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Abstract
This study explores the spatial distribution of seismicity, the pattern of b-values, gravity 
and magnetic anomalies, heat flow data, and focal mechanism solutions to more thoroughly 
understand the present-day stress distribution and the nature of the crust, which character-
ize the rifting process in the northern Red Sea region. The region shows alternating low 
and high b-values in congruence with low and high cumulative seismic moment releases, 
respectively, and with negative and positive gravity anomalies, respectively. In general, 
except for larger-sized earthquake locations  that characterized by high stress accumula-
tion, low b-values, low seismic moment release, and low-gravity anomalies dominate the 
zones of the Gulf of Aqaba and the Gulf of Suez, thereby implying low stress accumula-
tion consistent with an old crust of no differential development. Conversely, the rest of the 
Northern Red Sea region exhibited heterogeneities in the spatial distribution of b-values, 
cumulative seismic moment releases, and gravity anomalies, thereby implying stress het-
erogeneities. The stress heterogeneities may impute to the differences in material proper-
ties of the upper crust in the region. Zones of a positive Bouguer anomaly and high stress 
are notably associated with a relatively weak crust characterized by high rate of seismicity, 
while zones of the negative Bouguer anomaly and low stress characterized an older and 
more stable crust. However, details on the nature of crust required additional geophysical 
and geological data of high resolution in future studies.
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1 Introduction

The Red Sea, which is actively transitioning to the seafloor spreading stage of ocean basin 
formation (Buck et al. 1988), is an example of a rift system on the continental shelf (Fig. 1). 
Although the Northern Red Sea (NRS) is influenced by the relative motion between the 
African and Arabian plates, due to its rigidity, the nascent rifting mechanism at the NRS 
is probably halting. Several authors are interested in studying the Red Sea rifting and the 
process of its opening; however, due to a lack of accurate data, especially for borehole data, 
numerous questions remain and the debate on this subject continues. In the absence of 
borehole data, the prevalence of the oceanic crust has proponents (LaBrecque and Zitellini 

Fig. 1  Tectonics of the study region. The region is dominated by normal to strike-slip faulting mechanisms 
of earthquakes that occurred in the Gulf of Suez (GOS) and the Gulf of Aqaba (GOA), respectively. Exten-
sional and shear deformations are associated with the relative tectonic movements between the Arabian and 
the African plates. (SA) Saudi Arabia, (EG) Egypt, (RS) Red Sea, and (JN) Jordan
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1985; Girdler and Underwood 1985; Gaulier et al. 1988; Sultan et al. 1992; Dyment et al. 
2013; Tapponnier et al. 2013) and opponents (Cochran 1983; Bonatti 1985; Cochran and 
Martinez 1988; Guennoc et al. 1988; Bosworth et al. 1993, 2005; Ghebreab 1998; Cochran 
2005; Mitchell and Park 2014; Almalki et al. 2015, 2016). Stern and Johnson (2019) pro-
pose a volcanic rifted margin (VRM) model that consists of a continental breakup with an 
appearance of the marine basin. The NRS region is characterized by distinct deformation 
zones originating by tectonic or/and magmatic activities. Earthquake occurrences are direct 
evidence of geodynamic activities in the region. The distribution of earthquakes delineates 
that the seismic deformation zones occur along the axial rift of the Red Sea, Gulf of Suez, 
and the Gulf of Aqaba (Fig. 1), which may be caused by tectonic or/and magmatic activi-
ties. To investigate the tectonic implications and the prevalence of oceanic crust into the 
continental crust of the northernmost part of the NRS region, we present an analysis based 
on gravity, magnetic, and seismicity datasets.

GPS measurements and magnetic anomalies reveal seafloor spreading occurring in the 
southern Red Sea at a rate of ~ 18 mm/year, while the NRS demonstrates stretched conti-
nental crust and a slow-spreading rate of less than 10 mm/year (Chu and Gordon 1998; 
Cochran and Karner 2007; ArRajehi et al. 2010). However, the region is experiencing com-
plex tectonic circumstances caused by the opening rift system in the Red Sea, shear defor-
mation along the Gulf of Aqaba and Dead Sea fault, and the opening of the Gulf of Suez 
in addition to the active asthenosphere moving beneath the eastern and western flanks of 
the Red Sea. In the northernmost part of the NRS, three plate boundaries are demarcated 
and connected at an active triple junction; the axial rift of the NRS, the Gulf of Suez, and 
the Gulf of Aqaba. The passive rifting along the axial axis of the Red Sea initiated approxi-
mately 30 Ma, which in turn was followed by a period of active rifting (Daradich et  al. 
2003), causing stretching and thinning of the lithosphere due to an upwelling of magma 
along the axial rift of the Red Sea. Although the extensional stresses are dominant in the 
Gulf of Suez as inferred from the focal mechanism solutions of earthquakes (El-Nader 
and Hussein 2018), the northward continuation of continental rifting is speculated to have 
aborted or failed (Bosworth and Durocher 2017). In the Gulf of Aqaba, the extensional 
stress in the northernmost part of the NRS transitions into the shear type, and the structures 
of pull-apart basins are formed. This tectonic process causes an anticlockwise rotation of 
the Arabian plate of 6° at a rate of 1 cm/year relatively to the African plate (Garson and 
Krs 1976). Along the eastern and western flanks of the Red Sea coastline, a thermal uplift 
and a thinning of the overlying lithosphere lead to a wide distribution of Cenozoic basal-
tic fields named Harrats (Fig. 1). One model suggests that the origin of Cenozoic basaltic 
fields is caused by the magma migration from the Afar region to the north beneath the Ara-
bian shield (Chang and Van der Lee 2011).

The integration of geophysical and seismological data provides insights into how geo-
dynamic processes function within a region. Gravity and magnetic data are used to image 
heterogeneities and regional structures of either continental or oceanic crust. The spatial 
variation of b-values that are derived from the frequency–magnitude relationship is con-
sidered as a useful indicator to the state of stress, and therefore, it has been used to dis-
tinguish the tectonic origins of crustal structures. Several previous studies have discussed 
the correlation of b-values with other geophysical observations to interpret the tectonic 
implications of active tectonic regions (Wang 1988; Khan 2005; Khan and Chakraborty 
2007; Sobiesiak et al. 2007; Kalyoncuoglu et al. 2011, 2013; Khan and Chakraborty 2007). 
Sobiesiak et al. (2007) used the spatial b-value distribution and isostatic residual gravity 
anomalies to identify the asperity structures in the north Chilean subduction zone. Global 
gravity and magnetic models compiled from satellites and airborne, marine, and terrestrial 
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measurements are sufficiently accurate and are considered a powerful tool that can reveal 
and provide details for regional tectonic processes, especially in marine areas (Sandwell 
et al. 2013, 2014). On the other hand, the b-value is a statistical parameter calculated from 
the frequency–magnitude relationship of Gutenberg and Richter (1941) and is mainly used 
to characterize seismic activity in terms of a wide range of magnitude scales based on tec-
tonic environments, stress heterogeneities, and anisotropic mediums. A wide spatial dis-
tribution of b-values, from low to high, is related to high and low stress accumulations 
reflecting structural heterogeneities due to the presence of diversely oriented cracks. A high 
b-value characterizes the seismicity of small magnitude events, while a low b-value charac-
terizes the ratio number of larger earthquakes to smaller ones (Wyss and Stefansson 2006). 
In magmatic activity zones, the seismicity is characterized by high b-values (Sánchez et al. 
2004), thereby implying low effective stress regimes that might link to high pore pressures 
(Wyss 1973) or geothermal gradients (Warren and Latham 1970).

2  Tectonic Settings

The study region represents a natural laboratory that can be used to understand various 
processes during a newly born continental plate boundary, including early continental rift-
ing, the formation of ocean basins, and continental transformations due to complex tec-
tonic movements represented by active convergence and divergence movements occurring 
at the Arabian–Turkish and the African–Arabian plate boundaries, respectively (Fig.  1). 
Owing to the active tectonic breakup of the Arabian plate from the African plate, the Red 
Sea rift was generated during the Miocene with three distinct tectonic units: the NRS rift, 
the Gulf of Suez rift, and the Gulf of Aqaba–Dead Sea transform fault. These structures are 
bounded by continental flanks that are called the Arabian–Nubian shield; these flanks are 
comprised of Precambrian magmatic and metamorphic rocks due to the Pan-African orog-
eny (Bentor 1985; Stern 1994; Stein and Goldstein 1996; Stern and Johnson 2010). The 
Cenozoic tectonic regime in the Arabian–Nubian shield is mainly controlled by an active 
asthenosphere that causes thinning, uplifting, extension, and rifting of the lithosphere. 
Consequently, the shield is enriched by geothermal activities associated with seismic and 
magmatic activities on both sides of the NRS. Two distinct zones are widely known: the 
Abu Dabbab seismic dislocation zone in Egypt and Al-Ays seismic dislocation zone that is 
associated with magmatic intrusions in the Arabian shield, western Saudi Arabia.

From a tectonic point of view, the geodynamic extension is dominant and produces nor-
mal faults in the NRS and the Gulf of Suez, while the oblique extension creates dip-slip 
and sinistral strike-slip faults along the Aqaba–Dead Sea fault. The evaluation of geody-
namic processes in the NRS suggests several magma-poor to magma-rich scenarios. Bos-
worth (2015) suggests a rift-to-drift transition of the magma-poor hyperextended basin. On 
the other hand, several studies have proposed a triple junction that connects the NRS rift, 
the Gulf of Suez, and the Gulf of Aqaba, which has developed since the early middle Mio-
cene (Freund et al. 1970; Joffe and Garfunkel 1987; Cochran 2005). Ehrhardt and Hübscher 
(2015) explored the axial zone of the NRS, which is considered to be volcanically and 
tectonically active. Different tectonic interpretations presume that the rifting extends from 
the Red Sea into the Suez Rift in the middle Miocene and becomes an aborted continental 
rift in the Precambrian shield south of Sinai. The active Gulf of Aqaba was initiated by a 
breakup of the Arabian plate from the Sinai subplate, and this breakup has remained active 
since the Middle Miocene orogeny (Mart and Horowitz 1981; Mart and Rabinowitz 1986). 
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The local magnetic occurrences that outcrop in the NRS suggest a small number of volca-
noes that represent the proximity of basaltic magma chambers (Guennoc et al. 1988). The 
NRS and the southern part of the Gulf of Suez revealed an extensional stress regime, while 
the shear stress regime controlled the tectonic deformation in the Gulf of Aqaba–Dead Sea 
fault zone (Abdel-Fattah et al. 2016). Notable earthquakes occurred in the NRS in 1969 
and 2001, and in the Gulf of Aqaba in 1993 and 1995 (Ben-Menahem and Aboodi 1971; 
Badawy and Abdel-Fattah 2006). After increasing the number of seismic measurement sta-
tions in Egypt and Saudi Arabia, earthquakes have been recently observed inside several 
dislocation zones inside the Arabian–Nubian shield. A focal mechanism is commonly used 
to deduce the tectonic implications by investigating faulting styles, and stress accumula-
tions in the northernmost part of the NRS region are shown in Fig. 1.

3  Data Analysis and Results

To study the spatial distribution of b-values, we collected available earthquake catalogues 
from the International Seismological Center (ISC), the Egyptian Seismographic Network 
(ESN), and the Saudi Seismographic Network (SSN). The collected catalogues were fil-
tered by removing artifacts and duplicate events. The compiled catalogue covers the region 
between 23.50° N–32.59° N and 30.98° E–40.57° E and the period spans from 1900 to 
2019. We collected 124 focal mechanism solutions from different resources (Global Cen-
troid Moment Catalog (GCMC), International Seismological Center (ISC), and several 
publications) for earthquakes that occurred between 1969 and 2016. Figure 2 shows the 
earthquake frequency with depth histograms for the Gulf of Aqaba, Gulf of Suez, and clus-
ters in the northern Red Sea region. Since the earthquake catalogue recorded by different 
networks in the region has different magnitude scales, it is important to unify the magni-
tude scale. For this purpose, we used a series of empirical Eqs. (1–5) to unify all magni-
tudes to the moment magnitude scale:

Equations 1 and 2 are taken from Lolli et al. (2014). Figure 3 shows the empirical rela-
tionships developed to calculate the moment magnitude.

3.1  Mapping of b‑values

The b-value is a statistical parameter that provides implications on seismotectonic set-
tings and potential seismic hazards in a given region. It can be calculated using the fre-
quency–magnitude relationship (Gutenberg and Richter 1941):

(1)Mw = exp
(

2.133 + 0.063Ms

)

− 6.205,

(2)Mw = exp
(

0.719 + 0.212m
B

)

− 0.737,

(3)Mw = 0.546 ∗ ML + 1.2849,

(4)ML = 0.8062MD + 0.6049,

(5)MD = 1.1721Mm − 0.4889.
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where N(M) is the cumulative number of earthquakes in the magnitude range ≥ M. The 
coefficient “a” represents the seismic activity and varies from 2 to 8 depending on the 
size of the deformation area, time span, number of earthquakes, and magnitude ranges. 
The b-value mainly depends on the nature of tectonic settings, crustal heterogeneity, pore 
fluids pressure, and stress state (Schorlemmer et  al. 2005; Khan and Chakraborty 2007; 
Mousavi 2017a, b). We used the maximum likelihood technique of Aki (1965) to quantify 
the b-value using the following equation:

(6)log10 N(M) = a + bM,

Fig. 2  Histogram of earthquakes’ depth distribution in the Gulf of Suez (a), Gulf of Aqaba (b), and selected 
zones in the northern Red Sea (c–e) region
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where m is the mean magnitude, b̂ is the estimate of b, Mmin is the magnitude cutoff above 
which the catalogue is complete, and ∆m/2 is a correction for the finite binning width (∆m) 
of the original catalogue. To map the spatial distribution of the b-values, the ZMAP soft-
ware of Wiemer and Zuňiga (1994) was used. The study area was discretized into square 
grids. Each grid had a dimension of 0.2° × 0.2° and overlapped with neighboring grids 
by 0.1° in both latitude and longitude to maintain the continuity of the data points. The 
b-value was calculated at each grid node of 0.1° along both latitude and longitude. The 
weighted least-squares method was applied to a minimum number of Nmin = 100 events. 
The temporal variation of Mc (magnitude completeness) was negatively correlated with the 
number of seismographs and the development of analysis methods. To reduce errors in the 
b-value estimation, we investigated the spatiotemporal variations in Mc (Figs.  4, 5). An 
abrupt change was observed after 1995, as shown in Fig. 5a, b, which may be attributed to 
an increase in the number of seismic stations in the region. Consequently, the estimation 
demonstrated a uniform fluctuation rate. Shi and Bolt (1982) proposed the evaluation of 
uncertainties in the spatial distribution of b-values as

(7)b̂ =
log e

m̄ −

(

Mmin −
Δm

2

)

(8)�̂�
(SB)

b∗
= 2.30b̂∗2

�

∑N

i=1
(M

i
− �̂�)2

N(N − 1)
,

Fig. 3  Empirical linear relationships developed to convert the magnitude into different magnitude scales: 
(Mw) moment magnitude, (ML) local magnitude, (MD), duration magnitude and (Mm) mantle magnitude
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where N is the number of earthquakes. The bootstrap approach was used to assess the 
errors in b-values (Chernick 1999). The interpolated map of the b-value spatial distribu-
tions is shown in Fig. 6a. It is evident from the figure that b-values vary between 0.54 and 
1.08. The reliability of b-value calculations was evaluated by the respective error estima-
tions as shown in Fig. 6b.

3.2  Seismic Moment

The seismic moment release can be used to describe a stress release (Aki 1966). To eluci-
date stress accumulation, the seismic moment (Mo) was calculated from the moment mag-
nitude (Mw) using the relationship of Kanamori and Brodsky (2001)

To map the spatial variation of seismic moment releases, as shown in Fig. 7, the esti-
mated seismic moments were summed within 0.2° × 0.2° square grids and overlapped with 
neighboring grids by 0.1° in both latitude and longitude to preserve the continuity of the 
data points.

3.3  Gravity and Magnetic Data Analysis

We used the high-resolution (2′ x 2′) global grid model of Earth gravity anomalies known 
as WGM2012 (Bonvalot et al. 2012), which is computed at the global scale in spherical 
geometry by the Bureau Gravimétrique International (BGI) in collaboration with other 
international organizations. These anomalies were derived from the Earth’s global gravity 
model of EGM2008 (Pavlis et al. 2012) and the Earth’s topography–bathymetry ETOPO1 

(9)log10
(

Mo

)

= 1.5Mw + 9.1

Fig. 4  Spatial distribution of magnitude completeness (a) and standard deviation of magnitude complete-
ness (b) in the study area that discretized into square grids of a dimension of 0.2° × 0.2° and overlapped a 
grid node of 0.1° along both latitude and longitude
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data. EGM2008 and ETOPO1 were used to compute gravity anomalies (Balmino et  al. 
2011; Bonvalot et al. 2012). Such global anomalies are highly useful in revealing regional 
crustal structures. Figure 8 shows the free-air anomaly maps of the study area.

The free-air anomaly map shows negative anomalies in the Gulf of Sinai and Gulf of 
Aqaba, implying that the lack or deficiency of mass below sea level is not completely 
compensated by a thinning of the crust. However, in the NRS, the map (Fig.  8) shows 
positive and negative anomalies of high frequencies trending in different directions. These 
anomalies are not related to the heterogeneities of the regional lithospheric structure, rather 
than that at shallow depth. The overall free-air anomalies in the Red Sea imply a weak 
behavior (low elasticity) of the lithosphere caused by a thinning of crust in this area. As 
the free-air anomalies reflect the deficiency of mass below sea level and density contrasts 

Fig. 5  a Time series curve for the compiled earthquake catalogue used in the analysis, showing cumulative 
number of earthquakes as a function of time, b temporal variation of the estimated magnitude of complete-
ness (solid line) and its standard deviations (dashed lines) applying maximum curvature method (MAXC) 
(Wiemer and Wyss 2000)
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within the lithosphere, including the Moho discontinuity, we calculated Bouguer anoma-
lies. Bouguer anomalies (Fig.  9a) were obtained after removing the effect of deficiency 
of mass below sea level from the observed free-air anomalies; this effect was represented 
by the water layer using 2.70 and 1.035 g/cm3 as the density of crust and water, respec-
tively. The obtained Bouguer anomalies show long and short wavelengths due to density 
contrasts in the subsurface, including the real root of the crust that compensates for a part 
of the total deficiency of mass below sea level. To better observe the effect of the crustal 
thickness variation and large-scale structures expressed by long-wavelength anomalies, we 
have attenuated short wavelength by upward continuation (Fig. 9b). The upward Bouguer 
anomaly map shows prominent negative anomalies in the Gulf of Aqaba and Gulf of Suez 
due to root of the crust, thereby implying that the crust in this area is not thin enough to 
compensate for the lack of mass represented by water; thus, the crust in these regions is 
still rigid. Conversely, in the Red Sea, in addition to high-frequency anomalies related to 
shallow depth heterogeneities, a regional positive gravity trend occurs along the axial rift 
of the Red Sea and the anomaly becomes negative toward the western and eastern edges. 
This observed anomaly is due to the thinning of the crust along the trough of the Red Sea. 
As the crust of the Red Sea is thin enough to compensate for the lack of mass represented 
by the water, the crust is considered weak and not rigid.

To comprehensively constrain the effect of density contrasts within the crust, we 
removed the crustal root effect based on the Airy model from the observed Bouguer anom-
aly by assuming a density of 2.70 and 3.30 g/cm3 for the crust and the mantle, respectively. 
The obtained values are determined by isostatic anomalies (Fig.  10a) that should repre-
sent only the response of the density heterogeneities within the crust. This would be true 
in the Red Sea as the crust is effectively thinned. In the Red Sea, even with the lack of 
material and the mass deficiency represented by the seawater, we do not observe a specific 
long-wavelength isostatic anomaly (Fig. 10a). The isostatic anomaly map shows a number 

Fig. 6  Spatial distribution of b-values (a) and standard deviation of b-values (b). The study area was dis-
cretized into square grids of a dimension of 0.2° × 0.2° and overlapped by 0.1° to maintain the continuity of 
the data points. The b-value was calculated at each grid node of 0.1° along both latitude and longitude. The 
uncertainties in the spatial distribution of b-values were estimated based on the empirical relation proposed 
by Shi and Bolt (1982)
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of short-wavelength anomalies with low positive or negative amplitudes trending in the 
NW–SE and NE–SW directions that are parallel and conjugate, respectively, to the Red 
Sea axial rift. These short-wavelength anomalies are due to density heterogeneities at shal-
low depth (dikes or faults). In order to enhance these short-wavelength anomalies, we cal-
culated the vertical gradient. This process makes the gradient of shallow depth sources’ 
anomalies much stronger than those of deep sources. Such a process based on gradient 
of gravity anomalies has been applied by Pamukçu (2016) to locate boundaries in eastern 
Mediterranean region. Shallow sources in NRS crust are better observed on the vertical 
gradient of the isostatic anomalies (Fig. 10b).

Magnetic anomalies are widely used to constrain subsurface structures and crust com-
position. We used Global magnetic anomaly EMAG2 (Meyer et al. 2017), which consists 
of a merged grid compiled from all available magnetic measurements and represents the 
total magnetic anomalies at 4 km above the geoid in a 2-arc-minute resolution. Figure 11 
shows the magnetic anomalies of the study area. There is evidence of positive and negative 
anomalies lengthened in the NW–SE and NE–SW directions. These anomalies are related 
to magnetic heterogeneities due to dikes or mega faults within the crust. Trends parallel to 
the Red Sea may be related to the main rifting and they are scattered by NE–SW trends in 
the Arabian shield and E–W trends in Sinai, and they should be related to mega faults sepa-
rating compartments with different magnetic behaviors.

Fig. 7  Spatial variation of the cumulative seismic moment releases in the study region that discretized into 
grid cells of a dimension of 0.2° × 0.2° overlapped by 0.1° grid nodes along the latitude and longitude to 
preserve the continuity of the data points
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4  Discussion

The weak continental crust characterizes the northernmost portion of the Red Sea, while 
the crust of the southern part is categorized as oceanic nature except for the edges of 
coastlines (Mitchell and Stewart 2018). The shear deformation in the Levant fault zone 
is presumably responsible for this disparity (Gaulier et al. 1988). The integration of geo-
physical and seismological data provides general insights into the tectonic process acting 
in the northernmost part of the Red Sea region. Results of deep seismic soundings in the 
NRS (Rihm et al. 1991) represent a thin continental crust beneath the eastern and western 
flanks (Al-Amri 1995). The results of velocity tomographies of El Khrepy et al. (2016a, b) 
strongly suggest the occurrence of a heterogeneous continental crust beneath the Gulf of 
Aqaba and the Gulf of Suez. Moreover, the evidence of high seismicity (Fig. 1), high-den-
sity crustal layers just beneath evaporites (El-Bohoty et al. 2012), low seismic velocity gra-
dients (Gaulier et al. 1988), and Precambrian shield rocks (Bosworth et al. 1993; Almalki 
et al. 2015) support that the NRS is covered with a thin continental crust, with a few iso-
lated sites emplaced by basaltic injection (Cochran 2005; Mitchell and Park 2014; Mitch-
ell and Stewart 2018). The lack of linear magnetic anomalies suggests that the Miocene 
evaporites were deposited on an attenuated continental lithosphere and motivated higher 
temperatures. This is a potential indication of an early stage of a tectonic regime associ-
ated with continental separation, rifting, and crustal thinning prior to the seafloor spread-
ing and the accretion of oceanic crust (Mart and Hall 1984). The region is characterized 

Fig. 8  Free-air anomaly map of the NRS region derived from WGM2012. The Gulfs of Aqaba and Suez 
show negative anomalies, whereas NRS shows short wavelengths with positive and negative anomalies con-
taining low amplitudes trending in different directions
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by a crust to upper mantle heterogeneities associated with localization of stress accumula-
tions due to the coupling of tectonic and magmatic processes. These crustal heterogeneities 
can be identified by modern geophysical tools like tomography and gravity, although they 
cannot account for the stress heterogeneities. As mentioned above, gravity analysis shows 
evidence of crustal thinning toward the trough of the Red Sea and heterogeneities due to 
magmatic intrusions. One of the distinct indicators to distinguish the heterogeneity of the 
crust and stress is the b-value that can be computed using the frequency–magnitude rela-
tionship. The variation in b-values is ascribed to the material heterogeneity (Mogi 1963) 
and the stress state (Scholz 1968; Urbancic et  al. 1992; Schorlemmer et  al. 2004, 2005) 
or effective stress (Wyss 1973), and the thermal gradient may increase b-values (Warren 
and Latham 1970). Mogi (1967) primarily considered the nature of rock mechanics, while 
Scholz (1968) speculated that the b-value is influenced by the stress behavior rather than 
by the heterogeneity of the rock’s material. Scholz (1968) and Wyss (1973) observed that 
low b-values correspond to periods of increasing shear stress or effective stress. Increased 
rock mass heterogeneity or crack density results in high b-values (Mogi 1967), while resist-
ant blocks (asperities) embedded in rocks decrease the b-values.

Based on the free-air anomaly map, there is evidence that the deficiency of mass below 
sea level is not completely compensated by a thinning of crust in the Gulf of Aqaba and 
Sinai; conversely, the overall free-air anomalies in the NRS correlate with a weak behavior 
(low elasticity) of the lithosphere that occurred through a thinning of crust in this area. 
Bouguer anomalies that reflect only density contrasts in the subsurface, including the real 
root of the crust, are prominently negative in the Gulf of Aqaba and Gulf of Suez; these 
negative anomalies imply that the crust in these areas is not thin enough to compensate for 
the lack of mass represented by water, and we may deduce that the crust in these regions 
is still thick and rigid. As the amplitudes of negative Bouguer and isostatic anomalies are 
lower in the Gulf of Suez than in the Gulf of Aqaba, we may deduce that the crust is thinner 
and weaker in the Gulf of Suez. Conversely, in the Red Sea, we do not observe a specific 
long-wavelength negative Bouguer anomaly. There is evidence of several short-wavelength 
anomalies with low positive or negative amplitudes that trend mainly along the NW–SE 
direction, which is parallel to the Red Sea rifting, and the NE–SW direction, which is 
perpendicular to the Red Sea rifting. These anomalies are due to density heterogeneities 
within shallow depths of the crust. In addition to short-wavelength anomalies related to 
shallow depth heterogeneities, we observe a regional Bouguer positive anomaly trend along 
the axial rift of the Red Sea, and the anomaly becomes negative toward the western and 
eastern margins. This observed anomaly is due to the thinning of the crust from the shield 
toward the trough of the Red Sea. As the crust of the Red Sea is thin enough to compensate 
for the lack of mass represented by the water, the crust is considered weak and not rigid. 
The isostatic anomaly map is only supposed to represent the effect of density heterogenei-
ties within the crust, and it does not show a specific long-wavelength isostatic anomaly in 
the NRS. The map only shows several short-wavelength anomalies with low positive or 
negative amplitude trending in different directions. This observation confirms that the crust 
in the NRS, due to its weakness, is sufficiently thinned to compensate for the deficiency of 
mass represented by a water layer. The positive Bouguer anomalies are related to thinner 
and weaker crust which leads to higher stress accumulation. This behavior is not observed 
in the Gulf of Aqaba and the Gulf of Suez, indicating a prominent negative anomaly asso-
ciated with a relatively thicker crustal root that causes lower stress accumulation.

The magnetic anomaly map shows evidence of positive and negative anomalies length-
ened in NW–SE and NE–SW directions as observed in the Red Sea area and Arabian 
shield. These anomalies are related to magnetic heterogeneities caused by dikes or mega 
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faults within the crust. Such magnetic trends correlate with the gravity trends described 
above and are supposed to be related to density heterogeneities within the crust. NW–SE 
gravity and magnetic trends that are parallel to the Red Sea should be related to the main 
rifting. These structures are scattered by NE–SW trends observed in the Red Sea and Ara-
bian shield. These trends should be related to mega faults separating compartments with 
different magnetic behaviors.

Gravity and magnetic analyses show that the NRS is characterized by a weak crust with 
evidence of thinning toward the trough of the Red Sea, whereas the crust remains thick and 
relatively rigid in the Gulfs of Aqaba and Suez. This result confirms the study of Cochran 
(2005), where he suggests a thinning of the continental crust of the NRS up to 5 km based 
on the integration of marine geophysical data, including seismic reflection. This author 
suggests also nucleation of oceanic spreading in the main trough of the NRS. This thin-
ning of the continental crust is confirmed by Saleh et al. (2013) based on the mapping of 
the Curie point depth and heat flow. These authors show evidence of an increase in the heat 
flow of up to 250 mW/m2 and a decrease in the Curie depth of up to 5 km. Figure 12 shows 
the spatial distribution of the heat flow data as combined from the global oceanic heat flow 
measurements in Lucazeau (2019), the global area-weighted heat flow model in Davies 
(2013), and aeromagnetic data in Saleh et al. (2013). Based on the spatial resolution and 
the accuracy of the data, priority is given to the global database in Lucazeau (2019) at the 
overlapping areas with other data sources. Notably, the interpolated map shows a low reso-
lution due to the deficiency in the heat flow data. However, the high heat flow patterns dis-
tribute approximately along the central area of the NRS region. Low heat values dominate 
within the regions representing the Gulf of Aqaba, the Gulf of Suez, and the coastlines of 
the NRS. The gravity and magnetic anomalies of short wavelengths indicate crustal hetero-
geneities due to mega faults, intruded dikes and volcanic activity associated with the trends 
that are parallel and conjugate to the Red Sea axial rifting.

The spatial variations in b-values are factorized to the material heterogeneity, stress 
accumulation, perturbation in the pore fluid pressure, and thermal activities (Edrik et al. 
2012; Görgün 2013). For regions of different tectonic environments, the b-value ranges 
from 0.5 to 1.5 with a wide range of magnitude scales (Wiemer et al. 1998). In the active 
volcanic regions where seismicity is triggered by magmatic activities, the b-value is antici-
pated within the range of 1.5–3.0 (McNutt 2005). Moreover, the regions of high-density 
fractures and stress heterogeneities are characterized by b-values ranging between 1.0 and 
2.5 (Bridges and Gao 2006). The pattern of the b-values (Fig. 6a) shows wide variations 
in the b-value from 0.4 to 2.5. The variations in b value patterns characterize alternating 
areas of low to high b-values and are likely caused by the heterogeneity of either the stress 
field or material properties. The Gulf of Aqaba and the Gulf of Suez regions exhibit low 
b values, while the rest of the NRS regions display alternating low to high b-values. Low 
b values that are obtained in the Gulf of Aqaba, the Gulf of Suez, and the northmost part 
of the NRS are consistent with the b-values estimated by El-Isa and Shanti (1989) and Al-
Amri (1995). The local structures of hardness materials in the south of Sinai presumably 

Fig. 9  a Bouguer anomaly map of the NRS region obtained after removing the effect of deficiency of mass 
below sea level from the observed free-air anomalies, represented by the water layer using 2.70 and 1.035  
g/cm3 as the density of crust and water, respectively. The Gulfs of Aqaba and Suez show negative anom-
alies, whereas NRS shows a regional positive gravity trend along the axial rift of the Red Sea, and the 
anomaly becomes negative toward the western and eastern edges. b Upward continuation of the Bouguer 
anomaly map of the NRS region. Short-wavelength anomalies are attenuated. Contour interval: 20 mGal. 
Smooth increasing of Bouguer anomaly values due to thinning of the crust toward the Red Sea axial rift

▸
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impede the Red Sea rift toward the north (Gaulier et al. 1988). Seismic tomography stud-
ies of El Khrepy et al. (2016a) reveal that no signs of the transition of oceanic crust into 
the Gulf of Aqaba have occurred, implying that the rift is standing at the triple junction 
due to local structures of high rigidity. Alternatively, the breakup of continental rupture in 
the NRS is presumed to occur in a relatively non-volcanic mode as reported from differ-
ent geophysical and geological aspects (Ligi et al. 2018). Notably, variations of seismicity 
rates along the Gulf of Suez imply that the active stress regime is spatially non-uniform 
(Bosworth and Durocher 2017). The rate of crustal deformation in the Gulf of Aqaba is 
larger than those in the rest of the NRS region. GPS measurements revealed a northward 
movement of the Sinai micro-plate with respect to Africa at a rate of ~ 1.5 mm/year and 
a rifting rate of ~ 0.5 mm/year in the Gulf of Suez (Wdowinski et al. 2004; Gomez et al. 
2007). The Gulf of Aqaba experienced a shear deformation aligned along a strike-slip fault 
at a rate of 4.4 ± 0.3  mm/year (Mahmoud et  al. 2005). The moment tensor summations 
revealed a crustal deformation rate of 0.008 mm/year in the Gulf of Suez (El-Nader and 
Hussein 2018) and a rate of 0.32 ± 0.05 mm/year in the Gulf of Aqaba (Almadani 2020, 
personal communication). The relatively faster divergence rate, to the south, corresponds 
to an increase in b-values and cumulative moment releases, indicating a directly propor-
tional relationship between the divergence rate and b-values within the study region.

Comparisons of the spatial distribution of b-values, cumulative seismic moment 
releases, and Bouguer gravity anomalies indicate interesting implications for detail-
ing the crustal and stress heterogeneities. Khan and Chakraborty (2007), Maden and 
Öztürk (2015), and Pamukçu (2016) correlate the gravity data with the heat flow meas-
urements and the spatial mapping of b-value in the Shillong Plateau, eastern Anatolian 
fault, and Eastern Mediterranean region, respectively. In Shillong Plateau area, Khan and 
Chakraborty (2007) attributed the observations of positive Bouguer anomalies and low 
b-values to a thinner crustal root and higher stress accumulation, whereas negative Bouguer 
anomalies and intermediate to high b-values are attributed to a thicker crustal root and 
lower concentration of stress. In the eastern Anatolian fault, the results were interpreted 
that the crustal root is comparatively thicker in areas characterized by the negative grav-
ity anomalies, low b-values and lower stress concentration (Maden and Öztürk 2015). On 
the contrary, the authors attributed the correlation between positive gravity anomalies and 
high b-values to weaker and thinner crust consistent with higher concentration of stress. 
The correlation between Bouguer anomalies and b-values remains not clear. The relation-
ship between them could be proportional or inverse proportional. However, in general, 
gravity boundaries due to structural transition associated with long-wavelength Bouguer 
anomalies and b-value variations are consistent. The results of Pamukçu (2016) shows that 
Bouguer boundaries determined in Crete and Rhodes islands in Eastern Mediterranean 
region are parallel to b-value variation. On the relationship between b-values and stress, 
an inverse proportional relationship is observed between the stress and the b-value for dif-
ferent regions (Wiemer and Katsumata 1999; Lei 2003; Schorlemmer et al. 2005; Maden 

Fig. 10  a Isostatic anomaly map of NRS region obtained by removing the effect of crustal root based on 
the Airy model from the Bouguer anomalies, assuming a density 2.70 g/cc and 3.30 g/cc for the crust and 
the mantle, respectively. The Gulfs of Aqaba and Suez show negative anomalies, implying that the crust in 
these areas is not thin enough to compensate for the deficiency of mass represented by water at the surface, 
whereas the NRS shows a number of short-wavelength anomalies with low positive or negative amplitudes 
trending in NW–SE and NE–SW directions that are parallel and conjugate, respectively, to the Red Sea 
axial rift. b The vertical gradient of the isostatic anomaly map of NRS region. Short-wavelength anomalies 
trending in NW–SE and NE–SW directions that are parallel and conjugate, respectively, to the Red Sea 
axial rift are enhanced

▸
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and Öztürk 2015; Mousavi 2017a). However, the b-value is not widely accepted to be used 
as a typical indicator to the stress assessment, but it can be used for some proxies. There-
fore, it is crucial to integrate different geophysical data to understand the state of the stress 
accumulation. Following the interpretation method of Khan and Chakraborty (2007), we 
combined results from the Bouguer gravity anomaly, heat flow, and b-value maps. Except 
for the locations that corresponded to two large earthquakes with moment magnitudes of 
6.3 and 7.3 occurred in the Gulf of Aqaba in 1993 and 1995, respectively, and the 1969 
earthquake of moment magnitude 6.2 that occurred in the Gulf of Suez. Furthermore, it is 
noteworthy that the earthquakes occurred in the Gulf of Aqaba and the Gulf of Suez are 
characterized by low stress-drop values (Abdelfattah et  al. 2019). In general, execpt for 
the areas of large-sized earthquakes that are characterized by high stress accumulation, the 
negative gravity anomaly values and lower heat flow that located in the Gulf of Aqaba and 
the Gulf of Suez regions are corresponding to low b-values and low stress accumulation, 
implying an old comparatively thicker crust. Conversely, the rest of the NRS region is char-
acterized by the positive gravity anomalies with relatively high heat flow, and high stress 
accumulation and high b-values are associated with relatively weakened or young crust, 
thus implying magma upwelling or low-velocity zones.

The tectonic elements of the NRS region (Fig. 1) show an active deformation associated 
with normal to strike-slip faulting mechanisms that are dominant in the Gulf of Suez and the 
Gulf of Aqaba, respectively. The tectonic movement of the Arabian plate toward the north 
with respect to the Sinai subplate, which accommodated by the accumulation of shear stress, 

Fig. 11  Total magnetic anomalies at 4 km above the geoid of the NRS region derived from the Global mag-
netic anomaly EMAG2 (Meyer et al. 2017). A portion of positive and negative anomalies lengthened in the 
NW–SE and NE–SW directions
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triggered the 1995 earthquake of moment magnitude 7.3 occurred at a NNE sinistral strike-
slip fault. The extensional deformation accommodated by the relative tectonic movement 
between the African and Arabian plates as well as the anticlockwise rotation of the Sinai sub-
plate caused the 1969 earthquake of moment magnitude 6.2 occurred at a NNW normal fault. 
No distinctive relationship was recognized between the focal mechanisms, b-values, and the 
state of stress.

To elucidate the nature of the crust and its heterogeneity, the integration of high-quality 
geophysical data can detail the development of geodynamic processes that generate lith-
ospheric deformations. Based on the available data used in this study’s analysis, the current 
results cannot be extended to distinguish the nature of the crust in the NRS region. Addition-
ally, there is still considerable debate on the evidence of variations in rheological character-
istics that are likely to be associated with stress heterogeneities in the Earth’s crust. Further 
studies, based on high-quality data, are required for determining the nature of the Earth’s crust 
in the NRS.

Fig. 12  Spatial distribution of the heat flow data combined from the global oceanic heat flow measurements 
in Lucazeau (2019), the global area-weighted heat flow model in Davies (2013), and from aeromagnetic 
data in Saleh et al. (2013)
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5  Conclusions

This study presents an analysis based on the spatial variations in b-values, moment 
releases, gravity, and magnetic anomalies, with the aim of investigating the crustal and 
stress heterogeneities in the NRS region. According to our analysis, it is noteworthy 
that the region shows the compatibility of gravity anomalies, b-values, and cumulative 
seismic moment releases where the positive gravity anomalies and high b-values are 
proportional to higher stress accumulations and vice versa. Gravity analysis shows that 
the crusts of the Gulf of Aqaba and the Gulf of Suez are not thin enough to compensate 
for the lack of mass represented by water, implying that the crust in these regions is still 
thick and rigid; however, the crust in Gulf of Aqaba is relatively thinner and weaker 
compared to the crust in the Gulf of Suez. In this crust, any topographic load due to 
excess or deficiency of mass will be supported by the rigidity of the crust and induce 
lower stress accumulation that is consistent with the distributions of lower cumulative 
seismic moment releases and low b-values. In the NRS, we observe a regional Bouguer 
positive anomaly trending along the axial rift of the Red Sea; the anomaly becomes 
negative toward the western and eastern margins, implying a crust thinning from the 
shield toward the axis of the Red Sea. As the crust of the Red Sea is thin enough to 
compensate for the lack of mass represented by the water, the crust is deemed to be 
weak and not rigid. In this crust, any topographic load due to excess or deficiency of 
mass will induce high stress accumulation, which is congruent with the distribution of 
high b-values and comparatively higher seismic moment releases. The NRS also shows 
short-wavelength gravity and magnetic anomalies with low positive or negative ampli-
tudes that trend mainly along the NW–SE direction, which is parallel to the Red Sea 
rifting, and the NE–SW direction, which is perpendicular to the Red Sea rifting. These 
gravitational and magnetic short wavelengths indicate crustal heterogeneities due to 
mega faults, intruded dikes, and volcanic activity over the trends that are parallel and 
conjugate to the Red Sea rifting.

The current study shows that the NRS region is dominated by heterogeneities in 
stress distributions and crustal characteristics. The region shows a crustal thickness 
change, illustrating that the Moho regional field is the main component of gravity anom-
alies. Earthquakes with larger magnitudes occur consistently in the Gulf of Aqaba and 
the mouth of the Gulf of Suez zones and are associated with low b-values, lower seismic 
moment releases, and negative gravity anomalies. Zones with negative isostatic anoma-
lies, low b-values, and low stress accumulations characterized the older and more stable 
crust. Earthquakes with relatively smaller magnitudes occur consistently in the central 
area of the NRS and lead to an increase in stress accumulation and a resulting increase 
in b-values; this result is coincident with the zones nearby to the isostatic equilibrium 
in that high isostatic anomalies are likely to be in tandem with relatively weakened or 
young crust, thus implying magma upwelling or low-velocity zones. However, based on 
the available data used in our analysis, we can only describe the stress heterogeneities 
in the Earth’s crust and we cannot provide more details on the nature of the crust in the 
NRS; additional high-resolution geophysical and geological data are required in future 
studies.
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