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Abstract 

This study aims to synthesize seismic observations with gravity and magnetic data and to suggest a new scenario 
on the development of the Harrat Lunayyir (HL) tectonic system on the eastern Red Sea coastline, Saudi Arabia. 
Gravity and aeromagnetic anomalies distinctly mapped the NE and NW trends, while the InSAR data depict a small 
NW–SE graben and an NW–SE dyke. High-resolution relocations, which are well-consistent with the focal mechanism 
solutions for events with magnitudes greater than 3.0, admit two distinctly fault styles of different orientations. Thus, 
leading to the NE and NW fault planes’ reactivation related to the Precambrian basement faults and the Red Sea rift 
system, respectively. The spatiotemporal distributions of epicenters and focal mechanism solutions suggest a new 
seismic deformation scenario of the 2009 earthquake seismic activity. The low static frictions of 0.2–0.35 obtained 
from the stress inversion indicates reactivation of preexisting faults in the respective seismogenic zones. The obtained 
results give rise to a swarm-like sequence of tectonic implications, two activated fault styles differently oriented, and 
an NE conjugate fault system inherited in the region, which plays a vital role in transferring the ambient stress regime 
into the Red Sea’s eastern flank.
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Introduction
The current geodynamic process acting in the Red Sea is 
characterized by the extensional tectonic stress regime as 
accommodated by the Arabian plate’s divergence move-
ment away from the African plate (Stoeser and Camp 
1985; Abdelfattah et al. 2020). Within the Red Sea’s east-
ern flank, the stress regime is presumably imported by a 
shallow active asthenosphere (Abdelfattah et  al. 2017b); 
forming a complex structure consisting of several fault 
styles differently orientated, such as the NW–SE dykes 
and the NNW normal faults. Seismological studies and 
geodetic observations revealed that the Arabian Shield 

is undergoing an NE–SW extensional stress regime, 
presumably prompted by the Red Sea rift system (Al-
Damegh et  al. 2009, 2012; ArRajehi et  al. 2010). How-
ever, recent studies of Abdelfattah et  al. (2017b, 2020) 
showed incompatibility between the large-scale regional 
tectonic stress in the Red Sea opening and suggested 
that the stress is transferring into the Red Sea’s eastern 
flank across the conjugate fault system in the region. 
The active continental lithosphere of the northernmost 
part of the Red Sea’s flanks is tectonically manifested by 
inland earthquakes occurring in several seismic dislo-
cation zones (Fig. 1). It is worth knowing that relatively 
low temperatures characterize the earthquake occurring 
in the brittle volume of crust, which may not be valid 
in the volcanic regions, where arguments arise due to 
the coupling between the tectonic and magmatic pro-
cesses. Owing to the fault geometries can be adapted to 
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reactivate in tectonic stress status, it is crucial to know 
the reactivation potential of tectonic faults in the region 
with tectonic and magmatic processes.

One of these regions is the Harrat Lunayyir (HL) 
enriched by the active volcanic field. The HL is a part 
of the Arabian Shield that comprises the Red Sea’s 

eastern flank. It attracts global interest because of the 
2009 earthquake episode of the largest event with mag-
nitude Mw 5.4, preceded by thousands of events. Since 
this seismic event, scientists debate whether the HL’s 
earthquakes were due to tectonic or magma upwelling 
through the crust. The essential features of HL include: 

Fig. 1  The left panel shows the distribution of epicenters in the northernmost part of the Red Sea region. The map shows the random distribution 
of earthquake  source zones in the Red Sea’s eastern and western flanks. The rectangular inset indicates the location of the HL area. The right panel 
shows the epicentral distributions of the 2009 earthquake swarm and the seismic stations. The polygon represents the Harrat areas
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(1) the presence of Cenozoic volcanic lavas over the Pre-
cambrian crystalline rocks; (2) the earthquake episode 
occurred in 2009 inducing more than 30,000 events 
within 3 months (April–June 2009) before and after the 
mainshock occurred on May 19 with magnitude M5.4 
(SGS catalog). This seismic activity is called Al-Ays earth-
quake, since Al-Ays is the town’s name located 40  km 
southeast of the mainshock’s epicenter. Al-Ays’ town was 
affected by minor damage evaluated with VI degrees’ 
intensity in the Mercalli scale (Al-Amri and Fnais 2009). 
The seismic activity at HL attracts global interest, debat-
ing its origin. In general, the seismic activity could be 
tectonic, magmatic, or both of them. For HL, most of the 
studies published after the earthquake of 2009 stated that 
the earthquake swarm of HL is controlled mainly by a 
magma rising and emplacement of shallow depth dykes 
(Abdelfattah et al. 2017a; Al-Amri et al. 2012; Al-Zahrani 
et  al. 2012, 2013; Koulakov et  al. 2014; Mukhopadhyay 
et al. 2013; Pallister et al. 2010; Zahran and El-Hady 2017; 
Zobin et  al. 2013). Such a scenario is proven in other 
regions, such as the Afar area (East African rift), where 
seismicity is associated with active dykes’ intrusion with 
clear evidence. However, there is no evidence of an immi-
nent volcanic eruption in the HL area after 10 years of the 
main-shock of 2009. The last eruption in HL occurred in 
the tenth century (Siebert et  al. 2011). There has been 
a significant doubt in the primary model stating that a 
magma upwelling caused HL ‘s seismicity through the 
crust. The key question on the origin of the seismic activ-
ity, that occurred in 2009 in the area, remains. Recently, 
Rashed et al. (2020) re-examined and discussed evidence 
of the dyke intrusion model adopted by several authors. 
They favor the tectonic origin. This study contributes to 
this debate on the cause of the HL area’s seismic activity.

To explore the change or redistribution of the tec-
tonic stress conditions in the HL active inland zone, we 
re-investigate the evidence associated with the 2009 HL 
seismic activity based on gravity data analysis. We use 
edge detector techniques combined with the spatiotem-
poral distribution of epicenters, focal mechanism solu-
tions, and the result of aeromagnetic anomalies. This 
study provides an impetus to characterize adequate deli-
cate fault structures and the current status of tectonic 
stress controlling the earthquake generations and adapt-
ing the fault geometries that might be reactivated due to 
the tectonic stress redistribution accumulations. In this 
study, we attempt to decipher the following:

1 The controversy on whether the 2009 earthquake 
episode originated due to stresses driven tectonic or 
magmatic processes.

2 The activated delicate fault structures.

3 The key role of the conjugate fault system to import-
ing earthquake activities in the Arabian Shield.

Geological setting
The Red Sea’s eastern margin is represented by large 
Precambrian basement rocks (600–900  Ma) exposed 
on the surface with little or no sediment cover known 
by the Arabian Shield. The Arabian Shield is considered 
as a Juvenile Neoproterozoic crust. Its structures arise 
from the convergence, and collisions between continen-
tal fragments occurred between 630 and 550 Ma (Stern 
and Johnson 2010). During Cenozoic volcanic, the Ara-
bian Shield is tectonically accommodated by a divergence 
between the Arabian and African plates that resulted in 
the Red Sea’s opening. There is evidence that the Precam-
brian rocks of the Arabian Shield have been under sev-
eral tectonic phases. Among the significant structures in 
the Arabian Shield, the NW–SE normal faults and dykes, 
are recognized to be parallel to the Red Sea and NE–SW 
strike-slip faults, respectively. In HL and its surround-
ing, NW–SE faults and dykes are described by Bosworth 
(2015). The dykes and normal faults are emplaced during 
the early stages of the Red Sea rift (Stern and Johnson 
2019).

Moreover, the Arabian Shield is scattered by Ceno-
zoic volcanic rocks known as Harrats, covering a vast 
area (about 180,000  km2). This Cenozoic volcanic 
activity is related to the regional extension tectonic 
event that started 30 Ma ago and continues up to the 
present, resulting in the Red Sea rifting (Coleman et al. 
1983). The young Harrats in Arabian Shield includes 
Harrat Bouqum, Kishb, Rahat, Khaybar, and HL. The 
HL, as a case study, is the smallest volcanic field. It is 
60 km from the Red Sea coast and is considered as part 
of the eastern margin of the northern Red Sea. The HL 
shows several cones trending along NW–SE (Al-Amri 
et  al. 2012), with the latest eruption occurred about 
1000 years ago. Figure 2 shows the geologic map of HL 
and the surrounding area. The figure shows different 
igneous rocks that compose the Precambrian base-
ment exposed at the surface with remarkable NW–SE 
and NE–SW trends. Several surface faults are mapped 
by Jónsson (2012), and most of them are trending 
along NW–SE direction, parallel to the Red Sea rift. 
They are considered normal and tensional fractures. 
The geologic map also shows the recent volcanic rocks 
observations related to the latest eruption in the tenth 
century. The HL field has a random shape without 
any preferential trend. All Cenozoic volcanic rocks in 
the Arabian Shield, including HL, are assumed to be 



Page 4 of 19Abdelfattah et al. Earth, Planets and Space          (2021) 73:178 

caused by hot material in the upper mantle (Camp and 
Roobol 1992).

Gravity anomaly analysis
Bouguer gravity anomalies

Fig. 2 Geological outline map for the Harrat Lunayyir (Mukhopadhyay et al., 2013) with epicenters of the 2009 seismic swarm shown by red dots



Page 5 of 19Abdelfattah et al. Earth, Planets and Space          (2021) 73:178  

We used the high resolution (1’ × 1’) global gravity model 
(Sandwell et al. 2014). The global model is highly useful 
in revealing regional crustal structures. Figure  3 shows 
the complete Bouguer anomaly map of the HL area. The 
map shows long and short wavelengths due to different 
subsurface densities with a general increase from − 70 
to 50 mGal toward the West. In general, the long-wave-
length components represent deep sources. In our case, 
it corresponds to the crust/mantle discontinuity. Indeed, 
the general increase toward the West fits the crust 
structure of passive margin, revealed by the thinning 
of the crust toward the Red Sea. The crustal thinning is 
described by Al-Damegh et al. (2005) and Hansen et al. 
(2007). To efficiently observe the crustal heterogeneities’ 
effect, we extract a regional anomaly representing the 
effect of crust/mantle discontinuity from the observed 
anomaly. The regional anomaly representing the crust/
mantle discontinuity must be a smooth surface obtained 

from the polynomial method, since the discontinuity is 
deep (about 30 km). The extent of the study area is lim-
ited to some hundred’s kilometers. We calculate different 
polynomial surfaces using the observed Bouguer values. 
The degree of the best polynomial surface is determined 
using the method proposed by Gabtni and Jallouli (2017). 
The best polynomial surface, fitting the long-wavelength 
considered a regional, is the third-degree polynomial sur-
face (Fig.  4a). This regional anomaly is subtracted from 
the observed complete Bouguer anomalies to obtain a 
residual.

Residual anomaly analysis
Figure  4b shows the residual anomaly map obtained by 
subtracting the regional anomaly from the observed 
Bouguer anomaly. It represents the effect of different 
densities within the uppermost crust of the study area, 
including density variation within the Precambrian base-
ment related to crustal heterogeneities, dykes, or faults, 

Fig. 3 Bouguer anomaly map. Observed anomalies reflect all density contrasts in the subsurface. Values are in mGal



Page 6 of 19Abdelfattah et al. Earth, Planets and Space          (2021) 73:178 

Fig. 4 a Regional anomaly map obtained by third order polynomial fitting of the observed Bouguer anomaly. Values are in mGal. b Residual 
anomaly map obtained after extraction of the regional from the observed Bouguer anomaly. Values are in mGal



Page 7 of 19Abdelfattah et al. Earth, Planets and Space          (2021) 73:178  

and different densities induced by the Cenozoic volcanic 
rocks. To efficiently enhance these anomalies, we calcu-
late the vertical gradient of the residual anomalies. This 
process amplifies all anomalies, especially anomalies of 
high frequencies. It also aids in the separation of anom-
alies. The increase in frequency leads to an increase in 
the amplification using this process. The vertical gradi-
ent is calculated in spectral domain using the Generic 
Mapping Tools developed by Wessel and Smith (1998). 
It is obtained by transforming the field to frequency 
domain, multiplying the field in frequency domain by 
the radial wave number (kr) and then transforming back 
the obtained signal to space domain. Figure 5 shows the 
resultant  vertical gradient map. It demonstrates promi-
nent NE–SW anomalies interfered with short NW–SE 
wavelength anomalies. These latter trends were not dis-
tinguishable in the residual map, and they appear in 
the  vertical gradient map. The anomalies require more 
accurate and higher sample frequency of gravity data, 
since they are of short wavelengths. These NW–SE 

short-wavelength anomalies correspond to the known 
NW–SE faults and dykes, parallel to the Red Sea rift. 
The structures are well described and evidenced by aer-
omagnetic data (Zahran et al. 2017; Rashed et al. 2020). 
However, the repetitive of prominent positive and nega-
tive gravity anomalies trending in the NE–SW direction 
is not common. These anomalies have a width of about 
30  km and an amplitude of 10 to 20 mGal. This is why 
the geological map (Fig.  2) shows structures and trends 
represented by dykes, normal faults, or thin sediment 
layers trending in NW–SE direction related to the Ceno-
zoic extension event and the Red Sea’s opening. Gravity 
anomalies hardly express these Cenozoic structures. In 
addition, no anomaly fits the recent HL volcanic rocks. 
The NE–SW gravity anomalies are dominant in the 
residual and vertical gradient maps. They may override 
the gravity signatures of the known NW–SE structures. 
A key question arises here on the cause of these NE–
SW prominent gravity anomalies (Figs. 4b and 5). These 
anomalies are related to the Precambrian basement of the 

Fig. 5 Vertical gradient of the residual anomaly. Values are in mGal/km
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Arabian Shield based on the wavelength (10 km), ampli-
tudes (tens of mGals), extent (50 to 100 km), and the geo-
logical context of the study area. The Arabian Shield has 
been under several tectonic phases. Its structure occurs 
as a result of collisions between continental fragments. 
The so-called basement implicates many heterogeneities. 
Therefore, we consider that the observed NE–SW promi-
nent gravity anomalies are caused by changes in compo-
sition and densities within the Precambrian basement 
heterogeneities.

Boundary analysis
The observed NE–SW residual anomalies associated with 
crustal heterogeneities are significant. These heterogenei-
ties correspond to an arrangement of different basement 
blocks with different compositions and densities. Based 
on the geological context of the region, the boundaries 
between blocks should be inherited faults, initiated by 
collisions of continental fragments of crust that occurred 
between 630 and 550 Ma (Stern and Johnson 2010).

We applied edge detector filters based on gradients 
of potential field anomalies to detect basement blocks’ 
boundaries with different densities. These filters aid the 
location of the edge of sources, faults, dykes, densities, or 
change of magnetic susceptibility using gravity and mag-
netic anomalies. Cordell and Grauch (1985) initiated these 
techniques. These techniques were developed by Blakely 
and Simpson (1986) and applied by several authors (Jallouli 
and Mickus 2000; Jallouli et al. 2013). In this study, we cal-
culate the Magnitude of the Horizontal Gradient (MHG) to 
locate the edges of the crustal block:

where ( ∂U
∂x )

2 and ( ∂U
∂y )

2 are the horizontal gradients of 
the potential field (U) along x and y directions, 
respectively.

Figure 6a shows the MHG of the residual gravity anom-
alies. Peaks or Maxima of MGH correspond to the edges 
of the crustal blocks with different densities. This map 
shows that most of the gravity trends are in the NE–SW 
to NNE–SSW direction. We apply a directional gradi-
ent to better illustrate these trends. Figure 6b shows the 
horizontal gradient along the NW–SE direction  (N135oE) 
almost perpendicular to the main trends. This directional 
horizontal gradient allows enhancing NE–SW gravity 
trends corresponding to the edge of the crustal blocks. In 
other words, it will enable better detection of the NE–SW 
and NNE–SSW boundaries in the basement, indicated by 
maxima and minima of the obtained directional horizon-
tal gradient (Fig. 6b).
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Aeromagnetic anomalies analysis
The Aeromagnetic data cover the HL and its surround-
ing areas. Several authors described and analyzed the 
magnetic anomalies over the HL area (Zahran et al. 2017; 
Rashed et al. 2020). These data allow us to map anoma-
lies of high frequencies, higher than those expressed by 
Bouguer data. The aeromagnetic maps show different 
narrow NW–SE trends (Fig.  7a). These trends corre-
spond to a set of faults and thin dykes. We remind that 
these dykes evidenced by aeromagnetic data are not or 
barely shown in gravity maps. There is a complementarity 
between available gravity and magnetic findings.

Moreover, all magnetic analyses illustrate the clear 
magnetic signature of the recent HL lava sheets that 
emplaced in the tenth century. Anomalies of high fre-
quencies and amplitudes express these recent lavas of 
HL. The aeromagnetic map (Fig. 7a) shows also NW–SE 
and NE–SW trends. Based on the aeromagnetic anoma-
lies of HL area (Fig. 7a), we mapped the main magnetic 
trends. The obtained map (Fig.  7b) shows a predomi-
nance of NW–SE trends corresponding to faults and 
dykes. These dykes are aged 20–24  Ma, and they are 
associated with the beginning of the Red Sea rift (Stern 
and Johnson 2019).

Seismological aspects
A relationship between the earthquake locations and 
nearby geological faults is essential to manifest the fault 
structures. Moreover, an earthquake’s fault plane solu-
tions provide information on the aligned fault structures 
and the current status of tectonic stress that controls 
earthquake generations in an earthquake-prone area. The 
precise locations and focal mechanism solution play a 
crucial role in this study. We determine the 2009 earth-
quake episode’s accurate hypocentral relocations using a 
scheme of the absolute location described later. In addi-
tion, we determine the focal mechanism solutions using 
the moment tensor technique based on the double-cou-
ple source approximation.

Hypocentral locations
Figure 1 shows the seismic stations’ map and the epicent-
ers for events of magnitudes greater than three (Abdelfat-
tah et  al. 2017a). The seismographic network comprises 
23 seismic stations equipped with three components, dis-
tributed around the epicentral area. Each seismic station 
was equipped with a 1-Hz seismometer, with continu-
ously recorded at a sampling rate of 100 Hz, and a GPS 
receiver to maintain an internal clock’s accuracy with an 
order of 1 ms.

The data set used to relocate the hypocenters belonging 
to the 2009 HL earthquake swarm comprised 136 events, 
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Fig. 6 a Magnitude of horizontal gradient. Maxima corresponding to boundaries represented by density contrasts. Values are in mGal/km. b NW–
SE directional horizontal gradient to highlight NE–SW gravity trends represented by maxima and minima. Values are in mGal/km. These NE–SW 
trends correspond to the location of density contrast and interpreted to be inherited faults in the basement
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Fig. 7 a Reduced to the pole of aeromagnetic anomalies map of Harrat Lunayyir and surrounding area. (After Rashed et al., 2020). b Map showing 
the aeromagnetic trends mirrored from the aeromagnetic map shown in a (thick lines) and observed surface faults (thin lines)
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representing the significant events with magnitudes three 
at least to provide high accuracy picking of the arrival 
times. The arrival times of both P- and S-waves were 
manually picked from time-series recorded by vertical 

and two horizontal components, respectively, using the 
GSAC software program (Herrmann and Ammon 2004). 
The one-dimensional velocity model of the P-wave was 
estimated by Rodgers et  al. (1999). The S-wave model 

Fig. 8 Structural map showing gravity trends (thick dashed lines) interpreted as inherited Precambrian faults, aeromagnetic trends (thin dotted 
lines) related to Cenozoic dykes, normal faults evidence by InSAR (Baer and Hamiel 2010) (green lines), and Harrat area represented by a grey 
polygon. The map also shows the spatial distribution of relocated epicenters for the events listed in Additional file 1: Table S1. The 2009 HL seismic 
activity was described as a swarm-like earthquake sequence with a pattern that began with a swarm activity denoted by the events 1–35 (triangles) 
that delineated the NE fault trend; the foreshock–mainshock stage represents the events 36–109 (circles) that are located over the NNW fault trend 
and the aftershock stage represents the events 110–136 (diamonds) that distributed over the NNW fault trend. The red dashed line represents the 
fault trends identified from the distribution of epicenters
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was assumed by multiplying a scaling factor of 1/
√
3 by 

the P-wave velocities. We determined the earthquake’s 
hypocenters using the ELOCATE code in GSAC soft-
ware (Herrmann and Ammon 2004). The relocation was 
improved by incorporating station delays, measured 
using the average difference between the observed and 
theoretical travel times. The iteration was terminated 
when the root mean square (RMS) of the residual arrival 
times was less than 0.01 s. The average spatial errors were 
137 m and 540 m in the horizontal and vertical direction, 
respectively. Figure 8 shows the distributions of relocated 
epicenters obtained from this study, which distinctly 
delineated two fault segments of different orientations. 
The figure shows that the NE striking fault segment was 
initially activated due to shear stress that was incompat-
ible with the region’s ambient tectonic stress. This fault 
segment was developed to the eastward before stopped 
by the prevailing NW dykes in the region. Consequently, 
the stress accumulation was continued and redistributed 
to be accommodated along the NW fault, where the main 
rupture occurred.

Focal mechanism solutions
One of the robust tools that stimulate the extraction of 
appropriate information on the aligned structures is the 
earthquake focal mechanisms. In the analysis, we retrieve 
the focal mechanism solutions using the waveform 
moment tensor inversion technique of Ichinose et al. (2003) 
based on the double-couple source point approximation. 
The technique is employed to avoid getting multiple focal 
mechanism solutions of small-size earthquakes whenever 
the number of seismic stations recording events is defi-
cient and azimuthal coverages are inadequate. In applying 
the waveform inversion in retrieving the focal mechanism 
solutions, two seismic stations with six components may be 
adequate to resolve reasonable focal mechanism solutions.

We extract the corrected ground velocity waveforms 
after removing the linear trend and deconvolving the 
seismograms’ instrumental response. The second-order 
bandpass filter with corner frequencies in the range of 
0.03–0.1  Hz was applied to remove complexities insert-
ing into the waveforms due to the medium heterogenei-
ties along source-to-receiver paths, resulting in simplifying 
the low-frequency signals of the surface and S waves. We 
employ the one-dimensional velocity model of Rodgers 
et al. (1999) to calculate the Green’s functions based on the 
fast reflectivity and f–k summation computer code of Zeng 
and Anderson (1995). The match between the observed 
waveforms and optimum synthetic ones was measured 
based on the variance reduction’s function. Figure 9 shows 
an example of waveform inversion representing the com-
parison between the observed and synthetic seismograms 
computed for the optimum solutions of double-couple 

approximation. The focal mechanism solutions of the ana-
lyzed events are shown in Fig. 10 and listed in Additional 
file 1: Table S1.

Additional file  1: Figure S1 shows the distribution of 
plunge angles for compression and tension axes based on 
the focal mechanism solutions obtained from the wave-
form inversion. The majority of earthquakes suggest that 
the prevalent mechanisms are normal to oblique faults, 
reflecting two fault segments consistent with that deline-
ated from epicenters’ distribution. Additional file 1: Figure 
S2 shows a histogram showing a noticeable trend of the 
T-axis orientations for an extensional stress regime, which 
is oriented on the NE striking, parallels to the ambient 
tectonic stress acting in the Red Sea. On the other hand, 
a wide range distribution of the P-axis illustrates various 
focal mechanisms ranging from strike-slip to normal fault-
ing (Additional file 1: Fig. S2). The second extensional stress 
regime is accommodated on the NW fault plane that reac-
tivates the oblique faults of the region’s sinistral strike-slip 
movement. Accordingly, the stress accumulation mecha-
nism that led to the 2009 seismic activity indicates that the 
earthquake generations are regulated by the regional tec-
tonic stress acting due to the Red Sea rift.

The iterative joint inversion for stress and fault orien-
tations of Vavryčuk (2014) was applied to compute the 
tectonic stress in the HL seismogenic zone using focal 
mechanisms of 136 events listed in Additional file  1: 
Table S1. Three angles of the orientations of the principal 
stresses (σ1, σ2, and σ3) and the shape (stress) ratio (R) are 
estimated using the following equation;

The inversion of Vavryčuk (2014) is based on evaluat-
ing the fault instability (I) that is measured along the 
range of 0 to 1 to resolve the fault plane ambiguities 
using the following equation:

where τ and σ are the normalized shear and normal 
stresses and μ is the friction coefficient. To evaluate the 
uncertainties in the principal stress directions, shape 
ratio and in the static friction, we repeated the stress 
inversion of focal mechanisms contaminated by artificial 
noise. The number of random noise focal mechanisms 
and the mean deviation were set to be 100 realizations 
and 5°, respectively. To evaluate the fault instability in 
Eq. 2, a value of friction is required. To resolve the value 
of friction that often ranges between 0.2 and 0.8, we used 
several values of friction range between 0.1 and 1.0 with 
a step of 0.05 and adopt the value which produces the 

(1)R =
σ1 − σ2

σ1 − σ3

(2)I =
τ − µ(σ− 1)

µ+
√

1+ µ2
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highest overall fault instability for the data inverted. In 
Mohr’s circles, the inclination of the line depends on the 
value of friction, where the angle is given by  tan−1(μ).

The results of the stress inversion are displayed in 
Fig.  11a–c, depicting the stereogram of the principal 
stresses with quite wide-spread of uncertainties, where 

the confidence region is sensitive to the accuracy of focal 
mechanism solutions used in the inversion. The distribu-
tion of principle stresses in Fig. 11a show a wide range of 
the plunges of σ1 and σ2 stress axes. The positions of fault 
planes in Mohr’s circle diagram (Fig. 11a) are character-
ized by high shear stress. The Mohr’s diagram displayed 

Fig. 9 Plot showing the focal mechanism solutions and a comparison between the observed and synthetic seismograms computed for the 
deviatoric solution as derived from the waveform inversion
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Fig. 10 Fault plane solutions derived by the waveform inversion for the events analyzed in this study. The size of beach-balls is scaled in the 
corresponding magnitudes. The numbers above each beach-ball denote to the successive event number and to the corresponding magnitudes as 
listed in Additional file 1: Table S1. The spatial distribution of focal mechanisms shows the consistency with the alignments of hypocenters and the 
nodal planes that showed sinistral strike-slip movement on the NE fault trend and normal faulting mechanism on the NW fault trends
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Fig. 11 Iterative joint inversion and fault orientations for the event listed in Additional file 1: Table S1 (a) for all events 1–136, (b) for events 1–35 
that represent the activity on the NE fault trend and the foreshock stage, and (c) for events 36–136 that represent the activity on the NW fault trend 
and the foreshock–mainshock and aftershock stages. N is the number of realizations of random noise for accuracy estimates and R is the shape 
(stress) ratio, respectively, as shown in the shape ratio plot. Parameters σ1, σ2, and σ3 are of the principal stresses as shown in stress and Mohr plots. 
In Mohr’s circles the red lines are inclined depending on the value of friction, representing by  tan−1(μ)
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that the fault planes are distributed in the upper and 
lower half-planes, implying that the fault planes and 
its conjugate ones were reactivated. Furthermore, the 
low value of the shape ratio of 0.1 ± 0.3 (Fig.  11a) indi-
cates significant variability in the focal mechanism solu-
tions, where the σ1 and σ2 axes are not well constrained 
in the plane perpendicular to the σ3 axis, showing that 
the division into two groups is necessary to explain the 
data. The orientation of principal stress axes σ1, σ2, and 
σ3 is retrieved to be 286°/69° ± 24°, 153°/15° ± 25°, and 
59°/15° ± 2° for azimuth and plunge, respectively. For the 
foreshock stage, Fig.  11b demonstrates the stress inver-
sion for the events 1–35 that revealed sinistral strike-slip 
focal mechanisms. The orientation of principal stresses 
reflects an oblique focal mechanism of major compres-
sive stress (σ1) of 330° ± 4° trend and an approximately 
shallow plunge of 27° ± 4° and minor compressive stress 
(σ3) with shallow plunge of 13° ± 3° and 66° ± 3° NE trend, 

respectively. For the foreshock–mainshock and after-
shock stages, Fig.  11c shows the stress inversion results 
for the events 36–136 that exhibited normal fault plane 
solutions. The orientation of principal stresses reflects 
normal focal mechanism that characterized by major 
compressive stress (σ1) of 87° ± 3° plunge and 229° ± 3° 
SW trend and minor compressive stress (σ3) with shallow 
plunge of 3° ± 3° and 60° ° ± 3° NW trend, respectively. 
The most conspicuous feature is the low value of the 
static friction of 0.2 ~ 0.35 obtained in the stress inver-
sion for the foreshock stage and the foreshock–main-
shok stage as well as the aftershock stage. The low value 
of static friction indicates a reactivation of a preexisting 
faults that are widely distributed in the seismogenic zone 
of HL.

Fig. 11 continued
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Discussion
The integration of gravity, aeromagnetic, and seismic 
data gives an impetus to map the tertiary structures in 
the HL area represented by the NW dykes and the NE 
fault trends. The NW trends presumably correspond to 
dykes and normal faults parallel to the Red Sea axial rift. 
However, the NE trends are interpreted as inherited con-
jugate faults accommodated by convergences and colli-
sions during Precambrian.

The NE trends are well delineated by gravity anoma-
lies, implying a heterogeneous distribution of distinc-
tive densities in the upper-most crust and indistinctive 
magnetic susceptibility contrasts. On the other hand, the 
NW trends are well detectable in the magnetic anomaly 
map (Fig.  7a). They are not visible in the gravity anom-
aly map (Fig. 4b), implying a high amplitude of magnetic 
anomalies and low differentiation in density contrasts. A 
close examination of the gravity map shows some rough 
NW trends related to dykes. Such trends could be bet-
ter expressed using higher resolution gravity data. A dis-
tance of one kilometer between measurement stations 
should well-express these dykes and faults. There is a 
complementarity between gravity and magnetic findings 
based on the available data. Gravity anomalies provide 
evidence of crustal heterogeneities, and NE inherited 
faults. In contrast, magnetic anomalies provide NW 
trends evidence due to dykes and faults related to the Red 
Sea’s opening. This is a good example, where gravity and 
magnetic finding are different and complementary.

We precisely relocated earthquakes for events having 
magnitudes greater than three. The change of the seis-
mic activity between the NW and NE faults is the key 
feature of the seismicity pattern. The spatiotemporal 
analysis incorporated with the focal mechanism solu-
tions illustrates three stages. The first stage represents 
the seismic activity preceded 6  days before the maxi-
mum magnitude event that mostly depicts the NE fault 
trend mapped with the events 1–35, listed in Additional 
file 1: Table S1, which are characterized by focal mecha-
nism solutions of strike-slip faulting. The second stage of 
seismicity represented the central rupture zone and was 
delineated on the NW fault trend of normal fault plane 
solutions representing by the events 36–109. The rest of 
the seismicity represented the last stage and was distrib-
uted on the NW fault trend assigned by the events 110–
136 that displayed normal fault plane solutions. The HL 
seismic activity can be explained based on the spatiotem-
poral distribution of earthquakes, fault structures, and 
stress regimes. First, the seismic deformation began with 
a tectonic earthquake swarm activated by a shear fail-
ure along an oblique fault, relating to the conjugate fault 
system inherited in the region. Second, the shear failure 
produced discontinuity due to one of the preexisting NW 

dykes distributed widely in the region that reactivated 
by foreshock–mainshock stage. Finally, we identified the 
rest of the seismic activity near the maximum magni-
tude event as aftershocks. The seismic activity represents 
a dyke cluster within the brittle volume, where magma-
filled incubated in the upper crust from the last eruption. 
The current results revealed strong compatibilities based 
on the distribution of epicenters, the focal mechanism 
solutions, the distribution of compressional and tensional 
axes’ plunge angles, and the stress inversion. The find-
ings showed that during the 2009 seismic activity in the 
HL, the stress process was initially accommodated along 
the NE fault plane. The NE fault plane’s development was 
prevented by one of the pre-existing NW dykes prevail-
ing in the region. Consequently, the stress accumulation 
mechanism was transferred to reactivate the NW fault 
plane by the foreshock–mainshock stage. The NW fault 
is evidenced by the InSAR data analysis (Baer and Hamiel 
2010). The feature of seismicity pattern in the HL is likely 
related to the model of Hill (1977) that suggested three 
stages, which initiates by a series of shear failures occur-
ring on conjugate fault planes joining en-echelon offset 
dykes at oblique angles, representing a tectonic earth-
quake swarm related to ambient stress regime within 
brittle crusts. The second stage suggests that the seismic 
activity along the NNW dyke is oriented parallel to ambi-
ent maximum compressive stress, representing an earth-
quake sequence comprised of foreshocks, mainshock, 
and aftershocks.

Tectonically, the occurrences of normal strike-slip fault 
mechanisms are expected in the region due to the tec-
tonic processes associated with the Red Sea rift and the 
Arabian Shield’s counterclockwise rotation relative to 
the African plate. The sinistral displacements on the fault 
planes are recognized by the shear stress regime in the 
Gulf of Aqaba-Dead Sea fault system and the East Ana-
tolian fault. It is noteworthy that there are offsets along 
the Red Sea axial rift (see Fig.  1), identified as inher-
ited conjugate faults. The NE faults mapped by gravity 
anomalies can be related to one of these faults. On the 
other hand, the NW fault plane is related to the Ceno-
zoic faults parallel to the Red Sea axial rift. The gravi-
tational-derived faults, magnetic data, and InSAR data 
provide evidence for both the faults structures emanat-
ing from the Red Sea rift and counterclockwise rotation 
shear deformation due to the relative motion between 
the Arabian and African plates. It is worth-knowing that 
the conjugate fault system, evidenced by the gravity data 
analysis and inherited in the region, plays a vital role in 
Arabian Shield. This finding is consistent with the results 
obtained from recent studies of Abdelfattah et al. (2017b, 
2020) for earthquake sequences in the Jizan and Namas 
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seismogenic zones, located in the Arabian Shied south-
ward of the HL seismogenic zone.

Conclusion
This study focused on the HL seismogenic and volcanic 
zone in the western shield of Saudi Arabia, which has 
a complex structure comprises dykes, recent volcanic 
eruptions, and fault segments of various orientations. 
We performed an integrated analysis based on gravity 
and seismological data, considering the results obtained 
from previous studies, such as magnetic anomalies, the 
model of InSAR data, and earthquake spectral character-
istics. Gravity and magnetic data analysis revealed a set 
of inherited NE to NNE conjugate faults and NW dykes 
parallel and related to Red Sea rift. The model of InSAR 
data shows a small NW–SE graben and an NW–SE dyke. 
The hypocenters and focal mechanism solutions were 
determined for earthquakes with a magnitude greater 
than three among the earthquake swarm. Independently, 
the orientation of the fault segments was shown by the 
spatiotemporal distribution of epicenters that is con-
sistent with a nodal plane determined from the focal 
mechanism solutions. The results of potential and seis-
mic data analysis suggest a new scenario for the genesis 
and the repartition of HL seismicity, implying a vital role 
of the tectonic and the ancient conjugate faults affecting 
Arabian Shield’s Precambrian basement. We obtained a 
stress accumulation based on the Red Sea rift, restoring 
the HL’s inherited conjugate NE faults. Consequently, 
a dissipation of the stress along NW faults and dykes 
emplaced during rifting. Thus, we obtained the following 
conclusion:

1. Three stages are assigned to the feature of seismic-
ity pattern in the HL; foreshock stage along the NE 
fault, foreshock–mainshock stage with the activity 
on a patch of the NW fault, and aftershock stage on 
the NW fault. The feature of this pattern implies that 
the ambient tectonic stress is presumably transferred 
into the Red Sea’s eastern flank through the inher-
ited conjugate fault system with strike-slip faulting 
mechanism. These faults play a vital role in generat-
ing earthquake activities in the Arabian Shield.

2. Consistent with high-frequency contents that char-
acterize the HL seismogenic zone events, the brit-
tle-failure earthquakes provide a powerful means of 
explaining the 2009 earthquake episode. The earth-
quake activity is described as a tectonic earthquake 
swarm, a swarm-like sequence with an exceedingly 
large mainshock. An overlapping type of the swarm 
events followed by a typical earthquake sequence 
consists of foreshocks, mainshock, and aftershocks. 
The low-frequency events explained a source effect 

rather than a propagation effect, where the main-
shock released most of the stress around the fault 
plane. The resulting low stress generated only events 
dominated by the low frequencies just for a while.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40623- 021- 01513-1.

Additional file 1: Fig. S1 The distribution of plunges for the P- and T-axes 
for the events listed in Table S1 based on McKenzie (1969). Fig. S2 The 
azimuthal distribution of (a) the T-axes and (b) P-axes for the events listed 
in Table S1. Table S1. The list of focal parameters and fault plane solutions 
of the analyzed events.

Acknowledgements
Generic Mapping Tools developed by Wessel and Smith (1998) were used for 
most data mapping.

Authors’ contributions
All authors carefully read and analyzed the manuscript before submitting. The 
author’s AA and MF participated in focal mechanism inversion. CJ and SA par-
ticipated in gravity analysis. SQ and HA participated in writing the geological 
settings and discussions the results from geological and tectonic viewpoints. 
AA, MF, SQ and HA participated in the analysis of earthquake location. AA and 
CJ prepared all maps. All authors actively participated in the interpretation 
and discussion of results. All authors read and approved the final manuscript.

Funding
This work was supported by the Deanship of Scientific Research at King Saud 
University [Grant Number RG-1441-320].

Availability of data and materials
The data sets used and/or analyzed during the current study are available 
from the Saudi Geological Survey, Saudi Arabia.

Declaration

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Geology & Geophysics, King Saud University, Riyadh 11451, 
Kingdom of Saudi Arabia. 2 Department of Seismology, National Research 
Institute of Astronomy and Geophysics, 11421 Helwan, Cairo, Egypt. 3 Depart-
ment of Geology, Faculty of Sciences, University of Tunis El Manar, Campus 
Universitaire, 2092 Tunis, Tunisia. 

Received: 27 March 2021   Accepted: 6 September 2021

References
Abdelfattah AK, Mogren S, Mukhopadhyay M (2017a) Mapping b-value for 

2009 Harrat Lunayyir earthquake swarm, western Saudi Arabia and Cou-
lomb stress for its mainshock. J Volcanol Geotherm Res 330:14–23

Abdelfattah AK, Al-Amri A, Abd el-aal AK, Zaidi FK, Fnais M, Almadani S, Al-Arifi 
N (2017b) The 23 January 2014 Jizan earthquake and its tectonic implica-
tions in southwestern Saudi Arabia. Tectonophysics 712–713:494–502

Abdelfattah AK, Al-Amri A, Soliman MS, Zaidi FK, Qaysi S, Fnais M, Almadani S, 
Al-Arifi N (2020) An analysis of a moderate earthquake, eastern flank of 
the Red Sea, Saudi Arabia. Earth Planets Space 72:1–17

https://doi.org/10.1186/s40623-021-01513-1
https://doi.org/10.1186/s40623-021-01513-1


Page 19 of 19Abdelfattah et al. Earth, Planets and Space          (2021) 73:178  

Al-Amri A, Fnais M, Abdel-Rahman K, Mogren S, Al-Dabbagh M (2012) Geo-
chronological dating and stratigraphic sequences of Harrat Lunayyir, NW 
Saudi Arabia. Int J Phys Sci 7:2791–2805

Al-Amri A, Fnais M (2009) Seismo-Volcanic investigation of 2009 swarms at 
Harrat Lunayyir (AshShaqah), Western Saudi Arabia. Int J Earth Sci Eng. 
Oct. issue, pp 1–18

Al-Damegh K, Sandvol E, Barazangi M (2005) Crustal structure of the Arabian 
plate: new constraints from the analysis of teleseismic receiver functions. 
Earth Planet Sci Lett 231(3–4):177–196

Al-Damegh KS, Abou Elenean KM, Hussein HM, Rodgers AJ (2009) Source 
mechanisms of the June 2004 Tabuk Earthquake sequence, eastern Red 
Sea margin, Kingdom of Saudi Arabia. J Seismol 13:561–576

Al-Damegh KS, Hussein Moussa H, Al-Arifi SN, Moustafa SSR, Moustafa MH 
(2012) Focal mechanism of Badr earthquake, Saudi Arabia of August 27 
2009. Arab J Geosci 5:599–606

Al-Zahrani H, Fnais M, Al-Amri A, Abdel-Rahman K (2012) Tectonic framework 
of Lunayyir area, northwest Saudi Arabia through aftershock sequence 
analysis of 19 May 2009 earthquake and aeromagnetic data. Int J Phys Sci 
7:5821–5833

Al-Zahrani H, Al-Amri AM, Abdel-Rahman K, Fnais M (2013) Aftershock 
sequence analysis of 19 May 2009 earthquake of Lunayyir lava flow, 
northwest Saudi Arabia. Int J Phys Sci 8:277–285

ArRajehi A, McClusky S, Reilinger R, Daoud M, Alchalbi A, Ergintav S, Gomez 
F, Sholan J, Bou-Rabee F, Ogubazghi G, Haileab B, Fisseha S, Asfaw L, 
Mahmoud S, Rayan A, Bendik R, Kogan L (2010) Geodetic constraints on 
present-day motion of the Arabian Plate: implications for Red Sea and 
Gulf of Aden rifting. Tectonics 29:TC3011

Baer G, Hamiel Y (2010) Form and growth of an embryonic continental rift: 
InSAR observations and modelling of the 2009 western Arabia rifting 
episode. Geophys J Int. https:// doi. org/ 10. 1111/j. 1365- 246X. 2010. 04627.x

Blakely RJ, Simpson RW (1986) Approximating edges of source bodies from 
magnetic or gravity anomalies. Geophysics 51:1494–1498

Bosworth W (2015) Geological evolution of the Red Sea: historical background, 
review, and synthesis. In: The Red Sea. Springer, Berlin, Heidelberg, pp 45–78

Camp VE, Roobol MJ (1992) Upwelling asthenosphere beneath western Arabia 
and its regional implications. J Geophys Res 97:15255–15271

Coleman RG, Gregory RT, Brown GF (1983) Cenozoic volcanic rocks of Saudi 
Arabia, U.S. Geol. Surv. Open -File Rep. 83–788, and Saudi Arabian deputy 
minist. Miner. Resourc Open File Rep. USGSOF-03–93.

Cordell L, Grauch VJS (1985) Mapping basement magnetization zones from 
aeromagnetic data in the San Juan Basin, New Mexico. In: The utility of 
regional gravity and magnetic anomaly maps, pp 181–197. Society of 
Exploration Geophysicists

Gabtni H, Jallouli C (2017) Regional-residual separation of potential field: an 
example from Tunisia. J Appl Geophys 137:8–24

Hansen SE, Rodgers AJ, Schwartz SY, Al-Amri AM (2007) Imaging ruptured 
lithosphere beneath the Red Sea and Arabian Peninsula. Earth Planet Sci 
Lett 259(3–4):256–265

Herrmann RB, Ammon CJ (2004) Computer programs in seismology. Manual 
of the Ge-neric Seismic Application Coding (GSAC). Saint Louis University 
(Version 3.30)

Hill DP (1977) A model of earthquake swarms. J Geophys Res 82:1347–1352
Ichinose G, Anderson J, Smith K, Zeng Y (2003) Source parameters of eastern 

California and western Nevada earthquake from regional moment tensor 
inversion. Bull Seismol Soc Am 93:61–84

Jallouli C, Mickus K (2000) Regional gravity analysis of the crustal structure of 
Tunisia. J Afr Earth Sci 30:63–78

Jallouli C, Mogren S, Mickus K, Turki MM (2013) Evidence for an east–west 
regional gravity trend in northern Tunisia: insight into the structural 
evolution of northern Tunisian Atlas. Tectonophysics 608:149–160

Jónsson S (2012) Tensile rock mass strength estimated using InSAR. Geophys 
Res Lett. https:// doi. org/ 10. 1029/ 2012G L0533 09

Koulakov I, El Khrepy S, Al-Arifi N, Sychev I, Kuznetsov P (2014) Evidence of 
magma activation beneath the Harrat Lunayyir basaltic field (Saudi 
Arabia) from attenuation tomography. Solid Earth 5:873–882

Mukhopadhyay B, Mogren S, Mukhopadhyay M, Dasgupta S (2013) Incipient sta-
tus of dyke intrusion in top crust-evidences from the Al-Ays 2009 earthquake 
swarm, Harrat Lunayyir, SW Saudi Arabia. Geom Nat Hazards Risk 4:30–48

Pallister JS, McCausland WA, Jónsson S, Lu Z, Zahran HM, El Hadidy SE, Abu-
rukbah A, Stewart ICF, Lundgren PR, White RA, Moufti MRH (2010) Broad 
accommodation of riftrelated extension recorded by dyke intrusion in 
Saudi Arabia. Nat Geosci 3:705–712. https:// doi. org/ 10. 1038/ NGEO9 66

Rashed M, Zahran H, Atef A, Harbi H, Al-Dhahry M, Al-Hady S (2020) A new 
perspective of the 2009 Al-Ays earthquake episode at western Arabia. J 
Asian Earth Sci 188:104101

Rodgers A, Walter W, Mellors R, Al-Amri A, Zhang Y (1999) Lithospheric struc-
ture ofthe Arabian shield and platform from complete regional waveform 
modelling andsurface wave group velocities. GJI 138:871–878

Sandwell DT, Müller RD, Smith WH, Garcia E, Francis R (2014) Marine geophys-
ics. New global marine gravity model from CryoSat-2 and Jason-1 reveals 
buried tectonic structure. Science 346:65–67

Siebert L, Simkin T, Kimberly P (2011) Volcanoes of the world. Univ. of California 
Press, California

Stern RJ, Johnson P (2010) Continental lithosphere of the Arabian Plate: a 
geologic, petrologic, and geophysical synthesis. Earth Sci Rev 101:29–67

Stoeser DB, Camp VE (1985) Pan-African microplate accretion of the Arabian 
Shield. Geol Soc Am Bull 96(7):817–826

Vavryćuk V (2014) Iterative joint inversion for stress and fault orientations from 
focal mechanisms. GJI 199(1):69–77

Wessel P, Smith WH (1998) New, improved version of Generic Mapping Tools 
released. EOS Trans Am Geophys Union 79:579–579

Zahran HM, El-Hady SM (2017) Seismic hazard assessment for Harrat 
unayyir-A lava field in western Saudi Arabia. Soil Dynam Earthquake Eng 
100:428–444

Zahran HM, El-Hady SM, Abuelnaga HS (2017) Aeromagnetic data over Harrat 
Lunayyir and surrounding areas, western Saudi Arabia. Arab J Geosci 10:1–15

Zeng Y, Anderson JG (1995) A method for direct computation of the differen-
tial seismogram with respect to the velocity change in a layered elastic 
solid. Bull Seismol Soc Am 85:300–307

Zobin VM, Al-Amri AM, Fnais M (2013) Seismicity associated with active, new-
born, and re-awakening basaltic volcanoes: case review and the possible 
scenarios for the Harraat volcanic provinces, Saudi Arabia. Arab J Geosci 
6:529–541

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1111/j.1365-246X.2010.04627.x
https://doi.org/10.1029/2012GL053309
https://doi.org/10.1038/NGEO966

	The key role of conjugate fault system in importing earthquakes into the eastern flank of the Red Sea
	Abstract 
	Introduction
	Geological setting
	Gravity anomaly analysis
	Bouguer gravity anomalies
	Residual anomaly analysis
	Boundary analysis

	Aeromagnetic anomalies analysis
	Seismological aspects
	Hypocentral locations
	Focal mechanism solutions

	Discussion
	Conclusion
	Acknowledgements
	References




