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Seismicity of the Neom Area, Northwestern Saudi Arabia

Abstract

A new seismic source model has been developed for the north-western part of Saudi
Arabia, especially Neom area, which has experienced considerable earthquake activity,
both in the historical and in recent times. The data used for the model include an up-to-date
earthquake (My > 3.0) catalog, major structures and tectonic trends, aeromagnetic and
gravity anomaly maps, geological maps and miscellaneous information on volcanic
activity. In this study, ten seismotectonic source zones have been identified. The seismicity
parameters a and b vary significantly from zone to another indicating the heterogeneities
of tectonic activities affecting the area and consequently, the generation of earthquakes
. . . (351> . . .
with different magnitudes. The majority of earthquake epicenters along the Red Sea rift are
clustered in an axial trough, as well as on or near some active initiated transform faults
within the Red Sea basin which are attributed to stresses from magmatic activity and rifting
(291> e . .
processes. Based on these results, it is indicated that the Gulf of Aqaba seismotectonic
source zone is the most hazardous zone for Neom area and consequently damaging
earthquakes could affect Neom area in the future, so the seismic hazard assessment of this

area in terms of peak ground acceleration and the response spectra is highly recommended

for the minimization and mitigation of earthquake losses.

Keywords: Seismicity, structures and tectonics, seismotectonic source, Neom area, Saudi

Arabia
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1. Introduction

Neom is distinguished by its unique location at the confluence of the continents of
Asia and Africa. The region is blessed with a picturesque environment, and biological,
topographical and geological diversity, which makes it a destination for tourists, whether
from inside or outside the Kingdom. In that context, the government of the Kingdom of
Saudi Arabia has initiated a major project to develop a cross-border smart city in Neom,
with the project representing a huge cultural, architectural and technological leap towards
a bright future for Saudi Arabia. The Neom area has, however, been affected by several
earthquakes, historically (before 1900) and/or instrumentally (from 1900 till Dec. 2020).
These earthquake activities arise from the complicated tectonic setting with three
connected plates (the Arabian, Nubian and Sinai) and associated triple junction tectonics
in the northern Red Sea (Fig.1). Understanding this tectonic environment is of utmost
importance to enable a robust assessment of the potential for seismic events affecting the

northern Red Sea and, especially the Neom area.

Previous earthquake studies for the northern Red Sea have shown high seismicity
which is mainly attributed to the presence of the Sinai triple junction (Korrat et al., 2006;
Badawy et al., 2008; Al-Amri, 2013; Zahran et al., 2016). Also, rift extensional faults in
the southern Gulf of Suez and the juncture with the Gulf of Agaba have been active from
the Quaternary to the present. This is evidenced by continued seismic activity (Daggett et
al., 1986; Jackson et al., 1988). Furthermore, the northern Red Sea has been studied through
analysis of gravity and magnetic data (Saleh and Pasteka, 2012), revealing both the

continental-oceanic crust boundary and several shallow listric normal faults spreading on



the Red Sea margins in a NW-SE direction, suggesting a NE-SW extension in these

L B
regions.

Based on the above-mentioned, and given also the strategic and economic
importance of the Neom region of Saudi Arabia, it is important for scholars to reach a more
complete understanding of the tectonic environment so as to be able to assess the potential
for seismic events affecting Neom. This paper contributes to that goal by collecting
earthquake data from local, regional and global data sources, and processing and auditing
these data so as to develop a new seismicity map for the Neom area. It is envisaged that

this will greatly support future seismic hazard assessment studies of the area.

2. Geological and tectonic setting

The Red Sea is an NNW-SSE-trending depression about 2,000 km long between
the Arabian and African plates (El-Shazly 1982). Morphologically, the floor of the Red
Sea consists of an elongated main trough (from 15° to 28 ° N), bisected in the south by a
deeper and narrower axial trough (between 15 © and 20 °® N) where the seafloor spreading
process took place (Cochran 1983). North of 20 ° N, the axial trough becomes
discontinuous, forming a series of large deeps spaced at about 50 km[.zg%he region to the
north of 23 °-30° N represents the late stage of continental extension and is characterized
by the presence of an axial depression. A Middle Triassic marine transgression from the
Tethys appears to be limited to the area of northern Sinai and the Gulf of Suez. Jurassic
deposits cover part of the west side of the Gulf of Suez; with Jurassic sediments distributed

as far south as Wadi Araba. The sediments include fluvio-marine and marine shallow-water
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deposits. The maximum extension of the sea seems to have occurred during the Middle

Jurassic period.

An axial trough varying from 30 km in width near 20° N and narrowing southward
where it may be 5 to 14 km wide cuts the main trough. Selected topographic cross-sections
reveal steep-sided walls in the axial trough and a very irregular bottom topography. A line
connecting the deepest parts of the axial trough reveals sharp changes in direction, with
apparent offsets[.3§l]!he northern end of the Red Sea bifurcates into the Gulf of Suez and the
Gulf of Agaba. The Gulf of Suez is controlled primarily by normal faulting, but the Gulf
of Aqgaba is controlled by wrench faults. The narrow coastal plains here climb directly into

fault-bounded blocks of basement rocks less than 5 to 10 km from the shoreline.

Structurally, the Red Sea is a graben along the crest of an anticline, which formed
in the Arabian-African Shield. A zone of 1-2 km wide that is composed of high and
tensional faults concealed by coastal sediments lies at the foot of the escarpments[.zgn the
seaward side of this zone, the basement has been step-faulted downward in blocks and lies
beneath the shelf area at depths of 2—3 km below sea level (Chapman 1978)[.27]]!wo sets of
faults seem to have controlled the development of the Red Sea[.zthese were the NW-SE
trending main line of faults, which are associated with step faulting and the WNW-ESE
major fault trend in the Precambrian basement, which caused many irregularities in the
coastline[.28"]1:he occurrence of earthquakes and active volcanisms with the axial trough
indicates the present-day rifting (El-Isa and Shanti 1989; Fairhead and Girdler 1970; Al-

[33]»
Amri 1995). Depending on the tectonics of the Red Sea—western Arabia region, there are

many NE trending transform faults along the Red Sea rift system (Whiteman 1970). This
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is confirmed by marine and land magnetic studies, which show that some of these transform
faults extend inland and displace prominent upper Cenozoic structural features (Blank

1977).

Two major Tertiary tectonic trends prevail in the region of the Red Sea and western
Arabia; NW and NE faults. The NE trending faults in the Red Sea region can be placed
into two categories?i‘gults controlled by older Precambrian ones and reactivated during the
Tertiary, or newly formed transverse faults related to the opening of the Red Sea and ocean
floor spreading. The clustering of NE trending faults in the central Red Sea and west-
central Saudi Arabia is most probably related to reactivation movements along the pre-
existing Precambrian faults. NW faults are responsible for the rifting and opening of the
Red Sea. They form the structural basins along the coastal zones, where shallow marine

Tertiary clastics were deposited (Almadani et al. 2015).

[41]»
At the northern end of the Red Sea, the active extensional features produced the

strike-slip motion along the Gulf of Suez in addition to the sinistral shear along the Gulf of
Aqgaba—Dead Sea rift system (Ben-Menahem et al. 1976). It is postulated that the
depressions were formed by the anticlockwise rotation of Saudi Arabia away from Africa
about a pole of rotation in the central or south-central Mediterranean Sea (36.5N, 18.0E)
(Le Pichon and Gaulier 1988), and that the Sinai sub-plate has moved relative to both
Africa and Arabia. The Suez rift is a slightly arcuate depression extending generally NW
(30-40 NW), parallel to the major normal faults. It is 69—-80 km wide, and about 500 km

long (Steckler et al. 1988).
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3. Seismicity Assessment

[45]»
3.1 Earthquake dataset collection

Earthquake dataset in and around the Neom area has been collected from local,
regional and international sources; the Saudi National Seismic Network of the Saudi
Geological Survey (SGS); the Seismic Studies Center (SSC) of King Saud University and
King Abdul-Aziz City of Science and Technology (KACST); the International
Seismological Center (ISC) and the European Mediterranean Seismological Center
(EMSCQ). In addition, regional catalogue of Ambraseys et al., (1988) and (1994) has been
integrated in this study. The collated seismological catalog of earthquake datasets covered
the period from January 1900 until December 2020 and served to give an overview of
earthquake activities in the study area between longitude 34° to 38° East and latitude 25°
to 29° North. These data were then merged and the duplicated events were removed and

then carefully reviewed and analyzed.

3.2 Earthquake data analysis and results

The catalog analysis was the principal step after collecting all the data from the
different seismic networks. A number of programs, including Excel, Grapher, Spread Sheet
Compare and ArcGIS, were used to analyze the raw datasets. The initial stage of analysis
involved unifying the different magnitudes (Ms, Ms, ML, Mp) into moment magnitude
(Mw). The trend line fitting approach was used to calculate the inter-relationships and the
following conversion equations proposed by Scordilis (2006) were used to modify the

different magnitude scales into Mw:

My =0.85Mb+1.03, 3.5_mb_62 c=0:29
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My =0.67 Ms +2.07,3.0_Ms _6.1 c=0:17

My =0.99 Ms + 0.08,6.2_Ms _8.2 o =0:20

Where local magnitude (ML) and duration magnitude (Mp) were reported, the following

conversion equations by Al Kathery (2010) were adopted:

Mw =0.742 ML + 0.754, c =0.042

301>
Mw = 0.843 Mp+ 0.281. & = 0.002

Finally, the spatial distribution of the compiled seismicity catalogue was plotted into

seismicity maps for the study area (Figs. 3 — 7).
4. Seismotectonic source zones

Seismic hazard analysis depends on the ability to identify and characterize seismic
source zones. Seismotectonic zones (Fig.8) can give good idea about the association
between the faults in a specific area and the locations of earthquakes. The earthquakes
identified from the datasets collated in this research were therefore plotted against the
structural trends using GIS. This allowed the identification of ten seismic source zones in
the northern Red Sea area related to recognizable faults and seismically active geologic
structures. The Gutenberg-Richter (G-R) relationship was used to describe the regional
seismicity for each identified zone. The general G-R relationship between earthquake
magnitude and frequency is as follows:

[55]»
Log N(M) = a — bM

or

N = 10%7b™
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Where N is the number of earthquakes of magnitude > M, a and b are constants, and the

logarithms are taken to the base 10; "a" represents the total seismicity rate, while "b"

represents the magnitude-frequency distribution. The value of "a" depends on the period
of observation, the size of the region considered and the level of seismic activity. Whereas
that of "b'wgz:pends on the ratio of the number of earthquakes in low — to high magnitude
groups. The values of "b" have been reported to range from approximately 0.5 to 1.5, but
mostly between 0.7 and 1.0 (Isacks and Oliver, 1964). Nevertheless, many researchers
believe that "b" varies from region to region according to the focal depth. In addition, its
value depends on the stress conditions and on the heterogeneity of the rock volume

generating the earthquakes, (Mogi, 1962; Karnik, 1969).

The relationship between reputed surface length and magnitude was used to

. [30]» . . .
calculate the expected magnitude. (L) can be used to estimate the most likely magnitude
for a given maximum rupture, but it must be stressed that such an estimate is not maximum
magnitude, but rather the magnitude that could be expected to be exceeded in 50% of the

earthquakes associated with that rupture length.
M =5.08 + 1.16-log (L)

It is possible to use the regression models to estimate the expected magnitude. Wells and
Coppersmith (1994) obtained relationships of average surface displacement and rupture
length to magnitude from published reports of documented historical and recent surface
ruptures. They found magnitude M and surface rupture length L using data from all types
of faults. The maximum magnitude was obtained by adding 0.5 units to the maximum

observed magnitude (Kijko 2004 ). The resulting seismotectonic zones that affect the Neom
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area, and their parameters, are tabulated in figure (9) and Table (1). These zones are

described below:

4.1 Northwestern Saudi Arabia

On May 19", 2009 earthquake swarm struck the area near Al-Ays City in the
northwestern Saudi Arabia with 19 earthquakes of magnitude higher than M4.0 including
the main M5 .4 event[.z?\]/blore than 34,000 earthquakes were recorded in the northern part of
the volcanic sheets of Harrat Lunayyir between April 18" and July 10™, 2009. Some of
these earthquakes were felt in areas located more than 200 km away from Harrat Lunayyir.
The earthquake swarm has resulted in an 8 km-long surface fault rupture trending NNW-
SSE. The origin of these swarm was caused by magma rising and emplacement of a shallow
subsurface dyke (Pallister et al., 2010). In this study, the datasets of Al-Ays zone revealed
45 earthquakes in this source zone with a magnitude 3.3 < 5.8 in the fault zone. After
applying G-R relationship to deduce the link between earthquake magnitude and

[28]»>
frequency, the value of a was found to be 3.8539 while that of b was 0.5971.

Duba seismotectonic zone includes the northeastern coastal strip of the Red Sea,
where a number of earthquakes occurred parallel to the coast of the Red Sea, which
confirms the presence of faults extending along the coastal strip of the Red Sea. Despite
the low-moderate magnitudes of these earthquakes, it should be considered during
seismicity evaluation of the northwestern Saudi Arabia and especially Neom area. Duba
seismogenic zone includes 12 earthquakes with a magnitude 3.1 < 4.7 in the fault zone.

After applying G-R and deducing the earthquake relationship which join cumulative
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earthquake with the magnitude, the value of a was found to be 2.3611 while that of b was

0.4119.

4.2 Northern Red Sea axial trough

The seismic activity in the northern Red Sea tends to follow the two different
structural trends and the shear zones of the Aqaba-Levant trend and the Gulf of Suez zone
(Maamoun et al. 1984). The historical earthquakes that have been felt in the northern Red
Sea (2200 BC to 1899 AD) were compiled by Badawy and Horvath (1999) from the Arabic
documents and earlier catalogue[.m%}he seismicity of Red Sea axial trough clustered on or
near the transform faults of the deep axial trough in consistent with Al-Amri (1994) and

supports the interpretation of the magnetic anomalies in terms of seafloor spreading.

130>
In this study, the data for northern Red Sea axial trough zone (1) included 120

earthquakes with a magnitude 3 < 5.7 in the fault zone. After applying G-R and deducing
the earthquake relationship which join cumulative earthquake with the magnitude, the
value of a was found to be 3.9681 while that of b was 0.6487. Besides, the northern zone
(2) comprises 25 earthquakes with a magnitude 3 < 5.1 in the fault zone. After applying G-
R and deducing the earthquake relationship which join cumulative earthquake with the

magnitude, the value of a was found to be 3.8353 while that of b was 0.4993.

4.3 Southern Safaga zone

Structurally, Safaga area was subjected to different tectonic movements, leading to
a complex series of normal faults with different trends, half-grabens, and folds. Khalil and

McClay (2001) described extensional fault-related folding in the northwestern Red Sea.

The main faults and folds are trending NNW-SSE and NW-SE. Younes and McClay (2001)
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indicated that the study area is characterized by Precambrian structural features of the
Arabo-Nubian shield, which is a system of linear, deep-seated shear zones which were
considered left lateral northwest oriented faults and shear zones (Abuzeid 1988). In this
study, total of 116 earthquakes with a magnitude 3.1 < 5.4 are distributed within southern
Safaga zone along the northwestern coast of the Red Sea. After applying G-R and deducing
the earthquake relationship which connect cumulative earthquake with the magnitude, the

value of a was found to be 4.7208 while that of b was 0.9349.

4.4 Gulf of Agaba

The Aqgaba Gulf is considered as an active seismic trend where many destructive
earthquakes have been occurred (Maamoun et al., 1984; Salamon et al., 1996 and Al-Arifi
etal., 2013). This zone encompasses the Gulf of Aqaba and Southern end of Gulf of Aqaba
where it extends between 28 and 30.9N. The earthquakes sequences of this zone mainly
characterized by left-lateral strike-slip faulting mechanism along the main axis of the gulf
and normal slip along transverse faults. In May 1212, the largest historical earthquake (Mw
= 6.7) occurred while the largest instrumental one happened on the November 22, 1995
(Mw = 7.2). Earthquake larger than 6 is predictable with an average return period 1,000—
3,000 years according to the paleoseismicity (Shapira and Jarradat, 1995). In this study,
the earthquake dataset for Gulf of Aqaba zone comprised 477 earthquakes with a
magnitude 3 < 6.2 in the fault zone. After applying G-R and deducing the earthquake
relationship which link cumulative earthquake number with the magnitude, the value of a
was found to be 5.6487 while that of b was 0.866. While the southern end of Gulf of Agaba

zone has 112 earthquakes with a magnitude 3 < 5.3 in the fault zone. After applying G-R
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and deducing the earthquake relationship which intersect the cumulative earthquakes with

the magnitude, the value of a was found to be 4.1499 while that of b was 0.7022.
4.5 Gulf of Suez

The central Gulf of Suez zone includes 62 earthquakes with a magnitude 3 < 5.3
along the fault zone. After applying G-R and deducing the earthquake relationship which
join cumulative earthquake with the magnitude, the value of a was found to be 4.1797 while
that of b was 0.7437. Recent seismic activity has been proved along the Gulf of Suez Ben-
Menahem (1979) and Salamon et al. (1996). The epicentral distribution of the micro-
earthquakes shows clustering beneath Gobal Island, southern Gulf of Suez, while the
scattering events existed beneath the southern borders of the gulf Daggettet al. (1986). The
focal mechanism solutions of March 31, 1969 earthquake revealed the continuous activity.
In addition, the data for southern end Gulf of Suez zone represented by 143 earthquakes
with a magnitude 3 <6.2 in the fault zone. After applying G-R and deducing the earthquake
relationship which join cumulative earthquake with the magnitude, the value of a was
found to be 4.2003 while that of b was 0.6315. High rate of seismicity at the southern end
of the Gulf of Suez is attributed to the crustal movements among the Arabian plate, African
plate, and the Sinai sub-plate (Al-Arifi et al., 2013). The activity along the Suez Gulf is
supported by the recent seismic activity observed by the National Research Institute of

Astronomy and Geophysics (NRIAG-Bulletins 19942012, Helwan Egypt).
4.6 Tabuk zone
Number of earthquakes took place in June 2004 approximately 60 km southeast of

s8>
Tabuk, Saudi Arabia (Aldamegh et al., 2009). The first felt event (Mw = 3.9) occurred on
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June 9 and caused minor damage in the epicentral area according to the National
Earthquake Information Center (NEIC, USGS) and the local reports. Another moderate
size event occurred on June 22 (Mw = 5.1) and was followed by a few felt aftershocks
without any reported damage. This earthquake sequence caused considerable alarm at
Tabuk and highlights the fact that damaging earthquakes can occur in this region away
from the major plate boundary in the Red Sea. Focal mechanisms indicate normal faulting
mechanisms with two nodal planes-oriented NW—SE in parallel to the faults bounding the
Tabuk graben and the Red Sea rift axis (Aldamegh et al., 2009; Xu et al., 2015). These
events originated at shallow focal depths of 4-5 km, possibly contributing to the widely

felt ground motions.

In this study, the dataset of Tabuk zone includes 27 earthquakes with a magnitude
3.1 < 5.1 After applying G-R and deducing the earthquake relationship which join
cumulative earthquake with the magnitude, the value of a was found to be 3.5919 while
that of b was 0.6454. This zone follows NW-trending faults that represent the northern
extension of the Najd Fault System. The seismicity of the zone is attributed to the
reactivation movement of the preexisting faults. It is characterized by low seismic activity

concentrated along Tabuk Graben.
5. Discussion and Conclusion

The study area covered the northern part of the Red Sea between longitudes 34° to
[40]»
38¢ and latitudes 25° to 29°. The level of seismic activity in the study area is high indicating
complex tectonic setting that could affect the stability of this region (Merghelani, 1979).
[401»>

The earthquakes may be related to transform faults detected in the Red Sea magnetic

anomalies or they might be related to the continuing uplift of the continental crust (Fnais
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et al., 2014). It is also possible that the earthquakes are caused by the relative movement of
. . . ENlLs .
Arabian, African plates and Sinai sub-plate. Moreover, they demonstrate a significant rate
of tectonic deformation far from the Red Sea spreading center in the center of the Red Sea,
as Tabuk inland sesimogenic source zone, and along the Red Sea coastal strip, as Duba

source. These results indicate the need for a more careful analysis of earthquake risk along

the coast particularly at sites where major new construction is proposed.

Neom area could be affected by earthquakes from ten seismotectonic zones (Al-
Ays Zone, Duba Zone, Axial trough (1), Axial trough (2), Southern Safaga, Gulf of Aqaba,
Southern Gulf of Agaba, Central Gulf of Suez, Southern Gulf of Suez and Tabuk zone).
The expected magnitudes of seismic events were estimated for each zone related to the
faulting activity in that zone. Overall, Neom area affected by earthquakes ranging in
magnitudes between 3 < My < 7.2[.2?{ccording to above-mention results, it is revealed that
the Gulf of Agaba and southern end of the Gulf of Suez are the most hazardous
seismotectonic source zones affecting Neom strategic area. Consequently, the seismic
hazard of the Neom area must be assessed urgently for earthquake risk mitigation. This
will help the decision and policy makers to improve land-use planning and designing
earthquake-resistant structures throughout this very important and promising area in Saudi

Arabia.
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