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Abstract 

The present study presents the analysis of a moderate earthquake (Mw 4.0) and its largest aftershocks located along 
the Red Sea coast, southwestern Saudi Arabia, with the aim to understand the enigma of peculiar seismicity in 
the Arabian Shield. We analyzed a high‑quality waveform dataset collected from ten well‑recorded earthquakes of 
moment magnitude ranging from 2.0 to 4.0 in order to determine the hypocenter locations and focal mechanisms. 
The focal mechanisms were retrieved from the regional moment‑tensor inversion for the mainshock and using the 
P‑wave polarities for the corresponding aftershocks of Mw ≥ 2.0, respectively. The focal mechanism solutions were 
inverted to retrieve the seismogenic stress using the stress tensor inversion. The combination of the nearby fault 
trends and the obtained results from hypocentral relocations, focal mechanism solutions, and stress tensor inversion 
emphasizes that the NE fault trend is likely to be the causative fault resulting in the 2017 Namas earthquake sequence, 
implying that the local tectonic setting is incompatible with the large‑scale regional tectonics of the Red Sea opening. 
On the contrary, estimates of low‑stress drops exhibit typical values compatible with those reported for the shallow 
plate‑boundary earthquakes that occurred in the Red Sea, suggesting that the existing weak zones in the southern‑
most part of the Arabian Shield may be attributed to the large‑scale regional tectonics of the Red Sea opening.
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Introduction
In this study, we present results from the analysis of 
a moderate-sized earthquake (Mw 4.0) that occurred 
in the eastern flank of the Red Sea, Saudi Arabia. The 
region is not devoid of seismicity and in the recent past 
small earthquakes (M < 3) have occurred. To the south 
of this area, two prominent earthquakes of 6.2  Mw and 
4.4 occurred in 1982 (Yemen) and 2014 (southwestern 
Saudi Arabia). The preliminary analysis reveals the reac-
tivation of a strike–slip fault, reflecting an incompatible 
fault-plane solution with large-scale regional tectonics of 
the Red Sea opening. The Red Sea opening tectonics is 
consistent with the pull-apart model which assumes that 
the earliest motion along the Red Sea rift was strike–slip 

along reactivated Pan-African sutures and fault zones 
(Makris and Rihm 1991). Therefore, this study may pro-
vide some interesting results to understand the geologi-
cal/tectonic processes in the region. The occurrences of 
peculiar seismicity, in the Arabian Shield, may be attrib-
uted either to the stress accumulation transfer from 
the large-scale regional tectonics of the Red Sea rifting 
or the stresses driven by the dynamics of the upwelling 
magma from the Afar mantle plume (Craig et  al. 2011; 
Abdelfattah et al. 2017). Improved knowledge of tectonic 
processes is the key to understand the stress–strain local-
ization and earthquakes occurring in the Arabian shield, 
the eastern flank of the Red Sea rifting system, Saudi 
Arabia.

Since the earthquakes are the only witness of active 
deformation, the analyses of recent earthquakes recorded 
by the Saudi Seismic Network (SSN) will provide an 
understanding of the present-day stress fields that are 
responsible for the lithospheric deformation in the 
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Arabian Shield. Seismic activities that are randomly dis-
tributed in the Arabian shield are presumably attributed 
to the stress transfer due to the relative motion between 
the African and Arabian shields through the diver-
gent movements acting in the Red Sea Rifting system 
(Aldamegh et  al. 2009, 2010). A small-sized earthquake 
of Mw 4.0 struck the Arabian Shield on 3rd, November 
2017, 24  km from the eastern coastline of the Red Sea. 
The earthquake occurred in the Asir terrane, which is one 
of the intra-oceanic island-arc-terranes and forms the 
south-western part of the Arabian shield. It comprises 
north-trending belts of sedimentary and plutonic rocks 
that have been metamorphosed to varying degrees and 
fissured by numerous dextral shear zones (Johnson et al. 
2001, 2011). Figure 1 shows the regional tectonic bound-
aries (Johnson et  al. 2011), the surface faults, seismic 

stations and the spatial distribution of epicenters in the 
epicentral area during the period from 2002 to 2018.

The Arabian Shield (950–550  Ma) was earlier a part 
of the Neoproterozoic Arabian–Nubian Shield that 
underwent several phases of amalgamation and post-
amalgamation tectonic processes which resulted in the 
formation of several heterogeneous terranes separated 
by suture zones (Stoeser and Camp 1985; Blasband et al. 
2000; Johnson 2003). These terranes include the Midyan, 
Hijaz, Jeddah and Asir terranes to the west and the Afif, 
ArRayn, Ad-Dawadimi, and Hail terranes to the east 
(Hargrove et  al. 2006; Bamousa 2103); a simplified geo-
logical map is shown in Fig.  2. The Najd Fault System 
(540–620  Ma) is a complex set of sinistral strike–slip 
faults and ductile shear zones that formed as a result of 
a broad zone of NW–SE directed crustal extension that 

Fig. 1 Map showing the tectonic plate boundaries near the epicenter area and the spatial distribution of epicenters from 2002 to 2017 in its 
vicinity. The polygons (light brown) refer to the wide distribution of ancient Cenozoic basaltic fields that are called Harrats
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Fig. 2 Geological setting of the study area (modified after Brown and Jackson 1962)



Page 4 of 17Abdelfattah et al. Earth, Planets and Space           (2020) 72:34 

accompanied juvenile continental crustal formation in 
the Arabian–Nubian shield (Stern 1985). Finally, the 
separation of the African and Arabian shields during the 
Oligocene Epoch initiated due to the extensional stresses 
associated with an upwelling of active magmas and mag-
matic intrusions beneath the Arabian Shield. The separa-
tion of the African and Arabian shields is manifested in 
the Arabian Shield by three prominent systems of dex-
tral NE to ENE strike–slip faults, normal NW faults, and 
sinistral NNW strike–slip faults (Al Ganad et  al. 1994; 
Johnson 1998; Fournier et al. 2007); where seismic activi-
ties occur. To the south of the 2017 Namas earthquake, 
a prominent earthquake occurred in 2014 in the coastal 
city of Jizan. This earthquake exhibited a focal mecha-
nism solution of dextral strike–slip faulting over the ENE 
fault trend; implying the rejuvenation of a vertical fault 
in the Precambrian basement rocks (Abdelfattah et  al. 
2017).

Since earthquake occurrences are the only direct wit-
ness of active deformation, the analysis of recent earth-
quakes recorded by the Saudi Seismic Network (SSN) 
provides an impetus toward understanding the present-
day stress fields that are responsible for the lithospheric 
deformation in the Arabian Shield. For this reason, we 
relocated the hypocenters and we used the moment-ten-
sor inversion and P-wave polarity techniques to retrieve 
the focal mechanism solutions for the mainshock and 
aftershocks, which in turn were inverted using the stress 
tensor inversion. Moreover, the stress drops were calcu-
lated using a circular crack model in order to quantify 
the characteristics of the respective sequence. We deter-
mined the focal mechanisms and source parameters for 
10 earthquakes with magnitudes ranging from 2.0 to 4.0, 
revealing dextral strike–slip motion along the NE fault 
plane and similar source characteristics of shallow plate-
boundary earthquakes.

Locations and focal mechanism analysis
The seismic activity in Saudi Arabia is monitored by the 
broadband seismic network (Fig. 1), which is operated by 
the Saudi Geological Survey (SGS) (Endo et al. 2007). The 
stations are equipped with three-component broadband 
seismometers. The waveforms are digitized by 24-bit A/D 
at a sampling rate of 100 samples s−1. The waveforms in 
the present study were examined to remove the record-
ings of seismic stations that were characterized by a low 
signal-to-noise ratio.

Earthquake location
The hypocenter location was determined using the ELO-
CATE code (Herrmann and Ammon 2004) and the veloc-
ity model of the Arabian Shield (Rodgers et  al. 1999). 
The arrival times of P-wave and S-waves were picked 

manually from the vertical and horizontal seismograms, 
respectively. Hypocenters of aftershocks were relo-
cated by the master event method, using the difference 
of P-wave arrival times between the master and relative 
events at the nearest stations using the double-difference 
relocation technique (Waldhauser and Ellsworth 2000). 
To improve the precision in reading the arrival times, 
the differential arrival times of P-waves were measured 
by the cross-correlation technique in the time domain. 
The waveform similarity for pairs of earthquakes was 
investigated in the time domain. The waveform cross-
correlations were applied for P- and S-waves separately 
using the vertical component for the P-wave and the N–S 
component for the S wave. A time window of 1  s that 
started 0.1  s before the P and S arrivals, separately, was 
filtered using a 4th order Butterworth band-pass filter 
for frequencies between 1 and 4  Hz. The Hanning win-
dow was applied to trap off the trace ends. The cubic-
spline interpolation technique (Hokstad et al. 1998) was 
used in order to increase the accuracy of the one-sample 
interval of the differential times that were used to relo-
cate the relative events. The differential times measured 
with correlation coefficients greater than 0.7, suggests 
similar waveforms were used to obtain the precise rela-
tive locations. The average root-mean-square (RMS) that 
measured the time difference between the observed and 
calculated travel times were found to be of 0.05 ± 0.02 s. 
The uncertainty in the epicenter and focal depth is 
1.2 ± 0.1  km and 1.7 ± 0.1  km, respectively. Figure  3 
shows the spatial distribution of relocated epicenters and 
hypocenters with respect to the latitudes and longitudes, 
and the seismic stations used in relocations. The hypo-
center relocations and their uncertainties for the main-
shock and its aftershocks are listed in Table 1. 

Determination of focal mechanisms
Based on the assumption of the point-source model, 
the regional moment-tensor inversion technique of Ich-
inose et  al. (2003) was applied to retrieve the source 
mechanism, focal depth and origin time of the main-
shock that occurred on the 3rd of November 2017. The 
technique avoids the potential trade-offs between the 
origin time and the focal depth by using a grid-search 
method over a range of focal depths and origin times. 
The optimum solution is inferred from the variance 
reduction function between the observed and synthetic 
seismograms. The inversion was carried out using the 
complete seismograms of seven seismic stations that 
showed appropriate signal-to-noise ratios and good azi-
muthal coverage around the epicenter. The instrumen-
tal effect was removed from the waveform to obtain the 
actual ground velocity. Subsequently, the waveform was 
filtered by the band-pass filter in the frequency ranges 
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from 0.01 to 0.1 Hz to satisfy the assumption of a point-
source model that is valid for the waveforms of much 
larger wavelengths than the source dimension. The two 
horizontal components were rotated to obtain radial and 
transversal seismograms. A suite of Green’s functions 
was computed along the source-to-receiver paths, shown 
in Fig. 4, and over a range of focal depths using a generic 
velocity model that is adequate to model long-period 
seismograms. The Green’s functions were estimated 
using the fast reflectivity and f–k summation computer 
code of Zeng and Anderson (1995). To avoid the potential 
trade-offs between the origin time and the focal depth, 
we searched for the optimum solution over a range of 

focal depths and origin time shifts, throughout the maxi-
mization of the variance reduction function. The empiri-
cal relation of Mancilla (2001) was used to calculate 
the quality factors for P-wave (QP = 9/4QS) and S-wave 
(QS = VS/10). To resolve the focal depth and origin times, 
a series of moment-tensor inversions were performed for 
different focal depths and origin times. The Green’s func-
tion was computed using two alternative velocity mod-
els of Rodgers et  al. (1999) and Tang et  al. (2016) for a 
series of focal depths ranging from 2 to 40 km with 2 km 
intervals and for origin times within the range from − 3 s 
to + 3  s, shifted with a sampling rate of 1  s relative to 
01:06:52.0 UTC. Figure 5 shows the variance reductions 

Fig. 3 The upper panel shows the spatial distribution of epicenters of events of moment magnitude ranging from 2.0 to 4.0. The red star refers to 
the mainshock and the yellow circles correspond to the largest aftershocks. Green triangles show the nearest seismic stations that recorded the 
events. The map shows also the surface faults represented by thin solid lines as taken from SGS. The upper right panel shows a zoom of epicentral 
area and the epicenter distributions. The lower panels show the vertical distribution of hypocenters along both latitude and longitude
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that quantify the fitness error between the observed and 
synthetic seismograms. The solution, corresponding 
to the origin time of 01:06:53.0 UTC and focal depth of 
18  km, indicates the best-fit solution. Further, the solu-
tion shows a seismic moment of 1.14E+15  Nm and a 
corresponding moment magnitude of 4.0 that was calcu-
lated using the relation of Hanks and Kanamori (1979). 
Figure 6a, b shows the comparison between the observed 
and synthetic seismograms computed for the optimum 
solutions of deviatoric and full moment-tensor solutions 
derived from the regional waveform inversion using the 
velocity models of Rodgers et  al. (1999) and Tang et  al. 
(2016). The moment-tensor solution revealed 9.5%, 
11.3%, and 79.2% for ISO, CLVD, and DC components, 
respectively. The preferred moment-tensor solution is 
consistent with the P-wave polarities identified at the 
analyzed seismic stations.

Based on the assumption of a double-couple source 
model, focal mechanisms of nine aftershocks were 
retrieved using the inversion from polarities of P-waves 
using the program Pman (Suetsugu 1998) that was devel-
oped to run under the Linux operating system taking into 

calculations the take-off angles computed using the code 
ANGGRA (Jansky 2001). The lower hemisphere projec-
tion was used for plotting the P-wave polarities that were 
picked manually at the available stations. The two nodal 
planes were identified using the program Pman (Suet-
sugu 1998) that runs using the Linux operating system.

The focal mechanism solutions show strike–slip fault-
ing with two nodal planes trending ENE and NNE 
(Fig. 7a). From the tectonic point of view, the two nodal 
planes can be plausible in the Arabian Shield (Abdelfat-
tah et al. 2017). The fault parameters that were retrieved 
from the double-couple focal mechanism solution are 
listed in Table  1. The fault-plane solutions using polari-
ties always show uncertainties depending on the size of 
gaps in the station distribution around the epicenter. The 
fault-plane solution uncertainties were performed by tak-
ing into consideration all possible solutions matching the 
polarities and then the standard deviation was estimated 
for strike, dip and rake.

Fig. 4 Map shows the location of the mainshock and the spatial distribution of seismic stations (green triangles) used to retrieve the space 
parameters of the mainshock (focal mechanism, origin time, and focal depth) from the regional waveform inversion
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Stress tensor inversion
The fracture process on the fault zone is controlled by 
many factors such as the shear stress, pore-fluid pres-
sure, fault friction and weakness of the focal zone. Based 
on the focal mechanism solutions obtained from the pre-
vious step, the recent stress tensor inversion technique 
developed by Vavryćuk (2011, 2014) was applied to deter-
mine the orientation of local stress axes and activated 
faults and the stress ratio in the dislocation zone. The 
variation in focal mechanism solutions may bias stress 
ratio and the selection of the activated fault plane from 
two nodal planes. This can be resolved by incorporating 
an algorithm to identify the fault plane based on evalu-
ating the fault instability (I) as introduced by Vavryćuk 
(2011, 2014):

(1)I =
τ + µ(σ + 1)

µ+

√

1+ µ2
,

where μ is the friction coefficient, and τ and σ are the 
normalized shear normal tractions on a fault. The 
method consists of maximizing the so-called slip shear 
stress component using an iterative algorithm based on 
robust grid-search inversion over the friction coefficients 
ranging between 0.2 and 1.0. This avoids the necessity to 
identify the fault plane among the different nodal planes. 
The stress and fault orientations determined based on 
the fault instability concept is run in several iterations. In 
the first iteration, the stress is obtained by random per-
turbation of the focal mechanism dataset. The obtained 
stress provides the identification of the activated fault 
planes based on the fault instability and the stress inver-
sion is turned on again. This process is repeated for 5 to 
10 iterations to obtain the final stress. For this purpose, 
the open-access STRESSINVERSE code written in MAT-
LAB (Vavryćuk 2014) was used. Four parameters of the 
stress tensor are recovered; the orientation of the prin-
cipal stress axes; σ1, σ2, and σ3 and the shape ratio R. The 
uncertainties were assessed by random perturbation of 

Fig. 5 Plot showing the variance reduction and double‑couple focal mechanisms of the mainshock as a function of focal depths and origin times. 
In this plot the variance reduction is proportional to the dimension of the beach ball double‑couple mechanism. The optimum origin time is + 1 s 
shifted relative to the earthquake origin time of 01 h, 06 min, and 52 s. The optimum solution reveals a focal depth of 18 km
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a

b
Fig. 6 Comparison between the observed (black lines) and the synthetic velocity waveforms for the optimum solutions obtained from the regional 
waveform inversion a the deviatoric moment‑tensor solution using the velocity model of Rodgers et al. (1999) and b the full moment‑tensor 
solution using the velocity model of Rodgers et al. (1999)
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the focal mechanism dataset contaminated with artificial 
noise. A random noise of 100 realizations was used in 
the inversion with a level of noise of 10° to the estimated 
accuracy of input focal mechanisms. After a total number 
of 6 iterations, the inversion process is terminated.

The focal mechanism solutions of a total number of 10 
events were inverted to recover the tectonic stress regime 
in the seismogenic zone. Figure 7b–e shows the results of 
the stress inversion with a stress ratio of 0.16. The fault-
plane solutions display a cluster distribution of P and 

σ1σ2σ3

b

a

c

e

d
Fig. 7 Iterative inversion of stress and fault orientations. The plot shows: a the distribution of focal mechanisms of the mainshock (red beach ball) 
and aftershocks (yellow beach ball) of the fault parameters listed in Table 1, b P‑axes (red circles) and T‑axes (blue plus signs) and the corresponding 
principal stress directions (σ1, σ2, and σ3), c confidence of principal stress axes retrieved from random perturbation of the focal mechanism dataset. 
d Mohr’s circle diagram with the positions of fault planes, and e the stress ratio histogram for the 2017 earthquake sequence
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T axes indicating that the axes σ1 and σ3 are well con-
strained. The optimum solution reflects a contemporary 
shear stress regime characterized by major compressive 
stress (σ1) of 44.9° plunge and 230.9° SW trend, the inter-
mediate compressive stress (σ2) of 44.7° plunge and 60.7° 
NE trend, and the minor compressive stress (σ3) with 4.9° 
shallow plunge and 325.8° NW trend; corresponding to 
the dominant strike–slip stress regime as illustrated in 
Fig. 7b. The value of the stress ratio is low at 0.15 ± 0.09. 
The confidence level is shown in Fig.  7c, reflecting the 
accuracy of inverted focal mechanisms considering the 
assumption of the inversion affects the shape ratio value 
as shown in Fig.  7e. The instability of the fault plane 
was measurable from the projections of fault planes on 
Mohr’s circle diagram. The distributions of fault planes 
in Mohr’s circle diagram imply high shear stress (Fig. 7d). 
The parameters of principal focal mechanisms are listed 
in Table  2. The inversion shows that 80% of fault-plane 
solutions are located in the lower Mohr’s semi-circle; 
indicating a fault oriented to the NE with a stress ratio 
of 0.15 ± 0.09 and a low friction coefficient of 0.3. The 
fault planes are highly stable and have orientations with 
a strike of 26.9°, a dip of 60.6°, and a rake of − 143.8°. On 
the other hand, the conjugate fault is oriented to a strike 
of 262.5°, a dip of 69.4°, and a rake of − 41.3°. However, 
the number of events is not sufficient for accurate inver-
sion to provide the most likely orientations of faults for 
the computed stress regime. Therefore, they should not 
be directly interpreted as supporting evidence for conju-
gate faulting.

Stress drop
In general, earthquakes occur on pre-existing active 
faults due to the regional stress regime, and therefore 
similar focal mechanisms are observable. Some recent 
studies (Skoumal et  al. 2015; Schultz et  al. 2015) show 
that the focal mechanism solutions of induced events 
imply a rejuvenation of pre-existing faults which are 
consistent with the regional stress regime. The so-called 
stress drop, that measures the difference between the 
stress before and after the occurrence of an earthquake, 
may potentially be used to distinguish between the earth-
quakes originating from different geodynamic processes.

In this analysis, we estimate the amplitude spectrum 
for P- and S-waves. The signal-to-noise ratio (SNR) is 

evaluated to satisfy a minimum average value of 3 for 
frequencies over a minimum of 20  Hz bandwidth. A 
time window of 1–2  s, that was selected based on the 
hypocentral distance, was used to compute the ampli-
tude spectrum for pre-event noise and seismic signal. 
Data from only those intervals with a SNR ≥ 3 are used 
and the amplitude spectrum was calculated using the 
fast-Fourier transform. The evaluation of stress drop 
requires constraints on the influence of propagation 
path and site effects on seismograms to isolate the 
source term. We use a spectral ratio based on empiri-
cal Green’s function (EGF) method which assumes that 
two collocated earthquakes share the same propaga-
tion path and site effects (Huang et al. 2016). An exam-
ple of processing is shown in Fig. 8. The spectral ratio 
approach allows us to remove the source-to-receiver 
path and site effects to constrain the source effect, 
provided the lower and higher corner frequencies can 
be precisely determined for kernel and master events. 
For this purpose, we selected the events that showed a 
minimum magnitude difference of 1.0 and the cross-
correlation coefficient greater than 0.7. The EGF events 
are listed in Table 1. Once the higher frequency plateau 
of small events is observable, the corner frequencies of 
the master and kernel events are estimated by fitting 
the spectral ratios using the following model (Brune 
1970):

where 
(

Mm

/

Mg

)

 is the seismic moment ratio between 
the master event seismic moment (Mm) and the kernel 
event seismic moment (Mg). The quantities fcm and fcg 
are the corner frequencies for the master and the kernel 
events, respectively. We applied the grid-search method 
of de Lorenzo et al. (2010) to fit the spectral ratios, using 
Eq. 2, and then determined the seismic moment ratio and 
the corner frequencies.

The seismic moment for EGF events was calculated 
using the seismic moment for the mainshock that was 
obtained from the moment-tensor solution and the 
seismic moment ratio (M01/M02). The source radius was 
estimated using the mean corner frequency and the fol-
lowing relation (Madariaga 1976);

where r is the fault radius, υ is the wave velocity, k is a 
constant equal to C/2π (0.32 for P-waves and 0.21 for 
S-waves), assuming the rupture velocity is 90% of the 
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Table 2 Principal fault-plane solutions of  the  2017 
earthquake sequence

Optimum fault trends Strike (°) Dip (°) Rake (°)

Upper Mohr’s semi‑circle 262.5 69.4 − 41.3

Lower Mohr’s semi‑circle 26.9 60.6 − 143.8
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shear wave velocity that is equivalent to 3.93  km/s in 
the source region (Rodgers et  al. 1999). Once the seis-
mic moment M0 and the radius r of the circular crack are 
known, the stress drop is calculated using the following 
equation (Keilis-Borok 1959):

where Mo is the seismic moment. The estimated source 
parameters, seismic moments, fault radius, and stress 
drops, are listed in Table  1. The seismic moments and 
corner frequencies, listed in Table  1, are the average 
value estimated using a number of EGF events. Figure 9a 
shows the relationship between the source radius and 

(4)�σ =
7

16

Mo

r3
,

seismic moment among three lines representing the con-
stant stress drop scale at 0.1, 1, and 10  MPa. Estimates 
of source parameters revealed that seismic moments 
are observed within the range from 1.1E+12  Nm to 
1.1E+15  Nm. The circular crack model estimates the 
source radius of 0.16–0.50 km. Estimates of stress drops 
range from 0.1 to 6.2  MPa with a median of 0.16  MPa. 
90% of the dataset, representing 9 events, showed a 
dependence of stress drop on the moment. The main-
shock stress drop has a typical value similar to that 
reported for shallow intraplate earthquakes (Ruff 2002). 
Figure 9b shows the distribution of stress drop values and 
moment magnitude with a mean of 0.16 MPa. The source 

Fig. 8 An example of the analysis of spectral ratios for P‑ and S‑waves to estimate the seismic moment ratio and the corner frequencies of the 
master event (2017/11/03 01:06:52.746 UTC) to its kernel event (2017/11/03 07:53:11.632 UTC) recorded by the NAMS station
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parameter uncertainties were calculated using the algo-
rithm proposed by Archulleta et al. (1982).

Discussion
Improved knowledge is an essential key to understand 
the geodynamic processes that generate the lithospheric 
deformation, stress and strain localization, and stress 
release resulting in earthquakes. The geodetic measure-
ments indicated that the southern part of the Red Sea 
region accommodates by an extensional deformation 
ranging from 7.1 ± 0.1 to 15.4 ± 0.1 mm/year in the N20° 
E direction between latitudes 15° N and 20° N as reported 

by ArRajehi et  al. (2010). The study of source charac-
teristics of seismic dislocation zones, which are widely 
distributed in the vicinity of the complex geodynamic 
setting associated with the large-scale regional tectonics 
of the Red Sea opening, can lead to a new understanding 
of peculiar seismicity in the Arabian Shield.

In this study, we present the results from the waveform 
analysis of the 2017 earthquake sequence that occurred 
in the eastern flank of the Red Sea, Saudi Arabia. The 
focal depth of the mainshock (18–20 ± 2 km), as retrieved 
from the waveform inversion using two velocity mod-
els (Rodgers et  al. 1999; Tang et  al. 2016), is consistent 
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Fig. 9 Plot showing a the distribution of the seismic moments versus the fault radii with constant stress drops representing by solid lines for 0.1, 
1.0, and 10 MPa, and b the distribution of stress drops as a function of moment magnitude (Mw). The dashed line represents the median of stress 
drop estimates
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with the focal depths determined by the absolute loca-
tion. The Moho discontinuity beneath the epicentral 
area demarcates the upper crust (0–15  km) and lower 
crust (12.5–30.0  km), as deduced by Tang et  al. (2016) 
using the H–κ stacking analyses and joint inversion tech-
nique of P-receiver functions and Rayleigh waves disper-
sion curves. An average crustal thickness of 41.6  km is 
reported in the area (Aldamegh et al. 2005; Tkalčić et al. 
2006). Although this seismic sequence is characterized by 
a relatively low magnitude, it has some potential to reveal 
the present-day tectonic stress field in the intra-conti-
nental setting. The results obtained from hypocentral 
relocations, focal mechanism solutions, and stress ten-
sor inversion reveal a dextral strike–slip movement along 
the NE fault plane. The corresponding focal mechanism 
solutions showed two distinct nodal planes oriented 
in the NE–SW and NW–SE directions. The hypocen-
tral distributions of the largest aftershocks (Mw ≥ 2.0) 
aligned to the NE direction, reflects a unilateral rupture 
propagation to the updip direction from the mainshock 
hypocenter. The Mohr’s circle diagram, with respect to 
the positions of fault planes, reveals a dextral strike–slip 
movement over the NE fault plane that is emphasized by 
the alignment of the aftershock distributions. It is note-
worthy that the present results are inconsistent with 
large-scale regional tectonics of the Red Sea opening.

The Asir terrane, where the epicentral area is located, 
is represented by two generations of arc magmatism. The 
older arc assemblage consists mainly of dioritic to ton-
alitic plutonic rocks, which were formed between 950 
to 800  Ma and included the Namas, Bidaj, and Jiddah 
terrane (Bokhari and Kramers 1981). The younger arc 
magmatism comprising the Al-Qarah terrane developed 
around 740  Ma (Stoeser and Frost 2006). Geological 
mapping shows that the Asir terrane consists of north-
trending litho-structural features (Nehlig et al. 2002). The 
680–640  Ma Nabitah suture zone (Schmidt et  al. 1979) 
is a North–South trending major fault zone (Stoeser and 
Camp 1985). It defines a 100- to 200-km-wide zone of 
crustal deformation, extending for more than 1000  km 
that has been regarded as the site of a collision between 
the Asir and Hijaz terrane in the west and the Afif ter-
rane in the East. The zone contains abundant serpentinite 
bodies (Pallister et al. 1987) and has been affected by dex-
tral shearing throughout its ductile and later on brittle 
history (Johnson and Kattan 2001; Johnson and Wold-
ehaimanot 2003). The 620–540  Ma Ad Damm Shear 
Zone (Johnson et al. 2001, 2011) is a NE to NNE trending 
fault zone which separates the Asir terrane from the Jid-
dah terrane and is characterized by dextral shearing with 
moderate-to-steep NW plunging stretching lineations 
(Hamimi et al. 2014). The Asir terrane is affected by dex-
tral shearing in its eastern part and sinistral shearing in 

its western part and is characterized by old as well as rel-
atively young shearing events. In the epicentral area, the 
main intra-terrane deformation zone is the Umm Fawal 
structure that is characterized by dextral strike–slip 
deformation over the N to NE fault orientations (Stoeser 
and Stacey 1988; Stern and Johnson 2010). All the shear 
zones follow the N to NE trends. Evidence of ductile fol-
lowed by brittle deformation shows that the shear zones 
in the terrane experienced progressive deformation and 
reactivation (Johnson et al. 2001, 2011). The NE-striking 
subsurface faults were inferred from the gravity and mag-
netic data (Gettings 1983). It is noteworthy that the axial 
rift west to the epicentral area is dissected by a num-
ber of well-defined transverse faults (Bosworth 2015). 
Moreover, the epicentral distributions in Fig.  1 demar-
cated some of the NE to ENE fault trends at the eastern 
shores of the Red Sea. Similar enigmatic phenomenon of 
peculiar seismicity is observed along the western coast 
of the Red Sea in Egypt (Abdel-Fatth et al. 2008). These 
observations may rise to suggest a transfer of stress accu-
mulations from large-scale regional tectonics of the Red 
Sea opening into the eastern flank of the Red Sea across 
transverse faults. Considering the nearby fault trends, 
two fault systems are well distinguished in the Arabian 
Shield; the first system characterized by an extensional 
field similar to that is responsible for the Red Sea rift-
ing system and the second one represents the NE fault 
trends of dextral strike–slip mechanisms formed by the 
Pan-African orogeny. It is worth stressing that the 2014 
Jizan earthquake, that is located approximately 100  km 
to the south of the 2017 Namas earthquake, showed an 
oblique dip–slip movement along the NNE fault; reveal-
ing the second seismological evidence of reactivation 
over a strike–slip fault in Asir terrane that is attributed 
to the Pan-African fault systems (Greenwood et al. 1980). 
Accordingly, the stress accumulation of the large-scale 
tectonics of the Red Sea rifting system may be transferred 
across the transverse faults into the southernmost part of 
the eastern flank of the Red Sea.

Estimates of stress drops are influenced by many fac-
tors; i.e., source geometry, rupture directivity, rupture 
velocity, faulting styles, tectonic deformation rates, stress 
regime, rock composition, and focal depth (Kaneko and 
Shearer 2014; Goebel et  al. 2015). Moreover, the vari-
ations in stress drops are attributed also to the source 
model assumptions (Huang et  al. 2016). Some stud-
ies revealed comparable estimates of stress drop and 
other studies reported a varied range of estimates. The 
obtained stress drop value of 3.8  MPa is not different 
from the stress drop of earthquakes in a crustal plate-
boundary, typical values of which are lower than 10 MPa 
(Scholz 1990); implying a geodynamic process attributed 
to the Red Sea rift system and its conjugate strike–slip 
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faults. Our estimates of stress drop are consistent with 
that estimated for the nearby earthquakes such as those 
which occurred in the south Red Sea, Afar region, Gulf of 
Aqaba, the Gulf of Suez and recently in Harrat Lunayyir, 
Saudi Arabia (Kebede and Kulhanek 1989; Pinar and 
Turkelli 1997; Hofstetter and Beyth 2003; Abdel Fattah 
et al. 2006; Allmann and Shearer 2009; Abdelfattah et al. 
2019). On a global scale, our estimates of stress drops are 
consistent with the values estimated by Archuleta et  al. 
(1982) for earthquakes of Mw ~ 4.0. Estimates of stress 
drop for the 2017 earthquake sequence show a typi-
cal value similar to that reported for the shallow plate-
boundary earthquakes of tectonic origins.

The low friction coefficient of 0.3 implies a trigger 
of seismic activity in a weak fault zone. The low fric-
tion implies that the stress drop should also be low 
because high shear stress cannot be accumulated in 
such a medium, but there is no clear quantitative rela-
tion between low friction and stress drop. Moreover, the 
friction coefficient is a rather unstable parameter and an 
extensive dataset of accurate focal mechanisms is needed 
to obtain a more reliable value. It is noteworthy that the 
epicentral area geologically comprises gneissic granites 
and granodiorites. Gneiss shows strong foliation that 
forms as a result of shearing stress. Further shearing of 
the platy minerals like biotite along the foliation direction 
could lead to the reactivation of faults.

Conclusions
On the basis of the analysis of hypocenter relocations, 
focal mechanism solutions, and stress tensor inversion, 
in combination with the nearby fault trends, the fault 
plane oriented in the NE direction can be considered as 
the causative fault of the 2017 earthquake sequence. The 
contemporary shear stress regime exhibits a principal 
stress axis (σ3) having nearly shallow plunge horizontal 
with azimuth trending to the NW direction, indicating 
a rejuvenation of the pre-existing faults that are incom-
patible with large-scale regional tectonics of the Red Sea 
opening. The stress ratio of 0.16 reveals that the maxi-
mum and intermediate stresses are inclined with approx-
imately similar magnitude. Estimates of stress-drops 
exhibited low values similar to those reported for shal-
low plate-boundary earthquakes in accordance with the 
low static friction. The accumulation mechanism of high 
shear stresses is unlikely to be accommodated in such 
a highly fracture zone that is associated with the exten-
sional stress regime. Moreover, the low-stress drop values 
may imply a potential relation to the large-scale regional 
tectonics of the Red Sea opening that may be transferred 
into the respective terrane due to the pre-existing faults 
characterized by dextral shear deformations.
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