earthquakes (blue circles) used in the study. The rectangle area
in the inset map at the lower right corner shows the location of the study area.
AP: Arabian Plate; GAR: Gulf of Aden Rift; RSR: Red Sea Rift; TGR: Tendaho
graben-Goba’ad graben. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

volcanic ranges, the spreading ridge terminates in central Afar (Beyene
and Abdelsalam, 2005). Initiation of the ESE-directed extension of the
MER between the Nubian and Somalian plates occurred at ~18 Ma
(WoldeGabriel et al., 1990), and the extension propagated northward
into the present-day Afar triple junction at ~10°N at ~11 Ma (Tesfaye
et al., 2003; Wolfenden et al., 2004 and 2005). The northern part of the
MER is characterized by magmatic rift segments that are commonly
~20 km in width and ~ 60 km in length (Ebinger and Casey, 2001). Due
to the variation in lithosphere thickness and magma supply, the size of
magmatic rift segments systematically decreased northeastward to
central Afar (Hayward and Ebinger, 1996).

The RSR is characterized by the transition between continental rift-
ing of the EARS and seafloor spreading in the Red Sea and Gulf of Aden
(Bastow and Keir, 2011; Makris and Ginzburg, 1987). The region is
associated with the Eocene-Oligocene flood basalt province lying atop
the EP (Wolfenden et al., 2005). Currently, the Arabian Plate is moving
away from the Nubian Plate at a rate of ~1.6 cm/yr (Chu and Gordon,
1998). The motion of the Arabian Plate caused the formation of the Red
Sea between the Nubian and Arabian plates and led to the opening of the
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Gulf of Aden between the Somalian and Arabian plates (Tesfaye et al.,
2003). Investigation of the crustal structure and seismic properties at the
AD could provide insights into crustal modification by stretching and
magmatic intrusion, and shed light on the processes responsible for the
transition from continental rifting to the formation of oceanic crust, a
process that is believed to be happening along the RSR (Bridges et al.,
2012; Makris and Ginzburg, 1987).

1.2. Results from previous studies of crustal structure

1.2.1. Receiver function studies

Dugda et al. (2005) conducted a receiver function (RF) study in
Ethiopia and Kenya. Data from 27 seismic stations (green symbols in
Fig. 2) within or adjacent to the MER, mainly from the Ethiopia
Broadband Seismic Experiment (EBSE) project (Nyblade and Langston,
2002), were applied to measure the crustal thickness (H) and Vp/Vs.
Within the MER, the resulting H values vary from 27 to 38 km, and the
resulting Vp/Vs values vary from 1.80 to 2.21. The H measurements
show a general increase and the Vp/Vs measurements demonstrate an
approximate decrease toward the rift shoulders from the central part of
the MER. Beneath the WEP and EEP adjacent to the MER, the H mea-
surements range from 33 to 44 km, and the Vp/Vs measurements range
from 1.66 to 1.84. For the single station (Station TEND) in the AD, the
measured H and Vp/Vs are 25 km and 2.16, respectively (Fig. 2). The
high Vp/Vs in the AD is possibly caused by the mafic crust and partial
melt, which is also supported by Ruegg (1975).

Using seismic stations mainly from the Ethiopia-Afar Geoscientific
Lithospheric Experiment (EAGLE) project (Maguire et al., 2003), Stuart
et al. (2006) obtained crustal structure in the MER based on RF analyses
at 40 stations (red symbols in Fig. 2). Within the rift, the observed H
ranges from 30 km at the northern part to 38 km at the southern part of
the rift zone. On the WEP, the H of 41 to 43 km was observed on the NW
part, which is thicker than that observed on the SW part (~36 km).
These observations are consistent with results from the receiver function
study of Ayele et al. (2004), which obtained an H value of ~40 km
beneath two seismic stations in the central WEP. The resulting Vp/Vs
measurements within the MER increase to greater than 2.0 northward to
the triple-junction region. Outside the MER, the averaged Vp/Vs value
on the WEP (~1.85) is slightly greater than that on the EEP (~1.80),
which was interpreted as either the result of magmatic activity or the
difference in the pre-rift crustal compositions.

Hammond et al. (2011) utilized H-Vp/Vs stacking analysis to image
crustal structure beneath the AD, the northern portion of the MER, and
the adjacent areas of the EP, using data from 48 stations (orange symbols
in Fig. 2) mainly from the multinational collaborative Afar Consortium
(AFAR) project. The thickest crust of 45 km is found beneath the WEP,
while the thinnest crust of 16 km is observed beneath the incipient
oceanic spreading center at the northern part of the triple junction in the
AD. They also obtained H of 20-26 km outside the currently active rift
zones. The WEP shows crust with Vp/Vs values varying between 1.7 and
1.9. Within the rift, the observed Vp/Vs values are mostly greater than
2.0 beneath the current axis of the RSR, which are higher than those
beneath the eastern part of the AD (less than 1.9) and are suggestive of a
higher degree of partial melt.

Using RFs recorded by 20 stations (purple symbols in Fig. 2) mainly
from the Afar Lithosphere Imaging Experiment (ALIE), Reed et al.
(2014) obtained high-resolution images of the crust beneath the
southeastern end of the RSR in the central part of the triple-junction
area. The resulting H measurements range from ~17 km near the RSR
axis to ~30 km at the overlap region of the RSR and GAR, with an
average value of 22 + 4 km. High Vp/Vs values (greater than 2.0) were
observed at most of the stations, which are indicative of pervasive
melting in the crust (Reed et al., 2014).

A recent P-wave receiver function study (Kibret et al., 2019) revealed
crustal structure beneath four seismic stations (blue symbols in Fig. 2a)
using high quality seismic data. Moho depth beneath the station in the
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Fig. 2. (a) Previous H measurements. The open triangle represents Station TEND that is discussed in the main text. (b) Previous Vp/Vs measurements. The open
triangle represents Station MIEE. Green symbols represent measurements from Dugda et al. (2005), red ones from Stuart et al. (2006), orange ones from Hammond
et al. (2011), purple ones from Reed et al. (2014), and blue ones from Kibret et al. (2019). See Fig. 1 for explanations of the blue lines and red curves. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

western AD is 26 + 2 km, and a low velocity gradient found at the depth
of ~16 km beneath the station may suggest the existence of crustal
partial melt. The other three stations are located along the boundary
zone between the EP and MER or AD, where greater crustal thickness
values ranging from 36 to 42 km were reported, which are generally in
agreement with previous observations at the same or nearby stations.

1.2.2. Wide-angle and seismic tomography studies

Makris and Ginzburg (1987) used seismic refraction data acquired
along six profiles to investigate the northern MER and the Afar triple
junction, and observed an ~3 km thick sedimentary layer with P wave
velocity of ~3.35 km/s and a basalt layer with an average P wave ve-
locity of ~4.5 km/s extending to the depth of ~6 km toward the axis of
the RSR. Within the northern MER, from SW to NE, the resulting H
ranges from 30 to 26 km, and in the triple junction region, the H mea-
surements, varying from 14 to 26 km, gradually decrease toward the Red
Sea.

Using active-source seismic reflection/refraction profile across the
MER, Mackenzie et al. (2005) observed a 2- to 5-km-thick sedimentary
cover beneath the profile, along which the thickest sedimentary cover of
~5 km with P wave velocity of ~3.3 km/s was found beneath two of the
four magmatic segments within the MER. H varies from ~33 km at the
WEP to ~30 km at the axis of the MER, and increases toward the EEP
reaching to ~36 km. Using the same data set used by Mackenzie et al.
(2005), Maguire et al. (2006) interpreted crustal structure along a rift
parallel and a rift orthogonal profile. The crust thins from ~36 km at the
SW part of the profile to ~25 km at the NE part. A 2- to 5-km-thick
sedimentary cover was observed beneath the rift-axial profile with an
average P wave velocity of 4.2 km/s. The existence of sediments in the
upper crust is also supported by other tomographic studies (e.g., Kera-
nen et al., 2009; Kim et al., 2012).

Dugda et al. (2007) conducted a joint inversion of surface wave
group velocities and receiver functions to investigate velocity structure
beneath the MER and the southern Afar. The resulting S wave velocity
model shows H beneath the EP ranging from 35 to 44 km, which thins to
25 to 35 km in the MER and southern AD. The surface wave tomography
study conducted by Guidarelli et al. (2011) obtained group velocity

maps at the periods between 5 and 25 s. A significant low velocity
anomaly (about —20%) was observed beneath the sites of recent dyke
intrusions at the Dabbahu and Manda-Hararo magmatic segments in the
AD, indicating the presence of unconsolidated sediments. S wave ve-
locities were inverted within an active magmatic segment, and a low
velocity zone (Vs ~3.2 km/s) between the depth of 6 and 12 km was
revealed in the crust, suggesting the presence of partial melt in the lower
crust.

A recent ambient seismic noise tomography study by Chambers et al.
(2019) imaged a well-constrained 3-D absolute shear wave velocity
model from the surface to the depth of 60 km in the northern part of the
EARS. 170 seismic stations were utilized to provide ambient seismic
noise data. The inferred H values vary from 40 km in the MER to 20 km
in the AD. Along the SW-NE trending cross section, the thinnest crust of
17 km was found beneath the Red Sea, while the crust thickens to 29 km
beneath Yemen on the Arabian Plate. The slowest crustal velocities
observed in the MER are in agreement with the longer magma residence
times. Besides, low velocities in the uppermost mantle beneath almost
the entire study region indicated the pervasive existence of partial melt.

1.3. Goals and significance of the present study

As demonstrated in Fig. 2, none of the previous studies covered all
the four tectonic provinces (AD, MER, EEP, and WEP), preventing a
direct comparison of crustal characteristics among the provinces.
Additionally, significant discrepancies exist in the resulting H and
especially the Vp/Vs measurements obtained at the same stations, i.e.,
for Station MIEE in the northeastern MER, Hammond et al. (2011)
measured H to be 32 km and Vp/Vs to be 2.22, while Stuart et al. (2006)
estimated the H to be 35 km and the Vp/Vs to be 2.09 (Fig. 2). Such
discrepancies may have originated from the different data processing
parameters used in different studies, including the filtering frequencies,
criteria for selecting RFs, as well as the reference mean crustal velocity.
The discrepancies are the largest at stations in the AD and MER, where
the presence of a low velocity sedimentary layer has been reported
(Guidarelli et al., 2011). The bottom of the low velocity layer and the
free surface can produce strong reverberations that mask the converted
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phases from the Moho (Yu et al., 2015; Zelt and Ellis, 1999). To our
knowledge, none of the previous RF studies (Fig. 2) in this region
attempted to remove the reverberations, which may lead to erroneous H
and Vp/Vs measurements. In this study, we utilize a deconvolution-
based reverberation-removal technique (Yu et al., 2015) to remove the
effects of the low-velocity sedimentary layer at a significant portion of
the stations, and systematically measure H and Vp/Vs in all the four

tectonic provinces in NE Africa.

Original RFs and the stacking
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2. Data and methods

2.1. Data

The three-component broadband teleseismic data used in the study
were recorded by 140 seismic stations belonging to 4 projects, including
the Ethiopia Broadband Seismic Experiment (EBSE; Dugda et al., 2005;
Nyblade and Langston, 2002), Ethiopia-Afar Geoscientific Lithospheric
Experiment (EAGLE; Stuart et al., 2006), multinational collaborative
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Fig. 3. (a) Original RFs from Station ADO7 (see Fig. 4 for the location of this station) plotted against back azimuth. The red trace is the result of simple time domain
summation of the individual RFs and demonstrates strong reverberations. (b) H-Vp/Vs stacking using the original (i.e., pre-reverberation removal) RFs shown in (a).
The black dot denotes the maximum stacking amplitude, “n” represents the number of RFs, and “R” represents the maximum stacking amplitude. (c) Same as (a) but
for RFs after removing the reverberations using the approach of Yu et al. (2015). The green cross indicates the location of the PmS. (d) H-Vp/Vs stacking using
reverberation-removed RFs shown in (c). (e) - (h) are the same as (a) - (d), respectively, but for Station ANKE. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)



T. Wang et al.

Afar Consortium (AFAR; Hammond et al., 2011), and the Afar Litho-
sphere Imaging Experiment (ALIE; Reed et al., 2014), within the area of
35°E - 44°E and 5°N - 15°N (Fig. 1). The entire data set has been
archived at the Incorporated Research Institutions for Seismology (IRIS)
Data Management Center (DMC) and is publicly accessible.

The seismic data requested were from earthquakes in the epicentral
distance range of 30° to 180° occurred over the period of January 2000
to December 2018, with a cutoff magnitude (M) calculated by M, = 5.2
+ (A — Amin)/(180.0 — Amin) — D/Dmax, where A and D are the
epicentral distance in degree and focal depth in kilometer, respectively,
Amin =30°, and Dmax = 700 km (Liu and Gao, 2010). The requested
seismograms were windowed 20 s prior to and 300 s following the
arrival of the first theoretical compressional wave phase calculated ac-
cording to the IASP91 Earth Model (Kennett and Engdahl, 1991). A four-
pole, two-pass band-pass Bessel filter with corner frequencies of 0.08
and 0.8 Hz was applied to the original seismograms to enhance the
signal-to-noise ratio, and seismograms with a first-arrival signal-to-noise
ratio greater than or equal to 4.0 on the vertical component were
retained. The remaining seismograms were then converted into radial
RFs utilizing the procedure of water level deconvolution of Ammon
(1991), with a water level value of 0.03. The resulting 37,089 high-
quality RFs were used in the study. RFs from stations that are less
than 1.0 km from each other were grouped together, and the combined
station was given the name of the station with the most recorded RFs in
the group. After station combination, the number of stations reduced
from 140 to 115.

2.2. Methods

Some regions of the study area are covered by sediments, pyroclas-
tics, and lava flows up to several kilometers in thickness (Behle et al.,
1975; Berckhemer et al., 1975; Lemma et al., 2010; Makris and Ginz-
burg, 1987). This low velocity layer can cause strong reverberations that
may mask the P-to-S converted phases (PmS and multiples) on the RFs
(Fig. 3), leading to erroneous H and Vp/Vs measurements (Langston,
2011; Yu et al., 2015; Zelt and Ellis, 1999). Here we apply a resonance-
removal filter in the frequency domain (Yu et al., 2015) to remove or
significantly reduce the reverberations. For a given RF, the amplitude
and the two-way travel time of the reverberation series are determined
as the amplitude of the first trough (rp) and the time delay of the first
through (At), respectively. The reverberation-removed P-to-S converted
phases, F(iw), can be obtained in the frequency domain using F(iw) = H
(iw)( + ro exp (—iwAt)), where o is angular frequency, H(iw) is the
spectrum of the RF that contains both the P-to-S converted phases and
the reverberations (Yu et al., 2015). The conventional H-Vp/Vs stacking
technique (Zhu and Kanamori, 2000) was then employed to determine
the optimal H-Vp/Vs pair which corresponds to the maximum stacking
amplitude on the H-Vp/Vs plot. The spatially varying searching ranges
for H and Vp/Vs are determined with constraints from previous mea-
surements. For all the 30 stations in the WEP and EEP, the searching
range for H is 25-45 km with a step of 0.1 km, and that for Vp/Vs is
1.65-2.15 with an interval of 0.01. In the AD and MER, the searching
range for H is 15-35 km, and that for Vp/Vs is 1.75-2.35. The only
exception is Station AD16 in the AD, where the searching range for Vp/
Vs is changed to 1.85-2.45 to make the measurement at this station to be
consistent with those from neighboring stations. For a given station, a
bootstrap resampling approach (Efron and Tibshirani, 1986) with 10
iterations was employed to obtain the mean and standard deviation of
the H and Vp/Vs measurements. For each iteration, 1 — 1/e = 63% RFs
are randomly chosen from the original set of RFs recorded by the station.
Approximately 60% of the selected RFs are used twice, so that the total
number of RFs in the new data set is the same as that in the original one
(Liu et al., 2003). Reliable H and Vp/Vs measurements cannot be made
at stations that recorded only a limited number (less than 5) of high-
quality RFs. Additionally, at some of the stations, the maximum stack-
ing amplitude cannot be unambiguously determined. As a result, among
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the 115 stations that recorded one or more RFs, 69 (or 60%) led to
reliable H and Vp/Vs measurements. Among those 69 stations, the
original RFs from 18 (or 26%) were pre-processed with the reverbera-
tion removal filter. Fig. 3 shows examples of the RFs and corresponding
H-Vp/Vs plots before and after the removal of the reverberations.

In addition to H and Vp/Vs, the maximum stacking amplitude cor-
responding to the optimal H-Vp/Vs pair is also measured for each of the
stations. The maximum stacking amplitude, R, is a measure of the
strength of the PmS and its multiples relative to the amplitude of the
direct P wave on the radial components. Several factors may affect the
variation of R, including the sharpness of the Moho, the contrast of
seismic velocities between the crust and mantle, and the lateral variation
in Moho depth (e.g., Bashir et al., 2011; Liu and Gao, 2010; Nair et al.,
2006). The sharpness of the Moho is the thickness of the transition layer
from the crust to the mantle, and the R will be reduced with the thick-
ening of this layer (e.g., Poppeliers and Datta, 2010). The velocity
contrast will influence R value by affecting the acoustic impedance
values in the crust and mantle. Variation in Moho depth causes scat-
tering of the PmS phases and consequently reduces their R values (Liu
and Gao, 2010).

The selection of a reference average crustal P wave velocity (Vp) is
essential for producing reliable H and Vp/Vs measurements using the
technique of H-Vp/Vs stacking. Using 27 stations within or adjacent to
the MER, the RF study by Dugda et al. (2005) set 6.5 km/s as the
reference velocity. Hammond et al. (2011) utilized Vp values ranging
from 6.15 to 6.25 km/s for stations in the Afar triple-junction area and
the northern portion of the MER. Reed et al. (2014) used a melting
function (modified from Watanabe, 1993) to calculate the reference Vp
beneath different stations in the AD, which ranges from 4.65 to 5.90 km/
s. Stuart et al. (2006) also utilized varying Vp values ranging from 6.1 to
6.5 km/s for stations located in the MER and EP. In this study, we used a
constant reference P wave velocity of 6.2 km/s for all the seismic sta-
tions, which is consistent with the average crustal Vp estimated from the
active-source seismic experiment conducted across the MER and on the
EP (Mackenzie et al., 2005; Maguire et al., 2006). According to the
synthetic test of Nair et al. (2006), if the used crustal mean Vp is 5%
higher than the real value, the H will be overestimated by about 2.5 km,
and the Vp/Vs will be underestimated by 0.01. The magnitude of the
bias in the resulting H and Vp/Vs is proportional to the magnitude of the
bias of the applied Vp. Therefore, the H and Vp/Vs values for a given
station obtained by using a constant crustal Vp of 6.2 km/s can be
converted into more accurate values when more accurately measured
crustal Vp becomes available in the vicinity of the station.

3. Results

Reliable measurements for all the stations can be found in Table S1,
and the RFs and H-Vp/Vs plots similar to Fig. 3 for each of the stations
are shown in Figs. S1-S69. For the entire study area, the resulting H
measurements range from 16.2 km beneath Station HITE in the western
part of the AD to 43.0 km beneath Station MECE in the EEP, with an
average value of 30.5 + 7.1 km (Fig. 4). The resulting Vp/Vs measure-
ments range from 1.70 at Station ADYE in the northernmost part of the
WEP to 2.35 at Station AD16 in the central part of the AD, with an
average value of 1.99 + 0.16 (Fig. 5). The averaged R value for the entire
study area is 0.147 + 0.054, with some larger values found along the
axes of MER (0.209 + 0.024 from 5 stations) and RSR (0.229 + 0.036
from 4 stations) and in the northern part of the WEP (0.173 + 0.036),
and smaller values on the southern part of the WEP (0.126 + 0.052), and
the AD with the exception of the axis of RSR (0.114 + 0.049) (Fig. 6).

3.1. Western Ethiopian Plateau
For the 24 seismic stations in the WEP, the thickest crust is revealed

at Station KORE (42.8 km) located near the northern part of the
boundary between the WEP and MER, while this region’s thinnest crust
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Fig. 4. Resulting H measurements from this study. (a) The results are spatially smoothed and plotted using a continuous colour scale. Open triangles represent
stations mentioned in the main text. The black dashed ellipse represents the transition zone between the previous and present axes of the RSR. Magmatic segments
within the AD and MER are indicated with purple irregular shapes. BKMS: Boset-Kone magmatic segment; BMS: Butajira magmatic segment. (b) Same as (a) but
shows H measurements for all the individual stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Resulting Vp/Vs measurements. (a) The results are plotted using a continuous colour scale. Triangles are stations mentioned in the main text when the Vp/Vs
results are discussed. The station names can be found in Fig. 4. (b) The results are plotted as pluses and circles. The yellow triangles are active volcanoes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of 25.7 km is found beneath Station WUCE near the southern boundary Station ADYE to 2.14 at Station WUCE with an average value of 1.89 +
of the WEP and AD (Fig. 4). The mean H value is 36.9 km with a standard 0.10 (Fig. 5). In general, the H values show a decrease while the Vp/Vs
deviation of 4.4 km. The resulting Vp/Vs values range from 1.70 at measurements show an apparent increase toward the AD and MER. The
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Fig. 6. Resulting R measurements. The black dashed ellipse outlines the low R
zone within the southern WEP. Triangles are stations mentioned in the main
text when the R measurements are discussed. The station names can be found
in Fig. 4.

mean R value in the WEP is 0.156 + 0.048. A low R zone with the mean
value of 0.098 + 0.044 is observed in the southern part, and the
observed R values generally increase northward reaching a maximum
value of 0.245 at Station GASE (Fig. 6).

3.2. Eastern Ethiopian Plateau

The H measured at the 6 stations in the EEP ranges from 31.7 km at
Station HIRN located along the northern part of the boundary between
the MER and EEP to 43.0 km at Station MECE with an average value of
37.8 &+ 4.3 km, which is the largest average value among the four sub-
regions. The resulting Vp/Vs measurements range from 1.76 at Station
ADEE to 1.89 at Station GOBA near the southern part of the rift-plateau
boundary. Both the average Vp/Vs value (1.83) and the corresponding
standard deviation (0.05) are the smallest among the four sub-regions.
The transition from the thicker crust and lower Vp/Vs in the EEP to
the thinner crust and higher Vp/Vs in the adjacent MER takes place over
a much shorter distance than that between the WEP and the MER (Figs. 4
and 5). The mean R value in this area is 0.157 4+ 0.023, which is com-
parable with that in the WEP (Fig. 6).

3.3. Afar depression

The AD has the lowest average H value of 24.2 + 3.4 km. The min-
imum value of 16.2 km observed at Station HITE is also the minimum
value for the entire study area. The maximum value of 31.0 km is
observed at Station AD18 in the central portion of the AD, between the
RSR and GAR. Correspondingly, this region has the largest average Vp/
Vs value of 2.09 + 0.13 among the 4 regions in the study area. For most
of the 27 stations within the AD, the resulting Vp/Vs measurements are
larger than 2.00. The maximum value, which is also the maximum value
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for the entire study area, is 2.35 observed at Station AD16, while the
minimum Vp/Vs of 1.80 is found at Station BOBE in the southeast corner
of the AD. Comparing with the WEP and EEP, the mean R value of 0.131
=+ 0.063 is slightly smaller. The RSR has a normal mean R value of 0.148
+ 0.086 with the largest R values concentrated along the axis (e.g.,
Station ADO08: 0.191; Station DIGE: 0.278; Station ERTE: 0.229; Station
SAHE: 0.218), and gradually decrease outward (Fig. 6).

3.4. Main Ethiopian Rift

For the 12 stations in the MER, Station AMME in the central part of
the MER has the thinnest crust of 23.2 km. Station LEME, located near
the boundary between the WEP and the MER, has the thickest crust of
33.0 km. The average H value for this region is 28.2 + 3.4 km. The
smaller standard deviation for H comparing with those in the WEP and
EEP reflects a small lateral variations of H. The resulting Vp/Vs mea-
surements are between 1.88 at Station MELE and 2.26 at Station BUTA
with an average value of 2.08 + 0.13. The mean R value of 0.163 +
0.048 is the largest comparing with the other three sub-regions. Large R
values are mainly observed near the magmatic segments along the rift
axis (e.g., Station MELE: 0.199; Station AMME: 0.217; Station SELA:
0.172; Station BUTA: 0.221; Station HOSA: 0.234), and there is a clear
boundary in the spatial distribution of the R values between the south-
ern MER and the WEP and EEP (Fig. 6).

4. Discussion
4.1. Comparison with previous studies

Forty broadband seismic stations located mainly in the MER, EEP,
and southern portion of the WEP, from the EAGLE and EBSE projects,
were utilized by Stuart et al. (2006) to calculate H and Vp/Vs values.
Twenty-two out of the 40 stations were used by our study. Fig. 7a and b
show comparison of the results at the 22 common stations. Reverbera-
tion removal filters were applied to 10 of the common stations (red
circles in Fig. 7a and b). The mean H at the common stations is 36.3 +
4.4 km in Stuart et al. (2006), and 33.5 + 6.1 km in our study. The mean
Vp/Vs is 1.91 + 0.12 in Stuart et al. (2006), and 1.97 + 0.14 in our
study. Two possible factors may be responsible for the slight discrep-
ancies in the results. First, the reference velocity used to calculate the H
by Stuart et al. (2006), either 6.25 km/s or 6.50 km/s for the 10 common
stations that we processed using the reverberation removal filter, is
higher than the value of 6.20 km/s used in the present study. This ~1% -
5% difference in the mean crustal Vp results in an over-estimated H by
0.5-2.5 km, and an under-estimated Vp/Vs by 0.002-0.01 (Nair et al.,
2006). Additionally, for stations atop a low-velocity sedimentary layer,
the amplitude of the first P-to-S phase from the bottom of the sedi-
mentary layer can mask the direct P wave, leading to a delayed first peak
on the RFs (Yeck et al., 2013), which in turn results in greater H.

For the AD and the northern portion of the WEP, Hammond et al.
(2011) conducted H and Vp/Vs measurements at 48 stations belonging
to the AFAR project. We obtained reliable H and Vp/Vs measurements at
22 seismic stations, among which the reverberation-removal filter was
applied to five stations. The mean H at the common stations in Ham-
mond et al. (2011) is 29.9 + 7.5 km, and in our study it is 29.6 + 7.4 km.
Generally our resulting Vp/Vs measurements are more consistent with
those of Hammond et al. (2011) than results in Stuart et al. (2006), and
the largest discrepancy is observed at Station HARE (Fig. 7d). Our
resulting Vp/Vs measurement for Station HARE is 2.19, while it is 1.99
in Hammond et al. (2011). For the three stations (AD04, AD07, and
ADO08) that are within 25 km from Station HARE, our measured Vp/Vs
values are 2.33, 2.07, and 2.24, respectively. Our resulting Vp/Vs
measurement at Station HARE (2.19) is more consistent with these
values. Additionally, the reverberation-removal filter has been applied
to HARE (Fig. S49). When the original RFs are used, the resulting Vp/Vs
value is 1.82, which is inconsistent with nearby stations. Therefore, the
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web version of this article.)

discrepancy can be possibly attributed to the strong sedimentary
reverberation at the station.

Our mean R value for the entire study area (0.147 + 0.054) is
comparable with that measured in the stable Archean cratons in
southern Africa by Nair et al. (2006). According to Nair et al. (2006), the
mean R for the Kaapvaal and Zimbabwe cratons and the Limpopo Belt in
southern Africais 0.141 + 0.058. The highest mean R of 0.176 + 0.062 is
observed in the Kaapvaal Craton with the exception of Bushveld Com-
plex (0.112 + 0.035), which is believed to be underlain by a 12-km-thick
mantle-derived mafic layer beneath the Moho. The decreased velocity
contrast across the Moho is mostly responsible for the reduction in R
(Nair et al., 2006). In the Zimbabwe Craton, a significant difference in R
values is detected between the NE and SW portions of the craton, with
mean values of 0.135 + 0.027 in the former and 0.070 + 0.013 in the
latter area. The difference may be caused by the magmatic intrusion
from the mafic Okavango dyke swarm and the associated lithospheric
refertilization in the southwestern part of the craton (Nair et al., 2006;
Wang et al., 2019). Because the density of the intruded mantle materials

is most likely higher than that of the lowermost crust, the density
contrast across the Moho reduces, leading to smaller R values. On the
other hand, refertilization of the uppermost mantle could decrease the
seismic velocities by reintroducing the previously depleted elements (e.
g., Fe and Mg), which could also reduce the velocity contrast between
the uppermost mantle and the overlying crust, resulting in smaller R
values.

The Colorado Plateau is characterized by a mean R value of 0.105 +
0.007 which is lower than that in the Basin and Range Province (0.181 +
0.014) (Bashir et al., 2011). The R measurements obtained on the Col-
orado Plateau are smaller than those obtained on both the WEP (0.156 +
0.048) and the EEP (0.157 + 0.023). A 12-km thick, mechanically
strong, mafic lowermost crustal layer with high Vp/Vs values (~2.05)
estimated by Bashir et al. (2011) is proposed to be responsible for the
observed low R values in the Colorado Plateau. At Station TAM on the
Hoggar Swell in NW Africa, the R value in the volcanic Tefedest terrane
is 0.156 + 0.003, which is comparable to typical cratonic areas, while
that in the non-volcanic Laouni terrane is 0.037 + 0.003 (Liu and Gao,
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2010). The R value in the Laouni terrane is slightly smaller than our
measured R values of ~0.070 in the southern WEP and AD with the
exception of those along the axis of the RSR (Fig. 6). Liu and Gao (2010)
attributed the low R value to an underplated mafic layer beneath the
Moho. These R observations obtained in a diverse set of tectonic envi-
ronments provide insights for interpreting the anomalously small R
measurements in the study area.

4.2. Widespread magmatic intrusion and partial melting

For the study area, the Vp/Vs values range from 1.70 to 2.35 with a
mean value of 1.98 + 0.15, which is significantly (about 11%) higher
than the mean value of 1.78 for continental crust (Christensen, 1996).
Several factors may be responsible for the higher-than-normal Vp/Vs
values (Fig. 8), including:

1). Contribution from a layer of continental flood basalts that is
pervasively present in this region (e.g., Pik et al., 1998; Rooney, 2017).
Assuming a Vp/Vs of 1.84 for basalt and a normal crustal Vp/Vs of 1.78

()

EP without southern WEP
(normal H, high Vp/Vs, normal R)
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(Christensen, 1996), we estimated that a 2-5 km thick layer of basalts
would lead to an increase of ~0.2% - 0.5% in Vp/Vs for a 35 km crust.

2). Intrusion of basaltic magma through diking. In the WEP and EEP,
Jestin and Huchon (1992) proposed that fissure-fed continental flood
basalts erupted before the main tectonic phases of rifting. In the AD,
magma injections into the upper crust beneath magmatic segments were
observed by previous studies (e.g., Ayele et al., 2007; Grandin et al.,
2010). The Miocene and Plio-Quaternary volcanism in the AD and MER
located along the rift axis is more likely related to central vent-type
eruptions due to the larger amount of stretching and extension of the
crust (Pik et al., 1998). This is consistent with our H and Vp/Vs mea-
surements, which show thinner crust and higher Vp/Vs within the AD
and MER (Figs. 4 and 5).

3). Wide-spread crustal partial melting. For most of the study area,
the observed Vp/Vs is higher than the value of 1.84 for solid basalt
(Christensen, 1996), suggesting that intrusion and extrusion of basaltic
magma alone cannot account for the large Vp/Vs measurements.
Theoretical calculations demonstrate that crustal Vp/Vs is a continuous

(b)

Southern WEP
(normal H, high Vp/Vs, low R)

(©)

RSR & MER
(small H, high Vp/Vs, normal R)

(d)

AD without RSR
(small H, high Vp/Vs, low R)

Fig. 8. Schematic diagrams showing the structure of the crust and uppermost mantle. (a) Beneath the EP with the exception of southern part of the WEP, (b) beneath
the WEP, (c) beneath the RSR and MER, and (d) beneath the AD with the exception of the RSR. Dikes with arrows represent partially molten ones, while those
without arrows represent solid ones.
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function of melt fraction (Watanabe, 1993). Such a dependence is
exponential for crustal silicates, e.g., the Vp/Vs is about 1.82 for 0% melt
and 1.90 for 5% melt, and increases to 2.05 at 10% melt (Reed et al.,
2014; Watanabe, 1993). While it is difficult to isolate the contributions
of partial melt from the other factors on the increasing in Vp/Vs, the
large Vp/Vs values observed beneath the AD, MER, and most portions of
the WEP suggest the presence of wide-spread partial melting in the crust.
The highest melt fraction is inferred in the AD and MER, where
numerous active volcanoes are present (Fig. 5b). In the MER, the Boset-
Kone and Butajira magmatic segments are characterized by highest Vp/
Vs and thinnest crust, respectively (Figs. 4 and 5). Eruption of the Kone
volcano in the Boset-Kone magmatic segment occurred as recently as
1810 CE (Harris, 1844). Controlled-source seismic tomography studies
(e.g., Keranen et al., 2004; Mackenzie et al., 2005) indicate that P wave
velocities of the upper crust (10 km depth) beneath the Boset-Kone and
Butajira magmatic segments are 5% - 10% higher than those outside the
magmatic segment, suggesting the presence of mafic intrusions in the
upper crust associated with the magmatic segments, an observation that
is also supported by a magnetotelluric study (Whaler and Hautot, 2006).
These observations are consistent with the existence of a higher fraction
of partial melt beneath the two magmatic segments than the other areas
in the MER.

4.3. Migration of the extension center of the Red Sea Rift

The extension rates between the Nubian and Arabian plates, the
Arabian and Somalian plates, and the Nubian and Somalian plates are
~16 mm/yr, ~18 mm/yr, and 3-6 mm/yr, respectively (Bendick et al.,
2006; Bilham et al., 1999; Vigny et al., 2006). Due to the differences in
the extension rates, the Afar triple junction has migrated northeastward
by ~160 km during the past 10 Myr (Kalb, 1995; McKenzie and Morgan,
1969). The previous N-S orientated RSR has rotated into a NW-SE
orientation due to the migration of the triple junction, forming a tran-
sition zone to the southwest of the present rift axis (Fig. 4a). The RF
study by Hammond et al. (2011) supported the hypothesis of north-
eastward migration of the RSR. Due to the existence of thicker crust
(~33.0 km) and lower Vp/Vs (~1.88) at the RSR transition zone, which
suggests the inadequacy of partial melt, Hammond et al. (2011) pro-
posed that the RSR rift axis may have migrated from the previous to its
current positions in a discrete (“jumpy”) fashion.

Our results show pervasively thinned crust of ~24.0 km (Fig. 4) and
high Vp/Vs values of ~2.20 (Fig. 5) in the transition zone of the rift
migration. The resulting H and Vp/Vs measurements indicate the pres-
ence of gradual variation of partial melt beneath the transition zone,
which in turn suggests a gradual-migration rather than a jumpy-
migration model. A gradual variation in melt fraction from the south-
west of the rift axis to the center of the axis observed by Reed et al.
(2014) also indicates the pervasive existence of partial melt.

4.4. Implications of the low stacking amplitude

A couple of tectonically significant implications can be drawn from
the spatial distribution of the R measurements (Fig. 6). First, low R
values observed in the southern WEP (0.098 + 0.044) and AD with the
exception of the RSR (0.114 + 0.049) may indicate a reduced velocity
contrast across the Moho beneath the area. While significant Moho
tilting and undulation can also reduce R (e.g., Liu and Gao, 2010), our
resulting H values suggest that the Moho is probably a fairly flat inter-
face in both regions (Fig. 4), suggesting the low R values are not likely to
be caused by lateral variation in Moho depth. Similarly, synthetic
studies indicate that the PmS phase would be broadened if the reduced R
is associated with a reduction in Moho sharpness (Poppeliers and Datta,
2010). However, such a broadening is not systematically observed at
stations with low R values. Thus, the low R values are unlikely caused by
a reduction in Moho sharpness. Therefore, reduced velocity contrast
across the Moho is most likely responsible for the low R. Comparing with
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tectonically stable cratonic areas such as the Kaapvaal and Zimbabwe
cratons (Nair et al., 2006), the relatively low R values can be explained
by the existence of a magmatic underplated layer beneath the Moho
(Fig. 8b and d). Here we define underplating as a process that produces a
layer of mantle-derived magma that is trapped below the Moho and
spread horizontally (e.g., Cox, 1993). The existence of an underplated
layer, which has a P wave velocity that is higher than that for the
lowermost crust but lower than that for the uppermost mantle (Keller
et al., 1994; Liu and Gao, 2010; Voss and Jokat, 2007), will reduce the
velocity contrast through the Moho, and subsequently lower the R
values.

Second, among the entire AD, normal stacking amplitude values are
observed beneath the volcanic segments that are mainly along the RSR,
indicating possible absence of underplating. Unlike the rest of the AD,
the mantle-derived magma beneath the RSR directly reaches the surface
rather than being trapped beneath the Moho, forming a sharp Moho and
leading to normal R values. The same process may also be responsible
for the normal or higher-than-normal R values observed in the volcanic
segments along the MER (Figs. 6 and 8c). This difference in the
emplacement depth of the magma between the rifted areas and the rest
(Fig. 8) is consistent with the existence of a thicker basaltic layer atop
the crust in the RSR and MER (e.g., Mackenzie et al., 2005; Maguire
et al., 2006; Makris and Ginzburg, 1987).

5. Conclusions

Using all the available broadband seismic data recorded in the Afar
Depression, the Main Ethiopian Rift, and the Ethiopian Plateau, we
delineate systematic spatial variations in crustal thickness, Vp/Vs, and
amplitude of P-to-S converted phases from the Moho. The anomalously
high Vp/Vs values across most of the study area is associated with the
presence of continental flood basalts atop the crust, magmatic diking,
and partial melt in the crust. High Vp/Vs and significant crustal thinning
beneath the transition zone between the old and new axes of the Red Sea
Rift are in agreement with a gradual migration model of the rift axis, and
low stacking amplitudes observed beneath the southern part of the
western Ethiopian Plateau and Afar Depression with the exception of the
Red Sea Rift can be explained by the existence of an underplated
magmatic layer.
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