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Abstract This study aims to recognize the influence of
source- and path-effects on seismic spectra using the
waveform data from the 2009 seismic activity, Harrat
Lunayyir (HL), eastern flank of the Red Sea coastline,
Saudi Arabia. This seismic activity is considered as a
series of continuously evolving events reaching at some
stage the maximum on 19 May 2009, with the largest
shock of Mw 5.4, and then decayed. A total number of
218 events of magnitudes My >2.0 were analyzed,
which include the largest shock, 101 and 116 seismic
events representing the seismic events within the early
and decay stages, respectively. The data analysis using
Frequency-time analysis revealed diversity patterns of
frequency contents along the recorded seismic stations.
Moreover, the modified WADATT diagram showed Vp/
Vg variations of 1.7 +0.003 and 1.72 + 0.002 before and
after the occurrence of the largest-sized event among the
HL seismic activity, respectively. Using the grid-search
method to recover the space parameters representing the
average source spectrum of each earthquake over the
recorded seismic stations, estimates of source sizes and
stress drops imply variations in self-similarity scaling
relationship among the HL seismic activity. According
to the results obtained from the current analyses, we
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propose a scenario began with an emplacement of seis-
mic activity due to the local stress accumulation imports
from an upward dike injection that is blocked by cooled
and hardened magmatic materials in the upper crust
from the earlier intrusions. The stress accumulation
continued and was then released, at some stage, by the
event having the maximum magnitude followed by
seismic activities released due to stress relaxations.
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1 Introduction

The Arabian shield that lies to the east of the Red Sea rift
is characterized by a wide distribution of ancient Ceno-
zoic basaltic fields where local seismic activities oc-
curred. Owing to this geodynamic process, many earth-
quakes recently occurred in the shield. These earth-
quakes include the 2009 Harrat Lunayyir (HL) earth-
quake of Mw 4.8 (Abdelfattah et al. 2014) and the 2009
Badr earthquake of Mw 3.7 (Aldamegh et al. 2010), in
the northwestern part of the shield. These earthquakes
revealed the presence of normal faulting in the NNW-
SSE striking plane. Recently, the 2014 Jizan earthquake
of Mw 4.4 along the eastern Red Sea coastline, near the
Yemen-KSA border, occurred. The focal mechanism
solution shows dextral strike-slip faulting along the
ENE-WSW striking plane (Abdelfattah et al. 2017).
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The generation mechanism of an earthquake se-
quence is potentially influenced by the heterogeneous
distribution of stress regime, heat flow, and fracture
strength on a fault zone. On the other hand, earthquakes
of tectonic origin are frequently observed along the
continental margins following the rift systems charac-
terized by stress releases and are different from the
earthquakes which occur due to dike intrusions or vol-
canic eruptions (Pedersen et al. 2007; Ibs-von Seht et al.
2008; Kiratzi et al. 2008).

The analysis of source characteristics of the HL
earthquake sequence is considered as a promising study
that can help us to understand the enigmatic phenomena
of the peculiar seismicity processes in the Arabian
shield. In this study, we used the high-quality waveform
data for earthquakes of magnitudes My >2.0 to charac-
terize any distinctive variations in frequency content,
averaged Vp/Vg ratio, and stress drop in order to eluci-
date generation processes among the 2009 HL seismic
activity. The results were interpreted in terms of the
present day geodynamic processes.

1.1 Tectonic setting

Owing to the geodynamic processes, the tectonic-
magmatic activities are presumably coupled in the Ara-
bian Shield (El-Isa and Shanti 1989; Daradich et al.
2003; Pallister et al. 2010; Hansen et al. 2013). Volca-
nism initiated during the late Miocene in the Arabian
Shield and the last eruption occurred ~ 759 AD (Camp
et al. 1987). In the epicenter area, the plutonic rocks of
diorite to tonalite compositions carry imprints of several
cycles of metamorphism and tectonism through
Tertiary—Quaternary age are present (Al-Amri and Fnais
2009). Along the northern part of the Arabian shield, the
NE-SW extension stress is manifested by a number of
NW-SE normal Cenozoic fault trends that are sub-
parallel to the rifting system of the Red Sea (Brown
1972; Mukhopadhyay et al. 2012). Moreover, a number
of dikes (Johnson 2006) and volcanic cones that formed
over Precambrian crystalline rocks are oriented along
the NNW trend.

Based on the focal mechanism solutions and hypo-
center distributions, the normal faults of NNW strike are
suggested to be ruptured during the 2009 earthquake
sequence associated with dyke intrusions (Baer and
Hamiel 2010; Pallister et al. 2010; Craig et al. 2011;
Mukhopadhyay et al. 2012; Hansen et al. 2013). The
crustal deformation model based on InSAR data
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indicates that the 2009 earthquake sequence was accom-
panied by the intrusion of a dike spanning 10 km, hav-
ing a strike of 340° (Baer and Hamiel 2010) that may be
related to the dominantly low-frequency events. Owing
to the release of aseismic slip along the dike opening,
estimates of the seismic moment and geodetic (seismic
and aseismic) moment showed a ratio of 6% and 14%,
as determined by Pallister et al. (2010) and Baer and
Hamiel (2010), respectively. A similar ratio of 4% and
10% was observed for the 2004 and 2005 Dallol intru-
sions, Afar region (Wright et al. 2006; Grandin et al.
2009; Nobile et al. 2012).

The crustal deformation associated with the HL seis-
mic activity was modeled by a vertical-dike intrusion
with a NNW-SSE strike direction (Baer and Hamiel
2010; Pallister et al. 2010). An incipient status of dike
intrusion was also suggested by Mukhopadhyay et al.
(2012). The respective sequence was classified as
mixed-frequency events containing both high-
frequency and very low-frequency contents (Pallister
et al. 2010). A seismic tomography study (Hansen
et al. 2013) revealed that magmatic intrusions of fast
velocity were obliquely extended upwards to the NNW
trend. Recently, seismic tomography models of Sychev
etal. (2017), Koulakov etal. (2015), and Koulakov et al.
(2014) speculated mechanisms of gas emission and fluid
propagation in the area. Moreover, Zobin et al. (2013)
suggested two scenarios showing that the volcanic erup-
tion at HL is less likely to occur; in that, the sub-surface
intrusion was arrested or the dike was injected along the
rift zones. The source parameters of the largest events
retrieved by Abdelfattah et al. (2014) exhibited high
stress-release earthquakes associated with low seismic
wave attenuation that characterizes the upper crust of the
Arabian Shield, indicating that potential intraplate earth-
quakes are riskier than interplate ones.

1.2 Data and seismicity

In the present study, we used the digital waveform data of
the events from a moderate-sized earthquake sequence of
Mw 4.8 (Abdelfattah et al. 2014) that occurred in HL,
northwest the Arabian Shield, Saudi Arabia, on the 19th
of May 2009 approximately 60 km east of the Red Sea
margin. We used the waveform recordings of the nearby
seismic network that was installed by the Saudi Geolog-
ical Survey (SGS) and King Abdulaziz City of Science
and Technology (KACST) soon after the earthquake
sequence started in April 2009. It comprises twenty-two
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three-component stations. Each station is equipped with
Trillium broadband velocity sensors characterized by a
response range of 0.02 to 120 s, digitizer of 100 sample/s,
and 142 dB dynamic range of the whole recording sys-
tem. The distribution and the high number of broadband
seismic observations installed in the epicenter area, im-
mediately after the earthquake sequence started in April
2009, gave an impetus in order to understand whether the
tectonic or magmatic processes produced the HL seismic
activity. The temporary seismic network improved the
station coverage over the epicenter area. The dataset is
composed of the recordings of a total number of 218
events of magnitudes M >2.0; they were used to inves-
tigate the spectral characteristics of the HL activity. The
waveforms were manually filtered to avoid any recording
problems such as noise, missed recordings, overlapping
of successive earthquakes, or early cutoff of well-
developed waves. The selected events appropriately cov-
er the sequence activity in space and time distributions.
Figure 1 shows a schematic map of the main tectonic
features in the region, the station distribution, and the
epicenters of the events having magnitudes greater than
ZE10.

Many multidisciplinary studies have been carried out
on HL and its seismicity using the data of the 2009
earthquake sequence. The focal mechanism of the
largest shock computed by Craig et al. (2011) using
waveform inversion shows a normal faulting mecha-
nism of two nodal planes striking along NNW-SSE
orientation, reflecting a dominant NE extensional tec-
tonic regime. For the seismic events released before the
largest shock, the hypocenter relocations that were re-
fined by Abdelfattah et al. (2017) showed the alignment
of epicenters distributed along the western edge of the
seismic activity and delineated a NNW-SSE
trend parallel to the Red Sea (Fig. 2). Moreover, in the
episode of the decay activity, the seismic activity at the
eastern edge zone shows two clusters of shallower and
deeper focal depths. Hansen et al. (2013) found out that
the early stage activity was created by upward move-
ment of the magmatic dike intrusion, oriented along the
NNW-SSE direction, while the decay stage activity was
related to local stress redistributions triggered by the
intrusion.

1.3 Time-frequency analysis

Spectral characteristics of earthquake sources located
nearby or within magma chambers and dikes provide

insights into geodynamic processes and rock fracture
processes, as well as the physical properties of rocks and
fluids between the sources and the receivers (Chouet
1996; Dawson and Chouet 2014; McNutt 2005).
Seismograms recorded by seismic stations above or near
the magma chambers are characterized by impulsive
transients to long-lasting tremors (McNutt 2005;
Neuberg et al. 2006; Tuffen and Dingwell 2005). A
number of studies showed that volcanic earthquakes
and tremors are triggered by magmatic or geothermal
activities. The spectral characteristics of volcanic earth-
quakes and tremors are quite different from those of
tectonic earthquakes.

The spectral characteristics of seismic signals can
reflect important insights about the dynamics of fracture
processes and the rock properties between source and
receiver. However, it is important to separate source
from path-effects. To recognize the influence of source
and path on seismic signals that characterize the seismic
events among the respective sequence, we used the
frequency-time analysis (FTAN), as a qualitative tech-
nique, to monitor any distinctive features in the spectral
characteristics. We investigated the spectral characteris-
tics of seismic signals by following the time-frequency
analysis procedure of Levshin et al. (1972) used in
surface wave dispersion analyses. This technique is used
to discriminate between earthquakes and explosions
(Duda and Xu 1988; Duda and Kaiser 1989; Domanski
2007), to calculate dispersion curves of surface waves
(Levshin et al. 1972), to identify seismic phases and to
infer details on earthquake faulting processes (Wilde-
Piorko et al. 2011). The nfilter algorithm of Saul (1995),
depending on the Hilbert Transform technique, was
used in the present analysis.

We investigated the frequency contents among the
HL seismic activity for events of magnitude My >2.0.
Because the LNYS station recorded almost all the
events of hypocenter distances smaller than 17 km, the
waveform data recorded by this station were used in
order to classify events having a different frequency
content. The different spectral content of the events of
the sequence causes different patterns of energy distri-
bution as a function of both time and frequency, as
shown in Fig. 3a—c. The spectral characteristics classi-
fied the events into three groups of different frequency
contents. The high-frequency events (10-30 Hz). The
other two groups were identified as mixed-frequency
events, one of them characterized the events having two
frequency bands in the ranges of 1-10 and 10-30 Hz,
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Fig.1 The map shows the tectonic plate boundary in the vicinity of the studied area that stands by an open rectangular in the left panel. The
spatial distribution of epicenters in the study area is also shown for the 2009 earthquake sequence

and other events exhibited three successive patterns of
frequency contents around 0.1-1, 1-10, and 10-30 Hz,
implying different source processes. Considering the
migration of hypocenters at the early stage of the seis-
mic activity, the patterns that characterized by high-
frequency content may correspond to local tectonic
processes emplaced by dike intrusion, while the events
of a significant low-frequency content may be related to
stress relaxations (Fig. 3a—c). Moreover, the path direc-
tions to the LNY'S station, as shown in Fig. 3d, suggest
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that the path effects may contribute to some extent the
dissimilar patterns in frequency content characteristics.

1.4 Vp/Vg ratio

The arrival times of P and S waves were manually
picked from the velocity seismograms recorded by the
local seismic network shown in Fig. 1. Figure 4 shows
an example of the arrival times picked for the event that
occurred in 2009/07/04 18:18:13.31 (UTC) of local
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Fig. 2 The plot shows the spatial distribution of epicenters and hypocenters as a function of magnitudes for the early stage activity (red
circles), largest magnitude event (green stars), and the decay stage activity (blue circles)

magnitude 4.2. The data set consists of 2570 P and S
phases associated with 218 earthquakes of magnitude
ML >2.0 of good signal-to-noise ratios. The arrival
times of events, using the aforementioned criteria were
used to calculate the average Vp/Vg ratio using a mod-
ified WADATI method (Chatelain 1978). We followed
the procedure explained by Maggi et al. (2009) that is
based on the differential travel times between phase
readings of S waves, ATs, and P waves, ATp, at pair
stations. The time differences between the P and S
waves at a pair of corresponding stations can be written
in the form of;

ATp = |PrP;| = —|x’;j’ | (1)
and
ATs = [Si=S;| = —’x’;j’ | (2)

where x; and x; are the hypocenter distances of a pair of
stations. The arrival times of P and S waves are given by
P;, P;, S;, and S;. Vp and Vg are the P and S wave
velocities, respectively. Dividing 2 by 1, we obtain:
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Fig. 3 gives some examples of the time-frequency analysis. The
calculated spectrograms are divided into three groups: a the events
(red circles) with only high-frequency content (10-30 Hz) that
represent the southern cluster of deeper events, were initially
released due to the local tectonic process of the dike intrusion, b
events (green circles) with two frequency bands (1-10 and 10—
30 Hz) that represent intermediate events, and ¢ events (blue

ATs  Vp

AT, Vs (3)

The slope of the straight line that best fits A7% versus
ATp data for all available earthquakes furnishes an
estimate of the Vp/Vg ratio. The Gaussian-Jordan elim-
ination method was used to recover the averaged Vp/Vg
ratio. The analysis of the Wadati diagram, using the
whole dataset for distances ranging from 0 to 120 km,
reveals no significant variations in Vp/Vg ratio before
and after the HL largest shock. Alternatively, using the
readings of Pg and Sg phases only within hypocenter
distances smaller than 38 km, the analysis reveals dis-
tinctive variations in the Vp/Vg ratio. Distinctive varia-
tions were remarkable for small and typical Vp/Vg ratios
of 1.7£0.003 and 1.72+0.002 that characterized the
events in the early and decay stages before and after the
largest event, respectively, as shown in Fig. 5. Based on
the theory, a linear relation is predicted as long as the Vp/
Vg is averaged and constant over the travel path, show-
ing much less sensitive to the Vp/Vg variations. Even if
this assumption is invalided, the Wadati diagram is used
to resolve an average Vp/Vg beneath seismic network
(Kisslinger and Engdahl 1973). The determination of
Vp/Vg inferred from the present analysis shows small
variations similar to that obtained by Ukawa and Fukao
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circles) with significant low-frequency content that represent the
shallower events in the area of the largest magnitude event. The
date and origin time of each seismogram are written below each
spectrogram. d shows the epicenter and hypocenter distributions
of selected earthquakes and location of LNYS seismic station
(solid triangles)

(1981), Chatterjee et al. (1985), Ripepe et al. (2000),
Londoiio (2010), Lopes and Assumpcéo (2011), Gritto
and Jarpe (2014), Giannopoulos et al. (2015), and
Kaviris et al. (2018). It is noteworthy that most events
used in this analysis are located in the upper crust where
the velocity zone revealed a moderate Vp/Vg ratio of 1.7
as determined from three-dimensional tomography by
Koulakov et al. (2015). Meanwhile, all ray paths trav-
eled upwards into the upper crust at take-off angles
greater than 95°, showing a low resolution over the focal
zone deeper than 10 km approximately where the Vp/Vg
anomaly of 1.8 in the lower crust was obtained by
Koulakov et al. (2015).

In the lower panel of Fig. 5, we used the difference in
both the travel times and the hypocenter distances be-
tween station pairs to determine the apparent velocity of
P and S waves. The early stage activity reveals apparent
velocities of 6.3 km/s and 3.7 km/s for P and S waves,
respectively. During the decay stage, the apparent ve-
locities of P and S waves were 6.7 km/s and 3.9 km/s,
respectively.

1.5 Source parameters

The P and S waveforms of the events, which were
recorded by the largest number of stations and reserved
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Fig. 3 continued.

good signal-to-noise ratio, were used to estimate the
source parameters. Before estimating the amplitude
spectrum, the recordings were corrected to zero base-
lines in the time domain. Time windows of 0.6 to 1.2 s
lengths that corresponded to 64 and 128 samples starting
from the onsets of P and S waves, respectively, were
used to compute the Fourier spectrum. To remove the

(d)

long period biases, a second-order high-pass
Butterworth filter of 0.5 Hz corner frequency was ap-
plied. In the frequency domain, the average of the three
components was carried out to obtain the average am-
plitude spectrum. The amplitude spectrum was
corrected for the instrumental response function and
the geometrical spreading factor. We followed the
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Fig. 4 Vertical component (velocity) seismograms for the earth- shown at the right end of each trace. Arrival times of P wave (P)
quake occurred on 2009/07/04 18:18:13.31 (UTC) M 4.2. Traces and S wave (S) as identified from the manual picking are also
were aligned with respect to the origin time (0). Station codes are shown
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Fig. 5 The plot showing the relation between the difference in
travel times measured between P and S arrival times of station
pairs and the corresponding difference in hypocenter distances
(AD) for a the early stage activity and b the decay stage activity.
The linear least squares method was used to fit the data; obtaining

AD [km]

(@)

velocities of 6.3-6.7 km/s and 3.7-3.9 km/s for Vp and Vg,
respectively. The upper panels showed WADATI diagrams that
were represented with average Vp/Vg ratios of 1.7+0.003 and
1.72 £ 0.002 for the early stage and the decay stage seismic activ-
ities, respectively, with linear correlation coefficients of 0.99
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Fig. 5 continued.

method of Prieto et al. (2004) to correct the path effects
from the recorded amplitude spectra by the assumption
of the travel path terms between a given cluster and a
given station are similar. By analyzing the waveforms in
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the frequency domain, the source parameters were
estimated for the largest event and a total number of
101 and 84 events for the episodes of the HL seismic
activity before and after the largest event. We modeled
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the Fourier amplitude spectrum using the analytical
model of Brune (1970, 1971) that represents the source
characteristic parameters in the form of:

(1 + (fi)z>

where (2, represents the low-frequency spectral level
and f.. the corner frequency. These spectrum character-
istic parameters, €, and f;., were modeled using a grid-
search fitting method (e.g., de Lorenzo et al. 2010).
Estimates of ({2,) and (f;) allow to estimate the seismic
moments (M,) using the relationship (Borok 1959);

SU) = (4)

3 32

M, = 47Tpvam (5)
where (p) is the density of 2.7 g/em® in the source
medium beneath the epicenter area, (vp) is the average
P wave velocity in the crust (we used 6.5 as suggested
by Rodgers et al. (1999), R is the hypocenter distance
from the source-to-receiver, F is the effect of a ground
free surface correction that is assumed to double the
amplitude for P wave, and the coefficient (Rg,) that
describes the mean radiation pattern is given to be 0.52
(Aki and Richards 1980).

We used the formula of Hanks and Wyss (1972) to
estimate the source radius r:

_ 2.34vp
~2ny,
The static stress drop (Ao) was calculated using the
seismic moment and source radius relationship of
Eshelby (1957) for a circular rupture mode;
M,
163

(6)

Ao

(7)

Figure 6 shows an example of P and S average
spectra and the theoretical best fit model for an earth-
quake recorded at different stations. The calculated seis-
mic moments range between 1.12E+ 12 Nm and
1.36E + 17 Nm; the fault radii range approximately
between 84 and 1664 m; the stress drops ranges from
about 0.6 and 22.3 MPa. To determine the scaling
relationship, the calculated seismic moments were plot-
ted vs. the source radius together with lines of constant
stress drop range (Fig. 7). The scaling relationship ex-
hibits a clear tendency of deviation from a constant
stress drop scaling over the aforementioned magnitude

range (Fig. 7). However, a growing trend is observed
between the source dimension and the corresponding
seismic moment. The trend of the seismic moment
against the corner frequency is approximately represent-
ed by two segments (Figure 8) represented by f,«M >
and f U«Mgs'g, respectively, which reveal a significant
departure of the decay stage activity from a constant
stress drop model. Figure 9 shows the spatial distribu-
tions of seismic moments and stress drops among the
HL seismic activity.

2 Discussion

The present study provides interesting observations that
can improve our understanding of the geodynamic pro-
cesses for local dislocation source zones located in the
vicinity of an active rift system. The dataset consisting
of 218 earthquakes (M >2.0) was analyzed in order to
find distinctive characteristics among the events of the
2009 earthquake sequence in HL, Saudi Arabia. In the
present study, three characteristics have been investigat-
ed on the basis of the spatial and temporal distribution of
hypocenters; spectral characteristics, Vp/Vg ratios, and
stress drop estimates. The earthquakes of similar loca-
tions and source mechanisms produce waveform simi-
larities along the same source-to-receiver paths. Seis-
micity sequences in the flank of the continental rift
presumably occur due to the coupling of local stress
concentrations caused by the ambient tectonic stress
weakening the crust. The highly heterogeneous elastic
structure around the hypocenter zone may be the cause
of different source characteristics of the same earth-
quake sequence. The suggestion of Baer and Hamiel
(2010), Pallister et al. (2010), and Mukhopadhyay et al.
(2012), that attributed the swarm activity to dike intru-
sions, is consistent with a high-stress drop but it is hard
to conciliate with the presence of dominant low-
frequency events.

It is worth stressing that most tectonic earthquakes in
the Arabian Shield are originated in the upper crust. The
hypocenter distributions of seismic events reveal that
the seismic events of larger magnitudes among the
respective sequence were initially released at a depth
of 18 km and then migrated upward gradually ina NNW
orientation; according to a dike intrusion reaching shal-
low depth (Abdelfattah et al. 2017). The seismic activ-
ities, that represented the decay stage, are distributed at
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Fig. 6 An example of amplitude spectrum calculated at each station (the upper panels) and the average amplitude spectrum calculated over
the stations (the lower panels). The left and right panels represented P and S waves, respectively

different focal depths within the upper crust; revealing
two volumes with 2—8 km and 12—-18 km focal depths
separated by seismic activities emplaced by a dike in-
trusion, in the early stage, which moved up and stopped
at the largest event location. In the early stage, the
epicenters migrated from southeast to northwest, show-
ing activities along the NNW-SSE orientation, parallel
to the axial rifting of the Red Sea. This is an important
result that provides information on the principal axis of
the stress field that produces normal faulting mecha-
nisms in the region. Most of the fault plane solutions
previously studied revealed that the sequence activity
was characterized by normal faulting mechanisms. The
largest shock reflected source mechanism of normal
faulting as obtained by Craig et al. (2011). One reverse,
two strike-slip, and six normal faulting mechanisms
were reported by Hansen et al. (2013). The normal and
strike-slip faulting mechanisms are expected to be ob-
served as controlled by the ambient extensional and
shear stress regimes transferred into the region from
the Red Sea rifting system and Aqgaba-Dead Sea Fault
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system. The normal focal mechanisms strongly empha-
size that the seismicity was related to dike intrusions,
systematically orientated in the direction of the regional
greatest principal stress, consistent with the model in-
troduced by Hill (1977).

The analysis of dataset reveals three typical types of
signals with different partitions between high- and low-
frequency contents. We propose that the first group of
events that characterized by only high-frequency con-
tents may relate to local tectonic process due to a dike
intrusion. We found that the second and third group of
events having mixed frequency contents may corre-
spond to another process due to stress relaxation with
the possible involvement of fluids. Since all seismic
stations are located at a unique hard rock, the low-
frequency characteristics at some stations are related to
travel path effects. The mixed frequency (MF)
seismograms and those with very low frequencies were
recently observed at Augustine Volcano in Alaska
(Pallister et al. 2010). Moreover, the low-frequency
component of MF events was suggested by Cramer
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and McNutt (1997) to be triggered due to adjacent high-
frequency events among the 1989 earthquake swarm
near Long Valley in California.

The averaged Vp/Vg ratio of 1.76 was deduced from
the receiver functions in the crust beneath the Arabian
Shield (Sandvol et al. 1998; Al-Damegh et al. 2005).
Using the H-k stacking analyses, Tang et al. (2016)
inferred Vp/Vg ratios ranging from 1.61 +0.03 to 2.03
+0.04. In this study, the Vp/Vg characteristics are pres-
ently estimated using a modified WADATI method de-
pending on the differential travel times between P and S
phases recording by a pair of corresponding stations.
The calculated Vp/Vg ratios are relatively high, which is
typical for volcanic and magmatic active regions and
seem to be constant for different areas (Nakajima et al.

2001; Ojeda and Havskov 2001; Moretti et al. 2009; Jo
and Hong 2013). However, temporal variations during a
seismic activity should be considered. The present re-
sults reveal variations in the Vp/Vg ratios, within the
upper crust of the earthquake source zone, of 1.7 £0.003
and 1.72+0.002 before and after the HL seismic
activity, characterizing different processes that are
inconsistent with the suggested scenario that magma
flows were triggered by the main rupture. At the early
stage of the HL activity, the low Vp/Vg ratio may be
attributed to gas emission or hypocenters located in the
region characterized by swarm activity. The
measurements of the apparent velocities for P and S
waves reveal a decrease in both Vp and Vg.
Abdelfattah et al. (2017) characterized this stage as a
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swarm activity that is consistent with the high attenua-
tion zone depicted by Sycher et al. (2017), which sup-
port the witnesses of gas emissions in the HL region that
reported to the Saudi Geological Survey. Similar chang-
es in the Vp/Vg ratio were observed for the foreshock
sequence of Sept. 16, 1997 Umbria-Marche earthquakes
(Ripepe et al. 2000) and for the Efpalio earthquake
sequence, western Gulf of Corinth, Greece
(Giannopoulos et al. 2015). On the other hand, the
typical value of Vp/Vg ratio has to be attributed to the
non-swarm activity (Abdelfattah et al. 2017) that re-
leased after the largest-sized event among the seismic
activity due to the stress relaxations.

An interesting result is represented by the deviation
of the derived stress drops from constant stress drop
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models. The source scaling relationships indicate a sig-
nificant deviation from a homogeneous source model
with a constant stress drop, implying that the seismic
activity among the early stage was probably emplaced
by an upward moving of magmatic dike intrusion that
was finally stopped by hardened areas of earlier intru-
sions in the upper crust. It is obvious (Figure 7) that the
events in the early stage are generally characterized by
higher stress drops than the events in the decay stage;
supporting the suggestion of dike intrusion at the early
stage of the analyzed seismic activity (Abdelfattah et al.
2017).

The spatial distribution of inferred stress drops shows
that the most part of the stress around the fault zone was
released by the early stage activity and that the residual
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Fig. 9 The graph showing the epicenter and hypocenter distributions with color consistent with a seismic moments and b stress drops

stress was released by the decay stage activity. The
ambient stress field and previously emplaced dikes in
the region may represent strong barriers to the upward
movement of magma; thus, the early stage activity may
be caused by the upward movement associated with the
dike intrusion from 18 km until to a depth of about 7 km
where it is stopped by strong materials. This would
allow the stress to be accumulated and released in the
Mw 5.4 event followed by further seismic activity
spread in the fault zone. It is worth stressing that the b
value obtained by Abdelfattah et al. (2017) reveals that
an area of high b values coincides with the decay stage
activity located southeast of the largest event, while an
area of low b values coincides with the area of early
stage activity and therefore with the area of the HF
events.

The results obtained from the present study can be
interpreted as a coupling of the volcano- and tectonic
earthquake activity. The absence of magmatic eruptions
might suggest another geodynamic process: the early
stage of seismic activity that related to the emplacement
of the dike intrusion; the expansion of dike was stopped

in the largest shock area, presumably enriched by mag-
matic materials in the upper crust from the earlier erup-
tions. A number of previous studies suggest a dike
intrusion associated with magma driven rifting (Baer
and Hamiel 2010; Pallister et al. 2010; Mukhopadhyay
et al. 2012) or solidified magma of repeated intrusions
(Hansen etal. 2013), or an upward migration of partially
molten magma source that is not sufficiently strong to
initiate eruption (Koulakov et al. 2014, 2015). It is
noteworthy that the tomographic inversion imaged the
three-dimensional structure in the dislocation zone de-
pends on ray paths of take-off angles greater than 95°,
showing a low resolution over the focal zone deeper
than 10 km approximately. Moreover, the events among
the seismic activity were identified by Pallister et al.
(2010) as a volcano-tectonic earthquake type. The low-
frequency events were not explicitly observed in the
present analysis using recordings from the nearby seis-
mic stations, (only high- and mixed-frequency charac-
teristics were identified). For collocated earthquakes of
similar source-to-receiver paths, dissimilarities of fre-
quency contents may attribute to different source
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characteristics rather than a propagation effect. The
events of higher corner frequencies, of about 20 Hz,
imply high and quasi-static stress drops (Abdelfattah
et al., 2014). The mechanism of quasi-static stress is
suggested for the regions in which no high-stress drops
are expected where those ones are characterized by high
heat flow, water saturation, numerous cracking, rigid
basaltic rocks, and tectonic crustal extension. This
mechanism was suggested by Brune et al. 1986 for the
Victoria 1978 earthquake swarm.

3 Conclusions

In this study, we investigated 218 seismic events, among
the HL seismic activity, by means of the spatiotemporal
distribution of hypocenters, calculation of Vp/Vg ratios,
spectral characteristics of the recorded signals, and esti-
mations of stress drop and source dimensions.

The hypocenters show an upward migration during
the early stage activity, starting at a depth of 18 km,
whereas the decay stage activity seems to be concentrat-
ed in the upper parts of the crust. The calculated Vp/Vg
ratios are relatively high which is typical for volcanic
and magmatic active regions and seem to be constant for
tectonic ones, low to typical Vp/Vg ratios of 1.7 +0.003
and 1.72+0.002 were obtained before and after the
largest shock, support the witnesses of gas emissions
before the release of the HL largest shock. The analysis
of spectrograms exhibited 3 groups; events with only
high-frequency content that may be associated with the
tectonic process, events with significant low-frequency
content that may be associated with the magmatic pro-
cess, and mixed-events. The results imply important
insights on the path propagation between sources and
receivers indicating that magmatic materials might be
incubated in the upper crust. One of the interesting
results is the deviation of the derived stress drops from
constant stress drop models. Moreover, the early stage
activity is in general characterized by stress drops than
higher than the decay stage activity; supporting the
assumption of dike intrusion.

Based on the aforementioned observations, we sug-
gest a scenario for the development of the analyzed
seismic activity: the early stage of the activity was
probably triggered by an upward movement of a mag-
matic intrusion that might be associated with gas emis-
sions. The intrusion was finally blocked by cooled and
hardened areas of earlier intrusions in the upper crust;
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explaining the absence of magmatic eruptions at the
surface. However, stress accumulation continued and
was eventually released by the larger-sized event. Ow-
ing to the stress relaxation, the activity was decayed with
different spectral characteristics and depth distribution.
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