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Abstract We develop a new 3‐D shear velocity model for the lithosphere and sublithospheric mantle
under Saudi Arabia by jointly inverting P wave receiver functions, S wave receiver functions, and
fundamental‐mode Rayleigh wave group velocities. P and S receiver functions are calculated from
earthquakes recorded between 2012 and 2015 at 156 Saudi National Seismic Network stations operated by
the Saudi Geological Survey. Rayleigh wave dispersion data are extracted from independent tomographic
studies. Our model reveals significant lateral variations in crustal and upper‐mantle S velocity below
Saudi Arabia. Particularly, a low‐velocity zone, with minimum S velocity of ~4.0 km/s in the depth range of
70‐190 km, is observed under the Arabian Shield coinciding with Cenozoic surface volcanism. The
low‐velocity zone is found consistent with the presence of partial melts in the mantle and interpreted as a
potential deep magma source for the volcanism in western Arabia. We propose that magmas responsible for
the Arabian volcanism may be derived from multiple sources. Both lithospheric thinning and the Afar
plume trigger magma production beneath southwestern Arabia, while decompressionmelting caused by the
lithospheric thinning may be the main factor in the central and northern portions. Furthermore, we find
evidence for localized crustal low shear velocity anomalies (2–4% reductions) that appear spatially correlated
to the volcanism; these may be due to fractures caused by magma ascent and small amounts of partial
melt in the crust. This spatial distribution of S velocity reductions may indicate the plumbing system for
magma ascent underneath western Arabia.

1. Introduction

The Arabian Plate is geologically divided into two distinct terrains: the Arabian Shield in the west and the
Arabian Platform in the east (Figure 1). The Arabian Shield is characterized by extensive Cenozoic basaltic
lava fields (so‐called harrats). These lava regions formed during the past 30 Myr (Camp & Roobol, 1992) and
cover an area of ~180,000 km2 (Coleman et al., 1983). Two distinct phases of volcanism were identified by
Camp and Roobol (1992). Older lavas (~30–20 Ma) are tholeiitic to transitional in composition and occur
roughly parallel to the Red Sea. They are associated with the early rifting stage of the Red Sea. Younger lavas
(~12Ma to present) are transitional to alkalic and can be found along a roughly south‐north trend referred to
as the Makkah‐Madinah‐Nafud (MMN) volcanic line (Camp & Roobol, 1992; Stern & Johnson, 2010). The
harrats along the MMN line become progressively younger toward the north (Camp & Roobol, 1992).

Volcanism in western Arabia is still active. Over 20 volcanic eruptions during the past 1,500 years have been
recognized (Camp et al., 1987). The last surface eruption occurred in 1256 CE just south of the holy city of
Medinah (Camp et al., 1987). The last major magmatic activity occurred between April and June 2009 in
Harrat Lunayyir (Figure 1), where a swarm of more than 30,000 earthquakes were triggered by a magmatic
dike intrusion (Pallister et al., 2010). However, the exact origin of the Cenozoic volcanism is still debated.
Chang et al. (2011) suggested that it may be related to northward migrating material fed by the Afar plume.
Other studies (e.g., Camp & Roobol, 1992; Koulakov et al., 2016) argue that the major cause of the volcanism
may be related to a local mantle plume or local hot mantle upwelling under the Arabian Plate.

The development of the Red Sea rift has played a key role in the emplacement of the Cenozoic volcanism in wes-
tern Arabia, through thinning of the lithosphere and channeling of sublithospheric melts (Chang et al., 2011;
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Ebinger & Sleep, 1998; Koulakov et al., 2016). However, we know little about the mechanism of magma
ascent in western Arabia, including the pathways for magma transport to the surface (i.e., plumbing
system) and the driving forces for magma ascent. About 30 Ma, rifting processes initiated in the Afar
region of East Africa and spread northward and eastward to form the Red Sea and the Gulf of Aden,
eventually resulting in the splitting of Arabia from Africa (Bosworth et al., 2005; Camp & Roobol, 1992;
Garfunkel & Beyth, 2006). While the entire Gulf of Aden displays a well‐developed mid‐ocean ridge with
seafloor spreading (Cochran, 1981), the evolution and current state of rifting of the Red Sea is still controver-
sial. A few studies (e.g., Ebinger & Sleep, 1998; Hansen et al., 2007) suggest that the Red Sea has evolved into
active rifting, whereas other studies (e.g., Koulakov et al., 2016; McGuire & Bohannon, 1989; Yao et al., 2017)
argue that the Red Sea is still at a stage of passive rifting.

A number of geophysical studies have investigated the deep crustal and lithospheric structure of the Arabian
Plate. Receiver function studies and active‐source profiling (e.g., Al‐Damegh et al., 2005; Hansen et al., 2007;
Julià et al., 2003; Mooney et al., 1985; Rodgers et al., 1999; Tang et al., 2016; Tkalčić et al., 2006) have con-
strained the detailed crustal P and/or S wave velocity structure, crustal thicknesses, and bulk Vp/Vs ratios.
The crustal thickness ranges between 27 and 45 km, while the crustal S velocity varies between 3.44 and 3.95
km/s with bulk Vp/Vs ratios of 1.61–2.03 in the Arabian Plate (Al‐Damegh et al., 2005; Hansen et al., 2007;
Tang et al., 2016). Local tomography studies (e.g., Abdelwahed et al., 2016; Hansen et al., 2013; Koulakov
et al., 2015) have investigated crustal seismic velocity anomalies under some harrats in Saudi Arabia. Fast
P velocities, slow S velocities, and high Vp/Vs ratio anomalies were found in the upper crust beneath
Harrat Lunayyir (Koulakov et al., 2015), while crustal P wave velocity reductions in the northern Harrat
Rahat were imaged by Abdelwahed et al. (2016). Additionally, a thin lithosphere, strong polarization aniso-
tropy, and anomalously low seismic velocities in the sublithospheric mantle have been inferred below wes-
tern Arabia (Chang & Van der Lee, 2011; Koulakov et al., 2016; Park et al., 2007; Tang et al., 2018; Tkalčić

Figure 1. Topographic map of the Arabian plate and its adjacent regions, indicating the major tectonic features, the
Cenozoic volcanic fields during the past 12 Ma, and the so‐called Makkah‐Madinah‐Nafud (MMN) volcanic line.
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et al., 2006; Yao et al., 2017). Although these studies are generally consistent with lithospheric thinning
under the MMN line and channeling of sublithospheric mantle, important details about the velocity struc-
ture of the asthenospheric channel, such as its depth extent and minimum velocity, remain ambiguous
due to the lack of a high‐resolution 3‐D model and sparse data sets.

To better resolve lithospheric and sublithospheric mantle structure under Saudi Arabia and to investigate
the possible emplacement mechanism for the Cenozoic volcanism, we develop a high‐resolution 3‐D shear
wave velocity model with a seismic data set compiled from 156 stations belonging to the Saudi National
Seismic Network (SNSN). A joint inversion of P and S wave receiver functions (PRFs and SRFs) and
fundamental‐mode Rayleigh wave group velocities was performed at each station, which maps multiscale
low S velocity anomalies from upper mantle to crustal levels beneath western Saudi Arabia with unprece-
dented detail. Our results revise previous seismic structure models and help interpret the origin and the
emplacement mechanism of the Cenozoic volcanism as well as the plumbing system of magmas underneath
western Arabia.

2. Seismic Data and Processing

The data sets utilized in the study are assembled from seismic waveforms recorded at 156 broadband stations
in Saudi Arabia. These stations constitute the permanent SNSN and are operated by the Saudi Geological
Survey. Most of the sites are equipped with either T40 or T120 Nanometrics sensors with flat responses up
to 40 and 120 s, respectively, while a few stations are equipped with STS‐2 Streckeisen instruments.
Figure 2 displays the locations of the seismic stations used in this study. The spatial station coverage is
uneven, with high station density in western Saudi Arabia—particularly in the volcanic regions and areas
of recently increased seismic activity—and limited coverage throughout the eastern provinces. Over 300 tel-
eseismic events, with epicentral distances between 30° and 90° andmb > 5.5 within a 4‐year period of 2012–
2015, were selected to calculate PRFs (Figure 3a). Most of the earthquakes have back azimuths between 25°
and 125° and epicentral distances between 60° and 90° (i.e., ray parameters between 0.04 and 0.06 s/km),
mainly originating at the subduction zones of the western Pacific and Eurasian Plates. Following Wilson
et al. (2006), a subset of ~170 teleseismic events with epicentral distances in the 60°–85° range and mb >
5.7 within the same time window, was utilized to compute SRFs (Figure 3b).

2.1. PRFs

Teleseismic P waveforms carry information about the earthquake source, the Earth structure near the
source and near the receiver, and the mantle path in between. PRFs are constructed through deconvolu-
tion of the vertical component from the horizontal components, which effectively removes the effects of
the source and the path and isolates the response of the near‐receiver structure (Langston, 1979). The
resulting deconvolved traces consist of P‐to‐S conversions (Ps) from seismic discontinuities under the
recording station, and the analysis of their amplitudes and traveltimes can be utilized to infer the velocity
structure local to the station (e.g., Ammon et al., 1990; Owens et al., 1984). In this study, PRFs were cal-
culated for each of the SNSN stations through the iterative time domain deconvolution method of
Ligorría and Ammon (1999), with 500 iterations. Two overlapping frequency bands (Gaussian widths α
= 2.5 and 1.0) were considered, as they help to discriminate sharp velocity discontinuities from grada-
tional velocity transitions (Julià, 2007).

Prior to the deconvolution, the waveforms were windowed 10 s before and 110 s after the teleseismic Pwave
arrival, demeaned, detrended, tapered with a 5% cosine window, band‐pass filtered between 0.05 and 8 Hz
(to prevent long‐period noise and/or aliasing), and decimated to 10 samples per second. The filtered horizon-
tal component waveforms were then rotated into the great‐circle path to obtain the radial and transverse
component seismograms. Then, the vertical component seismogram was deconvolved from the radial and
transverse components to compute the radial and transverse PRFs, respectively. The transverse receiver
function was not used during the analysis, but it helps to assess the presence of lateral heterogeneities
and/or anisotropy under the station (Savage, 1998). Following the same procedure of Tang et al. (2016),
an automatic quality control followed by a visual examination was applied to the deconvolved waveforms
to select high‐quality PRFs for further analysis. We first excluded the PRFs that do not reproduce at least
85% of the original radial waveforms when convolved back with the corresponding vertical traces.
Receiver functions were then visually inspected. Finally, unsuccessful deconvolution traces, noisy
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waveforms, and outliers were carefully discarded from the data set. For Gaussian width of α = 2.5, a
minimum percentage of about 12% of the PRFs (station RSHS) were kept for further analysis, while a
maximum percentage of about 64% of the PRFs (station DJNS) were accepted after our two‐step quality
control. For Gaussian width of α = 1.0, about 10–59% of the PRFs were kept in the data set for further

Figure 2. Distribution of the SNSN stations used in this study, with subarrays in the regions of Cenozoic volcanism. The 1‐D shear velocity models from P wave
receiver functions and Rayleigh wave group velocities were derived for all 156 stations (green and blue inverted triangles), while the refined 1‐D S velocity
models using P wave receiver functions, S wave receiver functions, and Rayleigh wave group velocities were obtained at 133 stations (green inverted triangles).
SNSN = Saudi National Seismic Network.
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analysis. Figure 4 shows radial PRF averages for a few stations at both
Gaussian widths. Note that the Ps conversions at the Moho and crustal
reverberations are clearly displayed in the PRFs for most of the sites.

2.2. SRFs

SRFs contain the S‐to‐P conversions (Sp) upon refraction of an incoming
teleseismic Swavefront at seismic discontinuities below the recording sta-
tion. At a given station, Sp conversions and multiple reverberations arrive
before and after the direct S wave, respectively; multiples are, therefore,
naturally separated and can be easily removed from the final SRFs (e.g.,
Hansen et al., 2007). Unlike PRFs, in which the Ps conversion at the
lithosphere‐asthenosphere boundary (LAB) is often masked by crustal
reverberations, the LAB‐converted Sp is generally observed with clarity
in the SRFs, providing a robust constraint on lithospheric thickness
(Hansen et al., 2007).

To calculate SRFs, we windowed the three‐component S waveforms 110 s
prior to the teleseismic S wave arrival and 10 s after, removed the mean,
detrended, tapered with a cosine taper function of 5% width, and band‐
pass filtered the seismograms between 0.05 and 8 Hz to prevent low‐
frequency noise and/or aliasing. We then down‐sampled the seismograms
to 10 samples per second. The filtered waveforms were first rotated into
the great‐circle path (Z‐R‐T) to obtain the vertical, radial and transverse
component seismograms, to then be rotated again into the SH‐SV‐P
coordinate system. Following Sodoudi et al. (2006), the angle for the
second rotation was determined empirically through minimization of
the S wave energy in the SRF. The vertical and radial component seismo-
grams were rotated through a set of trial incident angles to obtain a series
of quasi‐SV and quasi‐P traces. Subsequently, each quasi‐SV component
was deconvolved from the corresponding quasi‐P component through

the iterative time‐domain method of Ligorría and Ammon (1999), with 500 iterations. The angle minimizing
the direct S wave energy on the SRF was then considered the optimal incident angle for rotation into the
SH‐SV‐P system. In our work, the SRFs were computed with a Gaussian width of α = 1.0.

The same automatic quality control used for PRFs was applied to SRFs, excluding those SRFs that did not
recover at least 85% of the original P component waveforms when convolved back with the corresponding
SV component traces. Because SRFs tend to be noisier than PRFs, it is difficult to select SRFs by visual
inspection in terms of coherency with the corresponding Sp conversions. Therefore, we applied a correlation
coefficient matrix method (Tkalčić et al., 2011) for the SRFs at each station to identify and remove outliers.
The correlation coefficients between all possible SRF pairs at a given station were computed by constructing
a symmetric correlation coefficient matrix of size N × N, where N represents the total number of SRFs at a
given station. The diagonal elements represent the autocorrelation coefficients (i.e., the comparison of SRFs
to themselves) and are hence of unit value, while the off‐diagonal elements have values between −1 and 1,
indicating the similarity between any two given traces. Based on the correlation matrix, we kept only the
SRFs satisfying the following criterion: the correlation coefficients with at least a percentage η of all other
SRFs must be larger than a threshold value ε. The threshold value ε and the percentage η were determined
by trial and error, keeping in mind that the higher the threshold and percentage values, the fewer the SRF
waveforms will be declared acceptable for further study. Here, we chose a threshold ε= 0.2 and a percentage
η = 40%.

After the critical selection, a maximum percentage of about 46% of the SRFs (station KHRJ) were kept
for further analysis, while a minimum percentage of ~8% of the SRFs (station HIL04) were considered
to be qualified for further analysis. Figure 5 displays SRF averages for a number of selected stations in
Saudi Arabia. All SRFs display clear Moho Sp conversions at lag time of 4‐5 s, and a few waveforms also
show identifiable Sp conversions at the LAB. Generally, the percentage of the acceptable, high‐quality

Figure 3. (a) Global distribution of earthquakes (red stars) used to derive P
wave receiver functions. (b) Global distribution of earthquakes (red stars) for
computing S wave receiver functions.
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SRFs is comparable to that for PRFs; nevertheless, we obtained fewer SRFs in total, primarily due to
fewer teleseismic events that were originally selected in the (more restricted) distance range for
SRFs computation.

2.3. Rayleigh Wave Group Velocities

Fundamental‐mode Rayleigh wave group velocities (at periods of 8‐40 s) were taken from an independent
tomographic study for the study region (Tang et al., 2018), in which high‐quality Rayleigh wave group velo-
cities were measured alongmore than 3,000 Rayleigh wave paths from regional earthquakes. Using the mea-
sured group‐velocities across the Arabian Plate and its adjacent regions, Rayleigh wave group velocities were

Figure 4. Radial P wave receiver function (PRF) averages at two Gaussian widths of 1.0 and 2.5 for selected stations. Black time series display the average PRFs,
while gray‐shaded swaths indicate the PRF confidence bounds. The number of PRFs used for each stack, the average event back azimuth (with variation, in
degrees), and the average ray parameter (with variation, in seconds per kilometer) are shown in each panel. The red, blue, and green arrows provide visual guidance
to identify the Ps conversion, the first multiple (PpPs), and the second multiple (PpSs + PsPs) caused by Moho discontinuity.
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tomographically mapped on a 2‐D rectangular grid with node spacing 0.8° in both latitude and longitude and
average resolution of roughly 2.5° × 2.5°. In addition, Rayleigh wave group velocities at periods of 25–133 s
were extracted from Ma and Masters (2014) and combined with those from Tang et al. (2018) to better
constrain deeper depth ranges (i.e., lithospheric and sublithospheric mantle). Ma and Masters (2014)
applied a cluster analysis technique to obtain millions of high‐quality fundamental‐mode Rayleigh and
Love wave group velocity measurements at periods between 25 and 133 s, and imaged lateral variations of
group‐velocity globally. Their best spatial resolution is ~5° according to checkerboard tests, although their
tomographic results were reported with a block size of 1° by 1°. Both sets of Rayleigh wave group velocity
measurements overlap at periods between 25 and 40 s. Measurements within this period range were
averaged to develop the dispersion curves to be utilized during the joint inversion with PRFs and SRFs at
each station.

Figure 5. S wave receiver function (SRF) averages with a Gaussian width of 1.0 at selected stations. Black lines display the SRF averages; gray‐shaded swaths
mark the confidence bounds. The number of SRFs used for each stack, the average event back azimuth (with variation, in degrees), and the average ray parameter
(with variation, in seconds per kilometer) are shown in each panel. The red and blue arrows provide visual guidance to identify the Sp conversions triggered at
the Moho and lithosphere‐asthenosphere boundary. Notice the changed horizontal scale compared to Figure 4 and the broader but lower amplitude of the SRFs.
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3. Joint Inversion

Combining PRFs and surface wave dispersion data into a joint inversion reduces the nonuniqueness of the
inversion and helps to resolve fine velocity variations with depth within crustal and upper‐mantle levels
(Julià et al., 2000). In a previous study, Tang et al. (2016) measured shear velocity variations at crustal and
uppermost mantle levels below 56 seismic stations in Saudi Arabia, by jointly inverting PRFs and
Rayleigh wave group velocities. However, resolving fine velocity variations at lithospheric and sublitho-
spheric mantle depths using PRFs and surface wave dispersion data is challenging, because crustal rever-
berations in PRFs often mask the Ps conversions from deeper discontinuities such as the LAB (e.g.,
Kumar et al., 2005). Sp conversions in SRFs are never contaminated by crustal reverberations (e.g., Farra
& Vinnik, 2000) and provide better constraints on the depth and contrast across the LAB (e.g., Hansen
et al., 2007). Thus, the joint inversion of all three data sets (PRFs, SRFs, and surface wave dispersion) allows
for detailed imaging of the lithospheric and sublithospheric shear velocity structure under Saudi Arabia.

The joint inversion scheme follows the approach of Julià et al. (2000; 2003), with the only difference that the
receiver function data set includes now both PRF and SRF waveforms. The system of equations is expressed
in matrix form as

pDsw

1−pð ÞDrf

σ

W

2
6664

3
7775m ¼

prsw

1−pð Þrrf
0

0

2
6664

3
7775þ

pDsw

1−pð ÞDrf

0

0

2
6664

3
7775m0 þ

0

0

0

W

2
6664

3
7775ma; (1)

where thematricesDsw andDrf represent the partial derivatives corresponding to the dispersion and receiver
function data, and the vectors rsw and rrf are the residual dispersion and residual receiver function data,
respectively. The factor that balances between matching the dispersion measurements and matching the
receiver functions is the influence parameter p (0 ≤ p ≤ 1). We chose p = 0.5 to give equal weight to each
data set. m0 is the starting model. The third row in equation (1) introduces smoothing constraints into the
inverted velocity model m. The smoothness factor σ controls the trade‐off between matching the observa-
tions and smoothing the inverted model and is determined by trial and error. We found that σ= 0.2 provides
a good balance for the data set utilized in our study. The smoothness constraints are implemented through
matrix Δ that builds the second differences between neighboring layers. The last row optionally fixes the
shear velocities of given model layers to certain values defined in vector ma, which are enforced through
the set of weights defined in the diagonal matrix W. Both the partial derivative matrices and the residual
vectors are normalized by the number of data points and physical units to equalize their relative contribu-
tions to the combined objective function (Julià et al., 2000).

We utilized the same starting model as Tang et al. (2016), consisting of a stack of thin layers with fixed thick-
ness and uniform velocity that form a 40‐km‐thick crust with a gradually increasing shear velocity (from 3.4
to 4.0 km/s) and a flattened PREM‐like (Preliminary reference Earth model) upper mantle (Dziewonski &
Anderson, 1981) down to ~270‐km depth. Themodel layers are 2.5 km thick at depths of 0‐60 km, 5 km thick
at 60‐150 km, and 10 km thick at larger depths. Pwave velocities were estimated from an a priori Vp/Vs ratio
(1.75 at the crust; 1.81–1.85 at the upper mantle) for each layer. The corresponding density for each layer was
computed from the P velocity through the empirical relationship of Berteussen (1977).

Following the procedure of Tang et al. (2016), we grouped PRFs according to back azimuth and ray parameter
and then average them within each group at two overlapping frequency bands (Gaussian widths of α = 2.5
and 1.0) for a given station. The maximum perturbations in back azimuth and ray parameter within each
bin were set to be less than 10° and 0.01 s/km, respectively. SRF waveforms were also grouped according
to ray parameter within the tolerance of 0.01 s/km and averaged within each group to improve the signal‐
to‐noise ratio. Only one group of SRFs was usually obtained for each station because the number of available
SRFs per station is generally smaller. At least three receiver function waveforms were required within each
group to compute an average. We then performed the joint inversion in two steps: First, we only utilized the
PRFs (i.e., all PRF averages) and the Rayleigh wave group velocities to obtain a shear wave velocity‐depth
profile for each station. Subsequently, we conducted a refined joint inversion using the PRFs, SRFs, and
Rayleigh wave group velocities (with the same starting model described above) to obtain improved 1‐D S
velocity model at each station. We found that six iterations were sufficient to achieve convergence.

10.1029/2018JB017131Journal of Geophysical Research: Solid Earth

TANG ET AL. 8



We followed the same procedure described in Tang et al. (2016) to estimate the uncertainties for the inverted
S velocity models. Because we obtained several PRF averages (according to back azimuth and ray parameter)
at any given station, we individually conducted joint inversion using a single PRF average and the Rayleigh
wave dispersion curve (and the SRF average) to achieve a single‐group joint inversion model. Thus, several
single‐group joint inversion models (their number is equal to the number of PRF groups) were obtained for
each station. We then computed the standard deviations of the single‐group models to develop approximate
uncertainties (i.e., confidence bounds) of each 1‐D model.

Figure 6 illustrates the joint inversion using PRFs, SRFs, and surface wave dispersion data for station DRBS
(latitude 17.83°, longitude 42.30°), located in southwestern Saudi Arabia (Figure 2). For this station, a total of
six PRF averages were obtained with average back azimuths between 50° and 100° and average ray para-
meters between 0.044 and 0.070 s/km. One group of SRFs with the average ray parameter of 0.091 s/km
was obtained. As explained before, we developed both the 1‐D S velocity model inverted from PRFs and
Rayleigh wave group velocities and the refined 1‐D inverted model from PRFs, SRFs, and Rayleigh wave
group velocities. Both models show a ~35‐ to 37.5‐km‐thick crust with a middle crust (S velocities of
~3.7‐3.8 km/s) between ~10 and 27.5 km as well as a mafic lower crust (S velocities of ~3.9‐4.2 km/s)

Figure 6. Joint inversion of PRFs, SRFs, and Rayleigh wave group velocities at station DRBS (located in the Asir region, Figure 2). In panels (a) and (b), the
observed and predicted PRFs (SRFs) are displayed in black and red, respectively; observed and predicted Rayleigh wave group velocities (period range 8 to 133
s) are indicated by black triangles and red lines in panel (c). The 1‐D inverted shear velocity model (red, with gray‐shaded confidence bounds) from PRFs, SRFs, and
Rayleigh wave group velocities, the inverted model (blue) from PRFs and Rayleigh wave group velocities, and the starting model (black) are shown in panel (d).
Note the difference in shear wave velocity at lithospheric mantle levels between the red (with SRFs) and blue (without SRFs) models. PRF = P wave receiver
function; SRF = S wave receiver function.
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between ~27.5 and 35 km. Yet, below the Moho, the inversion without SRFs cannot resolve the LAB, while
the joint inversion with SRFs reveals a well‐defined upper‐mantle lid and a clear discontinuity (which we
interpret as the LAB) with an S velocity decrease at ~60‐km depth.

Another example for the joint inversion is shown for station RHT09 (latitude 24.78°, longitude 39.91°, situ-
ated in Harrat Rahat) in Figure 7. Both models (with and without SRFs) are consistent at crustal and litho-
spheric mantle levels; at sublithospheric levels between 110 and 170 km, however, both models differ. Low S
velocities (<4.0 km/s) are observed at depths of ~110‐170 km when no SRFs are included, which becomes
less pronounced when SRFs are included. These two examples (Figures 6 and 7) demonstrate the importance
of including SRFs to improve imaging of the lithospheric and sublithospheric mantle.

4. Crustal and Upper‐Mantle Structure of Saudi Arabia

We have obtained joint‐inversion models from PRFs and Rayleigh wave group velocities at 156 SNSN sta-
tions and inverted models from PRFs, SRFs, and Rayleigh wave group velocities at 133 stations (Figure 2).
Using the irregularly spaced distribution of 1‐D models, we have constructed a 3‐D shear wave velocity

Figure 7. Same as Figure 6 for station RHT09 (located in Harrat Rahat, Figure 2). Note the difference in S wave speed at sublithospheric depths (~110–170 km)
between the red (with SRFs) and blue (without SRFs) models.
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Figure 8. Horizontal slices of shear wave velocity anomalies (%) (a to t) over the depth range 0–50 km, encompassing upper and lower crust and the topmost mantle
of Saudi Arabia. Reference velocity values and corresponding depths are indicated in the bottom left corner of each plot. Dark gray lines outline the regions of
Cenozoic volcanism. Dashed black line marks the boundary between the Arabian Shield and Arabian Platform.
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Figure 9. Zoomed views of shear velocity anomalies (a to f) at crustal depths (7.5–22.5 km) below the Cenozoic volcanic
fields. Dark gray lines outline the harrats. Vertical transects A‐A′, B‐B′, and C‐C′ depict absolute S velocities over the depth
range 0–100 km.
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model through bilinear interpolation across each layer. Our 3‐Dmodel for Saudi Arabia is presented in terms
of percentage change in S wave speed in Figures 8–10; horizontal slices of absolute shear velocities are
included in the supporting information (Figures S1–S5).

Figure 10. Horizontal slices of S velocities (a to l), shown as percentage change of S wave speed, for various layers at upper‐mantle levels. Reference velocities and
depth intervals are given in the bottom left corner of each panel.
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Figure 8 illustrates horizontal maps of shear velocity anomalies at crustal depth ranges. At depths of
0‐5 km (Figures 8a and 8b), the shear velocity patterns are dominated by the presence or absence of sedi-
ments. The low‐velocity features correlate well with the sedimentary cover of the Arabian Platform to the
east and north. The border between the low velocities in the east and the high velocities in the west
matches perfectly with the boundary between the Arabian Shield and Platform (Figure 8a). At depths
of 5‐10 km (Figures 8c and 8d), the velocity anomaly maps reveal low shear velocities in the eastern mar-
gin of the Arabian Platform, demonstrating the presence of very thick sediments (up to ~10 km) (Stoeser
& Camp, 1985).

Interestingly, several low shear wave velocity anomalies (Figure 8e–8i and S1) at crustal levels (10‐22.5 km)
can be observed below the Cenozoic lava fields in the Arabian Shield. Zooming into the volcanic regions, six
horizontal slices (in percentage change) and three vertical sections (in absolute shear velocity; Figure 9)
illustrate the complex 3‐D patterns that characterize the anomalously slow S velocities. Profile AA′ runs
in a west‐east direction along the latitude of 25°; profile BB′ is along the longitude of 39.5° in a south‐north
orientation; and profile CC′ runs along a SE‐NW direction, parallel to the Red Sea. Our maps of S velocity
reveal crustal velocity reductions roughly located below Harrat Khaybar, northern Harrat Rahat, Harrat
Uwayrid, and Harrat Lunayyir. A possible low‐velocity feature in the upper crust beneath the Harrat
Nawasif and Harrat Hadan is also inferred, but its presence is not well constrained due to sparse station cov-
erage in this area.

Moreover, below ~10 km (Figures 8d–8f, S1e, and S1f), the eastern margin of the southern Red Sea shows
higher S velocities (i.e., velocities at lower crust and even Moho interface), which suggest the presence of
oceanic crust underneath the southern Red Sea. Previous geophysical studies (Al‐Damegh et al., 2005;
Hansen et al., 2007) found a ~12‐ to 14‐km‐thick crust below Farasan Island in the southern Red Sea, in
agreement with our study.

At depths of 27.5‐30 km (Figures 8l and S2l), the western edge of the Arabian Plate displays faster shear velo-
cities (corresponding to wave speed in the lower crust and/or at the Moho), while both the Arabian Platform
and the eastern Arabian Shield show lower velocities (i.e., crustal velocities). As depth increases (~30–42.5
km, Figures 8m–8q, S2m, S2n, and S3o–S3q), the high S velocity areas expand eastward and southward.
This feature reflects a relatively thin crust (~35–37.5 km) beneath western Arabia as well as a thicker crust
(>40 km) underneath the southern Arabian Shield and the eastern Arabian Platform. It also confirms that
the Arabian margin of the Red Sea has a thinner crust of ~25–32.5 km thick (Al‐Damegh et al., 2005;
Tang et al., 2016; Tkalčić et al., 2006). Additionally, at 30‐35 km (lower crustal levels, Figures 8m, 8n,
S2m, and S2n), the larger velocities in the Arabian Shield are consistent with a mafic lower crust, while
the slower velocities of the Arabian Platform reflect a more felsic composition (Christensen & Mooney,
1995; Rodgers et al., 1999). Below ~42.5 km (Figures 8r–8t and S3r–S3t), the shear wave velocities across
the entire Saudi Arabia are generally larger than 4.3 km/s, indicating that over most of the study area
upper‐mantle shear velocities are reached.

Figure 10 shows horizontal slices of S velocities in terms of percent perturbations for upper‐mantle depth
ranges. At depths of 55‐65 km (Figures 10a and 10b), no low S velocity zone under the volcanic fields is
found, whereas the eastern edge of the southern Red Sea exhibits slow velocities that imply a locally thin
lithosphere (≤55 km). At 70‐75 km (Figure 10c), low shear wave velocities appear first beneath the wes-
tern Arabian Shield and even Jordan. As depth increases (80–150 km, Figures 10d–10j), a continuous low‐
velocity zone (LVZ) is visible below the southern Red Sea, the Arabian Shield, as well as Jordan. At
depths of 160‐190 km (Figures 10k and 10l), the LVZ still persists but becomes more segmented.
Additionally, the maps of absolute S velocity (Figure S5) reveal a minimum velocity of ~4.0–4.1 km/s
in the LVZ, representing a ~8–10% maximum decrease with respect to the reference velocities (i.e.,
4.40–4.47 km/s). Previous studies (e.g., Chang & Van der Lee, 2011; Yao et al., 2017) reported a narrow
upper‐mantle LVZ with shear velocities as low as 4.0–4.2 km/s, which have been proposed to represent
a northward channeling of plume material from the Afar hot spot into the Arabian Shield. Our 3‐D model
corroborates the previous findings and provides much improved spatial resolution on the structure of
the LVZ.

Furthermore, our velocity model reveals a thin lithosphere of only 70–90 km underneath the Arabian Shield,
compared to thicker lithosphere under the Arabian Platform (Figures 10c–10f). Hansen et al. (2007) reported
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LAB depths of 60–120 km for a few stations in the Arabian Shield. The upper‐mantle S velocity model of Yao
et al. (2017) exhibits a 60‐ to 90‐km‐thick lithosphere under the Arabian Shield, in overall agreement with
our refined S velocity model.

Finally, we estimated the confidence bounds for each 1‐Dmodel below the seismic stations. Horizontal slices
of S velocity uncertainties were built through bilinear interpolation. Figure 11 illustrates the maps of shear
velocity uncertainties derived from the joint inversion of PRFs, SRFs, and Rayleigh wave group velocities for
a few layers, while uncertainties for the joint inversion of PRFs and Rayleigh wave dispersion curve (without
SRFs) are displayed in Figure S6 for comparison. We observe that uncertainties at upper‐mantle depths from
the joint inversion of PRFs and dispersion data are larger than those at crustal levels for most of the study
area (Figure S6). It is notable that adding SRFs helps to reduce uncertainties of S velocities, particularly
for upper‐mantle depths (Figures 11c–11f). The uncertainties from the joint inversion of PRFs, SRFs, and
dispersion curve are usually less than 200 m/s (Figure 11), and no more than 100 m/s at sublithospheric
mantle levels for most of the study region (Figures 11d–11f).

5. Discussion and Implications

The most striking characteristics in our 3‐D model are the multiscale low shear velocity anomalies that
extend from the upper mantle to crustal levels underneath the Arabian Shield. In the following, we first com-
pare our results with previous studies and then discuss possible mechanisms that may be responsible for the
observed shear velocity reductions at different depth levels.

Figure 11. Maps of shear velocity uncertainties (a to f) derived from joint inversion of P wave receiver functions, S wave receiver functions, and Rayleigh wave
group velocities. Corresponding depth intervals are indicated in each panel.
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5.1. Comparison With Previous Studies

We first compare the S wave velocity structures of our study with imaging results from previous seismic stu-
dies in the Arabian Peninsula and neighboring areas. Compared to the model by Tang et al. (2018), who con-
structed a 3‐D shear velocity model with Rayleigh wave group velocity dispersion data only, we here improve
the data constraints and resolution, allowing us to image small‐scale fluctuations in S velocity (e.g., the lat-
eral variations of the LAB depths under the Arabian Shield, Figures 9 and S5). Using PRFs and SRFs jointly
enhances the sensitivity for small shear velocity variations and velocity discontinuities and thus provides a
much better S velocity model.

Chang and Van der Lee (2011) found an upper‐mantle slow S velocity anomaly, estimated to be ~500 km
wide, stretching from the Afar region through the southern Red Sea and into western Arabia.
Interestingly, both Chang and Van der Lee (2011) and our model show that the shape of the LVZ in western
Arabia extends approximately northwestward and then turns right at the northwest corner (i.e., near Jordan
and Gulf of Aqaba) to roughly northeastern direction at shallower layers (i.e., above ~125 km, Figures 10c–
10h), while the LVZ directly northward expands to northern Arabia below ~130 km (Figures 10i and 10j).

Moreover, Yao et al. (2017) developed an upper‐mantle shear wave velocity model for the Arabian Shield and
confirm the presence of the LVZ. In theirmodel, remarkable low S velocities (minimumvelocities) of ~4.0–4.1
km/s start to appear at ~65‐85 km and exist continuously until ~145‐km depth, whereas our inverted model
indicates a gradational decrease in S velocity from shallow to deep layers that reach minimum speeds of ~4.0
km/s at ~110–135 km. This difference is possibly caused by the chosen layer thickness in the inversion. We
applied a layer thickness of 5–10 km (relatively thin) for the upper‐mantle levels, thus allowing a gradual
successive change, while Yao et al. (2017) used 20‐km‐thick layers. Additionally, it is worth noting that the
minimum S velocities of ~4.0–4.1 km/s are mostly concentrated over the harrats in our model (Figure S5).
In the southern Arabian Shield (i.e., Asir region near Yemen, below ~20 °in latitude, lacking large lava fields;
Figures S5d–S5h), we also find relatively slow velocities compared to eastern Arabia but cannot confirm the
strikingly low shear velocities inferred by both Chang and Van der Lee (2011) and Yao et al. (2017).

5.2. Upper‐Mantle LVZ Below Western Arabia

Our inversion confirms the presence of a pronounced upper‐mantle LVZ below the eastern edge of the
southern Red Sea, the Arabian Shield and Jordan, as inferred in previous studies (e.g., Chang and Van der
Lee., 2011; Yao et al., 2017). Plank and Forsyth (2016) pointed out that shear wave speeds below 4.25
km/s are indicative of the existence of partial melt in the upper mantle, particularly under volcanically active
fields. Thus, the imaged LVZ strongly suggests the presence of partial melt in the upper mantle underneath
western Arabia.

Geochemical analysis by Duncan and Al‐Amri (2013) showed that the parental magmas beneath Harrat
Lunayyir are formed by 2–10% partial melting of upper‐mantle material at depths larger than 60 km. Also,
Konrad et al. (2016) reported a magma origin from metasomatic melt derived by roughly 5% partial melting
of mantle around the LAB underneath Harrat Hutaymah. Additionally, Duncan et al. (2016) indicated that
the degree of partial melting is 1–7% (at ≥80‐km depths) under Harrat Hutaymah and 11–15% (≥50 km)
below Harrat Rahat. Our seismic model infers 2–7% (at ≥65‐km depths), 1–5% (≥100 km), and 2–10%
(≥70 km) reductions in shear wave speed underneath Harrat Lunayyir, Hutaymah, and Rahat. Numerical
models that reflect the influence of partial melt on media properties (i.e., shear and bulk modulus) dependent
on the geometry of melt were derived by Schmeling (1985). Moreover, Hacker et al. (2014) obtained the rela-
tion between seismic velocity decrease and the degree of partial melt by applying the model of Schmeling
(1985) and supposing crustal minerals and physical properties (e.g., density). Following the relation by
Hacker et al. (2014), we find roughly 2–8%, 1–6%, and 9–15% partial melts underneath Harrat Lunayyir,
Hutaymah, and Rahat; these estimates compare well to previous geochemical studies (Note that the percen-
tage of partial melt in the upper mantle is slightly underestimated by applying the relation of Hacker et al.,
2014, which was derived for crustal media). Accordingly, the parental magmas feeding the Cenozoic
volcanism in western Arabia are from the partial melts forming the upper‐mantle LVZ in our model.

However, several important questions are still unresolved. What is the origin of the partial melt in the upper
mantle beneath western Arabia? In other words, what factors triggered the partial melting? Is there a local
mantle plume that keeps providing fresh magmas to the Cenozoic volcanism? Is melt transported from the
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Afar hot spot through the upper‐mantle LVZ? Is it the local Arabian lithospheric and/or sublithospheric
mantle melt caused by the lithospheric extension related to the Red Sea rift? Recent geophysical investiga-
tions (Kaviani et al., 2018; Mai et al., 2019) on the 410‐ and 660‐km discontinuities, as well as the thickness
of the mantle transition zone (MTZ), ruled out the possibility of the existence of a local mantle plume below
the Arabian Plate. In western Arabia, Kaviani et al. (2018) discovered a thin MTZ with well‐defined down-
ward deflection of the 410‐km interface but almost no deflection of the 660 km discontinuity. Thus, the thin
MTZ is due to the upper‐mantle LVZ (i.e., hot mantle material) on top of the 410‐km interface. No strong
lower‐mantle upwelling is inferred underneath the Arabian Shield (Kaviani et al., 2018; Mai et al., 2019).
In eastern Arabia, Kaviani et al. (2018) displayed a slightly thickened MTZ, consistent with our findings that
this region shows no LVZ.

Previous studies (e.g., Chang et al., 2011; Yao et al., 2017) proposed a northward flow of mantle plume mate-
rial through the upper‐mantle low‐velocity channel (i.e., the LVZ) from the Afar hot spot to the Arabian
Shield, according to the seismic imaging of the LVZ and the approximately south‐north orientation of the
fast axis from shear wave splitting measurements (Elsheikh et al., 2014; Gashawbeza et al., 2004; Hansen
et al., 2006). The fast polarization direction of shear wave splitting measurements tends to be consistent with
the direction of lateral mantle flow (Silver, 1996). Thus, the laterally migrated plumematerial may constitute
the main source that feeds the western Arabian magmatism and volcanism (Chang et al., 2011).
Interestingly, age compilations of Cenozoic volcanic rocks with tectonic events manifests a northward pro-
pagation of the volcanism (Krienitz et al., 2009). Also, the spread of volcanic centers within northern Harrat
Rahat demonstrates the distribution of the older basaltic vents in the south to younger northward (Downs
et al., 2018). These evidences appear to support the model of lateral mantle flow.

Furthermore, some studies (e.g., Duncan et al., 2016; Krienitz et al., 2007) highlight that the harrat magmas
are from partial melting of “incompatible element enriched” mantle, rather than from “depleted” mantle.
“Enriched” represents fresh undifferentiated mantle material that is produced from a mantle plume.
However, a few geochemical observations (e.g., Bertrand et al., 2003) disagree with this conjecture and
instead suggest that the magmas related to the volcanism in Saudi Arabia, Jordan, and Syria do not originate
from the Afar plume but rather from the Arabian lithospheric mantle. Additionally, Shaw et al. (2007) indi-
cated that the magma composition in Jordan reflects binary mixing of the local lithospheric and astheno-
spheric melts. Konrad et al. (2016) also ruled out the involvement of the Afar plume as a magma source
for the harrats in Saudi Arabia, although they noticed one exception—Harrat Rahat (on the southern tip
of MMN line) showing a “weak but detectable plume signal.” Moreover, the traveled distance (~600 km,
assuming a mantle flow speed of ~20 mm/year, similar to the mantle convection speed near the crust) for
Afar plume material since the starting of the Red Sea rift (i.e., ~30 Ma) is inadequate to cover the entire wes-
tern Arabia (Tang et al., 2018).

Some studies (e.g., Moufti et al., 2012, 2013; Shaw et al., 2007) focusing on Harrat Ash Shaam and northern
Harrat Rahat (in northern Arabia and central Arabian Shield), attribute the local produced magmas to litho-
spheric extension triggered by the Red Sea rift. Yet, Baker et al. (1997) pointed out that the magmas in wes-
tern Yemen (southwestern Arabia) contain Afar plume components and are the result of melting mantle
metasomatized and enriched by the Afar plume. Considering the large spatial extent of the lava fields from
south to north in western Arabia, the distinction in lava composition at different harrats, as well as the asym-
metry of the uplift, volcanism, and seismic structure across the Red Sea, we propose that the magmas for the
Cenozoic volcanism are not derived by only one mechanism or source. Rather, they are a result of multiple
effects. In the south (western Yemen and perhaps southwestern Saudi Arabia), both lithospheric rifting and
the Afar plume contribute to the production of magmas (Figure 12). In the central and northern portions of
western Arabia, decompression partial melting triggered by lithospheric thinning along with the Red Sea rift
plays a major role (Figure 12). The enriched mantle of western Arabia, particularly in the central and north-
ern parts, may be produced by ancient Pan‐African plume activity (Stein, 2003) and/or interaction with the
Afar plume at early stages of lithospheric extension (prior to ~12 Ma; Konrad et al., 2016) but not produced
by the present Afar plume.

The northward mantle flow from the Afar proposed by previous geophysical surveys (e.g., Chang et al., 2011;
Yao et al., 2017) is likely to exist in the upper mantle. We propose the northwardmigration of plumematerial
may drive (or push) the local mantle melts in western Arabia to move northward; this also provides a
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stress/pressure field for magma ascent (resulting in continental lithosphere erosion and volcanic/magmatic
activities; Figure 12). The mechanism is analogous to squeezing toothpaste. When we squeeze the tail of the
toothpaste, the toothpaste stored at the head of the tube will come out first. Thus, the toothpaste at the head
is equivalent to the local mantle melts beneath western Arabia, while the Afar plume material is analogous
to the toothpaste at the tail. Furthermore, if we close the cap of the toothpaste and squeeze the tail hard,
some weak areas of the tube (analogous to lava fields) may fail because of increasing pressure, and some
toothpaste (local mantle melts) would spill out (volcanic activities) in localized mechanically weaker
regions. If the failure is near the tail of the toothpaste tube, some amounts of toothpaste from the tail
(equivalent to entrained Afar plume component) may spill out with the local toothpaste (local mantle melts).

5.3. Crustal Low‐Velocity Anomalies Below the Cenozoic Volcanism

Our 3‐D model reveals significant reductions (2–4%) in shear wave speed in the crust beneath the Cenozoic
volcanic regions (mainly northern Harrat Rahat, Harrat Khaybar, Harrat Uwayrid, and Harrat Lunayyir) in
the Arabian Shield. Koulakov et al. (2015), concentrating on Harrat Lunayyir, found anomalous areas with
lower S velocities, higher P velocities, and higher Vp/Vs ratios in the upper crust. Additionally, Abdelwahed
et al. (2016) reported crustal low P velocity zones underneath the 1256 CE eruption center and the 1999 seis-
mic swarm area in northern Harrat Rahat. These local investigations support our observations—crustal
velocity anomalies that are possibly related to the volcanism.

Potential mechanisms responsible for the detected heterogeneities in shear wave speed could be (1) a tem-
perature anomaly, (2) fractures caused by magma ascent, and (3) small amounts of partial melt. We discuss
these alternatives.

To investigate the effect of temperature, we estimate the temperature change from observed velocity reduc-
tions through a velocity‐temperature coefficient of roughly −0.2 to −0.3 (δVs/δT, in meters per second per
degree Celsius) taken from Kern and Richter (1981). We find that 2–4% S wave speed reductions can be
explained by 250–740 °C temperature increase. However, temperature at ~20‐km depth is usually within
the 200–500 °C temperature range (Christensen & Mooney, 1995), thus, such a large temperature increase
seems unrealistic. Moreover, no thermal source that may heat the crust under the areas of Cenozoic volcan-
ism is identified. Tang et al. (2016) identified no high temperature in the upper‐mantle lid below the volcanic
regions, indicating adiabatic ascent of magmas. Also, rapid ascent and eruption of magma is suggested by
geochemical analyses (e.g., Downs et al., 2018; Duncan et al., 2016), indicating little interaction between

Figure 12. Cartoon cross section from the Afar hot spot to the Arabian Shield, showing a schematic representation of the
upper‐mantle LVZ and the proposed magmatic mechanism below western Arabia. LVZ = low‐velocity zone.
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hot magmas and the crust. Therefore, the involvement of a thermal anomaly in the triggering of the observed
crustal S velocity decreases must be minimal.

Magmas are transported upward through the crust via the development and propagation of fractures
(Downs et al., 2018). Active magmatic activities during the past in this area are likely to have created frac-
tures at crustal levels. Fractures reduce the effective moduli of media, thus resulting in seismic velocity
reduction. It is notable that the crustal low shear velocity zones (underneath northern Harrat Rahat,
Harrat Khaybar, and Uwayrid) at different levels are, to some extent, interconnected (see the cross sections
in Figure 9). Accordingly, the observed crustal low shear velocity features may reflect the presence of frac-
tures that constitute possible pathways of magma ascent (i.e., plumbing system) from the upper mantle
up to the crust underneath the Arabian Shield.

Although geochemical studies (e.g., Downs et al., 2018; Duncan et al., 2016; Duncan & Al‐Amri, 2013;
Moufti et al., 2012) exclude the presence of long‐lived, sizeable crustal magma reservoirs and suggest a rapid
transport of magmas to prevent stalling and solidification within the crust, it is still possible that small
amounts of partial melt remain in the pathways that drive magma ascent. Following the approach on asses-
sing the effect of melt on velocity decrease (Hacker et al., 2014), we find that 1–4.5% partial melt is sufficient
to trigger 2–4% shear velocity reductions in the crust. Based on the above discussion, we postulate that frac-
tures triggered by magma ascent along with small amounts of partial melt may play a major role in causing
the crustal shear wave speed reductions.

It is notable that not all the observed crustal S velocity reductions are located directly below the lava fields;
conversely, not all the harrats (e.g., southern Harrat Rahat) are underlain by crustal shear wave velocity
anomalies. Therefore, it is still ambiguous if there is causal relation between the observed velocity anomalies
and the Cenozoic volcanism. Also, we note high crustal P wave velocity anomalies in Harrat Lunayyir
(Hansen et al., 2013; Koulakov et al., 2015), but low crustal P velocity features are observed below northern
Harrat Rahat (Abdelwahed et al., 2016), while we detect crustal S velocity reductions under both harrats.
Hence, the mechanisms which trigger the observed crustal seismic velocity anomalies within different local
regions may be different, requiring further local high‐resolution investigations to fully understand the origin
of the surface volcanism in western Saudi Arabia.

6. Conclusions

We have jointly inverted PRFs, SRFs, and fundamental‐mode Rayleigh wave group velocities for 156 broad-
band seismic stations to develop a high‐resolution 3‐D S wave velocity model of the crust and upper mantle
for Saudi Arabia. Our results help to understand themagmatic processes in the region and provide a basis for
further research. The following points summarize our main findings and interpretations related to the shear
velocity structure beneath Saudi Arabia:

1. Our 3‐D model reveals an upper‐mantle LVZ (70–190 km) underneath western Arabia, which supports
the model of northward lateral mantle flow and illustrates the presence of partial melts that constitute
the main magma source feeding the Cenozoic volcanism in western Arabia.

2. We interpret that the magmas for the Arabian volcanism are due to multiple factors. Both the Arabian
lithospheric thinning and the Afar plume jointly trigger the production of magmas in southwestern
Arabia (western Yemen and perhaps southwestern Saudi Arabia). Decompression melting caused by
the lithospheric thinning may be the dominant process in the central and northern parts.

3. Ourmodel shows crustal S velocity reductions, which are possibly correlated to the harrat volcanism, and
we conjecture that a plumbing system that facilitates magma ascent from the upper mantle to the crust
may exist.

4. We interpret that the observed crustal S wave velocity reductions may be a consequence of fractures
caused by magma ascent and small amounts of partial melt that remain in the crust.
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