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ABSTRACT

The Arabian Shield constitutes the eastern flank of the Red Sea and features zones rich in lava
flows potentially associated with seismic activity. Notably, the Harrat Lunayyir (HL) seismic
dislocation zone in the shield experienced a prominent earthquake swarm in 2009, represent-
ing seismic activity that may have induced subsequent Coulomb stress changes and gravity
anomalies. Integrating analyses of gravity anomalies, earthquake characteristics, and Coulomb
stress transfers were performed to explore the variations in static stress and depth-dependent
crustal heterogeneities. The spatial distribution of hypocentres, seismic moment, focal
mechanisms, and frictional properties demarcates the weakness subzone in HL bordered by
hardness zones. Coulomb stress analysis identified positive stress patterns aligned with
a north-northwest (NNW) trend, parallel to the Red Sea rift axis, while negative stress patterns
were distributed both eastward and westward. Gravity modelling highlighted crustal hetero-
geneities with low-density areas corresponding to the seismic activity zone and high-density
regions in the surrounding vicinity. A significant correlation between observed anomalies and
the NNW faults elucidates the regional tectonic processes within the Red Sea rifting system.
The highlighted fault segments and depth-dependent crustal heterogeneities may pose con-
siderable seismic hazard potentials in the region, emphasising the necessity for ongoing
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monitoring and assessment.

1. Introduction

A significant challenge in the field of seismology con-
cerns predicting future seismic events. Recent studies
have indicated that changes in static stress are instru-
mental in influencing the occurrence of future earth-
quakes. Conversely, the mode of earthquake rupture is
significantly affected by numerous small-scale rup-
tures, including barriers and asperities, which arise
from the crustal heterogeneities in the earthquake
dislocation zones. This study provides cartographic
representations illustrating the alterations in static
stress and the crustal heterogeneities within and sur-
rounding the Harrat Luynnier (HL) seismic dislocation
zone. Analysing the interactions among crustal hetero-
geneities, seismic activity, and Coulomb stress is essen-
tial for identifying regions vulnerable to future
earthquakes, thereby facilitating the development of
risk mitigation strategies. Various geophysical meth-
ods, including gravity analysis, seismic tomography,
and receiver function analysis, are employed to eluci-
date crustal heterogeneities. Investigating variations in
crustal density and the spatial distribution of earth-
quakes on a localised scale is vital for comprehending
crustal heterogeneity, as evidenced by prior studies

(Abdelfattah et al., 2017; Bhattacharya & Kayal, 2003;
Khan & Chakraborty, 2007). In Alkan et al. (2023), shear
velocity, b-value, and Coulomb stress changes were
calculated and correlated with local seismicity.
Furthermore, in addition to the analysis of Coulomb
failure stress, geophysical techniques such as gravity
modelling are applied to assess crustal thickness and
velocity  structure, which are pivotal for
a comprehensive understanding of earthquake rupture
dynamics.

Coulomb failure stress is fundamental to compre-
hend earthquake mechanics, as it pertains to the shear
stress necessary for fault slip and subsequent earth-
quake occurrence. It plays a crucial role in elucidating
seismic phenomena, including earthquake swarms;
however, the complexities associated with stress
changes and fault dynamics in swarm environments
continue to be a subject of debate. The investigation
conducted by Harris (1998) highlighted the influence
of stress variations from prior seismic events on the
likelihood of future earthquakes. Aoyama et al. (2000)
employed Coulomb stress analysis to examine the Hida
swarm in Japan, thereby demonstrating the method’s
effectiveness in enhancing the understanding of
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swarm development. Changes in static stress not only
dictate the timing of earthquakes but also significantly
impact rupture characteristics. As documented by
Stein et al. (1997), observations from the North
Anatolian Fault sequence underscore the critical role
that stress interactions play in the dynamics of earth-
quakes. Although static stress changes have been
extensively documented along established fault lines,
a comprehensive understanding of these changes
within intricate systems like swarms, such as the Hida
swarm, necessitates  sophisticated modelling
techniques.

Subsurface heterogeneities within the lithosphere
represent a critical aspect of comprehending the
occurrence of future earthquakes and their dynamic
ruptures. Ongoing studies and advancements in geo-
physical and geological methodologies enhance our
insight into these complex structures, which may arise
from features such as asperities and barriers. These
heterogeneities significantly influence the distribution
and intensity of seismic activity, as the presence of
faults and fractures establishes zones of weakness
that govern the initiation and propagation of earth-
quakes. Examining crustal heterogeneities is vital, as
they impact the distribution of stress and strain, sub-
sequently affecting the probability and characteristics
of seismic events. The roughness of fault surfaces is
particularly important, as it plays a significant role in
determining frictional behaviour, assessing seismic
hazards, and predicting both the probability and mag-
nitude of earthquakes. The interplay between fault
roughness and frictional properties substantially con-
tributes to seismic behaviour and the likelihood of
future seismic occurrences. The friction coefficient, for
instance, affects stress drop and earthquake magni-
tude; regions characterised by high-friction earthquake
source zones typically experience gradual stress accu-
mulation and greater stress release during seismic
events. Hence, recognising the importance of crustal
heterogeneities and Coulomb failure stress is essential
for understanding the spatiotemporal pattern of future
earthquake occurrences, as these factors profoundly
influence seismic rupture dynamics. This underscores
the necessity for precise analysis in the interpretation
of seismic processes.

The Red Sea represents a significant active rift
system characterised by distinct seismic activity
across Egypt and Saudi Arabia. Figure 1 illustrates
the major geological features of the Red Sea and the
surrounding uplifted margins of the Arabian and
Nubian Shields. The Arabian Plate is bordered by
several active plate boundaries, which are moving
apart from the African Plate, leading to the expansion
of the seafloor in the Red Sea through a process
known as seafloor spreading. Seismic events occur-
ring inland, particularly in Saudi Arabia, are associated
with the enrichment of basaltic flows due to volcanic

eruptions. The intricate geodynamic interactions in
this region, which integrate magmatic and tectonic
processes, culminated in a notable earthquake swarm
(unrest) in the Harrat Luynnier (HL) region in
May 2009. A significant earthquake with a moment
magnitude (Mw) of 5.4 occurred, which is substantial
enough to be considered atypical for standard swarm
activities (Abdel-Fattah et al., 2014). Given the rapid
development of infrastructure and population growth
in the area, it is imperative to conduct further studies
to enhance our understanding of seismic hazards in
this region. Notably, major cities along the Red Sea
coast have experienced considerable and swift devel-
opment recently, prompting the need for a more
comprehensive assessment of seismic risk in this spe-
cific area. One critical parameter that influences seis-
mic hazard evaluation is the potential location of
future earthquakes. This study focuses on the HL
seismic dislocation zone by examining the change in
static stress and subsurface crustal heterogeneities.
The change in static stress will be assessed using the
Coulomb stress failure methodology, while the crustal
heterogeneities will be analysed based on lateral var-
iations in density derived from gravity studies. The
current study is instrumental in identifying probable
locations for future seismic events, as understanding
the mechanisms of crustal variation and stress con-
centration in seismogenic zones can elucidate the
occurrence of earthquake hazards in the region.
Ultimately, this study aims to anticipate how crustal
heterogeneities and Coulomb failure stress interplay
to influence the likelihood of future earthquakes in
the HL seismogenic zone.

2. Geological and tectonic settings

The Harrat Luynnier (HL) region is located in the wes-
tern part of Saudi Arabia, onshore the Red Sea coast-
line, within the Arabian Shield that is recognised as one
of the most significant igneous provinces in continen-
tal regions globally (Zaidi & Mukhopadhyay, 2015). This
area exhibits a wealth of monogenetic volcanic activ-
ity, characterised by extensive alkali basalt lava flows
and approximately 50 volcanic cones. Various lava
flows radiate in multiple directions across the land-
scape. These volcanic formations are situated directly
atop the deeply eroded Neoproterozoic rocks of the
Arabian Shield (Johnson, 2006). Volcanic activity in the
HL region commenced during the Late Oligocene and
Early Miocene epochs and continued into the
Quaternary period. Historical records indicate that the
most recent eruptions occurred between the 13th cen-
tury BCE and approximately 600 CE (Johnson, 1998).
The geological map presented in Figure 2 shows
a complex and a very heterogene Precambrian base-
ment with geological features oriented along two
main directions: northwest-southeast (NW-SE) and
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Figure 1. Major geologic features of the Red Sea and surrounding uplifted margins of the Arabian and Nubian shield (Stern &
Johnson, 2019). The red square indicates the study area (HL), the black star marks the epicentre of the earthquake of Mw = 5.4 and
its source mechanism solution of normal faulting is represented by a red beach ball.

southwest-northeast (SW-NE). The basement is over-
lain in the centre of the map by the Cenozoic volcanic
rocks known by Harrats. The region frequently displays
dykes, normal faults, and thin sediment layers aligned
with the NW-SE direction, which are associated with
the Cenozoic extensional event and the formation of

the Red Sea. NW-SE dykes and faults are evidenced by
the magnetic anomalies (Abdelfattah et al., 2021).
Among the SW-NE geological features those observed
inside the blue square (Figure 2) represented by peri-
dotite and serpentinite rocks which constitute
a portion of the Precambrian basement.
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Figure 2. A map showing the geographical distribution of surface geology in the study area (after Saibi et al., 2019). The blue
square represents location of the positive gravity anomaly observed in figure 7. The small black square represents location of the
picture shown in figure 3. The thick black line (AB) represents location of the modelled gravity profile.

Following comprehensive field surveys conducted
shortly after the main shock (Fnais et al., 2010;), the
epicentral region displayed a surface rupture trending
northwest (NW) associated with the 2009 earthquake
series, with a rupture length extending to 8 kilometres.
This rupture exhibited local vertical offsets exceeding

1 metre and extended several metres in depth
(Figure 3). To model the crustal deformation associated
with the seismic activity in the Harrat Luynnier (HL)
region, a vertical dike intrusion aligned in a north-
northwest to south-southeast (NNW-SSE) orientation
was utilised (Baer & Hamiel, 2010; Pallister et al.,



Figure 3. Surface rupture associated with the 2009 earthquake
swarm in Harrat Lunayyir (HL). The location of this picture is
indicated by the thick black rectangular inset in figure 2.

2010). B. Mukhopadhyay et al. (2012) also noted an
initial stage of dike intrusion during this period.
During the earthquake swarm of 2009, seismic activity
was initially characterised by larger magnitude events
occurring at greater depths, subsequently migrating
upward to the location of the significant event with
a moment magnitude of 5.4 (Abdel-Fattah et al., 2014),
followed by smaller tremors occurring to the east. This
sequence of unrest provides valuable insights into the
dynamics of self-potential rupture and crustal hetero-
geneities. Recent studies highlight the relationship
between the distribution of seismic activities and geo-
logical features, including dykes, faults, barriers, and
asperities (Harris, 1998; Schoenball & Groner, 2016).
Furthermore, the crustal heterogeneities within the
HL region contribute to the roughness of the area
where seismic events transpire, which may be attribu-
table to the intrusion of magmatic activity into the
upper layers of the Earth’s crust (Abdelfattah et al.,
2017). A seismic tomography study by Hansen et al.
(2013) indicated that dyke intrusions of high velocity
extended obliquely upward in the NNW direction.
Furthermore, recent seismic tomography models
(Koulakov et al, 2015) and attenuation studies
(Koulakov et al., 2014; Sychev et al., 2016) have pro-
vided insights into the mechanisms of magma and
fluid propagation within the region. Zobin et al.
(2013) proposed two scenarios suggesting that
a volcanic eruption at HL is improbable: one scenario
posits that the subsurface intrusion was halted, while
the other suggests that the dike was injected along the
rift zones.

3. Data use

The waveform recordings utilised in this study were
obtained from a nearby seismic network installed by
the Saudi Geological Survey (SGS) and King Abdulaziz
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City of Science and Technology (KACST) shortly after
the initiation of the earthquake sequence in April 2009.
This network consists of twenty-two three-component
temporary stations and two three-component perma-
nent stations. Each station has Trillium broadband
velocity sensors featuring a response range of 0.02 to
120 seconds, a digitiser with a sampling rate of 100
samples per second, and a 142 dB dynamic range for
the entire recording system.

The strategic distribution and a substantial number
of broadband seismic observations deployed in the
epicentral area immediately after the onset of the
foreshocks of the earthquake unrest in April 2009 pro-
vided a valuable opportunity to discern whether the
seismic activity in HL resulted from tectonic or mag-
matic processes. In April 2009, the Saudi Geological
Survey (SGS) established several permanent broad-
band seismic stations in the HL following a surge in
seismic activity. Additionally, shortly after the main-
shock on May 19, King Abdulaziz City for Science and
Technology (KACST) and King Saud University (KSU)
deployed temporary seismic networks in HL from
May 20 to the end of July 2009 to monitor and analyse
aftershock activities. The KACST seismic network com-
prised 10 short-period, single-component (vertical)
seismic stations and one broadband station, while
the KSU network included eight short-period seismic
stations configured similarly to those of KACST. Each
short-period seismic station had an SS-1 seismometer,
a Quanterra Q330 digitiser for seismic data logging,
a 20GB Baler for data storage, a 12-volt battery, and
a solar panel for continuous charging. The broadband
stations utilised Streckeisen STS-2 seismometers. Data
from broadband and short-period stations are digi-
tised at 300 samples per second (SPS). The temporary
seismic network significantly enhanced station cover-
age over the epicentre area (Al-Zahrani et al., 2012).

The data that represents the parameters of hypo-
centre and fault plane solutions was collected from
Abdelfattah et al. (2017) and Abdelfattah et al. (2020),
respectively. The hypocentre relocations, refined by
Hansen et al. (2013) and Abdelfattah et al. (2017),
revealed a distinct alignment of foreshocks along the
western edge of the seismic activity. The hypocentral
parameters for approximately 4,986 earthquakes, with
magnitudes ranging from —1 to 5.4, were determined
between May 13 and 7 June 2009. These relocations
delineated a trend along the NNW-SSE direction paral-
lels to the Red Sea. Three distinct phases were identi-
fied within the seismic activity, with one cluster
displaying shallower focal depths in the mainshock
rupture area. The other two clusters were characterised
by deeper focal depths compared to the mainshock
hypocentre area, representing preshocks and after-
shocks, as illustrated in Figure 4. In addition to seismic
data, we used gravity data to image the crustal density
distribution. We extracted the Bouguer gravity
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Figure 4. A plot displays (a) the spatial distribution map of epicentres as a function of earthquake magnitudes and the cross-
section demonstrating the spatial distribution of hypocentres. Additionally, the plot illustrates the distribution of seismic station
locations. The plot indicated that the events with the larger magnitudes in the 2009 earthquake unrest were released at deeper
focal depths before releasing the largest event at a focal depth of 6 km. Three zones were delineated to recognise three fault
segments with the parameters listed in table 1 that were used in calculating the coulomb stress change. The zones were identified
based on the criteria of the spatiotemporal distribution of hypocentres, focal mechanism solutions obtained by Abdelfattah et al.
(2021), and (b) a triangle diagram of the focal mechanism solutions obtained using the method of Frohlich (2001).

anomalies of the study area from the World Gravity 4. Seismicity analysis

Model (WGM2012 model, Bonvalot et al., 2012), which

is helpful in revealing anomalies caused by kilometric-

width crustal structures. We estimate the moment magnitude using the regio-
nal M -M,, relationship (Mereu, 2020):

4.1. Seismic moment and stress drops



M,, = 0.69 M, +0.73, (M

The seismic moment was calculated using the
empirical relation established by Hanks and Kanamori
(1979):

Mo — -I 0[1.5(MW+10.7)] (2)

In our analysis, we calculated the cumulative seis-
mic moment of seismic events among the earthquake
unrest and distributed it spatially over an area divided
into square grids, with each cell having dimensions of
2 x 2 km. Subsequently, we conduct two-dimensional
mapping, considering the cumulative seismic moment
associated with each cell. This mapping approach
visually represents the spatial distribution of cumula-
tive seismic energy across the studied area, revealing
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a significant range of variation. Figure 5 shows the
epicentral and hypocentral distributions of the cumu-
lative seismic moment in the HL seismic dislocation
zone.

The spatial distribution of stress-drops that may
provide valuable insights into the behaviour of
faults within the seismogenic zone, particularly in
regions with geological heterogeneities. In such
areas, factors like volcanic structures can create
barriers and asperities that influence stress drop
distributions. The two-dimensional distribution
examines how stress drops change across different
locations within a region. This pattern is typically
represented on a map, with different colours or
contours indicating varying stress drop magnitudes
in different regions. Analysing the two-dimensional
distribution of stress drops can provide insights into
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Figure 5. The spatial distribution of seismic moment released during the 2009 earthquake unrest occurred in HL.
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the heterogeneities within the seismogenic zone
and contribute to a better understanding of seismic
activity in a given area. We calculate relative stress
drops (Ates) among the unrest using methodologies
outlined by Chen et al. (2012) and Roland and
McGuire (2009) that involve assessing the cumula-
tive seismic moment (XMo) released in the acti-
vated area (R). According to the stress drop of
a single crack (Madariaga & Ruiz, 2016), the effec-
tive stress drop can be determined using the fol-
lowing equation;
M,

16 R3

3)

ATer =

4.2. Coulomb failure stress

Understanding the influence of fault interaction on the
regional stress field is crucial for deciphering seismic
activity. The 2009 seismic unrest presents an opportu-
nity to investigate the role of fault interaction in pro-
ducing anomalous focal mechanisms. This analysis
aims to verify whether fault interaction significantly
alters the background stress field, implying fault inter-
action on the background stress field and its influence
on anomalous focal mechanisms within the 2009 seis-
mic unrest throughout modelling static stress and
Coulomb stress changes in the focal zone. The
COULOMB 3.3 software developed by Toda et al.
(2011) was used to alter the ongoing stress accumula-
tion mechanism, leading to the location of forthcom-
ing earthquakes in the region. This analysis contributes
to a better understanding of the complex dynamics of
fault systems and their role in seismic events. The
calculations are conducted in an elastic half-space
with uniform isotropic elastic properties, following
the approach outlined by Okada (1992). When an
earthquake reduces the average shear stress on the
slipped fault, shear stress increases at locations beyond
the fault tips. The Coulomb failure stress change,
denoted as Asf, is defined as:

ACFF = AT+ p Aoy,

This equation quantifies the conditions under which
a fault plane will slip and generate an earthquake.
Where At is the shear stress change on a fault plane,
Ao, is the fault normal stress change, and p’' is the
effective coefficient of friction. The friction coefficient
values range from 0.0 to 0.8, with 0.4 being commonly
employed in calculations (King et al., 1994; Stein et al.,
1992), as this value has been commonly used to

minimise uncertainty (Toda & Enescu, 2011; Toda
et al, 2011). The value of 0.4 is a commonly employed
average friction coefficient that investigates fault slip
under varying stress conditions, particularly in relation
to the focal mechanisms in the study area, which
encompass a combination of normal and strike-slip
faulting styles. The geometrical parameters of the spe-
cified faults were defined according to Aki and
Richards (1980). The rake angle for the focal mechan-
ism solution ranges from —180° to 180°, the strike angle
varies from 0° to 360°, and the dip angle ranges from 0°
to 90°.

We model the Coulomb stress change associated
with the earthquake activity using input parameters
for a uniform elastic half-space, including a shear
modulus (u) of 30 GPa and a Poisson ratio of 0.25
(Okada, 1992; Stein et al., 1992; Toda & Stein, 2015).
This study employed three fault segments represent-
ing three phases in the sequence to compute
Coulomb stress failure. Fault parameters such as
strike, dip, rake, and friction coefficient, which char-
acterise each segment, were derived from focal
mechanism solutions as calculated by Abdelfattah
et al. (2021) using stress tensor inversion with the
STRESSINVERSE code (VavryCuk, 2014). The spatial
distribution of events representing each rupture
stage was utilised to estimate fault dimensions and
slip values (D) based on the relationship between
seismic moment (Mo), rigidity (u), and fault area (A),
given by Mo=p-A-D. The fault parameters, fault
dimensions, slip values, and friction coefficients for
each fault segment are listed in Table 1. The ACFS
distribution pattern triggered by the three fault seg-
ments was computed, as depicted in Figure 6, show-
ing a direct proportionality between the positive
ACFS pattern and the areas of high density as
derived from gravity analysis.

5. Gravity anomaly analysis
5.1. Bouguer gravity anomalies

The observed Bouguer anomalies (Figure 7a) reflect
subsurface density changes, including the crust-
upper mantle discontinuity. The map shows different
wavelengths due to different subsurface densities,
with a general increase from —70 mGal to 40 mGal
towards the west. Notably, the overall upward trend
towards the west aligns with the crustal configuration
of a passive margin, as evidenced by the gradual

Table 1. The fault parameters that identified three fault segments used in calculating the coulomb stress change.

Fault zone Fault area [m?] Length [km] Width [km] IM, [Nm] M, Ao (MPa) Strike [°] Dip [°] Rake [°] Focal depth [km] Depth range
1 173 6 8 6.92E+23 5.2 59 1333 878 —165.2 12 10-18
2 628 125 8 1.72E+24 55 0.3 157.4 68.2 -77.5 6 1-9
3 163 4 7 7A1E+22 45 0.7 185.6 749 —83.3 14 10-18
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Figure 6. Coulomb failure stress calculated for three fault segments using the fault parameters listed in table 1. Higher positive
values of coulomb failure stress change indicate the expected location of seismicity. The epicentres (coloured circles) and
hypocentres (open circles) are projected on the map and cross-section plot.

thinning of the crust towards the Red Sea. The crustal
thinning is described by many authors (Abdelfattah
et al, 2021; Al-Damegh et al., 2005; Hansen et al.,
2007). To effectively examine the effect of crustal het-
erogeneities, we derived a regional anomaly represent-
ing the effect of crust/mantle discontinuity. Since the
crust/mantle discontinuity is profound, about 30 km
deep (Hansen et al., 2007), it would be expressed by
a smooth surface that could be obtained using the
polynomial method. We computed various polynomial
surfaces from the observed Bouguer values. Using the
method proposed by Gabtni and Jallouli (2017), the
optimal polynomial surface, considered regional and
fitting the long wavelength, is a third-degree polyno-
mial surface. This regional anomaly is then subtracted
from the observed Bouguer anomalies to vyield
a residual (Figure 7b).

5.2. Residual anomaly analysis

Figure 7b 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, the Cenozoic volcanic rock. The residual
shows a repetitive prominent NE-SW anomaly. These
anomalies have a width of about 30 km and an ampli-
tude of 10 to 20 mGal. A critical inquiry arises regarding
the origin of the noticeable NE-SW gravity anomalies,
which are not parallel with the Red Sea rifting.
Considering their wavelength, which is 30 km wide
with an extent of 50 to 100 km, and considering the
geological context of the study area, these anomalies
reflect the Precambrian basement heterogeneities of
the Arabian Shield. To clarify the cause of the gravity



10 A. ABDELFATTAH ET AL.

37.25° 37.50° 37.75°
25.50°
.25
25.00°
L
.75
-
20km
24.50°
37.25% 3750 37.75°

24.50° 3
.78

3728 37.50*

38.00* 38.25°
2550°
2528°
25.00*
2475
24.50°
38.00° 3825

2528

2478

23 24.50°
38.28°

38.00*

Figure 7. (top): bouguer anomaly map of HL area. Observed anomalies reflect all density contrasts in the subsurface. (bottom):
residual anomaly map obtained after extraction of a regional. Values are in mGal. Red line indicates the location of the modeled
profile (fig 8), red star represents the epicentre of the earthquake’s 2009 main shock, thick grey lines represents dykes derived from
the magnetic anomalies (Abdelfattah et al., 2020), thin grey line represents location of the harrat.

anomaly, we have marked the location of the NE-SW
positive anomaly on the geological map (Figure 2). It is
evident that the anomaly corresponds to the
Proterozoic basement rocks represented by peridotite,
serpentinite, diorite, and gabbro, all of which are high-
density rocks underlying the Harrath. The presence of
serpentine minerals refers to ultramafic rocks that
could be associated to slices of oceanic crust or ophio-
lite complexes in Yanbu suture shown in Figure 1.

Hence, the identified NE-SW prominent gravity anoma-
lies are associated with variations in physical proper-
ties, such as density, within the Precambrian basement.

5.3. Gravity modeling

The observed SW-NE residual anomalies associated
with crustal heterogeneities are significant. Using
edge detector filters based on gradients of potential



field anomalies, Abdelfattah et al. (2021) delineated
SW-NE to SSW-NNE trends corresponding to bound-
aries of different basement blocks with different com-
positions and densities. To better image the
subsurface, we applied a 2D modelling approach
using inversion of the observed gravity anomalies. As
the main objective of this study is to understand the
generation mechanism of earthquakes, we selected
a NW-SE profile crossing the seismogenic zone of HL
for modelling (Figure 7). The 2D gravity model is con-
structed using the ZONDGM2D software (http://zond-
geo.com/english/zond-software/gravity-magnetic-self
-potential/zondgm2d/) (Figure 8). As gravity modelling
is not unique, and we can propose different scenarios
of density changes to explain the observed data, we
need constraints from geologic observations or results
from other geophysical data. The geologic map shows
a Cenozoic basalt outcrop known by HL that flows over
the Precambrian basement rocks, considering the most
recent geologic feature in the study area. However, this
feature is not expressed by a particular gravity anom-
aly. Even after removing the regional trend, the
remaining residual do not fit the shape of the
Cenozoic basalt outcrops, indicating that the surface
basalt rocks are thin and do not exhibit a substantial
density contrast with the underlying Precambrian
basement rocks.

The gravity profile shows alternative negative and
positive anomalies. The observed residual anomaly
may be explained by heterogeneity within the base-
ment, suggesting increasing density towards the
southeast. However, based on S-wave tomography
inversion (Koulakov et al., 2014; Lim et al., 2020; Tang
et al, 2019), there is evidence of a low-velocity zone
beneath HL under the observed positive gravity anom-
aly. Koulakov et al. (2014) constructed tomography
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cross-sections that distinctly depict a low-velocity
zone with a high Poisson ratio at a depth of more
than 5km. The S-wave velocity anomaly in this area
reaches —120 m/s (Lim et al., 2020). This low-velocity
zone corresponds to a low-density material.
M. Mukhopadhyay et al. (2022) established the correla-
tion between density (p) and the velocity Vs for the
upper crust beneath the HL, indicating a linear
regression:

p =0.516Vs + 1.204

Utilising this formula, a velocity anomaly of —120 m/s
corresponds to a density variation of —0.06 g/cm?. So,
using the S-wave tomography result as a constraint for
gravity modelling, we have to consider the existence of
a low-density zone at a depth of more than 5 km in the
eastern zone, beneath the positive gravity anomaly,
with a density contrast up to —0.06g/cm>.
Considering the reference density (2.67 g/cm3) used
to calculate the Bouguer anomaly, the density range
beneath HL would fall between 2.61 g/cm? and 2.74 g/
cm?®. This range fits the density estimated by
M. Mukhopadhyay et al. (2022) from receiver function
analysis. The constructed model along the NW-SE pro-
file illustrates crustal density changes beneath HL
(Figure 8). The model crosses the active seismic zone
(Figure 8). The negative anomaly observed on the NW
side is attributed to relatively low-density basement
rocks. In contrast, the positive anomalies observed on
the SE side suggest the presence of high-density rocks.
However, seismic tomography results (Koulakov et al.,
2014) indicate a low-velocity zone beneath the
observed positive gravity anomaly. Considering these
constraints and the density contrast range inferred
from the S-wave velocity anomaly, the positive anom-
aly is explained by a low-density material overlaid by
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Figure 8. A 2D gravity model along an NW-SE profile. The model illustrates density changes in the subsurface that are related to
the observed gravity anomaly. The black open circles indicate the spatial distribution of hypocentres along the cross-section.
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dense rocks, with a density contrast of around 0.06 g/
cm? (Figure 8). Considering the geological observa-
tions (Figure 2), these dense rocks correspond to
Proterozoic ultramafic material represented by serpen-
tinite, diorite and gabbro, underlying the Cenozoic
Harrath rocks.

6. Results and discussions

Understanding these crustal heterogeneities is essen-
tial for comprehensively analysing earthquake pro-
cesses in the Red Sea region, characterised by
randomly distributed peculiar seismicities along
onshores. The complex geological and tectonic fea-
tures make an in-depth exploration of crustal hetero-
geneities crucial for unravelling the underlying factors
influencing seismic activities and their distribution pat-
terns in the region. Multi-step analysis has been per-
formed to investigate depth-dependent distribution in
density (as inferred from two-dimensional modelling
of gravity and topography observations), earthquake
source parameters (hypocentres, seismic moment, and
stress drop), friction properties, and coulomb failure
stress changes.

6.1. Hypocenter distributions

Figure 4 displays the spatial distribution of hypocen-
tres in relation to magnitudes. The distribution of
hypocentres implies that the unrest initially with lar-
ger-magnitude events began at deeper depths and
subsequently progressed upward along the NS orien-
tation, culminating in its peak with the most substan-
tial event occurring at a shallower depth of 6 km,
followed by subsequent smaller-magnitude events.
This unrest is associated with the occurrences of sur-
face fractures. As indicated by hypocentre distribu-
tions, the seismic activity appeared to occur within
a low-density region bordered by a high-density zone
(rigid patch). This rigid patch potentially serves as
a solid asperity or barrier isolating the earthquake-
prone zones, that may lead to future seismic events
distributed along the NNE-SSW trend. Additionally, the
manifestations of surface fractures associated with the
unrest indicated that no features in the magma budget
or hardness zones along the seismogenic zone prevent
the flow of magma onto the Earth’s surface, as sug-
gested by earlier studies. The recent study by Huang
et al. (2024) posits a strong relationship between
magma activity and failure in the lower crust, implying
that the triggering mechanisms for the observed earth-
quakes may be fundamentally linked to mantle
upwelling.

The association of seismicity with zones charac-
terised by low density can be attributed to various
geological processes and tectonic settings. The pre-
sence of low-density materials in the Earth’s crust

can influence the behaviour of the crust and contri-
bute to the occurrence of seismic events. Regions
undergoing extensional tectonics that stretch and
thin the Earth’s crust are characterised by low-
density rocks, such as those found in rift zones or
areas of continental extension, which can experience
faulting and seismicity (Buck, 1991). On the other
hand, volcanic regions often contain low-density
materials associated with magma chambers and vol-
canic rocks. The movement of magma and the asso-
ciated tectonic processes can induce seismic events
(Pollard & Segall, 1987). The respective dislocation
zone is occupied in the Arabian Shield, where the
geodynamic process is presumably believed to
experience a coupling of tectonic and magmatic
activities, potentially leading to seismic activity
across various dislocation zones.

6.2. Seismic moments and stress-drops

Understanding the spatial distribution of seismic
moments during earthquake unrest provides valuable
insights into the dynamic processes preceding signifi-
cant seismic events. Figure 5 illustrates the spatial dis-
tribution of HL's seismic moments released during the
2009 earthquake unrest. The figure reveals two distinct
patches of high seismic moments. The first patch,
associated with an event of Mw 5.0, occurred at
a depth of 14km 2 hours before the largest seismic
event. The second patch corresponds to the most
prominent event of Mw 5.4, shedding light on the
complex dynamics leading to seismic activity in the
region. Figure 5 reveals a spatial distribution of seismic
moments aligned around the seismicity area.

Three distinct subzones were delineated based on
the spatial distribution of hypocentres, the faulting
styles derived from the focal mechanism solutions of
Abdelfattah et al. (2021), and the triangle diagram
obtained based on the method of Frohlich (2001).
These subzones represent the preshock phase, com-
prised of 525 events occurring at depths between 10
and 20 km with magnitudes ranging from —0.4 to 5.2.
The mainshock phase included 3,678 events at 2-10
km depths with local magnitudes ranging from —0.6 to
5.4. The aftershock phase represented 783 aftershocks
distributed eastward and beneath the mainshock area
at depths ranging from 10 to 20 km and local magni-
tudes between —0.7 and 4.0.

The stress drops associated with these phases are
5.9 MPa for the preshock phase, 0.3 MPa for the
mainshock phase, and 0.7 MPa for the aftershock
phase, implying that higher stress drops are asso-
ciated with seismic events released during the initial
phase compared to the other two phases within the
seismogenic zone, emphasising that the foreshocks
released the most of the stress around the fault zone
and stopping by a dyke as suggested by Abdelfattah



et al. (2019). The representations of seismic moments
and stress drops suggest that the rupture process
initiated with larger event magnitudes at depths
between 12 and 25 km. This release led to the redis-
tribution of stress, concentrating around a localised
aseismic deformation (asperity), which eventually
discharged its strain with the occurrence of the lar-
gest event, a magnitude of 5.4, within the unrest,
situated at a depth of 6 km. The calculations of stress
drops presented in this study are in the range that
was determined by previous studies. Abdelfattah
et al. (2019) indicated that the foreshock stage was
generally characterised by higher stress drops than
the mainshock and aftershock phases, with stress
drops ranging from about 0.6MPa and 22.3MPa.
Furthermore, three southern Red Sea earthquakes
exhibited stress drops ranging from 0.3 to 5.0 MPa
(Kebede & Van Eck, 1990). The calculated stress drop
of the 16 June 2020 ML 5.4 earthquake, northern Red
Sea, was exhibited to vary from 0.02 to 13 MPa
(Saadalla and Hamed). Finally, the stress drop of the
preshock phase, which is relatively high, is consistent
with the suggestion of Baer and Hamiel (2010),
Pallister et al. (2010), and B. Mukhopadhyay et al.
(2012), who attributed the swarm activity to dike
intrusions. On the other hand, the stress drops of
the mainshock phase are consistent with those
related to ambient tectonics.

7. Friction coefficient

The friction coefficient p’ is a dimensionless parameter
that characterises the resistance to sliding across fault
planes. A friction coefficient ranging from 0.4 to 1.0
signifies diverse levels of frictional resistance along the
faults. A coefficient below 0.4 generally indicates low
resistance to sliding, suggesting smoother fault inter-
faces, reduced roughness, or the presence of lubricat-
ing substances. A low friction coefficient may be
associated with cohesive soils or well-lubricated fault
zones in geotechnical engineering. Friction coefficients
within the 0.4 to 1.0 range indicate moderate to high
resistance to sliding, encompassing the typical spec-
trum for many common materials, including construc-
tion materials, rocks, and soils. A greater value within
this range indicates increased frictional resistance. The
0.4 to 1.0 range suggests variability in frictional condi-
tions, where different materials within a system may
exhibit distinct coefficients based on factors like sur-
face roughness, moisture content, and environmental
conditions. A friction coefficient of 1.0 signifies the
maximum possible resistance to sliding along fault
planes, indicating that the fault interface provides the
highest achievable frictional resistance, which might
occur when fault surfaces are rough, dry, and in direct
contact.
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7.1. Coulomb stress failure

The three fault segments used for Coulomb stress
modelling were likely defined through the spatiotem-
poral distribution of Hypocenters, stress tensor inver-
sion of focal mechanism solutions obtained by
Abdelfattah et al. (2021), and the triangle diagram of
focal mechanisms depicted in Figure 4b obtained
based on the method of Frohlich (2001). These solu-
tions provide insights into the orientations and magni-
tudes of principal stresses associated with earthquake
events. Additionally, the orientation of the AB profile
line relative to dyke intrusions and surface fractures, as
defined by previous studies (Abdelfattah et al., 2021,
2022; Baer & Hamiel, 2010; Pallister et al., 2010;), that is
consistent with the distribution of epicentres on the
map in Figure 4. The strike of the AB profile, as
depicted in Figure 4, was likely established by aligning
the profile line with prominent geological features or
structural trends in the study area.

Interpreting the Coulomb stress map involves iden-
tifying and evaluating the sites where the potential
future seismic rupture can occur. Specifically, the ana-
lysis scrutinises areas with increased Coulomb stress,
acting as indicators of highlight seismic risk where
future seismic events may occur, providing valuable
insights for earthquake hazard assessment and mitiga-
tion efforts.

Previous studies conducted on the epicentral area,
utilising satellite interferometry, revealed a connection
with dyke injection parallel to the margin of the Red
Sea (Baer & Hamiel, 2010; Pallister et al., 2010). The
epicentres were oriented along the NNW trend.
Hypocenters were categorised into three fault seg-
ments based on hypocentral distributions and focal
mechanism solutions derived by Abdelfattah et al.
(2021): preshock segment, mainshock segment, and
aftershock segment located in the southward, shal-
lower events northward, and eastward of the main-
shock and preshock phases. The distribution of
hypocentres, along with surface deformations, lends
support to the dyke intrusion model beneath the epi-
central area.

The Coulomb stress changes resulting from the
three fault segments during the unrest of the 2009 hL
earthquakes exhibit distributions as depicted in
Figure 6. These changes include Coulomb stress
increases induced by the unrest at the fault tips parallel
to the Red Sea. Positive lobes of Coulomb failure stress
indicate regions where stress accumulation raises the
likelihood of future earthquake occurrence. When
Coulomb failure stress surpasses a critical threshold, it
can trigger fault slip and generate earthquakes.
Positive lobes represent areas where stress conditions
favour faulting due to tectonic loading or stress trans-
fer from previous seismic events. Understanding the
spatial distribution of positive stress lobes is crucial for
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seismic hazard assessment and earthquake forecast-
ing. By identifying zones of heightened stress accumu-
lation, we can identify locations at higher risk of
seismic activity. This result can provide valuable gui-
dance for emergency preparedness initiatives, land use
planning, and infrastructure resilience strategies to
reduce future earthquake impacts.

The Coulomb failure stress change exhibits two dis-
tinct areas of positive stress, known as stress lobes,
which have the potential to induce future seismic
activity. One stress lobe follows a north-northwest
(NNW) trend, while the other follows a northeast (NE)
trend. Artemieva et al. (2022) provided a tectonic
model indicating that the Red Sea axial rift can be
expanded further into the Arabian Shield due to an
offset migration related to the relative tectonic move-
ment between the Arabian and African plates. This
model identifies the NNW trend as a fault accumulat-
ing stress, suggesting that future earthquakes may
occur along this fault. Therefore, NNW-oriented faults
undergo substantial stress build-up and have the
potential to rupture, leading to seismic occurrences
in the study area. Positive Coulomb failure stress
change corresponds to positive gravity anomalies,
indicating an expected location for forthcoming seis-
mic activity in the region. Abdelfattah et al. (2020,
2021; 2022) suggested that stress accumulates and
transfers through transverse faults corresponding to
the NE fault trends, activating the NNW fault trend
inside the Arabian Shield. This NNW fault trend paral-
lels the Red Sea axial rift within the Arabian Shield.

The positive stress lobes identified in the stress map
(Figure 6) indicate regions where stress is accumulat-
ing, suggesting a higher potential for seismic activity.
These lobes are spatially distributed along two direc-
tions: the NNW-SSE direction and the NNE-SSW direc-
tion, respectively, suggesting the potential occurrence
of future earthquakes. However, the absence of earth-
quakes implies that the accumulated stress has not yet
reached the necessary threshold to initiate rupture on
the existing fault. It is possible that existing barriers or
asperities in the region are inhibiting the release of
stress, thereby preventing earthquakes from occurring.
This interplay between stress accumulation and the
mechanical properties of the fault system underscores
the complexity of seismic behaviour in the area.
Understanding these dynamics is crucial for improving
models of anticipating future activity.

7.2. Gravity analyses

Gravity anomalies indicate density heterogeneities
within the crust of the HL seismogenic zone and its
surrounding vicinity. By examining the spatial arrange-
ment and intensity of these anomalies, we can identify
geological boundaries, decipher structural patterns,
and deduce the volcanic evolution of the area.

Furthermore, combining gravity data with other geo-
physical methods like magnetic, seismic and ground-
penetrating radar offers a holistic understanding of the
subsurface structure. Understanding gravity anomalies
necessitates meticulous examination and correlation
with additional geological information. Positive
anomalies often signal the existence of denser materi-
als. Indeed, the observed SW-NE positive gravity anom-
aly in the study area is linked to peridotite, serpentinite
and gabbro rocks that constitute a portion of the
Precambrian basement with high density. The high-
density mass patch indicates localised stress concen-
tration areas that may break. Conversely, decreased
anomalies may point to less dense rocks, indicating
regions of dense fractures where earthquakes were
potentially triggered. The study area is covered by
magnetic data analysed in previous studies
(Abdelfattah et al., 2021; Rashed et al.,, 2020; Zahran
et al,, 2017). The magnetic maps show different NW-SE
trends that correspond to recent geological features
represented by NW-SE faults and dykes associated to
the Red Sea rift. These recent detailed features evi-
denced by magnetic maps are not shown in gravity
maps derived from World Gravity models.

This study emphasises the importance of under-
standing crustal heterogeneities and stress accumula-
tion mechanisms for forecasting and preparing for
future seismic events within seismogenic zones. The
crustal heterogeneities within the HL significantly con-
tribute to the complexity and roughness of the geolo-
gical setting where seismic events occur. The geologic
and gravity maps show clearly the high degree of
heterogeneity and variation of crustal composition of
the Precambrian basement where we may find even
ultramafic rocks in some localities that refer to the
presence of slices of oceanic crust or ophiolite com-
plexes, expressed in the study area by SW-NE positive
gravity anomaly. Such dense and rigid rocks can man-
ifest as barriers and asperities, which play pivotal roles
in the accumulation of stress and the subsequent
behaviour of faults. As articulated by Aki (1984), bar-
riers are geological features that inhibit fault move-
ment due to higher frictional strength or density,
while asperities are specific points along a fault
where stress accumulates prior to a rupture. In the
context of the HL region, the presence of these struc-
tures can be interpreted through the analysis of high-
density anomalies associated with magmatic bodies.
These high-density regions may serve as solid patches
that isolate earthquake-prone zones, potentially lead-
ing to a concentration of future seismic events.
Hypocenter distributions within the HL region indicate
that seismic activity tends to occur within lower-
density regions bordered by high-density zones
along an NNE-SSE trend. This configuration suggests
that the rigid patches surrounding these low-density
areas could function as asperities or barriers, effectively



isolating and containing stress accumulation within
the earthquake-prone zones. Additionally, the
observed seismicity aligns with a distinct NNE-SSW
trend, indicating a preferred orientation for faulting
mechanisms influenced by regional tectonic stresses.
The analysis of Coulomb failure stress changes reveals
the presence of four lobes of positive failure stress,
pinpointing areas where stress accumulation is likely
to influence future seismic activity. These lobes signify
potential zones of rupture, highlighting the relation-
ship between stress distribution and the likelihood of
future earthquakes. Furthermore, the identified crustal
heterogeneities, characterised by the juxtaposition of
high-density regions related to positive gravity anoma-
lies, adjacent to previously ruptured fault zones,
accentuate the interplay between tectonic dynamics
and seismic hazards, suggesting areas that are more
susceptible to future earthquakes. Integrating insights
regarding crustal heterogeneities in the HL region pro-
vides a clearer understanding of the mechanisms that
govern local seismicity. The interplay of barriers and
asperities, coupled with the analysis of stress changes
and density variations, underscores the susceptibility
of certain areas to future seismic events.

This study emphasises the importance of under-
standing crustal heterogeneities and stress accumula-
tion mechanisms for forecasting and preparing for
future seismic events within seismogenic zones.
Integrating gravity anomalies, earthquake characteris-
tics, and Coulomb stress transfer has elucidated critical
relationships between the observed seismic activity
and the underlying geological features. Notably, the
characterisation of the NNW-aligned faults, including
the HL fault segments, has revealed significant positive
Coulomb stress patterns that correlate with the HL
seismic activity. Furthermore, the identified crustal het-
erogeneities, characterised by high-density regions
adjacent to the ruptured fault zones, reinforce the
connection between tectonic dynamics and seismic
hazards, indicating areas that are more susceptible to
future earthquakes are likely to occur. These findings
emphasise the importance of these fault segments as
key contributors to the potential seismic hazard in the
region and highlight the need for ongoing monitoring
of these critical geological structures.

8. Conclusions

This study examined two primary factors influencing
the dynamic rupture of potential future earthquakes:
crustal heterogeneities and coseismic Coulomb failure
stress in the epicentral area of HL following the release
of the 2009 earthquake unrest. To achieve this study,
we integrated gravity analysis, hypocentre spatial dis-
tribution, seismic moments, stress drops, frictional
properties, and Coulomb stress transfer to reveal
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significant crustal heterogeneities and ongoing stress
concentrations.

The spatial distribution of hypocentres and asso-
ciated surface fractures indicated no noticeable fea-
tures in the magma budget or hardness zones within
the seismogenic zone that could impede magma flow
to the surface. Coulomb failure stress analysis demon-
strated positive lobes distributed along the north-
northwest (NNW) fault trend, which parallels the axial
rift of the Red Sea. The relationship between spatial
heterogeneities in density materials and the positive
stress concentrations derived from Coulomb failure
stress analysis indicates their potential impact on the
rupture dynamics of future earthquakes in HL. Gravity
analysis revealed spatial heterogeneities ranging from
low- to high-density materials within the seismogenic
zone. Notably, the spatial correlation between hypo-
centres and low-density areas highlights the influence
of subsurface density on seismic activity, contributing
to a better understanding of regional seismic patterns
and implications for earthquake hazard assessments in
similar geological environments.

Based on the current analyses, we propose
a rupture process scenario for the 2009 earthquake
unrest, initiated with stress accumulation at depths
between 12 and 25 kilometres. This accumulation
leads to stress redistribution, culminating in the release
of the most significant event, a magnitude 5.4 earth-
quake, occurring at a depth of 6 kilometres within the
zone of unrest. By leveraging insights from identified
crustal heterogeneities as informed by gravity analyses
and the pattern of lobes of Coulomb failure stress, our
findings suggest a scenario indicating the likelihood of
future earthquake occurrences in regions where stress
accumulation increases in conjunction with positive
lobes of Coulomb failure stress and high-density
areas characterised by positive gravity anomalies.

This study emphasises the importance of under-
standing crustal heterogeneities and stress accumula-
tion mechanisms for forecasting and preparing for
future seismic events within seismogenic zones. The
crustal heterogeneities within the HL significantly
contribute to the complexity and roughness of the
geological setting where seismic events occur. These
variations in crustal composition and structure can
largely be attributed to the intrusion of magmatic
activity into the upper layers of the Earth’s crust.
Such intrusions can manifest as barriers and asperi-
ties, which play pivotal roles in the accumulation of
stress and the subsequent behaviour of faults. As
articulated by Aki (1984), barriers are geological fea-
tures that inhibit fault movement due to higher fric-
tional strength or density, while asperities are specific
points along a fault where stress accumulates prior to
a rupture. In the context of the HL region, the pre-
sence of these structures can be interpreted through
the analysis of high-density anomalies associated
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with intrusive magmatic bodies. These high-density
regions may serve as solid patches that isolate earth-
quake-prone zones, potentially leading to
a concentration of future seismic events. The signifi-
cance of these geological structures, including aspe-
rities and barriers, is closely related to volcanic
structures and local seismicity, as suggested in stu-
dies of the area (Abdelfattah et al., 2017). Seismic
hypocentre distributions within the HL region indi-
cate that seismic activity tends to occur within lower-
density regions bordered by high-density zones
along an NNE-SSE trend. This configuration suggests
that the rigid patches surrounding these low-density
areas could function as asperities or barriers, effec-
tively isolating and containing stress accumulation
within the earthquake-prone zones. Additionally, the
observed seismicity aligns with a distinct NNE-SSW
trend, indicating a preferred orientation for faulting
mechanisms influenced by regional tectonic stresses.
The analysis of Coulomb failure stress changes
reveals the presence of four lobes of positive failure
stress, pinpointing areas where stress accumulation is
likely to influence future seismic activity. These lobes
signify potential zones of rupture, highlighting the
relationship between stress distribution and the like-
lihood of future earthquakes. Furthermore, the iden-
tified crustal heterogeneities, characterised by the
juxtaposition of high-density regions related to posi-
tive gravity anomalies, adjacent to previously rup-
tured fault zones, accentuate the interplay between
tectonic dynamics and seismic hazards, suggesting
areas that are more susceptible to future earth-
quakes. Integrating insights regarding crustal hetero-
geneities in the HL region provides a clearer
understanding of the mechanisms that govern local
seismicity. The interplay of barriers and asperities,
coupled with the analysis of stress changes and den-
sity variations, underscores the susceptibility of cer-
tain areas to future seismic events. This knowledge is
crucial for enhancing predictive models of seismic
hazards in the HL, ultimately contributing to
improved monitoring and risk mitigation strategies.
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