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Abstract
Rapid social and industrial development of the Makkah and Jeddah regions emphasizes necessity of reassessment of seismic
hazard, results of which are essential for aseismic design, emergency management, and insurance regulations. In this work, the
deterministic seismic hazard studies are applied to evaluate level of seismic hazard for the Makkah region using the up-to-date
geophysical, geological, and seismological database, and using different techniques. The assessment has been performed in terms
of peak ground acceleration (PGA) and presumably active faults are considered as sources of earthquakes. Results of the study
show that, in the context of the used models of seismic sources, the level of seismic hazard in the region is controlled by
magnitude of earthquakes that may occur at the intersection of NE-SW faults (the Ad Damm fault zone and the Wadi Fatima
Shear Zone) and the NNW-oriented faults that run parallel to the Red Sea coast (Red Sea Margin Faults group). It is important to
make accurate mapping of faults using up-to-date data and to estimate if the faults are active at present. Particular attention should
be given to careful estimation of maximum magnitude of possible earthquakes that can occur along the active fault.
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Introduction

Spreading of the Red Sea and volcanism are the sources of
seismicity in the western Saudi Arabia (e.g., El-Isa and Al
Shanti 1989; Al-Amri 1995; Al-Saud 2008; Bosworth 2015;
El-Hadidy 2015, see also Zahran et al. 2016, for review).
Historical data show evidences of large earthquakes that
may happen in the area (e.g., Poirier and Taher 1980;
Ambraseys and Adams 1988; Ambraseys and Melville
1988). One of the largest events in the region (magnitude
MS 6.5, 11 January 1941, epicentral intensity MSK VIII) oc-
curred near the current Saudi Arabia–Yemen border
(Ambraseys et al. 1994). Recently (January 23, 2014), several
earthquakes (magnitude of the largest event ML 5.1) happened
about 50 km northeast of Jizan city (El-Hadidy 2015; El-
Hadidy et al. 2015).

Volcanic activity in the region during last 30 million years
resulted in lava fields (harrats) in western Saudi Arabia (e.g.,
Camp and Roobol 1989, 1992; Camp et al. 1991; Downs et al.
2018). As noted by Zahran and El-Hady (2017) and Downs
et al. (2018), more than 20 within-plate volcanic eruptions had
occurred in the Arabian Peninsula during the past 1500 years
and may occur in the future in the western region of Saudi
Arabia. The latest eruption occurred near the Al-Madinah city,
northern part of Harrat Rahat, in 1256 CE; the eruption was
accompanied by a series of earthquakes (e.g., Camp et al.
1987; Moufti et al. 2013; El-Masry et al. 2013). The 2009
earthquake swarm occurred in Harrat Lunayyir (magnitude
of the largest event ML 5.4) may be also considered as the
result of volcanic activity, namely bymagmatic dike intrusion,
as shown by geologic, geodetic, and seismic data (Abdelfattah
et al. 2016; Baer and Hamiel 2010; Duncan and Al-Amry
2013; Mukhopadhyay et al. 2013; Pallister et al. 2010).

Two famous sites of the Muslim world, the holy cities of
Makkah Al-Mukarramah and Al-Madinah Al-Munawarah,
are located in western Saudi Arabia and nearly 6.7 million
people are living in the Makkah-Jeddah-Madinah regions.
The population is increasing by several millons every year
during the Hajj. The circumstance together with the rapid
industrial and social development of these regions emphasizes

Handling editor: Abdullah M. Al-Amri

* Vladimir Sokolov
sokolov.v@sgs.org.sa

1 National Center for Earthquakes and Volcanoes, Saudi Geological
Survey, Jeddah, Saudi Arabia

Arabian Journal of Geosciences (2019) 12: 476
https://doi.org/10.1007/s12517-019-4648-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-019-4648-x&domain=pdf
mailto:sokolov.v@sgs.org.sa


necessity of reassessment of seismic hazard based on the up-
to-date geophysical, geological, and seismological database.
Results of the reassessment provide essential parts of building
codes development, emergency and land-use planning, and
insurance applications.

Studies of seismic hazard for the Makkah region were per-
formed by several researchers, which applied mostly probabi-
listic approach and considered areal seismic source zones. The
earthquake catalog collected during only recent few decades
was analyzed in these studies; the shortage of the data that
may lead to high level of uncertainty in estimations of char-
acteristics of seismicity (e.g., earthquake recurrence and shape
of areal seismic source zones) considered in probabilistic as-
sessment. In this work, we used modified deterministic ap-
proaches that do not require utilization of earthquake recur-
rence parameters. The assessment of seismic hazard is based
on consideration of active faults delineated using recent geo-
logical, seismological, and aeromagnetic data.

Input data

Tectonics

The Arabian Plate (Fig. 1) that is one of the youngest litho-
sphere plates is surrounded by relatively active tectonic zones,
namely the Gulf of Aden, the Red Sea, the Gulf of Aqaba and
the Dead Sea transform zone, and the Taurus and the Zagros
Mountains (e.g., Girdler 1991; Johnson 1998; Stern and
Johnson 2010). The western part of the Arabian Plate is called
as the Arabian Shield—a stable craton, where Precambrian
rocks are exposed due to Mesozoic and Cenozoic uplift. The
Shield is separated from the Red Sea by a relatively narrow
coastal plain of Cenozoic sediments.

As noted by many researchers (e.g., Pallister 1986; Camp
and Roobol 1992; Bosworth 2015; Roobol and Kadi 2008;
Roobol and Stewart 2009; see also Zahran et al. 2016), a belt
of NNW-oriented faults (so-called Red SeaMargin Fault Belt,
RSMF) is located in the Arabian Shield within about 100 km
of the Red Sea eastern coast. The belt containsmany dikes that
run parallel the coast along its entire length. Magnetic data
clearly reveal the dikes, which are usually 200–300 m thick
and nearly vertical. Roobol and Kadi (2008, 2014) demon-
strated that the belt contains two fault systems of different
ages. The oldest is the Foothills Fault System with age 24 ±
2 Ma in the northern part and between 30 and 27 Ma in the
southern part. The faults divide the Precambrian rocks into
horst-graben structures. The younger system of faults was
named as the Red Sea Coast Plain Fault system. The faults
cut the Foothills faults and they lie beneath the gravels of the
coastal plain; the faults can be traced along the entire length of
the Red Sea.

Another distinctive feature of the western Saudi Arabia is a
system of NE-SWoriented transform faults that offset the Red
Sea median trough and cross the submarine platforms (e.g.,
Whiteman 1976; Blank 1977; Pallister 1986; El-Isa and Al
Shanti 1989; Moore and Al-Rehaili 1989; Roobol and Kadi
2014). Some of the faults come ashore in Saudi Arabia and
may displace upper Cenozoic structures. As noted by
Thenhaus et al. (1989) and El-Isa and Al Shanti (1989), the
recent inland seismic activity, as well as some historical earth-
quakes (Poirier and Taher 1980), may be related to the faults.

Zahran et al. (2016) selected the area in the central part of
the RSMF belt as a separate seismic source zone (so-called
Jeddah-Makkah zone) because of relatively dense spacing of
NE-SW lineaments. Aeromagnetic data indicate tens of line-
aments (e.g., Zahran et al. 2003), the half of which are visible
as linear valleys (or wadis in Arabic language) on the Google
Earth images. The others are hidden beneath coastal gravel
fans but they can be detected from aeromagnetic data. As it
is evident from the data, some of the NE-SW lineaments do
overlap the NNWdikes of the Red SeaMargin Fault Belt. One
of the most prominent NE-trending structure in the region is
the Ad Damm fault that extend more than 100–130 km inland
(e.g., El-Isa and Al Shanti 1989). The fault lies between the
Asir and Jiddah tectonic terranes (e.g., Stern and Johnson
2010). As noted by Pallister (1986) and El-Isa and Al Shanti
(1989), the Ad Damm fault reveals Precambrian right-lateral
movement, as well as younger movement. The fault is asso-
ciated with earthquake activity (e.g., Merghelani et al. 1981;
see also next section of this paper).

The studied area (Makkah region) lies between the Ad
Damm fault to the south, and the NE-oriented Wadi Fatima
Shear Zone, which passes the western part of the Jiddah ter-
rane, to the north (Fig. 1) (see also Pallister 1986; Moore and
Al-Rehaili 1989; Kassem and Hamimi 2018). Al-Saud (2008)
provided description of the fault system and structural zones
in region summarizing information from several studies, and
classified earthquakes occurred in the vicinity of the Ad
Damm fault zone and in the Wadi Fatima Shear Zone as tec-
tonic seismic activity along subsurface active faults.

Seismicity (historical and instrumental)

Historically, seismic activity in the Arabian shield ap-
pears to be low. Most of the moderate and strong earth-
quakes are located along the axis of Red Sea southwest
of the Jeddah city (Fig. 1). Historical data (see, for ex-
ample, short review by El-Isa and Al Shanti 1989;
Osman 2012) indicated several earthquakes that occurred
in the region around Makkah. The strongest earthquake
occurred in 1121 AD; the earthquake damaged the
Yemeni (southern) corner of the Ka’ba in Mecca and
destroyed part of the mosque of the Prophet in Al-
Medina. It seems that earthquake might be occurred in
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the Red Sea. Strong shaking was occurred in Mecca in
1408 AD; an arch at the sacred mound of Al-Marwa, 200
yards north of the Ka’ba, was destroyed. An earthquake
that probably occurred along the Ad Damm fault in
1269 AD was felt at Taif.

Figure 2 shows distribution of epicenters of earthquakes
since 1980. There are several areas of increased seismic activ-
ity. Among earthquakes occurred around the city of Makkah
and recorded after installation of Saudi National Seismic
Network (Endo et al. 2007), the following events should be
mentioned (see Fig. 3): ML 4.1 earthquake (3 October 1993)
accompanying by a set of aftershocks with ML up to 3.4; ML

4.1 earthquake (18 June 1994); ML 3.7 earthquake (12
September 2005). Recently, the Al Markh Valley area, which
lies at a distance about 60 km southeast of the city of Makkah,
was shocked by earthquake swarm (16 events with magni-
tudes ML from 0.8 to 2.2) during the period from 5 to 10
January 2019. The earthquake swarm continued for a few
months producing about 50 earthquakes (depth less than
4 km) with maximum magnitude ML 2.8. Despite small mag-
nitudes, these earthquakes were felt inside and around the
epicentral area.

Aeromagnetic data

As can be seen from Fig. 3, epicenters of earthquakes recorded
since 1993 are stretched along linear zones. It has been shown
recently (Zahran et al. 2017) that analysis of aeromagnetic
data may be used for accurate mapping of geological struc-
tures covered by sediments in the western Saudi Arabia.
Therefore, the existing aeromagnetic data were re-analyzed
to gain a better understanding of location of lineaments in
the Makkah region. The analyzed data cover an area with
dimensions 274 km (N-S) by 173 km (E-W). The data in-
cludes part of a large regional survey carried out in 1965 along
lines at 800 m spacing. The data were leveled and merged into
a single grid in 2001, as a part of the regional compilation
made by Saudi Geological Survey (SGS) for the data collected
aeromagnetic surveys for the Arabian Shield, central Red Sea,
and Phanerozoic rock outcrops (Zahran et al. 2003).

The procedure of calculation and analysis of directional tilt
derivative (DTD) described by Stewart and Miller (2018) was
used in the new analysis. As noted by the authors, the tilt
derivative is of the most useful method that can be used to
analysis of potential field data to detect linear trends in the data

Fig. 1 Historical and recent seismicity (up to 1995) and structural elements in and around Saudi Arabia (after Saudi Geological Survey). Black rectangle
show the study area
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and to reveal low-amplitude features. Figure 4 shows the DTD
images composed for the studied region.

Analysis of aeromagnetic data for Makkah region shows
that the epicenters of earthquakes occurred in the region since
1993 are stretched along the NE-SW trending faults. Location
of the largest recorded events is controlled by intersection of
the NE-SW faults (e.g., Makkah Shear Zone, Ad Damm fault)
and the NNW-oriented faults that run parallel to the Red Sea
coast (RSMF group of faults). Results of the analysis, together
with results of the seismotectonic and geological studies for
the region described above, are used in our work for construc-
tion of model of active faults for deterministic seismic hazard
assessment.

Seismic hazard assessment

Methodology

Seismic hazard assessment (SHA) for the region was per-
formed by several researchers from different points of view.

Most studies related to the SHA for western Saudi Arabia
(e.g., Deif et al. 2009; Babiker et al. 2015; Zahran et al.
2015; Rehman et al. 2016, 2017; Zahran et al. 2016) included
the Makkah region into relatively large areal seismic source
zones delineated by consideration of the geological and tec-
tonic settings, as well as the information on historical and
instrumental seismicity.

Al-Saud (2008) provided thorough discussion of tectonic
features and seismicity of the areas around Jeddah and
Makkah and selected two local areal seismic source zones,
namely Ad Damm fault zone (NE-SW trending zone along
the Ad Damm fault with relatively high level of recorded
seismicity) and the Nu’man-Makkah-Fatima zone (NNW
trending zone that includes densely located NE-SW and the
NNW faults with moderate seismic activity attributed to Red
Sea rifting). Osman (2012) estimated seismic hazard for the
holy city of Makkah using probabilistic and deterministic
approaches considering two inland areal seismic source
zones. Fnais et al. (2014) used seismological, geological,
and geophysical data and delineated several seismic source
zones in the region, namely three zones along the central part

Fig. 2 Seismicity in and around Makkah region since 1980 (based on data collected by SGS, KSU, and Merghelani et al. 1981). Black rectangle shows
location of the 2019 swarm (see text and Fig. 3)
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of the Red Sea and two inland zones. The inland zones were
selected considering main tectonic faults, location of earth-
quakes, and characteristics of seismicity. The so-called
Jeddah-Makkah seismic source zone delineated by Fnais

et al. (2014) extends NE from the Red Sea coast and includes
theWadi Fatima fault zone and AdDamm fault zone. Thus, all
modern studies consider several areal inland sources, the size
and shape of which are delineated differently.

Fig. 3 Epicenters of earthquakes recorded in the study area since 1993
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Estimations of characteristics of seismicity (e.g., parame-
ters of recurrence relationship) and delineation of the areal
seismic source zones were performed in the abovementioned
studies using earthquake catalog collected during recent few
decades. Obviously, the limited database lead to high level of
uncertainty in estimations of parameters of recurrence rela-
tionship and in shape of seismic source zones.

Deterministic approach to estimations of seismic hazard
(DSHA) does not consider earthquake recurrence. The tradi-
tional DSHA uses a limited set of earthquake scenarios (the
maximum expected magnitude earthquake occurred at the
smallest distances from the site of interest) based on variations
of parameters of surrounding seismogenic zones (e.g., Klügel
et al. 2006). However, there is always a high level of uncer-
tainty related to (a) determination of the maximum expected
magnitude of future earthquake and to (b) the level of ground
motion. Thus, it is necessary to identify a “reasonably large”
event and some reasonable level of ground motion associated
with this event bearing in mind that the larger earthquakes
(and larger ground motion intensity) may also occur. Such
event is historically called as a “Maximum Credible
Earthquake,” or MCE, or as a “Maximum Considered

Earthquake.” When ground motion prediction equations
(GMPE) are applied to estimate level of ground motion
(GM), then a specified ground motion probability level (the
number of standard deviations σ, sigma, from the median
ground motion level, typically either 0 or 1 sigma) is used.
Thus, in DSHA, the resulting ground motion is not a “worst-
case” but a “reasonably worst case” ground motion, and the
result may be very sensitive to the scenario magnitude and to
the chosen ground motion probability level. DSHA is fre-
quently used for analysis of consequences of single earth-
quake (e.g., emergency response and recovery, special design
of critical infrastructures) in the case of well-known active
faults (McGuire 2001).

Neo-deterministic method for estimation of seismic hazard
(NDSHA, see Zuccolo et al. 2011, and Panza et al. 2013,
2014, for a review) implies numerical modeling of the pro-
cesses of rupture in seismic sources and propagation of seis-
mic waves. Synthetic seismograms are computed for several
scenario earthquakes (MCEs) assigned to seismic source
zones. A set of estimations of ground motion displacement
amplitudes is produced at the site of interest and the maximum
value from the set is selected as characteristic of seismic

Fig. 4 Aeromagnetic data, directional tilt derivative (DTD) calculated for
the region of study. a The data used for analysis and detection of linear
trends. b The data shown together with lineations obtained from geology

maps (Fatimah fault; Makkah Shear Zone, Numan fault and Ad Damm
fault) and the lineations revealed from DTD analysis
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hazard. The NDSHA method has been applied worldwide
(e.g., Panza et al. 2013, 2014; Panza 2017) for seismic hazard
assessment of different scales and purposes.

Magnitudes of maximum credible earthquakes (MCM) are
estimated using the data from different sources and, in most
cases, the estimations are characterized by considerable uncer-
tainty. Sokolov (2017) discussed limitations of the NDSHA
method and suggested using stochastic generation of distribu-
tion of maximum credible earthquakes inside seismic source
zone together with application of ground motion prediction
equations (GMPEs). Ground motion is estimated using the
GMPEs as the median value of ground motion for given mag-
nitude and distance plus randomly generated variation
representing inherent uncertainty of ground motion. The
MCM values are also considered as random variables.
Consequently, seismic hazard for every site is described not
by a single ground motion value (e.g., the maximum of the
estimations from all considered earthquakes), but by a proba-
bility density function and a cumulative distribution function
for considered groundmotion parameter. It brings up the ques-
tion, what probability of exceedance should be used to deter-
mine the desired value of ground motion from the cumulative
distribution function, and some suggestions related to the
problem were provided by Sokolov (2017).

In our study, for deterministic seismic hazard analysis
based on maximum credible earthquakes, two models of seis-
mic source zones and correspondingly two approaches for the
analysis are used. In the first model, the active faults located in
the studied area are treated as linear source zones (Fig. 6a). It
is assumed that the MCE events may occur at any point along
the faults. Two variants of distribution of the maximum mag-
nitude values along the faults are considered. The first variant
implies that the MCM earthquakes can occur wherever it is
possible, i.e., at all points along the faults. Hereafter, the var-
iant is called as LS_AP (linear source, all points) model. In the
second variant, the earthquakes with maximum magnitude
may occur only in the vicinity of intersection of two faults
that belong to the major fault systems, i.e., the NNW-
oriented faults and the NE-SW trending faults. The variant is
called as LS_IF (linear source, intersection of faults) model.
To determine the value of magnitude Mi for any earthquake
that may occur along fault, first, we define an area around the
intersection (e.g., by radius Ra), within which the magnitude
Mi is accepted to be equal to maximum magnitude MMAX.
Then, the magnitude Mi is determined depending on the dis-
tance Ri between epicenter of the i-earthquake and the nearest
intersection as follows:

Mi ¼ MMAX ; forRi≤Ra

Mi ¼ MMAX− 1−Δm� exp −Reff =d
� �� �

; forRi > Ra
ð1Þ

where Δm is the difference between the magnitude of

maximum credible earthquakeMMAX assigned to the intersec-
tion and the magnitude of earthquakeMMIN that may occur at
sufficiently large distance from the intersection, that is Δm =
MMAX −MMIN; Reff is the “effective distance” determined as
the actual distance between the epicenter of i-earthquake and
the intersection Ri minus radius of area around the point of
intersection Ra, within which the magnitude is accepted to be
equal to MMAX, i.e., Reff = Ri − Ra; d is the diminution param-
eter. Figure 5 illustrates, as example, application of Eq. 1 for
estimation of magnitudes of earthquakes that can occur along
hypothetical fault with one intersection.

When using the linear source model, several MCE scenario
events are generated covering the entire length of every fault.
The dimensions of the earthquake sources are estimated via
magnitude-dimension relations provided by Vakov (1996).
The depth of all earthquakes (center of the fault plane) is
accepted to be equal to 7.0 km. The orientation of the earth-
quake sources (strike angle) coincides with orientation of the
corresponding fault, and the dip angles are fixed as 89° (al-
most vertical fault). Figure 6a shows linear source model of
presumably active faults.

The second model of earthquake sources used in our study
coincides with the approach proposed by Sokolov (2017). The
active faults are considered as narrow areal zones with a width
about 6 km; therefore, the model is called as the AZ (areal
zones) model (Fig. 6b). A set of MCE scenario events are
generated to cover the entire area of every zone; dimensions
and orientation of every earthquake source are assigned as that
in the LS model. Magnitude of every earthquake is estimated
as MMAX−ΔM, where ΔM is the random value with uniform
distribution between 0.0 and 0.25 units of magnitude. Depth
of every scenario earthquake is assigned as the random value
with uniform distribution between 5 and 25 km. The ground
motion values are calculated using selected GMPEs consider-
ing random variations of ground motion. Thus, the AZ model
implicitly takes into account uncertainties in the location and

Fig. 5 Example of distribution of magnitudes of earthquakes that can
occur along hypothetical fault with one intersection. Magnitudes are
estimated using Eq. 1 with the following parameters: MMAX= 5.0; MMIN

= 4.0, Ra= 5 km; d = 4 km
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magnitude of possible earthquakes, as well as the scatter in
ground motion parameters.

Distribution of ground motion parameters in both variants
is calculated using a set of GMPEs with slightly modified
scheme that was accepted in our recent studies related to as-
sessment of seismic hazard in Saudi Arabia (Zahran et al.
2015; Sokolov et al. 2017; Zahran and El-Hady 2017;
Sokolov and Zahran 2018). The Atkinson and Boore’ model
(2006) is used for the stable continental region of Saudi Arabia
in conjunction with the equations for active shallow crustal
sources, namely the models of Zhao et al. (2006), Boore and
Atkinson (2008), Campbell and Bozorgnia (2008), and Akkar
et al. (2014). Equal weights (0.2) are assigned for all GMPEs.
Normal type of faulting is considered in the equations for the
NNW faults and strike-slip type of faulting—for the NE-SW
faults. All GMPEs allow taking into consideration local site
effects through the average shear-wave velocity of the upper
30-m column (Vs30). We perform calculations using Vs30 =
800 cm/s and Vs30 = 400 cm/s that corresponds to site classes
B (rock) and C (dense soil) based on classification accepted in
Saudi Building code (SBC 301-2007, Chapter 14).

In this study, peak ground acceleration (PGA, geometric
mean of two horizontal component) is used as the characteristic
of earthquake ground motion. In the LS model, the ground
motion values are calculated using the median GMPE and me-
dian + 1 standard deviation. Firstly, the PGA values are calcu-
lated from every scenario earthquake for the nodes of grid
(0.02° × 0.02°). Secondly, the maximum value from a set of
calculated PGAs is selected for the further analysis. In this
manner, we consider an envelope of estimations from several
scenario earthquakes (e.g., Klügel 2008). Similar approach was
used by Rehman et al. (2016); however, the work was based on
relatively large areal seismic sources. Uncertainties in charac-
teristics of earthquakes (location and size of sources, and mag-
nitude) are accounted by smoothing of the PGA values in the
similar way as it is usually done, for example, in the smoothing

seismicity approach. The Gaussian distribution function is used
to smooth the PGA values as follows:

âi ¼ ∑ ja je−Δ
2
i; j=c

2
=∑ je

−Δ2
i; j=c

2 ð2Þ

where âi is the smoothed PGAvalue in the i-th node, aj is the
PGA value in the j-th grid node, c is the parameter of the
smoothing function (correlation distance), and Δi, j is the dis-
tance between the i-th and j-th nodes. The smoothing operator
practically does not take into account PGA values located at
distances more than 3c.

The following scheme of calculation of ground motion is
applied in the AZ variant (see also Sokolov 2017). Firstly, a
random value εj, k is generated for every seismic event j and
every site location k considering normal distribution. The
ground motion residual δi, j, k is calculated for every GMPE i
using the GMPE-specific standard deviation σi as δi, j, k = εj,
k × σi. Secondly, a set of ground motion parameters Yi, j, k is
estimated considering all GMPEs as

lnY i; j;k ¼ lnY i; j;k þ δi; j;k , where lnY i; j;k denotes the median
value of ground motion parameter predicted by the i-GMPE
for given earthquake j and site location k. Finally, the resulted
ground motion value is calculated as a weighted average
lnY j;k ¼ ∑n

i¼1lnY i; j;k � wi
� �

=∑n
i wi, where n is the number

of GMPEs and wi is the weight assigned for particular
GMPE. The probability density functions (PDFk) and cumu-
lative distribution functions (CDFk) are constructed for every
considered location k using the data from all earthquakes.

Results

In our work, as the primary value used in all calculations, the
maximum magnitude for the MCE events is accepted as

Fig. 6 Models of earthquake
sources used in deterministic
seismic hazard estimations. a
Linear source (LS) model. b
Narrow areal zones (AZ) model
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MMAX = 5.0; the value is based on the models used in previous
studies related to seismic hazard assessment in the region
(Osman 2012; Rehman et al., 2016, 2017). The larger value
MMAX = 5.5 is also applied to estimate influence of uncertainty
in maximum magnitude on the results of hazard assessment.
Other parameters used in calculation (Eq. 1) are accepted as
MMIN = 4.0, Ra= 5 km; d = 4 km. Following Al-Saud (2008),
earthquakes that may occur along the NNW-oriented faults are
characterized by normal mechanism and earthquakes along
the NE-SW trending faults—by strike-slip mechanism.

The LS model Let us consider the LS_AP variant of the linear
source model (Fig. 6a), in which it is assumed that maximum
magnitude earthquakes can occur along the entire length of the
active faults. Distribution of the PGA values estimated using
the LS_AP variant is shown in Fig. 7, and Table 1 provides the
PGA estimations for selected cities Makkah and Taif. When
no smoothing is applied (Fig. 7a), the zones of maximum
PGAs are stretched along the faults. Three values of the
smoothing operator (parameter c in Eq. 2) are considered in
the smoothing procedure, namely 5 km, 7 km, and 10 km. As
can be seen from Fig. 7b–d, application of the smoothing
procedure does reduce the PGA estimations in the vicinity
of the faults. The increase of the c value does transform the

zones of the highest PGA level from the narrow stripe-like
areas along the faults (no smoothing) to the areas concentrated
around the intersections of several faults (e.g., the area near
the city of Makkah).

The LS_IS variant of the linear source model assumes that
the maximum magnitude earthquakes can occur only in the
vicinity of intersections of the active faults (see Fig. 5). As
expected, the calculations performed using the LS_IS variant
(Fig. 8) result (a) in concentration of the zones of the highest
level of seismic hazard around intersection of the faults and
(b) in reduction of the PGA values (as compared with the
LS_AP variant) at relatively large distances from the intersec-
tions. The PGAvalues estimated for the cities of Makkah and
Taif are approximately similar for the LS_AP and the LS_IS
variants, because both cities are located near intersections of
the active faults.

The shift of the maximum magnitude value by 0.5 unit of
magnitude, i.e., from 5.0 to 5.5 does result in the increase of
the corresponding PGA estimations by 1.5 times approximate-
ly. On the one hand, it shows the importance of careful esti-
mation of maximum magnitude of possible earthquakes that
can occur in the region and, on the other hand, it argues to-
wards necessity of consideration of uncertainty in the practical
calculations.

Fig. 7 Distribution of PGA (cm/
s2), LS_AP variant, Mmax 5.0,
rock site; (a) no smoothing; (b)
smoothing parameter c = 5 km;
(c) c = 7 km; (d) c = 10 km. The
general linear source (LS) model
is shown by black lines
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The AZ model The probability density functions and the cu-
mulative probability functions for the rock site (Vs30 =
800 m/s) PGA estimations for the cities of Makkah and Taif
obtained using the AZ model are shown in Fig. 9a, b. Note
that the cumulative probability is the unexceedance probabil-
ity, i.e., the probability that a real-valued random variable A
(PGA in this case) will take a value less than or equal to a, that
is F(a) = P(A ≤ a).

The expected levels of ground motion from the maximum
credible earthquakes may vary in a broad range depending on
location of the site of interest relatively to the source zones. In
our calculations, the median values, i.e., the values a for
P(A ≤ a) = 0.5, of the expected PGA are about 11.5 cm/s2

and 7.5 cm/s2 (rock sites) for the cities of Makkah and Taif,
respectively. However, it is necessary to bear in mind that the
probability functions shown in Fig. 9a, b are influenced by

Fig. 8 Distribution of PGA (cm/
s2), LS_IF variant, Mmax 5.0,
rock site; (a) no smoothing; (b)
smoothing parameter c = 5 km;
(c) c = 7 km; (d) c = 10 km. The
general linear source (LS) model
is shown by black lines

Table 1 Results of ground
motion estimations (PGA cm/s2),
LS_AP model (see text) showing
variations that are caused by the
variations in the site condition, the
maximum magnitude MMAX and
by application of the smoothing
procedure

Site condition GMPE value used in calculations City Remarks

Makkah Taif

MMAX 5.0 Value for “no smoothing”
case (Fig. 7a)/value for
smoothing parameter
c = 10 km (Fig. 7d).

Rock Median 155/145 140/130

Median + 1 st. dev. 290/270 260/235

Dense soil Mean 180/170 165/155

Median + 1 st. dev. 340/315 310/280

MMAX 5.5

Rock Median 230/220 210/195

Median + 1 st. dev. 435 395

Dense soil Median 265 240

Median + 1 st.dev. 490 450
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numerous data from the distant events. For the goals of
aseismic design and seismic risk management, it is necessary
to consider influence from the events that may cause damag-
ing level of ground motion. Therefore, as suggested by
Sokolov (2017), for analysis of the data from numerous sce-
nario earthquakes, it seems to be useful considering distribu-
tion of the groundmotion values A above the certain threshold
level A0. The description of the technique taken from Sokolov
(2017) is provided below.

Cumulative distribution function, that is unexceedance, for
the random values a above the threshold level A0 is denoted as
FA0 að Þ ¼ P A≤ajA0ð Þ; the function varies from 0 for a = A0 to
~ 1 at sufficiently large a values. Let us assume that
macroseismic intensity may be used as a simple characteristic
of earthquake damage. Sokolov (2017) suggested considering
the relationship between macroseismic intensity and ground
motion parameter for selection of the threshold level A0. In
terms of the Modified Mercalli (MM) scale, macroseismic
intensity MMV characterizes the highest level of ground mo-
tion (moderate shaking), under which the damage to ordinary
buildings would not occur or may be considered as negligible.
Thus, the threshold level may be accepted as the level of
ground motion that corresponds to the intensity MM V, that
is AMM V. The higher the level of ground motion exceeding the
threshold level, the larger degree of expected damage.

Sokolov (2017) provided several PGAvalues that, in aver-
age, correspond to the intensity MM V (PGAMM V), as fol-
lows. The PGAMM V was estimated by Chernov (1989) as

25 cm/s2 using the worldwide database. Worden et al.
(2012) obtained PGAMM V = 60 cm/s2 for the Californian
earthquakes; this relatively high value does reflect advanced
seismic design standards in the region. Bilal and Askan (2014)
analyzed the Turkish data based on the building stock mostly
not complying with the current seismic regulations and their
MMI-PGA relation resulted in PGAMM Vof about 15 cm/s2. In
our study, we use the threshold value of 25 cm/s2 and the
results of the corresponding assessments for the cities of
Makkah and Taif are shown in Fig. 9c and listed in Table 2.
As can be seen from the Tables 1 and 2, the estimation obtain-
ed using the LS models and considering the median GMPE
values roughly correspond to the AZ estimations for P(A ≤
a ∣ 25 cm/s2) = 0.95.

Figure 10 shows distribution of PGA values estimated for
probability of unexceedance P(A ≤ a ∣ 25 cm/s2) = 0.95 that
allows direct comparison of the map with those constructed
using the LS models (Figs. 7 and 8). The highest PGAvalues
in the AZ estimations are concentrated around intersections of
faults that implicitly considers high probability of earthquake
occurrence in these areas. Note, that the AZ estimations are
obtained without application of the smoothing procedure as
that when using the LS models. At the same time, the level of
hazard (PGA values) estimated using the AZ model for rela-
tively large distances from the seismic sources (e.g., near the
borders of considered region) is much higher than that esti-
mated using the LS model. The phenomenon reflects consid-
eration of ground motion variability in the calculations per-
formed using the AZ model.

Discussion

It is useful, both from the methodological and the practical
points of view, to compare the results of seismic hazard as-
sessment obtained using the LS and the AZ models.

Fig. 9 Results of seismic hazard estimations using the AZ model (rock
site). All data, a probability density functions (PDF), b cumulative
probability functions (CPF). c The cumulative probability functions for
PGA values above the threshold level of 25 cm/s2

Table 2 Results of hazard assessments, AZmodel, PGA estimations for
different probabilities of unexceedance P(A ≤ a| AMM V), AMM V = 25 cm/
s2. Values in parentheses show ranges of estimation obtained using the LS
model (see Table 1)

City Probability of unexceedance P(A ≤ a ∣ 25 cm/s2)

0.8 0.9 0.95* 0.99**

Rock

Makkah 75 105 145 (155–145) 255 (290–270)

Taif 70 100 130 (140–130) 230 (260–235)

Dense soil

Makkah 78 115 160 (180–170) 290 (340–315)

Taif 75 105 145 (165–155) 250 (310–280)

*Median GMPE in the LS model

**Median + 1 st. dev. in the LS model
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Application of the LS model implicitly considers the highest
level (or, strictly speaking, the level that is close to maximum)
of possible ground motion expected from the closest maxi-
mummagnitude earthquake. Thus, when the probability func-
tions in the AZ variant of calculations are constructed using all
data (Fig. 9a, b), the estimations obtained using the LS model,
even for the median GMPE, correspond to very high proba-
bilities of unexceedance (e.g., P(A ≤ a) > 0.99 − 0.995) in the
AZ variant. When considering the probability functions for
the ground motion values above the threshold level of
25 cm/s2 (or MMI V), the estimations obtained using the LS
model relate to those obtained using the AZ model as follows
(see Tables 1 and 2): P(A ≤ a ∣ 25 cm/s2) ~ 0.95 for the medi-
an GMPE used in the LS calculations, and P(A ≤ a ∣ 25 cm/s2)
≥ 0.99 for the median GMPE +1 st. dev. used in the LS
calculations.

Sokolov (2017) suggested using a special term for the val-
ue of ground motion a above threshold level that may be
exceeded with particular probability. Let us assume that the
design level aD was selected for particular probability of
unexceedance P(A ≤ a| AMM V ), say 90%. It means that if
numerous maximum credible earthquakes will occur around
the site of interest, the intensity of ground shaking causing
damage (MMI > V) will be larger than the selected design
level aD during only 10% of the total number of the earth-
quakes. Thus, the value aD may be called as “N %-safety”
ground motion parameter, where N denotes the probability
of exceedance P(A ≤ a| AMM V ) expressed as percentage, or
“90%-safety” in the considered case. The term describes in
qualitative manner the relation between the design ground
motion and the degree of expected damage, as follows: the

higher design groundmotion (above 25 cm/s2), the lower level
of expected damage, and the higher safety of construction.
Thus, the estimations of seismic hazard based on the AZmod-
el allow flexible selection of design ground motion consider-
ing the level of safety (e.g., 90%, 95%, or 99%) and corre-
spondingly the importance of construction.

Alternatively, the term “N %-damage” may be used when
considering complimentary cumulative distribution function
or probability of exceedance P(A > a| AMM V ), that is “10%-
damage” in the considered case. Again, the term does not
describe in quantitative manner the expected degree of dam-
age for particular structures subjected by given level of ground
motion A. The degree of damage has to be estimated using
construction-specific fragility functions for given level of
ground motion.

Several estimations of seismic hazard were performed re-
cently for the Makkah area using different approaches and
input data and models (Table 3). Apparently, the DSHA esti-
mations for the city of Makkah obtained in our work are
higher than those reported by other researches. Most likely,
the discrepancy, besides the smaller maximummagnitude val-
ue used by Osman (2012), is caused by different ground mo-
tion prediction equations applied in the studies, as well as by
different techniques of calculations. The discrepancy reflects
epistemic (or modeling) uncertainty that is related to input
data, used models and techniques, and that is the dominate
source of uncertainty in natural hazard assessment (e.g.,
Beven et al. 2015). The results obtained by different methods
describe seismic hazard from different points of view and,
therefore, they provide a basis for judgment about reliability
and uncertainty of the hazard maps.

Conclusion

In this work, we apply deterministic seismic hazard assess-
ment to evaluate level of seismic hazard in terms of peak
ground acceleration (PGA) for the Makkah region. Different
techniques are used for the assessment; presumably, active
geological faults are considered as the sources of earthquakes.
Results of the study show that, in the context of the used
models of seismic sources, the level of seismic hazard in the

Fig. 10 Distribution of PGA (cm/s2), AZ model, Mmax 5.0, rock site;
PGA estimations obtained for probability of unexceedance P(A ≤ a|
25 cm/s2) = 0.95. The general linear source (LS) model of active faults
is shown by black lines

Table 3 Comparison of deterministic seismic hazard estimation for the
city of Makkah

Source PGA cm/s2 Remarks

Our study (Table 1) 145–155 Median GMPE

270–290 Median + 1 st. dev. GMPE

Rehman et al. (2016) 110–120 Median PGA results

200 84% fractile PGA results

Osman (2012) 80 Median GMPE, MCE 4.8
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region is controlled by magnitude of earthquakes that may
occur at the intersection of NE-SW faults (the Ad Damm fault
zone and theWadi Fatima Shear Zone) and the NNW-oriented
faults that run parallel to the Red Sea coast (Red Sea Margin
Faults group). Thus, it is important to make accurate mapping
of the faults using geological, geophysical, and seismological
data, and to estimate if the faults are active at present. On the
other hand, particular attention should be given to careful
estimation of the maximum magnitude of possible earth-
quakes that can occur along the active fault. Comprehensive
consideration of uncertainties in characteristics of earthquake
sources and in seismic wave propagation should be included
in the seismic hazard study.

Bearing in mind that the deterministic seismic hazard anal-
ysis is used for design of important and critical infrastructures,
and emergency response and recovery, the results of this study
may be useful to constrain the expected level of maximum
ground motion in the region. However, the models of seismic
sources used in this study do not take into account the earth-
quakes that may occur outside the considered region.
Therefore, the level of seismic hazard estimated at relatively
large distances from the considered active faults (i.e., near the
borders of the region) may be underestimated.
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