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S U M M A R Y
We analyse P-wave receiver functions across the western Gulf of Aden and southern Red Sea
continental margins in Western Yemen to constrain crustal thickness, internal crustal structure
and the bulk seismic velocity characteristics in order to address the role of magmatism, faulting
and mechanical crustal thinning during continental breakup. We analyse teleseismic data from
21 stations forming the temporary Young Conjugate Margins Laboratory (YOCMAL) network
together with GFZ and Yemeni permanent stations. Analysis of computed receiver functions
shows that (1) the thickness of unextended crust on the Yemen plateau is ∼35 km; (2) this
thins to ∼22 km in coastal areas and reaches less than 14 km on the Red Sea coast, where
presence of a high-velocity lower crust is evident. The average Vp/Vs ratio for the western
Yemen Plateau is 1.79, increasing to ∼1.92 near the Red Sea coast and decreasing to 1.68 for
those stations located on or near the granitic rocks.

Thinning of the crust, and by inference extension, occurs over a ∼130-km-wide transition
zone from the Red Sea and Gulf of Aden coasts to the edges of the Yemen plateau. Thinning of
continental crust is particularly localized in a <30-km-wide zone near the coastline, spatially
co-incident with addition of magmatic underplate to the lower crust, above which on the
surface we observe the presence of seaward dipping reflectors (SDRs) and thickened Oligo-
Miocene syn-rift basaltic flows. Our results strongly suggest the presence of high-velocity
mafic intrusions in the lower crust, which are likely either synrift magmatic intrusion into
continental lower crust or alternatively depleted upper mantle underplated to the base of the
crust during the eruption of the SDRs. Our results also point towards a regional breakup history
in which the onset of rifting was synchronous along the western Gulf of Aden and southern
Red Sea volcanic margins followed by a second phase of extension along the Red Sea margin.

Key words: Broad-band seismometers; Continental margins: divergent; Large igneous
provinces; Kinematics of crustal and mantle deformation; Africa.

I N T RO D U C T I O N

During the breakup of continents, the lithosphere deforms by fault-
ing, ductile stretching and thinning (McKenzie 1978), and in vol-
canic rifts also by magma (Ebinger & Casey 2001; Buck et al. 2006).
Despite the importance of breakup in plate tectonics, we have few
constraints on the spatial and temporal relationship between plate

stretching and magma intrusion, and how these processes relate to
the eruption of voluminous basalt flows that characterize magmatic
margins worldwide (e.g. White et al. 2008). We address this prob-
lem by imaging crustal structure (thickness and average seismic
properties) using P-wave receiver functions (Burdick & Langston
1977; Langston 1977; Ammon 1991) at the young (∼30 Ma) Red
Sea and Gulf of Aden rifted volcanic margins in the SW corner
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of Arabia, where the margin preserves the rift morphology resul-
tant from breakup, and where the syn-rift geology and stratigraphic
record has not yet been completely obscured by thick post-rift sed-
iments (Davison et al. 1994). Furthermore, the margin captures the
change from magma-rich breakup in Western Yemen to magma-
poor breakup in the eastern Gulf of Aden (Leroy et al. 2010b), thus
establishing a framework from which to interpret controls on the
along-rift variability in melt supply.

Crustal thickness variations and the identification of magmatic
input into the crust are key parameters in quantifying the locus and
amount of tectonic stretching and associated thinning, as well as
magmatic addition during continental rifting. We used 21 broad-
band seismic stations, the majority deployed for ∼1 yr (March
2009–February 2010) as a part of the Young Conjugate Margins
Laboratory (YOCMAL) in Yemen. These stations are mainly from

two profiles in Yemen that run perpendicular to the major tectonic
features in western Gulf of Aden, and southern Red Sea. We also
use data from a collection of stations distributed near to the Red Sea
coast to capture lateral variations in crustal thickness and internal
properties along the rift margin near the SW tip of Arabia (Fig. 1).
We particularly focus on the relationship between magmatic intru-
sion, mechanical crustal thinning and the volcanic geology formed
during the opening of these two rifts.

T E C T O N I C S E T T I N G

The rifted margins of Yemen are located at the south-western corner
of the Arabian Peninsula (Fig. 1), bounded to the west by the Red Sea
and to the south by the Gulf of Aden. These two Oligocene spread-
ing centres separate Arabia from the Nubia and Somalia plates,

Figure 1. Land-sat imagery and Sea-sat bathymetry showing the seismicity along the boundaries between Arabian plate and adjacent areas. The seismic
data are extracted from ISC seismic catalogue for the period January 1970–February 2012 and M ≥ 5.0 (International Seismological Centre 2012). AFFZ is
Alula-Fartaq fracture zone. The large black arrows are pointing to the direction of motion of different plates in the region.
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Figure 2. (a) Geological map of the study area showing different geological units (modified from Geological Survey and Mineral Resources Board—Yemen),
with the seismic stations location for the western area of YOCMAL project and stations from Yemen permanent seismic network. The thick black line shows
the location of the SONNE 1988 seismic profile. (b) Backazimuth events distribution of the events on a projection centred on the North Pole. Circles are every
10◦ of distance.

with the East African rift forming the third arm at the Afar triple
junction (Fig. 1) (McKenzie et al. 1970). Red Sea and Gulf of Aden
rifting started in Oligocene times 30 Ma ago, coeval with a peak in
eruption of the voluminous Ethiopia–Yemen flood basalt province
(e.g. Courtillot et al. 1999; Ukstins et al. 2002; Wolfenden et al.
2005). In the Gulf of Aden, the mean extension of N25◦E is
oblique to the N75◦E strike of the rift, and the rate of extension
increases from west (1.6 cm yr−1) to east (2.3 cm yr−1) (Jestin
et al. 1994; Fournier et al. 2001; Leroy et al. 2004; Fournier
et al. 2010). The Red Sea has an extension rate that ranges
from ∼0.9 cm yr−1 in the north to ∼1.5 cm yr−1 in the south
(e.g. Jestin et al. 1994; Chu & Gordon 1998; Demets et al.
2010). The opening kinematics in the southern Red Sea is more
complex since the locus of strain likely shifted westward onland
into Afar at ∼11 Ma (e.g. Chu & Gordon 1998; Eagles et al. 2002).

The presence of the Afar plume to the south has been used by
Leroy et al. (2010b) to explain the change from a magmatic margin
in the west of the Gulf of Aden to a magma-poor margin in the east.
Asthenospheric flow from the Afar plume has been proposed to
explain the magmatic characteristics of breakup in the Gulf of Aden
as well as the anomalously low seismic velocities in the upper mantle
beneath the shoulders of both the Gulf of Aden and Red Sea rifts
(e.g. Hansen et al. 2007; Leroy et al. 2010a; Chang & Van der Lee
2011; Chang et al. 2011). Although the eastern Gulf of Aden margin,
off-shore Oman, is described as magmatically poor, the presence of
mafic underplate at the base of the crust suggests limited post-rift
magmatism did indeed occur after breakup (Lucazeau et al. 2009;
Autin et al. 2010; d’Acremont et al. 2010; Watremez et al. 2011). In
addition to the presence of an upper mantle low-velocity anomaly,
which currently imaged below the margin (Basuyau et al. 2010). In
the Red Sea, pervasive magma intrusion in the form of dike swarms
and granite plutonism as well as the presence of evaporite deposits

in the upper crust (Mohr 1991; Davison et al. 1994) changes crustal
rheology and likely influences where and how strain localizes.

In southwestern Yemen the Proterozoic basement is uncon-
formably overlain by Permian Akbra shale, lower Jurassic Kohlan
sandstone, upper Jurassic Amran limestone and Cretaceous conti-
nental Tawilah sandstones (Davison et al. 1994; Beydoun 1997). In
the Tertiary, the flood basalt volcanic trap series erupted and cov-
ered most of the study area to thicknesses of up to 3 km (Fig. 2).
On the ∼40-km-wide Red Sea Tihama coastal plain, the structural
basement is overlaid by Miocene to recent clastics and evaporates
up to ∼4000 m thick (El-Anbaawy et al. 1992; Davison et al. 1994)
(Fig. 2). In the Gulf of Aden coastal plain, near Aden city syn-rift
volcanic seaward dipping reflectors (SDRs) are seen overlying the
basement (Tard et al. 1991; Leroy et al. 2012).

DATA A N D M E T H O D O L O G Y

During the seismological part of the YOCMAL project (e.g. Leroy
et al. 2010c), ∼50 broadband seismic stations were distributed in
three areas of Yemen (West, Central and East). In this paper, we
study the western area. The station distribution was designed to
be perpendicular to the main axes of the two rifting systems: the
Gulf of Aden and the Red Sea (Fig. 2). The seismic network was
equipped with Guralp seismometers, 11 CMG-3ESP (60 s natural
period) sensors, 36 CMG-6TD (30 s natural period) sensors and
4 CMG-40T (30 s natural period) sensors. The permanent GFZ
station DAMY is equipped with STS-2 seismometer and Quantera-
330 datalogger. Three stations of the Yemen permanent network
are included (LBOS, BDHA and TRBA)—Fig. 2(a). TRBA and
BDHA are equipped with Mars-88 digitizers and LE3D sensors,
while LBOS is equipped with Mars-88 digitizer and CMG-40T
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Table 1. Crustal thickness (H) and Vp/Vs ratio results for seismic stations of western profile—western Yemen. The average crustal velocity used is 6.2 km s–1

for all of the plateaue and most of the coastal plain stations, except UAYA and ZUWA(SW) where 5.3 km s–1 is used. The average crustal velocity is derived
from Egloff et al. (1991).

Location Station Number Latitude Longitude Elevation Crustal thickness Vp/Vs Error in depth Error in Poisson’s
name of RF (N) (E) (m) (km) ratio (km) Vp/Vs Ratio (σ )

S to N Section ADEN 45 12.77592 44.98244 59 20.4 1.73 2.08 0.057 0.25
DKUM 19 13.27108 44.75736 397 23.6 1.69 0.37 0.030 0.23
ADBA 36 13.55078 44.84239 705 31 1.68 1.78 0.053 0.23
KHLA 21 13.79685 44.80798 1457 33.8 1.75 5.99 0.090 0.26
DAMT 35 14.08737 44.68227 1902 35.2 1.83 0.42 0.017 0.29
DAMY 30 14.57133 44.39000 2460 35.2 1.79 2.28 0.051 0.27
RUSA 29 14.70738 44.35394 2332 35.2 1.76 1.49 0.035 0.26
YSLE 43 14.93873 44.28157 2557 35.0 1.77 0.49 0.020 0.27
SANA 34 15.39263 44.20682 2253 35.4 1.78 1.32 0.034 0.27

E to W section SHIB 33 15.50305 43.90550 2630 35.8 1.80 2.76 0.056 0.28
TAWI 26 15.47866 43.72389 2333 32.2 1.79 1.99 0.049 0.27
MAWI 36 15.46748 43.52317 1875 31.4 1.74 2.98 0.064 0.25
ANID 23 15.47365 43.20478 147 22.8 1.83 0.46 0.031 0.29
ZUWA 27 15.72752 43.02184 87 23.0 1.91 1.95 0.057 0.31
UAYA 28 15.70929 42.69337 9 13.8 1.92 0.26 0.027 0.31

Along Red Sea SUGH 10 14.79705 43.44282 248 23.2 1.73 2.17 0.044 0.25
KHAW 30 13.80802 43.25408 14 23.0 1.68 0.34 0.138 0.23
MOKA 25 13.31374 43.25631 29 21.5 1.85 3.35 0.061 0.29

Parallel to Gulf of Aden TRBA 77 13.231 44.116 1860 27.4 1.86 1.37 0.054 0.30
LBOS 49 13.871 45.250 2325 32.6 1.83 0.53 0.018 0.29
BDHA 29 13.975 45.567 2000 36.2 1.76 0.62 0.029 0.26

sensor. The temporary seismic stations were continuously recorded
from March 2009 until February 2010 at 40 sps; DAMY records
at both 100 and 20 sps; the Yemen network stations operated in
trigger mode with a sampling rate of 62.5 sps. All stations were
equipped with a GPS timing system operated in continuous mode
to synchronize the stations internal clock. Maintenance and data
collection were carried out every 3 months during the recording
period.

In this paper, we study the western profile (Fig. 2), which can
be divided into three sections: (1) A N-S section (Fig. 2a), which
extends from the northern margin of Gulf of Aden up to Sana’a
on the plateau, has nine stations (SANA, YSLE, RUSA, DAMY,
DAMT, KHLA, ADBA, DKUM and ADEN). (2) An E-W section
in the NW of Yemen, from the eastern margin of the Red Sea
across the Tihama plain to Sana’a on the plateau. This has 6 stations
(SHIB, MAWI, TAWI, ANID, ZUWA and UAYA). (3) A three-
station section located parallel to the southern Red Sea coast consists
of SUGH, KHAW and MOKA.

During the operation period of the network, >100 teleseismic
earthquakes within the epicentral distance range (25◦–95◦) and with
Mw >5.5 were recorded. Based on the signal-to-noise ratio, we se-
lected the best waveform data recorded at each station. The number
of events included in the final analysis varies from 10 to 47 per
site (Table 1), depending on the background noise and the state of
health of the station. Most of the selected events come from ENE
of Yemen with some events from the south and from the northwest
(Fig. 2b). A lack of large magnitude earthquakes from southerly
backazimuths (150◦–300◦) results in an inhomogeneous distribu-
tion of events, and hence insufficient data for detailed analysis of
crustal anisotropy using receiver functions (e.g. Frederiksen et al.
2003).

The waveform of teleseismic P waves, recorded at three-
component broadband stations, is dependent on the instrument re-
sponse, source radiation pattern, propagation path and local crustal

structure beneath the station. By removing the effects of the source,
propagation path and instrument response using the receiver func-
tion technique (e.g. Langston 1977, 1979), the information of the
local crustal structure beneath the station can be derived from
P-wave to S-wave conversions (Owens et al. 1984; Ammon 1991).
In this study, we use the iterative time domain deconvolution tech-
nique, developed by Ligorria & Ammon (1999), to compute receiver
functions.

We filter our raw waveforms with a zero-phase Butterworth band-
pass filter with corner frequencies of 0.02–0.8 Hz. The N-S and E-W
horizontal components are rotated to radial and tangential compo-
nents. A 30 s time window (5 s before the theoretical P arrival time
and 25 s after) is used to deconvolve the vertical component from
the radial and transverse to calculate the receiver functions. Follow-
ing Ligorria & Ammon (1999), we apply a Gaussian filter of 2.5 s
to the deconvolved spike wave train, except for the noisiest stations
where a Gaussian width of 2.0 is used.

Crustal thickness (H) and the average crustal Vp/Vs ratio (k) are
initially determined using the H-k domain stacking technique (Zhu
& Kanamori 2000). There is an inherent trade-off in receiver func-
tion analysis between crustal thickness and average crustal velocity
properties (Ammon et al. 1990). The H-k stacking algorithm reduces
this ambiguity by summing amplitudes of the receiver function for
Moho P-to-S conversion Ps and its multiple converted phases, PpPs
and PpSs+PsPs (Fig. 3e) at predicted arrival times using different
crustal thickness H and Vp/Vs values.

The stacking amplitude in the H-k domain is then given by

s (H, K ) =
n∑

m=1

W1rm

(
tPs

) + W2rm

(
tPp Ps

)

− W3rm

(
tPp Ss+Ps Ps

)
, (1)

where n is the number of receiver functions, Wj is a weighting factor
that represents the contribution of the corresponding seismic phase
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Figure 3. Stacked receiver functions for 16 seismic stations of our study: (a) for north–south section of the profile, (b) for the east–west section, (c) stations
along Red Sea coast and (d) stations parallel to Gulf of Aden. The arrows represent the arrival of the Moho Ps (black), PpPs (red) and PpSs+PsPs (blue) phases
from the Moho. See inset in (e) for explanation of the Moho Ps and the multiple phases crustal paths.

according to signal-to-noise ratio (W1+ W2+W3 = 1) and rm(t) is
the amplitude of the receiver function at time t of the associated
seismic phase. When the three phases stack constructively, s(H,k)
reaches its maximum; this represents the best estimate for both H
and Vp/Vs (k) beneath the station. The weighting factors used in this
study for most of the stations are W1 = 0.6, W2 = 0.3 and W3 = 0.1
(Zhu & Kanamori 2000). Only in few cases, when the Moho conver-
sion phase amplitude is low or when high-amplitude intra-crustal
interfaces conversion phase obscured the Moho Ps conversion, did
we modify the weighting factors. We choose a value of 6.2 km s−1

for average crustal P-wave velocity (Vp), in agreement with previ-
ous controlled-source seismic work in the region (e.g. Egloff et al.
1991). We estimate the standard deviation for both crustal thickness
H and Vp/Vs ratio with a bootstrap resampling technique (Efron
& Tibshirani 1986). The bootstrap analysis was done for random
subsets of data for each station, and the dispersion of the result
gives the error bars mentioned in the depth sections. We applied
the same technique to estimate the error coming from the average
P-wave velocity used in the inversions (Tiberi et al. 2007). Another
advantage of this (H,k) stacking method is that it gives an indication
of average crustal composition with a local estimate of Vp/Vs value
(e.g. Christensen 1996). This ratio is related to the Poisson’s ratio
through a simple relationship (Zandt & Ammon 1995; Ligorria
2000), and its variations depend on crustal mineralogy (felsic,
mafic), the presence of fluids and physical properties of the rocks.

To refine our crustal model into upper and lower crustal layers,
we invert a stack of the radial receiver functions with a stochas-
tic method (Shibutani et al. 1996). We use the Neighborhood Al-

gorithm (NA) technique (Sambridge 1999a,b) to invert for a 1-D
crustal shear wave velocity–depth distribution beneath a number of
our sites. The initial model is based on wide-angle reflection and
refraction seismic profiling results (e.g. Egloff et al. 1991, Fig. 2),
and the Vp/Vs ratio is estimated from H-k stacking results. We invert
for a model, which is composed of four to five layers: a sediment
layer, when needed, basement, upper crust, lower crust and upper-
most mantle. In each layer, the model parameters are layer thickness,
shear wave velocity at the upper and lower boundaries of the layer
and the layer Vp/Vs ratio. The receiver function parameterization
and calculation follow the one implemented by Shibutani et al.
(1996).

R E S U LT S

Our crustal model results, tabulated in Table 1, exclude the stations
DABI, MARA, HOTA and HQBA (Fig. 2a), due to their malfunc-
tion, which resulted in inadequate data for receiver function analysis.
Hereafter, we use the term Moho depth as a representative of crustal
thickness (H) below the station.

N-S section from Sana’a to Gulf of Aden

Crustal thickness for all the stations located on the plateau (SANA,
YSLE, RUSA, DAMY and DAMT) is ranging between 35 and
35.4 km (Table 1, Fig. 3a). The identified Moho Ps conversion phase
by the inversion appears between 4.83 and 4.93 s after the first
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arrival (Fig. 3a). The associated Vp/Vs for these plateau stations
ranges from 1.76 (RUSA) in the middle of plateau to 1.83 (DAMT)
in the southern edge of the plateau. Such values are typical of
felsic to intermediate composition crust (Christensen 1996). DAMT
station is located in a hydrothermally active area resulting in deep
circulation of the surface water, which is heated and returns back to
the surface as steam and/or hot water (Fara et al. 1999; Alderwish
& Almatary 2012). The high value of Vp/Vs for this station may
be related to high porosity, the presence of water and gases in the
upper few kilometres of sedimentary and volcanic rocks.

At some stations (e.g. SANA), a strong positive peak, attributed to
an intra-crustal interface, can be observed before the Moho conver-
sion Ps phase (Fig. 3a). For SANA station, we interpret this arrival
as an intra-crustal discontinuity approximately located 21 km below
the station (Figs 3–5). DAMY seems to have a shallower interface,
as a similar peak is observed at 0.83 s delay time (<5 km depth, see
Supporting Information).

KHLA has an estimated crustal thickness of ∼34 km (Vp/Vs of
1.75), slightly thinner than that to the north. The error estimate for
this station is large (±6 and ±0.09 km for H and k, respectively) due
to a weak Moho conversion phase Ps peak and numerous multiples
for events approaching the station from the east. ADBA, further
south, has a 31 km ±1.78 km thick crust associated with an average
crustal Vp/Vs of 1.68 ±0.053 (Fig. 5).

The southern end of the profile is characterized by a thinner crust
(23.6 and 20.4 km for DKUM and ADEN, respectively). These re-
ceiver functions also show a smaller amplitude Moho Ps conversion
phase, implying a reduced impedance contrast across the Moho, es-
pecially for events approaching from the east (Figs 3a, 6b and 6d).
The Vp/Vs are 1.69 and 1.73 for DKUM and ADEN, respectively.
At ADEN station, we observe a high-amplitude intra-crustal con-
version at 1.85 s (∼11 km) for all events with a backazimuth less
than 106◦N. This peak arrives earlier for more northerly azimuths
as shown in Fig. (6b).

To further our understanding of the crustal layering along this sec-
tion, we invert the receiver function waveforms for ADEN, ADBA,
DAMT, RUSA and YSLE using the NA algorithm, as all of these
stations show intra-crustal phases on their receiver function wave-
forms. Examples of inversion results are shown in Fig. (7). We ob-
tain crustal thicknesses comparable to those from Zhu & Kanamori
(2000) technique. ADBA has a complex crustal structure (Figs 4
and 8), with the inversion (Fig. 8) producing a low-velocity lower
crust beneath the station, not observed on other stations. However,
testing different forward models, the best fit is obtained for a model
including a thin intra-crustal layer with both high P-wave velocity
and Vp/Vs ratio (Figs 8c and d), rather than a low-velocity lower
crust. We favour this model and interpret this high-velocity layer as
a horizontal igneous intrusion (sill) into the crust.

For the Yemen permanent network stations located to the east of
the N-S section of the profile (LBOS and BDHA, Fig. 2), we find
32.6 and 36.2 km crustal thickness with 1.83 and 1.76 Vp/Vs ratio,
respectively. These values are consistent with the ones found for
KHLA and ADBA.

E-W section from the Red Sea coast to Sana’a

The receiver functions of stations SHIB, TAWI, UAYA, ZUWA,
ANID and MAWI are characterized by complex waveforms (Figs 3
and 4). For SHIB, TAWI and MAWI, the H-k stacking method gives
a crustal thickness of 31.4 to 35.8 km, decreasing westward with a
crustal Vp/Vs ratio around 1.8. Earlier peaks are observed at SHIB,
MAWI (2.66 and 2.21 s, respectively) and to a lesser extend for

TAWI. They are interpreted as intra-crustal interfaces. We also note
two later arrivals for these stations at about 6–8 and 10–11 s that
cannot be modelled as multiples from shallower interfaces (Fig. 4).
These are possibly upper mantle discontinuities, which need further
investigation but are outside the remit of this paper.

On the sediments of the Tihama plain (ANID, ZUWA and UAYA),
the receiver functions become more complex (Figs 3b, 4, 9b and
9c) due to conversions and multiples from the thick sediment lay-
ers, which include salt, covering the area. We stack 23 events for
ANID station, located at the eastern end of Tihama coastal plain
and observe three positive peaks at 1.75, 3.3 and 6.95 s delay times
(Fig. 4). The first peak is interpreted as an intra-crustal phase, and
in this case, the third one could be a multiple of the first; the second
one is interpreted as the Moho conversion phase. It gives a crustal
thickness of 22.8 km and a Vp/Vs value of 1.83 (Figs 4 and 5).

ZUWA station shows two main features. First, the low amplitude
of the first P compared to the following Ps conversion (Fig. 9c)
comes from the sediment-bedrock interface beneath the station.
Second, we observe a clear shift of Moho Ps conversion between
events with easterly backazimuths (<106◦) and events with westerly
backazimuths (>140◦). We can explain this by ZUWA being located
near a N-S normal fault, implying an azimuth-dependent velocity
structure. For azimuths <106◦, seismic structure will be similar to
the ANID case (Vp = 6.2 km s−1), whereas for azimuths >140◦,
it will be similar to UAYA station. For the latter case, we base
our choice on Egloff et al. (1991) study (profile VI) and take an
average Vp of 5.3 km s−1 (4 km of sedimentary layer). We then
proceed with two separate inversions, and in both cases, we obtain
a best-fit result for a crustal thickness of 23 km, consistent with
the value obtained for the nearby station ANID. The corresponding
Vp/Vs ratios are 1.91 and 1.95 for azimuths >140◦ and <106◦,
respectively (Fig. 9c). These are the highest values of Vp/Vs ratio
we obtain for all the stations. We relate it to sedimentary deposits in
Tihama basin (Egloff et al. 1991; El-Anbaawy et al. 1992; Davison
et al. 1994).

UAYA, located along the Red Sea coast, has numerous high-
amplitude conversion phases prior to the Moho Ps within a very
small time window of 2.27 s (Fig. 9b). However, there are two
dominant conversion phases one at 1.3 s and the other at 2.3 s,
with multiples at 5.3, 6.6, 7.3, 10 s, respectively. The first one is a
conversion phase at an intra-crustal interface at about 9.6 km depth
when using an average upper crustal velocity Vp of 4.5 km s−1

(Egloff et al. 1991), while the second one is the Moho conversion
phase. Based on our estimate of the average velocity for the crust
from the results of seismic profile VI of Egloff et al. (1991) near
the coast of the Red Sea, we obtain a crustal thickness of 13.8 km
with a Vp/Vs ratio of 1.92 (Vp = 5.3 km s−1).

Stations adjacent to the Red Sea coast

For the Red Sea coast stations SUGH, KHAW and MOKA (Fig. 2),
we find a consistent crustal thickness estimate varying 21.5–23.2 km
(Table 1). The estimated Vp/Vs for these three stations is 1.73,
1.68 and 1.85, respectively. KHAW station has the lowest Vp/Vs
ratio of the three (1.68). Sedimentary layering likely affects KHAW
signal (trough at 2,s following the positive peak at 0.5 s, Figs 3c
and 4). The MOKA receiver function contains two high-amplitude
Ps conversions at 1.2 and 1.88 s (Fig. 3c). The first conversion
occurs at the base of a low-velocity sediment layer. The second
conversion corresponds to the interface between the upper and lower
crust modified by high-velocity mafic intrusion (Vp/Vs = 1.85). The
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Figure 4. Receiver functions for six stations of the profile. The receiver functions are organized by increasing backazimuth (red number right of the trace).
The light vertical lines indicate arrival times for conversion phases (Ps and multiples) from the Moho for the maximum stacking amplitude.

Moho Ps conversion phase is very low amplitude at this station, and
thought to be due to a reduction in the impedance contrast across
the boundary from the presence of the high-velocity lower crust
(HVLC).

For TRBA station, we estimate the crustal thickness to be 27.4 km
with a Vp/Vs ratio of 1.86. A shallow interface can also be deduced
from a weak amplitude Ps conversion at 0.85 s delay time (Fig. 3d),
while the interface between the upper and lower crust cannot be
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Figure 5. Thickness (H) versus Vp/Vs ratio diagrams from the H-k stacking method for six of our stations in Fig. 4. The maximum of the stacking amplitude
is indicated by the white point and corresponds to the value indicated in Table 1. The scale bar is the amplitude of stacking function.

seen. This is comparable to the results of the stations located on the
volcanic trap series south of SANA.

Imaging the crustal structure by migration
of receiver functions

Migration of receiver functions from the time domain to the space
domain is a common technique to image the continuous variations
of the structures beneath a receiver function profile (e.g. Kind et al.
2002). In this study, we use the common conversion point (CCP)
stacking technique of Zhu (2000). A bin size of 20 km wide, 5 km
long and 0.5 km vertically is used. These parameters have been
chosen in order to optimise both resolution of the interfaces and their
spatial continuity. The migrated cross sections have been created
using IASP91 velocity model (Kennett & Engdahl 1991). Fig. 10
displays the migrated receiver functions along the N-S and E-W
sections. As a comparison, the inverted Moho depth (referred to sea
level) using the H-k stacking method of Zhu & Kanamori (2000) is
plotted as black dots with error bars using the bootstrap technique.

The Moho discontinuity is associated with a strong positive am-
plitude (red colour; Fig. 10), which diminishes in amplitude as one
moves towards the coast. For the N-S profile, the Moho interface is
sub-horizontal between SANA and DAMT at an approximate depth
of 35 km. At the southern end of the profile, the Moho is at a depth
of ∼20 km beneath ADEN. Between ADBA and DKUM, ∼7.5 km
of crustal thinning happens over 32 km lateral distance. The intra-
crustal interface between 15 and 21 km, interpreted here to be the
upper/lower crust boundary, is observed between SHIB and SANA,
and then between DAMT and ADBA stations. The change in the

character of this intra-crustal boundary between SANA and DAMT
may be explained by lateral variations in crustal composition.

In the E-W-migrated receiver function profile, the Moho discon-
tinuity is clear and lies at a depth of 35 km at the eastern end of
the profile. It then rises steeply in two stages at the western end
to reach ∼14 km beneath UAYA. The first stage of crustal thinning
occurs between MAWI and ANID (∼8.6 km vertically over 34 km
horizontally). The second stage of thinning comes between ZUWA
and UAYA (∼9.2 km vertically over 30 km horizontally). A clear
positive phase is observed along the section in the east from 21 km
depth (SANA) up to 9.6 km (UAYA), which corresponds to a clear
crustal conversion in the signal at all stations. This conversion is
weak at TAWI and is smeared between TAWI and MAWI (see in-
dividual RFs in Supporting Information). We interpret it to be the
interface between the upper and lower crust.

D I S C U S S I O N

Thinning of the crust

Our crustal thickness estimates range between 20 and 23 km in
the coastal areas to 35–36 km below the Yemen plateau. These are
comparable to the results from other studies of the western Arabian
Plate shown in Fig. 11 (Mooney et al. 1985; Al-Damegh et al. 2005;
Hansen et al. 2007). Exceptionally. thin crust of ∼14 km is observed
beneath UAYA right on the Red Sea coast.

The 1988 SONNE seismic line from the Red Sea coast to the
Yemen plateau estimated the crust to be 4–8 km thicker in the coastal
areas and ∼9 km thinner below the plateau than we achieve here
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Figure 6. RF and cross-section western Gulf of Aden volcanic margin. (a) cross section showing Moho depth and HVLC from our results and the interpretation
of seismic line after Tard et al .(1991). (b) RF of ADEN station with vertical lines showing the Moho conversion phase and multiples. (c) Crustal thickness H
versus Vp/Vs ratios, scale bar is the amplitude of the stacking function, white star is the maximum of the H-k plot, red arrow pointing to the Moho depth and
blue arrow showing the depth of HVLC. (d) RF with vertical lines showing HVLC conversion phase and multiples. The RFs are annotated by red numbers
(backazimuth).

using receiver function analysis (Egloff et al. 1991, Fig. 2). Makris
et al. (1991), from a gravity interpretation, estimate the crust to
be 35 km below Sana’a and 22 km below Tihama plain, which is
consistent with our results, and also implies that the entire area is
isostatically compensated.

Our crustal thickness beneath the Yemen Plateau (∼35 km) cor-
responds to the lower bound of the Ethiopian Plateaus crustal thick-
nesses (between 35 and 45 km, Stuart et al. 2006; Bastow et al.
2011; Hammond et al. 2011) (Fig. 11). Our lowest value beneath
UAYA (∼14 km) is very close to the one obtained in the Danakil
depression (Bastow & Keir 2011; Hammond et al. 2011; Keir et al.
2012) (Fig. (11)), where mafic intrusions feeding volcanism are also
likely to take place (e.g. Tiberi et al. 2005; Field et al. 2012; Nobile
et al. 2012).

There is a clear mid-crustal interface at depths between 10 and
21 km along the E-W profile (Fig. 10) as well as at stations located
to the east of Yemen volcanic trap series (DAMT, KHLA, ADBA,
LBOS and BDHA). We interpret this interface to be the upper/lower
crust boundary—the Conrad discontinuity. This discontinuity is
caused by a sharp velocity step separating the upper crust (average
Vp of 6.3 km s−1) from the lower crust (average Vp of 7.0 km s−1)
(e.g. Mooney et al. 1985; Egloff et al. 1991). Such an interface is
a common feature in the Arabian plate (Mooney et al. 1985; Egloff
et al. 1991; Stern & Johnson 2010). Stern & Johnson (2010) suggest
that it separates slower felsic upper crust from faster mafic lower
crust, and may coincide with the transition from brittle to ductile
deformation. For those stations located on the Yemen volcanic trap
series (YSLE, RUSA, DAMY and TRBA), south of Sana’a (Fig. 10)
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Figure 7. (Left) Seismic velocity models for RUSA and DKUM stations obtained from the neighbourhood algorithm method (Sambridge 1999a). The grey
area indicates all the models searched by the algorithm. The best 1000 models are indicated in yellow–green colour, the best one (smallest misfit) corresponds
to the red line, both for S-wave velocity and Vp/Vs ratio and the white line is the average velocity model. (Right) Waveform matches between the observed
stacked receiver functions (green) and the predicted one (red) based on the best models (red lines in the left-hand diagrams).

and also KHAW on the Red Sea coast, the Conrad discontinuity is
not imaged by our receiver functions. This implies that the crust
was modified by magma intrusion during the Oligo-Miocene flood
basalt volcanism caused by the impact of the Afar plume ∼30 Ma
ago (Baker et al. 1994), and decompression melting of hot mantle
during rifting. The shallower interface below those stations (1–

4 km depth) is interpreted as the boundary between basement and
the overlaying thick sedimentary and/or volcanic cover.

The onset of crustal thinning on the Gulf of Aden margin starts
somewhere between KHLA and DAMT and ends between ADBA
and DKUM (Fig. 10). This implies one stage of thinning (7.4 km
vertically over 32 km horizontally). If we assume the average initial
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Figure 8. Neighbourhood algorithm (NA) inversion and direct modelling results for ADBA. (a) Velocity models explored with the NA inversion. The best
model is indicated with the red line and corresponds to the red receiver function signal in (b). (c) Velocity model used to obtain the dark blue modelled receiver
function in (d).

crustal thickness to be 35 km (SANA) and the final extended crust
for the coastal areas to be 22 km (ADEN), the corresponding β

stretching factor is around 1.6. This value gives a lower bound esti-
mate of the stretching factor since mafic intrusions maintain crustal
thickness during extension. An upper bound for the stretching fac-
tor is obtained by only considering the upper 12 km as non-intruded
crust beneath ADEN, which yields β ∼3.

On the Red Sea margin, however, the history of extension is
likely more complex. If we consider the extended crustal thickness
to be that of UAYA (13.8 km), we obtain a stretching factor as high
as 2.5, which is slightly higher than the maximum value reported
beneath the Red Sea, offshore Yemen (β ≈ 2.4, Davison et al. 1994).
Moreover, we observe two step changes in the crustal thickness
(Figs 9 and 10). The first step is observed between the plateau
(h ∼ 35 km) and the coastal plain (h ∼ 22 km). The second step
is located between ZUWA and UAYA stations, where the crustal
thickness decreases sharply from h ∼ 22 km at the coastal plain
to 13.8 km at UAYA over ∼30 km. The lower bound of β factor

estimate is estimated at ∼1.6 for both steps in crustal thickness,
similar to the Gulf of Aden margin, and comparable with the results
for the stretching factor calculated from geometry of fault block
rotations (Davison et al. 1994). When comparing the 35-km-thick
non-extended crust beneath SANA and the present 14 km beneath
UAYA, we obtain a maximum β of 2.5. A similar value of 2.4 is
obtained between UAYA and ZUWA when considering that mafic
intrusion maintained the crustal thickness and thus overestimates
its value beneath UAYA (14 instead of 9.6 km). Our results suggest
that two stages of crustal extension should be then considered for
the Red Sea margin.

Crustal underplating (HVLC)

On the Red Sea coast UAYA has a strong intra-crustal interface
at 9.6 km depth with clear multiples, and a Moho discontinuity at
about 13.8 km depth (Fig. 9). Our crustal thickness estimate is con-
sistent with the 11–14 km obtained further south near Al-Hudaidah



1684 A. Ahmed et al.

Figure 9. Receiver function (RF) and cross-section across the Red Sea volcanic Margin. (a) Cross section of Moho discontinuity and the HVLC, with the
projection of seismic line after Davison et al. (1994). (b) RF and H versus Vp/Vs ratio diagrams from H-k stacking results for UAYA station. Vertical lines show
the Moho conversion phase and multiples top and HVLC conversion phase with multiples bottom. (c) RF and H versus Vp/Vs diagrams for ZUWA station.
(Top) ZUWA RF organized by increasing backazimuth as indicated by red numbers to the right. (Middle) RF for backazimuth range >140

◦
and (bottom) RF

for backazimuth < 106◦. Crustal thickness, Vp/Vs ratio and average crustal Vp used for inversion are marked by blue text in the RF figures. Scale bar is the
amplitude of the stacking function.
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Figure 10. Migrated cross-sections following the main profile sections, E-W (bottom centred at MAWI oriented N100E) and N-S (top centred at DAMT
oriented NS). The Moho depth estimated from H-k stacking method is plotted with the black dots with error bars from bootstrap. Red colour indicates velocity
increase with depth, and blue colour velocity decrease with depth. Scale bar shows the amplitude of positive (red) and negative (blue) polarities of arrivals.

(Fig. 2) during the SONNE experiment (Egloff et al. 1991). Con-
sidering local isostasy with an average crustal density of 2670 kg
m−3 and a mantle density of 3300 kg m−3, the Moho should be
at ∼22-km-depth beneath UAYA. The presence of SDRs in this re-
gion (Davison et al. 1994) and our results of two conversion phases
and multiples suggest the presence of a HVLC (Fig. 9). Conse-
quently, we conclude that the area is underplated by a high-velocity
dense material resultant from the ∼11 Ma rifting episode (Eagles
et al. 2002). This explains both a thinner crust and the complexity of
the signal beneath UAYA. North of UAYA at the western end of the
Saudi Arabian refraction profile (between shot point 5 ∼17.77 N,
42.35 E and shot point 6∼16.57 N, 42.06 E), there is evidence of
a double-layered Moho overlain by a sedimentary basin containing
salt deposits (Milkereit & Flüh 1985; Mooney et al. 1985; Prodehl
1985). Further south along the Red Sea coast, there is no evidence
of a similar HVLC either from the controlled source seismic profile
near Al-Hudaydah (Egloff et al. 1991) or from our receiver function
results at KHAW. However, at MOKA (Fig. 2), a complex receiver
function is found similar to that at UAYA with high-amplitude intra-
crustal multiple conversion phases and a low-amplitude Moho Ps
conversion phase with its associated multiples (Fig. 3c). This re-
ceiver function waveform together with the existence of Miocene
volcanism in Jabal An Nar near MOKA (Capaldi et al. 1987)
may indicate the presence of local underplating. Such isolated off-
axis underplated volcanoes have been reported at eastern Gulf of
Aden continental margin (Lucazeau et al. 2009; Autin et al. 2010;
Watremez et al. 2011).

On the Gulf of Aden coast, we interpret the intra-crustal interface
we found at 11 km (Fig. 6) to be an intrusion of igneous material
at the base of the lower crust. This causes weak impedance contrast
between the lower crust and the mantle, thus explaining the low-
amplitude Moho Ps conversion phase observed (Fig. 6). However,
this HVLC produces a high-impedance contrast with the overly-
ing upper crust, causing the high-amplitude conversion phase we
observe at ∼2 s in Fig. 6. The thickness of the HVLC works out
to be ∼9 km from these observations. Tard et al. (1991) identified
syn-rift SDRs in this area. We thus conclude that this margin is a
typical volcanic margin (e.g. Leroy et al. 2012).

Our observations and previous studies (volcanism, tectonics,
geochronology; e.g. Bosworth et al. 2005) suggest that the onset of
rifting along the western Gulf of Aden and the southern Red Sea was
synchronous. From our results of the crustal thickness in UAYA, we
propose a second phase of thinning confined to the Red Sea which
has been suggested in previous studies (e.g. Girdler & Styles 1974).
This rifting phase could have occurred after the deposition of the
halite deposits and during the initiation of new oceanic crust in the
southern end of the Red Sea axial trough (Egloff et al. 1991), and
related to a mantle exhumation phase (Leroy et al. 2010b). Dating
the timing of the halite deposition (syn or post-rift, Fig. 9) and the
Yemeni granite intrusions (Hughes & Beydoun 1992; Davison et al.
1994; Geoffroy et al. 1998, Fig. 2) would clarify the timing of rifting
phases.

The crustal characteristics of the western Yemen volcanic rifted
margin can be recognized in other volcanic margins (Menzies et al.
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Figure 11. Regional map showing Moho depths (below sea level) based on the results of this study (red triangles) and previous RF studies (black triangles) in
Ethiopia (Hammond et al. 2011), and Saudi Arabia (Hansen et al. 2007), active seismic studies (black dots) in the Red Sea (Drake & Girdler 1964; Tramontini
& Davies 1969; Egloff et al. 1991; Prodehl & Mechie 1991), controlled source study in the Western Gulf of Aden (Laughton & Tramontini 1969), seismic
refraction profiles in Djibouti (Ruegg 1975) and Saudi Arabian seismic refraction profile (Mooney et al. 1985).

2002; Direen et al. 2008). (1) The pre-rift Oligio-Miocene flood
basalt volcanism (Yemen Trap Series), which could be related to
Afar plume activity at ∼30 Ma, is similar to south Atlantic volcanic
margins with the emplacement of pre-rift Paraná-Etendeka flood
basalt, for example, the Namibia volcanic margin (Gladczenko et al.
1998); (2) A 50–70 km wide volcanic margin transition zone from
extended and intruded continental crust to true oceanic crust is
similar to that observed at volcanic margins of the North Atlantic
such as the Hatton Bank volcanic margin (Smith et al. 2005), and the
narrower 10–40 km wide extended zone reported for Møre volcanic
margin (Mjelde et al. 2009). In the South Atlantic (Nambia) and
offshore western Australia, wider ∼150–200 km extended zones
have been interpreted (Gladczenko et al. 1997; Gladczenko et al.

1998; Bauer et al. 2000; Direen et al. 2008); (3) On the eastern coast
of the Red Sea, most of the syn-rift and post-rift mafic dykes, which
parallel the Red Sea margin, are concentrated along the Tihama plain
escarpment area (Mohr 1991). On the plateau, in the Aden traps of
Dhala, Musaymir and Radfan, the dike trends are variable from NW
to NE (Moseley 1969; Mohr 1991), while most of the dykes along
Aden volcanic line are in an EW direction parallel to the Gulf of
Aden rift (Cox et al. 1970); (4) In the Gulf of Aden, SDRs overlie
most of the extended zone and thicken seaward (Tard et al. 1991;
Leroy et al. 2012). SDRs are one of the distinguishing features
of volcanic margins and have been imaged in seismic profiles at
the Labrador Sea (Keen et al. 2012), Namibia (Bauer et al. 2000)
and Exmouth–Gascoyne margin western Australia (Rey et al. 2008)
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volcanic margins. (5) HVLC (underplating) is an important feature
of volcanic margins and has been identified for both the Red Sea and
Gulf of Aden margins (e.g. Milkereit & Flüh 1985; Prodehl 1985).
HVLCs exist in Exmouth–Gascoyne, Namibia, Møre, Hatton Bank
and Vøring typical volcanic margins (Bauer et al. 2000; Gernigon
et al. 2004; Smith et al. 2005; Rey et al. 2008; Mjelde et al. 2009). (6)
Oceanic crust at the axial trough of Red Sea and along Gulf of Aden
spreading center has been reported by many studies (e.g. Girdler &
Underwood 1985; Bosworth et al. 2005; Leroy et al. 2012). In the
Red Sea, 4-km-thick oceanic crust is reported in the central part of
the axial trough and 1–3 km thick of new oceanic crust is estimated
for the southern part north of 15.5

◦
N latitude (Egloff et al. 1991;

Girdler 1991). For the Gulf of Aden, the oceanic crust is thicker
(∼8 km) and covers a wider area on either side of the oceanic ridge
chron A5d (∼17.6 Ma) in the east of Shukr-Alsheik fracture zone
and A4a (∼9 Ma) in the south of Aden (Hébert et al. 2001; Leroy
et al. 2012).

Vp/Vs ratio and crustal composition

Most of the stations are characterized by felsic to intermediate com-
position crust with Vp/Vs in the range of 1.73 ≤ k ≤ 1.86 (Chris-
tensen 1996) (Table 1). This average Vp/Vs is for the bulk crust.
However, the mid-crustal discontinuity suggests a mafic composi-
tion for the lower crust in particular, which has been altered by
magmatism during Miocene-Oligocene times. It is difficult to de-
termine how the lower crust has been altered, whether by intruded
material originating from the mantle or by an alternative alteration
process (Baker et al. 1998) given only Vp/Vs ratios. However, the
seismic refraction profiles in Saudi Arabia and Yemen confirm this
crustal division and show an average Vp of 6.3 km s−1 for the upper
crust and 7.0 km s−1 for the mafic lower crust (Mooney et al. 1985;
Egloff et al. 1991). Stern & Johnson (2010) described the lower
crust beneath Arabian shield to be broadly gabbroic in composi-
tion with the possibility of second-order compositional variations
such as increased plagioclase content upwards and increased py-
roxene content downwards. They also concluded that most of the
Arabian shield upper crust was formed by magmatic additions at
intra-oceanic arcs above past subduction zones (870–630 Ma) with
post-tectonic subordinate granitic and volcanic rocks contributing
to the growth of the Arabian shield.

Hammond et al. (2011) ascribed the Vp/Vs ratio variation (1.7–
1.9) for western Ethiopian plateau to mafic crust altered by the
Cenozoic volcanism, whereas the south-eastern plateau shows more
typical silicic continental crust with a Vp/Vs ratio of 1.78. Dugda
et al. (2005) concluded that the crustal structure on the western side
of Ethiopian plateau has not been altered by Cenozoic volcanism as
the Moho depth and average Vp/Vs ratio are comparable to unmod-
ified Mozambique Belt crust in Tanzania and Kenya and similar
to the global average for Precambrian crust. Our results from the
Yemen plateau show that low Vp/Vs values (∼1.68) characterise
stations located on the granitic intrusions or on the Precambrian
quartz-rich rocks.

For the Red Sea coastal area west of ZUWA station, the Vp/Vs
ratio is greater than 1.90. High values in this area could reflect
sedimentary infill (Fig. 9). The presence of a HVLC beneath UAYA
increases the Vp/Vs ratio (1.92) due to its mafic nature (Watanabe
1993; Christensen 1996). The complex receiver function in the
presence of a HVLC and the high Vp/Vs ratio values near the Red Sea
coast provides strong evidence for a different amount of extension
in this area. In contrast, the lower Vp/Vs of 1.73 for ADEN station
is not expected in a basalt volcanic field. This low Vp/Vs value

might suggest the existence of water in the crust. Watanabe (1993)
concluded that as the fluid fraction increases to 10 vol. per cent
in case of water, the Vp/Vs will decrease though in case of molten
rocks it will increase.

C O N C LU S I O N

From a detailed study of the receiver functions through a profile in
Western Yemen, we were able to:

1) map the Moho depth variations both for the Gulf of Aden
and Red Sea margins. The crustal thickness beneath the Yemen
Plateau is ∼35 km consistent with values obtained elsewhere in
the interior of the Arabian peninsula. The thickness decreases to
22 km for the coastal regions of the Aden rift and to less than 15 km
for the Red Sea. The lower-bound stretching factors we deduced
are ∼1.6 for both rifts, implying a coeval rifting history, except in
the UAYA region where our results strongly suggest that a second
phase of rifting with the same stretching factor has occurred after
the deposition of halite deposits.

2) image intracrustal discontinuities beneath a number of sta-
tions in Yemen. One of these interfaces at ∼10–21 km depth is
interpreted as the Conrad discontinuity, separating the upper from
the lower crust. It is particularly well imaged beneath the stations
located along the E-W section and is not visible in regions of ex-
tensive volcanism to the east. Near the coastal areas, the shallowest
interfaces may be related to the sediment-basment contact.

3) confirm that the volcanic margins of western Gulf of Aden and
southern Red Sea are underplated by high-velocity dense material at
the base of lower crust (HVLC). The HVLC is overlain in the upper
crust by SDRs evidenced in previous seismic profiling studies.

4) estimate Vp/Vs ratios of 1.73–1.86 indicative of altered mafic
lower crust and felsic upper crust beneath the plateau and southern
part of the profile. For those stations located on or near granitic
bodies, the crust is more silicic. Regions overlain by sedimentary
basins have modified thinned lower crust.
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S U P P O RT I N G I N F O R M AT I O N

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

Figure S1. Receiver functions for 12 stations of the profile. The
receiver functions are organized by increasing backazimuth (red
number right of the trace). The light vertical lines indicate arrival
times for conversion phases (Ps and multiples) from the Moho for
the maximum stacking amplitude.
Figure S2. Thickness (H) versus Vp/Vs ratio diagrams from the
H-k stacking method for the 12 stacked receiver functions shown
in Fig. S1. The maximum of the stacking amplitude is indicated
by the white point and corresponds to the value indicated in
Table 1.
Figure S3. (Left) Seismic velocity models for MOKA station
obtained from the neighbourhood algorithm method (Sambridge
1999a). The best 1000 models are indicated in yellow–green colour,
and the best one (smallest misfit) corresponds to the red line, both
for S-wave velocity and Vp/Vs ratio. (Right) Waveform matches
between the observed individual (green) and stacked (blue) receiver
functions and the predicted one (red) based on the best models (red
lines in the left-hand diagrams). The white line in the left-hand
diagram is the average velocity model.
Figure S4. (a) Left: Seismic velocity models for NE of ZUWA
station obtained from the neighbourhood algorithm method (Sam-
bridge 1999a). The best 1000 models are indicated in yellow–green
colour, and the best one (smallest misfit) corresponds to the red line,

both for S-wave velocity and Vp/Vs ratio. Right: waveform matches
between the observed stacked receiver functions (blue) and the pre-
dicted one (red) based on the best models (red lines in the left-hand
diagrams). The white line in the left-hand diagram is the average
velocity model and light blue lines indicate the reference models of
the velocity and Vp/Vs ratio. (b) Forward modelling of the ZUWA
receiver function for backazimuth > 140o, signal displayed in black
is the original RF and signal in red is the generated RF using the
velocity model at the upper right corner.
Figure S5. An example of the inverted H-k values using different
average crustal velocity Vp in the range 5.8–6.8 km s–1 is shown
in (a). Solid lines are Vp/Vs as a function of crustal thickness H
with bootstrap error estimates for the stacking method and dashed
lines are from the initial velocity model for the NS section of the
profile in (b), EW section of the profile in (c) and stations parallel
to the Red Sea, south and east of plateau in (d). Three distinct error
estimates were determined for the case of ZUWA station in (c),
where the red ellipses represent the error estimate for the whole set
of individual RF, green ellipses are error estimates for the receiver
functions with backazimuth >140◦ (ZUWA S-W) and blue ellipses
for the receiver functions with backazimuth <106◦ (ZUWA N-E).
(http://gji.oxfordjournals.org/lookup/supp1/doi:10.1093/gji/ggt07
2/-/DC1).
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