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Abstract: In order to prove that the Arabian Plate is a tectonically active region even in its shield areas,
we obtained the attenuation structure t∗p of the upper mantle beneath the Arabian Plate by applying
the spectral inversion method to the newly established seismic network in Saudi Arabia operated
by the Saudi Geological Survey (SGS). The data sets consisted of good quality vertical components
of the teleseismic events for more than 4400 spectral ratios. The result showed significant and
diverse t∗p structures between the eastern and western regions of the Arabian Plate. High t∗p was the
predominant feature underneath the Arabian Shield (western Arabia) and low t∗p within the Arabian
Platform (eastern Arabia). The obtained t∗P values range from −1.0 s to 1.0 s. The observed high t∗p
patterns followed a line from north to south through the Arabian Shield along the Red Sea margin.
The high t∗p distribution closely followed the volcanic region, in particular the Makka–Madina–Nafud
Volcanic (MMNV) line. The maximum t∗p values were observed in the southern region of the Arabian
Shield, at the southern part of the Red Sea, where the African and Arabian Plates diverge. The
observed high t∗p will be attributed to the previously revealed low-velocity anomaly and thermal
activities beneath the Arabian Shield, and it is also correlated with the topography (high elevation) in
the region.
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1. Introduction

Various methods using different seismic phases have been used to determine the
attenuation parameter, Q, for the Arabian Plate [1–5]. These include Lg attenuation tomog-
raphy [5], the Lg/Pg amplitude ratio tomography method, the two-station method [3,4,6],
and the back-projection method [7]. These methods all show variations in the attenuation
in the upper mantle using both surface and body waves that are consistent with local,
regional and global scale studies and indicate that the upper 200–300 km of the mantle
beneath the oceans and tectonically active regions is generally more attenuating than the
mantle beneath stable continental shields [8–22].

However, this is not the case for the Arabian Plate, in particular, the Arabian Shield.
Previous seismic attenuation results based on studies of P, S and Lg waves have revealed
that a high attenuation zone exits underneath the Arabian Shield along the Red Sea margin
at upper mantle depths [2–5]. Consistent with past seismic work in the region were anoma-
lously low seismic velocities observed beneath the Shield region [23–35], suggesting the
presence of a thermal anomaly and showing that the Arabian Plate is a more active tectonic
shields than some of the others. In this study, we utilized datasets that come primarily
from the Saudi National Seismic Network (SNSN) operated by the Saudi Geological Survey
(SGS) [36] from 2006 to 2009. The datasets consist of good quality vertical component
seismograms. We applied to it a spectral inversion method [20,22] and thereby obtained
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the distribution of attenuation parameter t∗p in this region. It is worth mentioning that this
is the first attempt to apply this method to Saudi Arabian seismic data operated by the SGS.
We compared the results with the low velocity anomaly previously reported, as well as the
seismicity and volcanism in this region.

2. Data

SNSN is a seismic network with state-of-the-art Very Small Aperture Terminal (VSAT)
technology in the Arabian Plate (Saudi Arabia) operated by the Saudi National Seismic
Network (SNSN) of the SGS, which has allowed researchers to use the data with confidence.
Here, we used seismic data recorded by the SNSN from the period of 2006 to 2009 for
49 stations. The station locations of the SNSN are shown in Figure 1. The installed
SGS broadband stations consist of Nanometrics Trillium 40 seismometers, 24-bit Trident
digitizers, GPS receivers, and Cygnus VSAT transceivers (Figure 2). Each seismic station
is powered by a 320-watt solar array. Three channels (Z, N and E) are digitized with a
sampling rate of 100 Hz. The VSAT telemetry is ideal and affordable for seismic stations
located in remote areas of Saudi Arabia that do not have high-speed Internet access or
a commercial power supply. The current VSAT is a private or closed system that uses
time-domain multiple access (TDMA) for satellite channel sharing on the ARABSAT-2B
and UDP/IP communications protocol for data transmissions and commands to remote
stations. Data from the remote sites are transmitted to the satellites and then to the SGS
master station (HUB) in Jeddah [36].

Figure 1. The station locations of the SNSN. The inverse black triangles represent the station locations,
and the red triangles represent the locations of volcanoes. The thin black lines within the Arabian
Plate outline the border of the Arabian Shield and the locations of the lava field areas.

The datasets record the earthquakes that occurred around the globe. From the datasets,
we selected the best high quality waveforms. We selected the data for a total of 20 teleseismic
events. The datasets consist of well-recorded vertical component seismograms from deep
teleseismic earthquakes (>200 km) at distances ranging from 30◦ to 90◦ (Figures 3 and 4).
Here, the P-waves turn below the 660 km discontinuity and above the heterogeneous D

′′
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region, in which the vertical gradients are well understood [20]. The advantage of using
the P-wave portions from deep earthquakes is their relatively short durations, lack of
complications from surface wave reflections (i.e., pP and sP) and lack of attenuation by the
uppermost mantle in the source region [20].

Figure 2. The installation of SNSN station number 9, located in the Arabian Shield area. Each
station consists of Nanometrics Trillium 40 seismometers, 24-bit Trident digitizers, GPS receivers, and
Cygnus VSAT transceivers and powered by a 320-watt solar array.

Figure 3. The locations of the selected earthquakes and the stations. The stars represent the epicenters
of the selected earthquakes recorded by the SNSN stations used in this study. The black reversed
triangles represent the station locations.



Geosciences 2023, 13, 343 4 of 14

Figure 4. The stars and the lines represent the epicenters and the ray paths of the selected earthquakes
recorded by the SNSN stations used in this study, respectively.

Examples of selected teleseismic waveforms are illustrated in Figure 5. The selected
P-wave portions were limited with 15-second time windows for further data analysis and to
increase the efficiency of the analysis procedures. Figure 6 shows examples of the P-waves
with manually picked arrivals of the onset phase motion. In these figures, the recorded
vertical components from eastern and western Arabia are shown for the same event. One
can notice that the recorded P-wave from the eastern Arabian stations carried additional
energy compared to the waveforms recorded at western Arabian stations. This is direct
observation evidence showing that the effect of the attenuation could play a major role in
seismic observation within the Arabian Plate.

Figure 5. Example of the selected teleseismic seismograms for two different SNSN stations. The data
sets represent high quality recorded events seismograms from 49 stations.
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Figure 6. The onset phase motion with picked arrivals of the P-waves recorded at the SNSN stations
for the same event. (Top): The P-waves recorded at the eastern Arabian stations. (Bottom): The
P-waves recorded at northwestern and western Arabian stations.

3. Methodology

We followed the same data process used by [20,22]. We briefly review the methodology,
which is based on an assumption that the observed amplitude spectrum of body wave
Aij( f ) for the event observed at the jth station can be written as

Aij( f ) = Si( f ) exp(−π f t∗j ) (1)

where Si( f ) is the source amplitude spectrum, and t∗j is the t∗ for this station, which is
defined as a total travel time divided by the attenuation factor Q along the ray path [37]:

t∗ =
∫

ray

dt
Q

(2)
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We then take the ratio of the amplitude spectra of teleseismic P-waves between the
two stations j and k for the same event i as:

Rjk( f ) =
Aik( f )
Aik( f )

(3)

By applying (1) to (4), we obtain

ln Rjk( f ) = −π f4t∗pjk (4)

where ∆t∗pjk = t∗Pj − t∗Pk is the differential attenuation between two stations, and is deter-
mined as the measurement of the slopes of the best fitting lines. The ratios were smoothed
by applying a moving average and then linearly regressed by the least square method. We
successfully constructed datasets of spectral ratios for more than 4400 station pairs using
data from different earthquakes at various azimuths. We assumed two weighting factors
on the data: the 2σ uncertainty, or the fitting error from the regression line (ε jk ); and the
interstation distance or station separation (∆jk). Figure 7a–c shows the absolute values
of |∆t∗P|, the measurement uncertainty (2σ error) and the interstation separation between
seismic stations within the Arabian Plate, respectively.

Figure 7. (a) Distributions of the term |∆ t∗p|. (b) 2 σ error distribution of the regression line
measurements with reference value εR . (c) Interstation distribution with reference value.
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A set of linear equations to estimate t∗P was constructed:

wjk(t∗Pj − t∗Pk) = wjk∆t∗pjk (5)

where the weighting factor wjk is:

wjk = exp[−(
ε jk

εR
)2] exp[−(

∆jk

∆R
)2] (6)

In the equation, we denoted 2σ error by ε jk and the interstation distances by ∆jk. This
includes the combination of the two constraints implemented for the 2σ error in the ∆t∗P
measurements and the interstation distances. The first term in the constraint function
in (6) reduces the weighting of the measurements with the highest 2σ uncertainty, and the
second constraint reduces the weighting of measurements for largely separated stations.
We selected our 2σ uncertainty reference values εR to be 0.8 s, and we defined the station
separation references values (∆R) to be 715 km (Figure 7b,c). Furthermore, since the absolute
values could not be constructed in the spectral method, we constrained the average values
of t∗P to be zero:

49

∑
j=1

t∗P = 0 (7)

Thus, only the relative variations in t∗P were estimated and then used for the inversions.
We solved these linear equations (Equations (5) and (7)) with the standard least squares
inversions method as Gm = d, where m and d are vectors composed of tP j∗ and ∆t∗Pjk, to
obtain the t∗Pj (j = 1, 2, 3, . . . , 49).

4. Results

Figure 8 shows t∗P values obtained for the 49 stations in the Arabian Plate. In general
the results show high t∗P for the Shield and low t∗P for the Platform area. The results
show significant spatial variation in t∗P among the stations and, especially, show distinct
t∗P variations within the Arabian Shield, predominantly along the volcanic region. The
obtained t∗P pattern generally trends S–N beneath the Arabian Shield. Figure 9 shows the
distributions of the t∗P for the western part of the Arabian Plate (Arabian Shield) along the
Red Sea coast. We obtained the highest t∗P values in the southern parts of the Arabian Shield
(area A). Here, the main observed feature from our results is the area of high t∗P values that
is most clearly revealed beneath the southern part of the Arabian Shield, and extends to
central and northern parts of the Shield. Obviously, high t∗P are sparsely distributed within
the volcanic regions along the Arabian Shield upward to the Gulf of Aqaba (north of the
Shield) (area B). Moreover, Figure 9 also shows the heat flow measurements taken along
a line within the Arabian Shield [38]. The highest observed temperatures (330 K) were
found in the southern part of the Arabian Shield. We also found a high t∗P value at Harrat
Lunayyir, which is locally known as the Ashaqah lava field. The last recorded earthquake
of magnitude MW 5.7 in this region occurred on 19 May 2009. Figure 10 shows a closer view
of the t∗P distribution results of the Harrat Lunayyir (Ashaqah) lava field. These findings of
high t∗P patterns were also consistent with the broad low velocity region obtained from the
previous seismic work in the region as stated in the previous section. This will be discussed
more in the following section.
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Figure 8. The t∗P variation in the Arabian Plate. The red triangles represent the volcanoes. The black
lines within the Arabian Plate represent the border of the shield area. The highlighted white regions
within the shield illustrate the lava fields. The major and some minor faults were also shown. The
circle represents the t∗P pattern obtained for each station. The results were overlapped with geological
outline (lava field, Arabian Shield border and faults). The t∗P scale (−1.0 s < t∗P < 1.0 s) represents the
minimum and maximum attenuation. The red color represents high t∗P and the blue color represents
low t∗P.
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Figure 9. A P-wave attenuation distribution, t∗P , represented as station specific attenuation factors
for the Arabian shield along the Red Sea. The circles represent the t∗P pattern obtained for each
station (green inverse triangles). The results were overlapped with geological outline (lava field,
Arabian Shield border and faults). The t∗P scale (−1.0 s < t∗P < 1.0 s) represents the minimum and
maximum attenuation. The red color represents high t∗P and the blue color represents low t∗P. The
highest t∗P is observed in the southern part of the Arabian Shield and south of the Red Sea (Gulf of
Aden, area A). High t∗P is also observed at the center of the Shield and extends to the north of the
Arabian Shield (to the Gulf of Aqaba) along the Red Sea margin, which nearly follows the volcanic
line regions, especially the MMNV line (area B). Red squares represent heat flow measurements along
the Shield ([38,39]). The locations of lava fields and their names were also shown in the map. The
black star represents the epicenter of the 2009 Earthquake with MW 5.7, at the Ashaqah Lava field
(the Lunayyir lava field), see Figure 10.
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Figure 10. The t∗P variations around Harrat Lunayyir (Ashaqah). The epicenter of a recent major
earthquake (MW 5.7) is noted by the black star. The circles represent the t∗P pattern obtained for each
station around the Harrat. The triangle represent the Volcanic location. The thick black line represent
the Harrat lava field border. The t∗P scale (−1.0 s < t∗P < 1.0 s) represents the minimum and maximum
attenuation. The red color represents high t∗P and the blue color represents low t∗P.

5. Discussion

Since most of the seismic stations are located in the west of the Arabian Plate (Arabian
Shield), we are going to confine our discussion to this area. As we stated in the preceding
section, Figure 8 shows the obtained results of t∗P for the entire Arabian Plate, whereas
Figure 9 shows a closer view of t∗P values for the Arabian Shield. The results were consistent
with the previous seismic studies in that they revealed low seismic velocities in the upper
mantle beneath the Shield [23–34]).

Other global and regional tomographic studies [26,40,41] suggest that the low seismic
velocities could extend from shallow upper mantle depths downward across the transition
zone and into the lower mantle. Recently, Hwang et al. (2011) [21] obtained the attenuation
of P and S body waves using globally distributed stations. Their results showed high t∗P and
t∗S within the Arabian Plate, and in particular they showed high t∗P in the Arabian Shield
along the Red Sea margin. This is also consistent with their calculated t∗Q from surface
wave Q model and thermal interpretation of S20RTS t∗T [40].

The observed high t∗P in the Arabian Shield along the Red Sea margin is also corre-
lated with the topography of this region, especially in the southern part of the Shield in
Asir Province (elevation 3000 m) (Figure 9, area A). We attribute this correlation to the
closer location of the seismic stations to the Afar Triple Junction where three rift systems
converge [42]. Bohannon et al. (1989) [43] advocated the process how the rifting caused
the uplift near the rift flank; the rifting started as lithospheric stretching, followed by the
upwelling of rocks from the asthenosphere and lithospheric mantle, the production of
partial melt, and the enhanced erosion of the lithospheric mantle beneath the continent.
The resultant density decrease explains the uplift. The same process would explain the
high t∗P beneath the uplifted area, where the partially melted rocks must be attenuative.

There is also a reasonable correlation between the location of high t∗P, low velocity
anomaly under the Shield and the Cenozoic volcanic regions. The high t∗P zones in the
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central and northern region of the Shield correlate spatially with a series of eruptive centers
called the Makka–Madina–Nafud Volcanic (MMNV) line (Figure 9). The high t∗P values lo-
cated in area A represent the oldest volcanic rocks in the Shield (c. 20–30 Ma) [44–46], which
were contemporaneous with flood basalt volcanism in Yemen, Afar, and the Ethiopian
Plateau, as well as the initiation of rifting in the Red Sea (Figures 8 and 9, area A). The
younger volcanic rocks (c. 12 Ma to present) [47,48] are found in the central and northern
parts of the Shield (Figures 8 and 9, area B).

We also find a region of high t∗P in the area where the last significant earthquake
occurred in western Arabia (19 May 2009, MW 5.7), at the Ashaqah lava fields in the
northwestern Arabian Shield (Figure 10). This earthquake frightened the local people and
was reported by the media since that was nearly the largest and first earthquake felt in the
region. Thus, the results obtained in the Arabian Plate are consistent with the previously
reported results for central Japan [22], in which we have detected a high t∗P within the
volcanic and seismic regions.

Most of the previous work attributes the observed low velocity within the Arabian
Shield to the presence of thermal perturbation in the upper mantle [3,6,7,33–35,39,49].
Thus, the high t∗P and low velocity region could be assigned to a mantle thermal anomaly
(330 K), which is associated with the Cenozoic uplift of the volcanic centers on the Shield.
Heat flow measurements from the Shield (Figure 9) [38] are similar to the global average
for Precambrian terrains [50–52] suggesting that the thermal anomaly in the lithospheric
mantle indicated by the seismic and petrologic observation has not yet propagated to the
surface [39]. The maximum estimated temperature of 330 K [39] would explain the high
t∗P and the low velocity anomaly, suggesting the presence of partial melts in the upper
mantle beneath the Arabian Shield which is consistent with the presence of Holocene
volcanic activity.

Further evidence for thermally perturbated upper mantle beneath the Arabian Shield
shown by Chang et al. (2011) [34], who imaged the low-velocity upper mantle beneath the
Arabian region using a tomographic method with the inversion of seismic travel times and a
compilation of seismic data. They found low velocities beneath the southern Arabian Shield
and Red Sea (Gulf of Aden), which is consistent with active spreading. Moreover, studies
of shear wave splitting [49,53] showed an N–S fast polarization direction for shear-waves
across the Shield. Both studies [34,49] have explained their results by flow in the mantle
in the direction of the plate motion; consequently, Hansen et al. (2006) [49] attributed the
pattern to a combination of plate and density driven flow in the asthenosphere. The density
driven flow is believed to be caused by a warm material from the Afar hotspot flowing
to the northwest channeled by a thinner lithosphere under the Red Sea and the western
edge of the Shield. Note that estimates of the plate motion show that the Arabian Plate is
moving in a northeasterly direction [54,55].

6. Conclusions

We estimated the t∗P distribution within the Arabian Plate by using the spectral in-
version method [20,22] from teleseismic body wave spectra recorded by SNSN operated
by the SGS. A total of more than 4400 station pairs were used to obtain t∗P. The obtained
t∗P values range from −1.0 s to 1.0 s. High t∗P was observed within the Arabian Shield
(western Arabia) and low t∗P at the Arabian Platform stations (eastern Arabia). We found
the maximum t∗P at the southern part of the Red Sea and Arabian Shield. The observed
high t∗P closely correlates with the previously observed low velocity thermal anomaly and
topography of the Arabian Plate. The present study reconfirmed that the Arabian Plate is
tectonically active region, especially in the Arabian Shield.
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