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Abstract On 19 May 2009, an earthquake sequence of
M,,=4.8 occurred at 25.20°N 37.76°E about 60 km onshore
of the Red Sea coastline, Saudi Arabia. In the present study,
the digital waveform data from the largest four events were
used to estimate the source parameters and attenuation char-
acteristics along the source-to-station path in the Arabian
Shield. A grid search technique, combined with an assump-
tion of circular source model, was applied to find the best-fit
spectral amplitude over the space parameters: long period
spectral level ({2y), corner frequency (f;) and asymptotic
high-frequency fall-off (). Consequently, the spectral pa-
rameters were used to estimate source parameters: seismic
moment, fault radius (assumed circular rupture model) and
stress drop. Seismic moments are founded to be within the
range of 2.34E+14 to 2.83E+16 Nm and their corresponding
moment magnitudes range from 3.5 to 4.8; the fault radius
ranges from 369 to 1,498 m, and stress drops are observed in
the range of 8.7 to 32.0 b. The spectral slopes beyond the
corner frequency displayed w > to w >® behaviours in con-
trast with Brune's source model of w 2. This finding requires
more detailed investigations on large data sets to distinguish
the behaviour mechanism of the spectral slopes at high
frequencies. By taking the ratio between observed and cal-
culated spectra, the attenuation curves for P and S waves
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were derived along the source-to-station paths. The prelim-
inarily results exhibited high quality factors of Q,=3,883
and 0g=3,530 for P and S waves, respectively. To this end,
the ratio Op/Q, is founded to be slightly less than unity
indicating that the body waves from source-to-station paths
crossed a crustal volume that is partially saturated with fluids
causing lower attenuation effect on P waves than on S waves
in the Arabian Shield.

Keywords Arabian Shield - Earthquake source parameters -
Body wave attenuation - Saudi Arabia

Introduction

The Arabian Peninsula is surrounded by relatively high
active tectonic zones: the Gulf of Aden and Red Sea spread-
ing zones, Dead Sea Transform fault zone, East Anatolian
fault, Bitlis and Zagros suture zones, Makran thrust fault and
Owen fracture zone, as shown in Fig. 1. The plate boundaries
are capable to generate large seismic events of magnitude 7+
(e.g. the 1967 M7.0 earthquake in the Gulf of Aden, the 1971
M7.0 earthquake in the Bitlis zone, the 1972 M7.0 earth-
quake in the Zagros suture zone and the 1995 M7.2 earth-
quake in the Gulf of Aqaba). The seismic activity is not only
distributed along the plate boundary but also is extended to
take place inside the Arabian Plate, as shown in Fig. 2. Over
the historic record, the Arabian Shield has experienced three
earthquakes associated with volcanic eruptions (641, 1256
and possibly in 1800 AD). Along the onshore, the region has
recently suffered from three earthquakes which occurred in
Tabuk area (2004), Badr area (2009) and Al-Ays volcanic
zone (2007 and 2009). The earthquakes were felt by local
resistance in the vicinity of the epicentral areas. The focal
mechanism solutions of Tabuk, Bader and Al-Ays earthquakes
show normal faulting mechanism with two nodal planes ori-
ented NW-SE, parallel to the Red Sea, as determined by Al-
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Damegh et al. (2009, 2010) and Craig et al. (2011), respec-
tively. The strike of the fault planes agrees well with the
surface observations of NW trending faults, interpreted to be
a part of the Najd Fault System (Al-Damegh et al. 2010). The
stress field of the Tabuk, Badr and Al-Ays events is
characterised by a nearly horizontal NE-SW extension. The
epicentres and the focal mechanism solutions of the recent
three earthquakes are shown in Fig. 3. These earthquakes
emphasised the importance of defining the input parameters
needed for the reassessment of seismic hazards in the western
part of Saudi Arabia on the basis of the recent geophysical,
geological and seismological database.

The present study focuses on analysing the digital wave-
form of the largest four earthquakes that occurred in Al-Ays
seismic zone in May 2009. Al-Ays dislocation zone is asso-
ciated with the Harrat Lunayyir volcanic field, northern
Arabian Shield, Saudi Arabia (Fig. 2). Although the seismic-
ity occurring in the zone is identified by many authors as
intraplate earthquake swarm activity, the origin of the pecu-
liar seismicity is not well known, whether it is triggered by
magma intrusion into the extensional faulting, tectonic pro-
cess or a temporal coupling process of mechanical interac-
tion between tectonic and magnetic potential. However, in-
traplate earthquake swarms are usually observed in the areas

of active volcanisms. Moreover, they occur mainly in the
areas of enhanced crustal fluid activity, particularly in re-
gions with the Quaternary volcanism. The occurrence of
swarms is explained by the intrusion of crustal fluids into
the fault zone or by a seismic slip (Vidale and Shearer 2006).
Fluid activity can be due to periodic dyke intrusions that
generate stress heterogeneity near the fracture zone. Recent-
ly, precise hypocentral distributions around volcanoes and
active faults showed a linear alignment caused by a fault tip
(Got et al. 1994; Rubin et al. 1999; Waldhauser et al. 1999),
by structural weakness (Gillard et al. 1996) and by an intrud-
ed dyke (Rubin et al. 1998). The occurrence of intraplate
earthquake swarms is usually explained by coupling activity
of tectonic stress and the existence of highly pressurised pore
fluids in subcritically loaded rocks. The dyke intrusion mod-
el supported the coupling mechanism of the seismotectonics
and pore pressure diffusion processes.

On 19 May 2009 at 17:34 (UTC), a moderate-sized
earthquake occurred in Al-Ays zone with moment magnitude
of 4.8 (Craig et al. 2011) comprising approximately 4,000
events of shallow depths in the range of 5-20 km and micro-
to-small-sized magnitudes, as reported by Saudi Geological
Survey (SGS) website. As a matter of fact, earthquake
swarms are characterised by the magnitude of the largest
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Fig. 2 Seismicity of the Arabian 30.0° 35.0°
plate and its surroundings as Al = -
compiled for instrumental
seismicity from ISC (1964—
2012) while historical
earthquake data (827-1906)
were compiled from many
authors (e.g. Adams and
Barazangi 1984; Camp et al.
1991; Bosworth et al. 2005;
Poirier and Taher 1980;
Ambraseys et al. 1994). The
open square denotes the Al-Ays
dislocation zone

events which rarely observed to exceed the M5.0 for intraplate
earthquake swarms. Previous studies of the epicentral area
after the occurrence of the respective earthquake using satel-
lite interferometry indicated that the sequence was associated
with dyke injection parallel to the margin (Baer and Hamiel
2010; Pallister et al. 2010). The epicentres are aligned NNW
as shown in Fig. 4. The hypocentres can be grouped into two
sets according to focal depths (Fig. 4); deeper events located
in the southern part of the region while the shallower events at
the north. The hypocentral distributions accompanied by sur-
face deformations supported the dyke intrusion model beneath
the epicentral area. An incipient status of dyke intrusion is
suggested by modelling results for the 2009 Al-Ays earth-
quake swarm (Mukhopadhyay et al. 2012).

The present study aims to estimate source parameters of 19
May 2009 earthquake and to preliminarily calibrate the atten-
uation along the whole path for the seismic stations located on
the stable Arabian Shield. The determination of earthquake
source parameters is of particular interest in complex
geodynamic environments, such as Harrat Lunayyir, where

le=mb<l
3<c=mb<d
d<=mb<5
S5<=mh<b
6be=mb<7
T<=mb<8§
Historical

50.0°

45.0°

the seismicity is characterised by small-sized earthquakes not
accompanied with large earthquakes. The evaluation of seis-
mic attenuation represents a key role for the quantitative
estimation of the parameters which control the propagation
of elastic waves and the source processes acting inside com-
plex tectonic areas. The results are of great importance to use
for the potential hazard assessment of Al-Ays earthquake
prone area.

Tectonic settings

The seafloor spreading along the Red Sea is attributed to
continental extension and rifting which resulted from the
northward motion of the Arabian Plate relative to the African
Plate (Fig. 1). On the eastern margin of the Red Sea, where
the Arabian Shield is spatially extended, the region is
characterised by dynamic elevation of topography which is
believed to be associated with upwelling in the underlying
mantle (e.g. Daradich et al. 2003). Increased seismic activity
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Fig. 3 Focal mechanism
solutions of recent three
earthquakes, Tabuk 2004, Badr
2009 and Al-Ays 2009, which
occurred on the Arabian Shield,
onshore of the eastern Red Sea
coastline

along the Arabian margin of the Red Sea, in contrast to the
African side, corresponds to a marked difference in the
elevated topography reflecting a large free-air gravity anom-
aly along the Arabian margin which is not present under the
African margin (Craig et al. 2011). The uplifting and volca-
nism in the Arabian Shield are generally assumed to be the
result of hot, buoyant material in the upper mantle that may
have eroded the base of the lithosphere (Camp and Roobol
1992). Previous studies suggested that the reduction of seis-
mic wave velocities are related to the presence of thermal
mantle lithosphere beneath the shield (Debayle et al. 2001;
Benoti et al. 2003; Nyblade et al. 2006; Park et al. 2007, 2008;
Al-Amri et al. 2008; Chang and Van der Lee 2011). The
mantle plume was recognised beneath the western part of
the Arabian plate including Harrat Lunayyir (Benoti et al.
2003; Daradich et al. 2003; Julia et al. 2003; Al-Damegh
et al. 2005) with surface evidence of ocean—island basalt
volcanism (Moufti and Hashad 2005). The positive gravity
anomalies associated with low seismic velocities and dynamic
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elevated topography reflected that the region has been
subjected to magmatic lithosphere causing the increasing of
topographic elevation.

The epicentral area belongs to one of the western Arabia
lava fields (Harrat Lunayyir) in the Arabian Shield. The area
is almost characterised by Cenozoic flood basaltic flows
reaching the ground surface through the prevailing deep
cracks and fissures since Miocene. The region is dominated
by NW-striking dykes and faults of NS to NE-SW and EW-
striking fault systems (Brown 1972). The region is tectoni-
cally undergoing extension as a result of normal faulting
mechanisms of dipping planes towards and away from the
Red Sea coastal plain (Roobol 2007). The focal mechanism
determined by Craig et al. (2011) and Harvard Global Cen-
troid Moment Tensor Catalogue (http://www.globalemt.org/
CMTsearch.html) showed normal faulting mechanism of
two nodal planes oriented NW-SE. This type of mechanism
is common with the earthquakes occurring in the north
western Saudi Arabia and is in consistence with the faults


http://www.globalcmt.org/CMTsearch.html
http://www.globalcmt.org/CMTsearch.html

Arab J Geosci

Fig. 4 Locations of hundred 38.5° 39.0°
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near the epicentre area. The mechanism reflects the domi-
nantly northeast extensional tectonic regime in the province.

Data analysis

On 19 May 2009, a moderate-sized earthquake of moment
magnitude 4.8 occurred approximately 60 km east of the Red
Sea coastline, Al-Ays volcanic zone, Harrat Lunayyir, west-
ern Saudi Arabia. The mainshock of M,, 4.8 (Craig et al.
2011) was strongly felt by local residents of Al-Ays town and
its vicinity. The epicentre was located at 25.282°N latitude,
37.7597°E longitude and shallow source depth of 4 km. The
mainshock is considered as the largest recorded earthquake
in the region. Surface deformations with different directions
and extensions were associated with the event.

The earthquake hypocentral locations, fault plane solutions
and the seismic stations are shown in Fig. 4. The respective
events were only observed at three seismic stations: UMLIJ,
YNBS and YOBS. The focal mechanisms and hypocentral
parameters are listed in Table 1. The hypocentral parameters
were determined by SGS using the HYPOINV2000 and a
number of observations included both P and S arrival times.
For the mainshock, the focal mechanism and the focal depth
were estimated by using waveform inversion technique (Craig
et al. 2011). For the other three events, the focal depths and

fault plane solutions were resolved by USGS. The waveform
data of the mainshock are shown in Fig. 5.

Spectral amplitudes are routinely estimated in the fre-
quency domain using a transform technique such as fast
Fourier transform (FFT). Waveform data recorded by a few
numbers of broadband seismic stations operating by SGS
few hours before the occurrence of the mainshock were used
to estimate spectral amplitudes of Al-Ays earthquake and to
investigate the attenuation characteristics of body seismic
waves. The stations UMJS and YOBS are equipped with a
Trillium 40s velocity sensor having an approximately flat
response from 0.02 to 40 s. While station YNBS is equipped
with a Trillium 120s velocity sensor having a response range
0f 0.02-120 s. The signal sampling frequency is 100 Hz for
all and the dynamic range of the whole recording system is
approximately 142 dB.

In the present study, the records were corrected to zero
baseline and instrument response. Time windows for both P
and S waves were manually selected using the generic mouse
of PGPLOT subroutines through X Window graphical user
interface to avoid contamination from other phases and
maintain the resolution and stability of the spectra. Shadow
areas in Fig. 5 refer to the selected windows for P and S
waves used in spectral parameter estimations. Second-order
high-pass Butterworth filter of 0.5 Hz corner frequency was
applied before the FFT to remove the long period biases from
the waveform data set. The east-west and north—south
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Table 1 The focal mechanism and hypocentral parameters of the study events

D Date Origin Time Location H [km] M, Fault plane

Year Month  Day Hour  Minute Second Latitude [°] Longitude [°] w [°] 0[] A[°]
1 2009 05 19 06 38 33.30 25.2818 37.7478 08 3.5 337 43 =73
2 2009 05 19 16 54 31.70 25.2763 37.7677 10 3.8 329 48 —87
3 2009 05 19 17 35 02.50 25.2820 37.7597 08 4.8 144 45 -93
4 2009 05 19 19 57 19.50 25.2955 37.7552 05 4.0 330 46 —64

H depth, M,, moment magnitude, ¢ strike, § dip, A rake

components are combined in the Fourier domain to obtain a
single horizontal component:

2 2
st = 5, L2507 0

2

A cosine taper was applied to the time series while the
weighting function (Konno and Ohmachi 1998) was applied
to smooth the amplitude spectrum over long-spaced abscissa
values of smooth parameter of 0.2.

Source parameters and whole path attenuation factor
estimations

The seismic source spectra are estimated from the analysis of
the P and S waves recorded at seismic stations using an
approximation of source model and one of regression tech-
niques. Using a point-source approximation, the spectral
amplitude for an event can be written as

Ai(f) = CSi(f )‘G(R)-efﬂﬁ/ ¢ (2)

where C is a scaling factor, Si(f) is the source spectrum,
G(R) is the geometrical spreading term, R is the hypo-
central distance and Q is the quality factor. The source
velocity spectrum, Si(f) can be modelled following an
analytical approximation such as introduced by Brune
(1970) and Boatwright (1978). The general model is
given by;

27f-82
1+ (f/fo)z“”

where (2 is the low-frequency spectral level, f; is the corner
frequency (e.g. Brune 1970) and ~y is the asymptotic high-
frequency spectral decay that is bounded between 1 (required
for conservation of seismic energy) and 3 based on how fast
the signal decays above the corner frequency controlled by the
cubic model that assumed the similarity in high-frequency
energy releasing from small and large earthquakes.

Silf) = 3)

@ Springer

Estimates of these spectral parameters can subsequently be
used to estimate parameters not directly measurable in the data
such as, seismic moment, fault radius (assumed circular rup-
ture) and stress drop. Stress drop is a key parameter needed to
understand the physics of earthquakes, investigate seismic
source scaling behaviours and infer local stress characteristics
in the crust (Imanishi et al. 2004).

The best-fit model was determined by minimising the
miss-fit function, based on L; norm, between the observed
amplitude spectrum and the calculated one,

[[log(Si(f))~log(4:(f))||, = min (4)

An iterative technique was applied to find the best-fit by a
grid search over (2, f, and . The search was grossly iterated
starting around an average values over - incrementing by
0.5, fo incrementing by 2 and {2, incrementing by 1. A fine
search was focused in a narrow range around the minimum
misfit values. The first approximation of f, and (2, were
calculated using the method of Snoke (1987):

00

J=2éVwW# (5)
k=2 [|utnlar (6)
)= 2(K7> " )
=31/ (%) )

where U(w) and V(w) are the displacement spectrum and
ground velocity spectrum, respectively. Figure 6 displays
examples of P and S wave spectra and their fitted source
model from the mainshock data set recorded by the UMJS,
YNBS and YOBS seismic stations. The space model param-
eters converged the best fits of the spectral amplitudes that
were converted to estimate the source parameters by their
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event. Station codes and components are shown at the right end of each
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Fig. 6 The velocity spectra (black solid line) and the synthetic spectra (red solid line) for P and S waves of the mainshock recorded by three
permanent seismic stations, UMJS, YNBS and YOBS, operated by SGS

introducing into the relationships given by Brune (1970) and 2.34v

Hanks and Wyss (1972): r= 21/, (10)
) M
_ 3 0 Ao =— 11
My = 4mpv’R FRy, (9) o 1673 (11)

Table 2 Averaged source parameters of the study events with their correspondent error factors

ID MO [Nm] EMO r [m] Er Ao EA(S Mw EMW
1 2.34E+14 1.98 369 1.29 21.63 2.15 35 1.05
2 7.80E+14 2.51 580 1.60 19.00 1.97 3.8 1.07
3 2.83E+16 1.42 1,498 1.54 32.00 1.70 4.8 1.06
4 1.78E+15 2.75 928 1.40 08.72 1.46 4.0 1.07
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where p is the density of the medium (2.75 g/em®), v is the  surface corrections (1 and 2 for P and S waves, respectively,
wave velocity, d is the hypocentral distance, F is the free ~ Garcia et al. 1996) and Ry , is the radiation pattern coefficient.
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Fig. 7 Ratio between observed and synthetic spectra (light blue, red, attenuation curve assuming a frequency-independent Q. Green dashed
blue and green dotted lines). Average ratio between observed and lines represent £1.00 standard error interval

computed spectra displays by black solid line. Black dashed line shows
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The velocity model derived by Rodgers et al. (1999) was used
for seismic velocities (P and S waves) and the correspondent
density. The root mean square averages of 0.52 and 0.63 were
used for the P and S waves, respectively (Aki and Richards
1980). The average values for seismic moment, source radius
and stress drop were computed (Table 2) at different stations
following Archuleta et al. (1982):

N
1
X = antilog (WZ 10g,x,-> (12)
i1

where N is the number of stations used because the errors
associated with (2 and r are log-normally distributed. The
standard deviation of the logarithm, SD(log(X)) , was estimat-
ed by calculating the variance of the individual logarithms
about the mean logarithm:

SD (logf) = (ﬁi 1/ (logxi—10g>_c>2 (13)

and multiplicative error factors, E,, were calculated as:
E, = antilog(SD(log(x)) (14)

On the other hand, the averaged attenuation effect in
Eq. (2) would be calibrated as a function of anelastic
attenuation exp(—nft/Q) along the source—station path. By
taking the ratio between observed and synthetic spectra,
we can derive attenuation curves for P and S waves as
shown in Fig. 7. The results obtained from the spectral
ratio, as listed in Table 3, exhibited quality factors of P
and S waves along the available source—station paths in
the present study as shown in Fig. 8.

Note that the attenuation of seismic waves correspond-
ing to the site effect, which is commonly included in
Eq. (2) by multiplying the right hand side by ¢ ™ (e.g.
Singh et al. 1982; Anderson and Hough 1984), is ignored
in this study. However, when enough waveform data of
good signal-to-noise ratio become available, the averaged
site effect can be extracted from the residual remains from
the deconvolution of the source and the observed ampli-
tude spectra.

Discussions and conclusions

We estimated the source radius, seismic moment and stress
drop of the four larger events of the Al-Ays 2009 earthquake

Table 3 Quality factors of P and

S waves along the available Station O Op
source—station paths
UMIS 2,800 1,410
YNBS 2,060 2,590
YOBS 6,790 6,530

@ Springer
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Fig. 8 The relation between the quality factors of P and S waves along
the available source-station paths

swarm using spectral amplitudes. The data used were sepa-
rately analysed for two successive time windows containing
P and S waves.

The spectral parameters were obtained by fitting P wave
and S wave spectrum with the theoretical model for velocity
spectra as expressed by Eq. (3) and then they used to calcu-
late the source parameters. Calculations were made using P
and S wave data combined. For each event, the average
values for the calculated source parameters are listed in
Table 2. The calculated seismic moments ranged from
2.34E+14 to 2.83E+16 Nm and the corresponding mo-
ment magnitudes are 3.5 to 4.8; the fault radii were
between 0.37 and 1.50 km and the stress drops spanned
from 8.7 to 32.0 b. The mainshock moment magnitude
obtained from the present study consistent with that
determined by Craig et al. (2011) while it is different
from the magnitude determined by the Harvard and SGS.
The discrepancy may be due to uncertainties in the
preliminarily estimation of magnitudes.

The present results exhibited that stress drops increase
with the seismic moment and fault radius as already observed
for tectonic earthquakes. The stress drops for the respective
events are smaller than the usual values of type III intraplate
earthquakes (mid-plate) but similar to type II intraplate earth-
quakes related to plate boundary (Schloz 1990). The low
stress drops and large fault lengths may be due to the cou-
pling of tectonic movements along the Red Sea rifting and
upwelling fluids beneath the Arabian Shield which control a
reactivation process of preexisting zones of weakness within
the epicentral area.

It is worth stressing that the previous studies of Al-Damegh
et al. (2004), Sandvol et al. (2007) and Pasyanos et al. (2009)
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concluded that the Arabian Shield is characterised by a low
attenuation effect on the propagation of the seismic waves.
Although the observed spectral shapes are not essentially
affected by low anelastic attenuation in the shield, they are
in contrast with Brune's (1970) source model. The results
showed that the spectral slopes, beyond the corner frequency,
displayed w>*, w ™ and w *° (with an average of w )
along the source-to-station paths for the UMJS, YNBS and
YOBS stations, respectively. It is worth stressing that high-
frequency spectral slopes are not caused by local site effects
and do not depend on the focal depth. So, we conclude that the
obtained fall-off slopes may be attributed to the source effect
(Brune et al. 1986; Tio 1986; Patané et al. 1994). More detailed
investigations on large data sets are required to distinguish the
behaviour of high-frequency spectral slopes beyond the corner
frequency.

The focal mechanisms of Al-Ays, Badr and Tabuk earth-
quakes (Fig. 3) exhibited pure normal mechanisms with two
nodal planes trending NW-SE of NE-SW extensional stress
field developed through the Arabian Shield as a consequence
of the prevailing NW-SE extensional stress regime resulting
from rifting process in the Red Sea. The dyke intrusion
model of Al-Ays earthquake sequence, as proposed by
Mukhopadhyay et al. (2012), inferred a seismic volume
trending NW-SE bounded on both sides by two NW-SE
trending fault systems dipping opposite to each other to form
anascent rift. Based on the geological investigations, Roobol
(2007) suggested that Red Sea passive margin is undergoing
extension of normal faults dipping towards and away from
the Red Sea rift that might cause thinning of the Arabian
Shield. As a matter of fact, the epicentral area is located
approximately 60 km east of the passive Red Sea margin
and might be controlled by the rifting process in the Red Sea.
From the aforementioned tectonic scenarios, the source pa-
rameters obtained from the present study reveal that the type
IT intraplate earthquakes probably represent seismic source
zones occurring nearby Al-Ays dislocation zone. However,
at this stage, the inadequate waveform data cannot support to
generalise the results for the entire region. This finding can
be representative for the entire region of the Arabian Shield
once large waveform data sets are available from different
earthquake source zones.

Estimates, of the frequency-independent attenuation fac-
tor (Q) along source-to-station paths, exhibit low attenuation
with a constant Q value of 3,833 and 3,530 for P and S
waves, respectively. This finding constrained with those
previously estimated for Lg, Pn and Sn seismic waves,
reflecting low attenuation characteristics in the propagation
of the seismic waves along the source-to-station path in the
Arabian Shield (Al-Damegh et al. 2004; Sandvol et al.
2007). In addition, the obtained results are in consistence
with the attenuation tomography beneath the Arabian Shield
as determined by Pasyanos et al. (2009). These values are

more typical of the continental shield areas (Rhea 1984;
Atkinson and Mereu 1992; Boatwright 1994).

The results of attenuation characteristics of P and S waves
are in consistence with the geological conditions of the
Arabian Shield where Precambrian metamorphic basement
is exposed. The volcanic rocks are part of a discontinuous
belt of lava fields (Harrat) distributed along the Arabian
Shield from the Gulf of Aden to beyond the Sinai Peninsula
(Coleman et al. 1983; Coleman 1984; Coleman and McGuire
1988). As a consequence of tectonic process in the region,
thinned continental crust extends offshore into the Red
Sea from the Arabian Peninsula. From geological and
geophysical studies summarised by Bohannon (1986) and
Coleman and McGuire (1988), refraction data indicate that
the continental crust beneath the western part of the Arabian
Shield is about 40 km thick. It consists of a 20-km-thick
upper layer having an average velocity of 6.3 km/s, a
middle layer of 10 km thick which has an average
velocity of 6.7 km/s and a lower layer in which the
velocity increases from 6.8 to 7.3 to 7.8 km/s (Mooney
et al. 1985; Gettings et al. 1986). The crust thins abrupt-
ly from about 40 km beneath the western margin of
Precambrian outcrops of the Arabian Shield to about
18 km beneath the coastal plain in a horizontal distance
of about 25 km. The thinning goes up to 8 km at a
distance of 50 km offshore in the Red Sea (Plafker et al.
1987). From the aforementioned geological conditions,
the occurrence of high-stress-release earthquakes within
the continental Arabian Shield, where seismic attenuation
is low, makes the intraplate earthquake potentially more
damaging than its plate boundaries.

The obtained ratio of Qp/04~0.9 is slightly less than
unity and reflects a slight departure from prefect elas-
ticity because of the decreased rigidity along three
source-to-station paths. The slight deviation of low
Op/Q« values might be in consistence with the upcom-
ing rays intersecting the heterogeneous thermal anoma-
lies that exist in the upper mantle which is suggested by
many authors to be associated with the Cenozoic uplift
of volcanic centres in the Arabian Shield. The presence
of thermal anomalies may cause low attenuation for P
waves than that for S waves in the Arabian Shield
suggesting a dominant intrinsic attenuation mechanism
in the lower crust of the Arabian Shield.

More studies are essential to investigate in detail the
attenuation property of seismic waves in the upper crust
of the swarm region. The structural weakening of the
swarm region would be reflected on absorption attenu-
ation due to injections of water and scattering attenua-
tion due to cracks of various lengths in the region.
These will emphasise our understanding on the attenua-
tion mechanism of seismic waves in Al-Ays dislocation
zone.
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