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Seismotectonics of the Arabian Plate

Course Topics:
 Unit 1: Seismic Wave Characteristics.
 Unit 2: Tectonics of the Arabian Peninsula.
 Unit 3: Seismotectonics and Crustal Structures.
 Unit 4: Seismic Zone Regionalization.

Grading:
 1st Exam
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 3rd Exam
 Final Exam

20%
20%
20%
40%

Attendance:
– Never to be late more than
(10) minutes.
– Never play with your cell
phone.
– Never talk to your friend.
– Never miss more 25% of the
total lectures.
Participation:
– Involve in all group
discussions and activities.
– Write down all important
information in your
notebook.









Join a study group.
Make study schedule.
Arrange your time.
Do your best.
Seek advice.
Learn from mistakes.
Be patient.

Unit 1

Seismic waves characteristics:

Waves of energy that travel through the Earth's layers, and are a
result of an earthquake, explosion, or a volcano.

S‐waves
• Transverse.
• Slow moving.
• Travel through solids only.

P‐waves
• Longitudinal.
• Fast moving.
• Travel through liquids and
solids.

Relationship between Vp and Vs:
Compressional Waves:

Shear Waves:

• Averaged Vp/Vs = 1.732 for the crust.
• For mafic rocks, Vp/Vs = 1.81.
• For felsic rocks, Vp/Vs = 1.70.

In general, velocity rises with increasing pressure.

‐ The wave front is the direct boundary between the seismic
waves in the earth material, and the material that the seismic
energy has not yet reached.
‐ Ray is the vector perpendicular to a wave front.

Wave parameters:

Types of seismic sources:

Unit 2

The Arabian Shield:

 The accretionary evolution of the Arabian plate is thought to have
originated and formed by amalgation of five Precambrian terranes.
These are the Asir; Hijaz, and Midyan terranes from the western
part of the Arabian shield, and from the eastern side of the shield
are the Afif terrane and the Amar arc of the Ar Rayn micro-plate.
The western fusion is along the Bir Umq and Yanbu sutures
(Loosveld et al 1996).
 The eastern accretion may have started by about 680-640 million
years ago (Ma) when the Afif terrane collided with the western
shield along the Nabitah suture. At about 670 Ma, a subduction
complex formed west of Amar arc.
 Along this subduction zone, the Afif terrane and Ar Rayn microplate
collided that lasted from about 640-620 Ma. (Al-Husseini 2000).
The north trending Rayn anticlines and conjugate northwest and
northeast fractures and faults may have formed at this time

 The Arabian Shield is an ancient land mass with a trapezoidal shape and
area of about 770,000 sq. km. Its slightly-arched surface is a peneplain
sloping very gently toward the north, northeast, and east. The framework of
the shield is composed of Precambrian rocks and metamorphosed
sedimentary and intruded by granites. The fold-fault pattern of the shield,
together with some stratigraphic relationships suggests that the shield have
undergone two orogenic cycles.
 The first cycle was the Al Hijaz orogeny which was more intense and
widespread are ally. East-west compression was dominant, so that strongly
folded and faulted beds of the shield in the west-central part trend
northeasterly, while in the southern portion trend generally northerly. The
tectonic features include transcurrent, normal and high angle reverse faults,
and major fold axes. For the first orogeny, folding and intrusion may have
occurred at greater depth. The second cycle was the Al Najd orogeny. This
orogeny represents the younger period of mountain building. The effects of
the second orogeny were the northwesterly trending left lateral faults. The
faults may reflect shearing from shallower movements.
 The fault systems in this orogeny are subsequent to the other systems and
have offset and truncated many of the previous tectonic lineaments. It is one
of the most prominent Precambrian Cambrian sinistral wrench fault systems
(Chapman 1978).

 Following the formation of the Najd fault system, the Arabian shield
remained a rather stable platform throughout the Paleozoic and
Mesozoic except for several episodes of movement along older
faults.
 The only major orogenic event which affected the region since
early
 Cambrian was the deformation and magmatism associated with
the Red Sea rifting.
 Recently, various speculations have indicated that the ArabianNubian shield formed through a process of arc and micro-plate
accretion. On the basis of this interpretation, the evolution of the
Arabian shield is in terms of 3 stages: (a) magmatic arc; (b)
continental collision; (c) intracratonic.

 The rocks of the Arabian shield are mostly Neoproterozoic in age,
but some date from the Archean and Paleoproterozoic, and a few
intrusions yield Cambrian ages.
 The sources of the Archean and Paleoproterozoic isotopic ages in
the shield are rare exposures of intact old rock and detrital or
xenocrystic grains of zircon eroded from old continental crust and
inherited by Neoproterozoic sedimentary and plutonic rocks.
 The shield in Yemen locally contains 2300 Ma Archean gneiss,
and some areas in the east-central shield in Saudi Arabia contain
Paleoproterozoic igneous rock, parts of a microplate indicated by
an inherited continental isotopic signature that was largely
destroyed by later intrusions. The rocks in these areas are
characterized by elevated initial strontium ratios that plot above
the standard mantle growth curve.

 To the first order, the Arabian shield is composed of two layers,
each about 20km thick, with average velocities of about 6.3 km/s
and 7 km/s respectively (Mooney et al 1985).
 The crust thins rapidly to less than 20 km total thickness at the
western shield margin, beyond which the sediments of the Red Sea
shelf and coastal plain are underlain by oceanic crust.

The Arabian Platform:
 The platform consists of the Paleozoic and Mesozoic sedimentary
rocks that unconformably overlays the shield and dip very gently and
uniformly to the E-NE towards the Arabian Gulf (Powers et al., 1966).
 The accumulated sediments in the Arabian platform represent the
southeastern part of the vast Middle east basin that extend eastward
into Iran, westward into the eastern Mediterranean and northward into
Jordan, Iraq and Syria.
 The Arabian shield isolated the Arabian platform from the north African
Tethys and played an active paleogeographic role through gentle
subsidence of its northern and eastern sectors during the
Phanerozoic, allowing almost 5000 m of continental and marine
sediments deposited over the platform.
 This accumulation of sediments represents several cycles from the
Cambrian onward, now forms a homocline dipping very gently away
from the Arabian shield.

Major tectonic elements
of the Arabian Platform
and peri-Platform Basins
of Yemen, Oman,
Arabian Gulf, Southern
Iraq, Jordan and the Red
Sea (after Konert et al.,
2001).

 The geological history of the Arabian Platform (Alsharan & Nairn,
1997; Konert et al., 2001; Sharland et al., 2001; Ziegler, 2001) can
be summarized as follows:
 After the consolidation of the Arabian Shield, a Late Proterozoic
extensional phase (Najd rifting: Husseini, 1988; Al-Husseini, 2000)
created a number of basins that are currently located in the Persian
Gulf sector and in Oman, in which the thick (up to 2.5 km: Edgell,
1996) evaporites, predominantly composed of halite, of the Hormuz
Formation (and the equivalent Ara formation in Oman) were
deposited.
 The subsequent geological history of the area was characterized,
during most of the Palaeozoic, by uniform clastic continental and
shallow-marine sedimentation on a stable passive margin–interior
margin setting on northeastern Gondwana.

 The Hercynian events of the Carboniferous affected the area,
creating regional uplift, widespread erosion and basement
tectonism along the inherited, mechanically weak Late Proterozoic
trends (Konert et al., 2001).
 From the Permian to the Palaeogene the area was a broad, stable
platform on the newly-formed passive margin at the northeastern
border of the African plate, where the deposition of mainly shallowwater carbonates with minor anhydrites and shales occurred.
 The Neothethys Ocean to the northeast separated this margin from
the Laurasia continental assemblage. In the Upper Cretaceous and
then since the Oligocene, the northeastern part of the basin has
been undergoing shortening as a consequence of collision of the
Arabian Plate with Laurasia (Zagros orogeny).

Tertiary volcanism along the Red Sea coast:
Two distinct phases of continental magmatism are evident in western
Saudi Arabia. The first phase produced tholeiitic-to-transitional lavas
emplaced along NW trends from about 30 to 20 Ma. The second phase
produced transitional-to-strongly alkalic lavas emplaced along NS
trends about 12 Ma to Recent. The first phase is attributed to passivemantle upwelling during extension of the Red Sea Basin, whereas the
second phase is attributed to active mantle upwelling but was facilitated
by minor continental extension perpendicular to plate collision (Camp &
Roobol 1989, 1992). The second phase is largely contemporaneous
with a major period of crustal uplift to produce the West Arabian swell.
The central axis of the uplift and magmatism of the Arabian swell is
symmetric and coincides with two fundamental features which are the
Ha’il-Ruthbah Arch in the north and the Makkah-Madinah-Nafud
volcanic line in the south (Camp & Roobol 1989, 1992).

 Volcanism was widespread in
western Saudi Arabia during
the Tertiary Period.
 The oldest lavas, called the
Trap Series rest on Cretaceous
clastics in Yemen where these
are associated closely with the
Rifting of the Red Sea.
 Northward, thick effusions of
basalt and andesite cover vast
areas. The effusions have been
subdivided on the basis of
radioactive dating, and these
ranges from Oligocene to
Holocene.
 The Oligocene and Holocene
flows were like those of the
Trap Series. Thus, volcanism
continued up to the present
time (Chapman 1978).

The Red Sea and Gulf of Aqabah:
 The Red Sea is an 1800 km elongated trough trending NW-SE from
the Sinai Peninsula in the north down to the Strait of Bab Al Mandeb
in the south. The Red Sea can be divided into two main
physiographic units. These are: (a) the shelf area which is composed
of the coastal area and the marginal shelves, (b) the main and axial
trough. The shelf is narrow in the north and wide in the south,
whereas the trough is wide in the north and narrow in the south.
 Structurally, the Red Sea is a graben along the crest of an anticline
that formed in the Arabian-African Shield. The inner margins of the
shield apparently undergo considerable uplift that formed prominent
scarps at the edge of the Red Sea rift. 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. On the seaward side of
this zone, the basement has been step faulted downward in blocks
and lies beneath the shelf area at depth of 2-3 km below sea level
(Chapman 1978).

 Three sets of faults seem to have controlled
the development of the Red Sea. These were
the NW-SE trending main line of faults which
are associated with step faulting and the
WNWESE major fault trend in the
Precambrian basement which caused many
irregularities in the coastline (Chapman 1978).
 The regional distribution of seismicity in the
Red Sea indicates concentrated distribution of
events proximal to the main and axial trough
in the southern portion. However, the
concentration is not uniformly distributed, but
occurs in clusters on the ridge crests, or near
transform faults of the rift axis. Other
significant activities appear to occur along
other portions of the central rift not having
transform faults. The activities may be related
to intrusive mechanism, normal fault
movements associated with the down
dropping of blocks, or movements along
undetected transform faults. Focal
mechanisms for two earthquakes located near
the southern Red Sea rift axis indicate nearly
pure strike-slip mechanism on NE trending
planes that suggest seismic activity on rift
transform faults (Thenhaus et al 1986).

 The Gulf of Aqabah forms the southern part of the Levantine transform fault.
This fault forms the boundary between the Arabian and African plates. The
fault is composed of 4 straight segments (Freund 1970). The first is along
the Aqabah and Araba that trends N15E, the second runs along the Dead
Sea, Jordan and Hula Valley, the third passes through the Beka’a and
Orontes valley, and from Orontes the transform extends up to the TaurusZagros thrust. With a total of 105-110km dominant left lateral shear
(Quennell 1956; Ben Avraham 1985), minor components of extension,
compression and up-warping occur in many places.
 Normal faults were generated along the margins of the transform due to
these systems with variable displacements in the localities of these faults.
Changes in the trend of the transform resulted in the formation of rhombshaped basins such as the 4 deeps in the gulf and the Dead Sea. On either
side of the gulf, long early Neogene dykes trending NW parallel to each
other were believed to have accompanied the initial rifting of the Red Sea.
This volcanism was followed by the shear along the Gulf of Aqabah. A
system of faults sub-parallel to the gulf exists within a zone of tens of
kilometers wide on either side. From a study of active faulting in the Dead
Sea rift, Garfunkel (1981) indicated that there two types of fault activities.
These are the strike-slip and normal, faults, the previous type as the more
prominent in activity (El Isa et al 1984 ).

Saudi Arabia is geologically divided into four distinct and extensive
terrains:
(1) the Precambrian Proterozoic Arabian Shield, comprising
metamorphosed volcanosedimentary successions intruded by granite
and gabbro.
(2) the Phanerozoic Arabian platform (cover rocks) of clastic,
calcareous and evaporitic successions dipping gently eastward away
from the shield.
(3) the Tertiary "harrats" (extensive basalt plateaus) mainly overlying
the shield.
(4) the narrow Red Sea coastal plain of Tertiary and Quaternary
sedimentary rocks and coral reefs.

Unit 3

SEISMOTECTONICS & SEISMIC STRUCTURES
The Arabian Peninsula forms a single tectonic plate, the Arabian Plate. It is surrounded on all
sides by active plate boundaries as evidenced by earthquake locations. Figure 2.1 shows a
map of the Arabian Peninsula along with major tectonic features and earthquake locations.
Active tectonics of the region is dominated by the collision of the Arabian Plate with the
Eurasian Plate along the Zagros and Bitlis Thrust systems, rifting and seafloor spreading in
the Red Sea and Gulf of Aden. Strike-slip faulting occurs along the Gulf of Aqabah and Dead
Sea Transform fault systems. The great number of earthquakes in the Gulf of Aqabah pose a
significant seismic hazard to Saudi Arabia. Large earthquakes in the Zagros Mountains of
southern Iran may lead to long-period ground motion in eastern Saudi Arabia.
The two large regions associated with the presence or absence of sedimentary cover define
the large-scale geologic structure of the Arabian Peninsula. The Arabian Platform (eastern
Arabia) is covered by sediments that thicken toward the Arabian Gulf. The Arabian Shield is
has no appreciable sedimentary cover with many outcrops. Figure 2.2 shows the sediment
thickness, estimated from compiled drill hole, gravity and seismic reflection data (Seber et
al., 1997). The Arabian Shield consists of at least five Precambrian terranes separated by
suture zones (Schmidt et al., 1979). During the late Oligocene and early Miocene, the Arabian
Shield was disrupted by the development of the Red Sea and Gulf of Aden rifts, and from the
mid-Miocene to the present, the region experienced volcanism and uplift (Bohannon et al.,
1989). The uplift and volcanism are generally assumed to be the result of hot, buoyant
material in the upper mantle that may have eroded the base of the lithosphere (Camp and
Roobol, 1992). However details about the nature of the upper mantle, such as its thermal and
compositional state, are not known. Volcanic activity (the Harrats) is observed on the Arabian
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Shield (Figure 2.1). This is likely to be related to the opening of the Red Sea and mantle
asthenospheric upwelling beneath western Arabia (e.g. Camp and Roobol, 1992).
The northwestern regions of Saudi Arabia are distinct from the Arabian Shield, as this region
is characterized by high seismicity in the Gulf of Aqabah and Dead Sea Rift. Active tectonics
in this region is associated with the opening of the northern Red Sea and Gulf of Aqabah as
well as a major continental strike-slip plate boundary.
The Dead Sea transform system connects active spreading centers of the Red Sea to the area
where the Arabian Plate is converging with Eurasia in southern Turkey. The Gulf of Aqabah in
the southern portion of the rift system has experienced left-lateral strike-slip faulting with a 110
km offset since early Tertiary to the present. The seismicity of the Dead Sea transform is
characterized by both swarm and mainshock-aftershock types of earthquake activities. The
instrumental and historical seismic records indicate a seismic slip rate of 0.15-0.35 cm/year
during the last 1000-1500 years, while estimates of the average Pliocene-Pleistocene rate are
0.7-1.0 cm/year.
Historically, the most significant earthquakes to hit the Dead Sea region were the events of
1759 (Damascus), 1822 (Aleppo), and of 1837 ;1068 (Gulf of Aqabah area) caused deaths of
more than 30,000 people. Ben Menahem (1979) indicated that about 26 major earthquakes
(6.1<ML<7.3) occurred in southern Dead Sea region between 2100 B.C. and 1900 A.D. In
1980's and 1990's, the occurrence of earthquake swarms in 1983, 1985, 1991, 1993 and 1995
in the Gulf of Aqabah clearly indicates that this segment is one of the most seismically active
zones in the Dead Sea transform system. Earthquake locations provide evidence for
continuation of faulting regime from the Gulf northeastward inland beneath thick sediments,
suggesting that the northern portion of the Gulf is subjected to more severe seismic hazard
compared to the southern portion (Al-Amri et al.,1991).
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To the south, the majority of earthquakes and tectonic activity in the Red Sea region are
concentrated along a belt that extends from the central Red Sea region south to Afar and then
east through the Gulf of Aden. There is little seismic activity in the northern part of the Red
Sea, and only three earthquakes have been recorded north of latitude 25o N. Instrumental
seismicity of the northern Red Sea shows that 68 earthquakes (3.8<mb<6.0) are reported to
have occurred in the period from 1964 to 1993.
Historically, about 10 earthquakes have occurred during the period 1913-1994 with surfacewave (Ms) magnitudes between 5.2 and 6.1. Some of these events were associated with
earthquake swarms, long sequences of shocks and aftershocks (the earthquakes of 1941, 1955,
1967 and 1993). The occurrence of the January 11,1941 earthquake in the northwest of Yemen
(Ms = 5.9) with an aftershock on February 4, 1941 (Ms = 5.2), the earthquake of October 17,
1955 (Ms = 4.8), and the 1982 Yemen earthquake of magnitude 6.0 highlight the hazards that
may result from nearby seismic sources and demonstrate the vulnerability of northern Yemen
to moderate-magnitude and larger earthquakes. Instrumental seismicity of the southern Red Sea
shows that 170 earthquakes (3.0<mb< 6.6) are reported to have occurred in the period 19651994. The historical and instrumental records of strong shaking in the southern Arabian Shield
and Yemen (1832; 1845; 1941; 1982 and 1991) indicate that the return period of severe
earthquakes which affect the area is about 60 years (Al-Amri,1995 b).
The Arabian Plate boundary extends east-northeast from the Afar region through the Gulf of
Aden and into the Arabian Sea and Zagros fold belt. The boundary is clearly delineated by
teleseismic epicenters, although there are fewer epicenters bounding the eastern third of the
Arabian Plate south of Oman. Most seismicity occurs in the crustal part of the Arabian Plate
beneath the Zagros folded belt (Jackson and Fitch,1981). The Zagros is a prolific source of
large magnitude earthquakes with numerous magnitude 7+ events occurring in the last few
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decades. The overall lack of seismicity in the interior of the Arabian Peninsula suggests that
little internal deformation of the Arabian Plate is presently occurring.
Seismic structure studies of the Arabian Peninsula have been varied, with dense coverage
along the 1978 refraction survey and little or no coverage of the aseismic regions, such as the
Empty Quarter. In 1978, the Directorate General of Mineral Resources of Saudi Arabia and
the U.S. Geologic Survey conducted a seismic refraction survey aimed a determining the
structure of the crust and upper mantle. This survey was conducted primarily in the Arabian
Shield along a line from the Red Sea to Riyadh. Reports of crust structure found a relatively
fast velocity crust with thickness of 38-43 km (Mooney et al,1985; Mechie et al,1986;
Gettings et al,1986, Badri,1991). The crust in the western shield is slightly thinner than that
in the eastern shield.
Mooney et al.(1985) Suggest that the geology and velocity structure of the Shield can be
explained by a model in which the Shield developed in the Precambrian by suturing of island
arcs. They interpret the boundary between the eastern shield and the Arabian Platform as a
suture zone between crustal blocks of differing composition.
Surface waves observed at the long-period analog stations RYD (Riyadh), SHI (Shiraz, Iran),
TAB (Tabriz, Iran), HLW (Helwan, Egypt), AAE (Addis-Ababa, Ethiopia) and JER
(Jerusalem) were used to estimate crustal and upper mantle structure (Seber and Mitchell,
1992; Mokhtar and Al-Saeed,1994). These studies reported faster crustal velocities for the
Arabian Shield and slower velocities for the Arabian Platform.
The Saudi Arabian Broadband Deployment (Vernon and Berger et al., 1997; Al-Amri et al.,
1999) provided the first data set of broadband recordings of this region. This deployment
consisted of 9 broadband three-component seismic stations along a similar transect an early
seismic refraction study (Mooney et al., 1985; Gettings et al.,1986; Mechie et al.,1986 ). Data
from the experiment resulted in several studies and models (Sandvol et al., 1998; Mellors et
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al., 1999; Rodgers et al., 1999; Benoit et al., 2002). These studies provided new constraints
on crustal and upper mantle structure. The crustal model of the western Arabian Platform
shows a little higher P-velocity for the upper crust in the Shield than in the Platform and the
crustal Platform seems to have a greater thickness than in the Shield by about 3 km. The
Moho discontinuity beneath the western Arabian Platform indicates a velocity of 8.2 km/sec
of the upper mantle and 42 km depth (Al-Amri,1998;1999). Julià et al.([2003) presented
velocity models for the same stations, combining RF with surface wave dispersion data to
invert for structure. Al-Damegh et al. (2005) calculated RF’s for the Arabian Plate from
permanent broadband stations in Saudi Arabia (Al-Amri and Al-Amri, 1999) and Jordan
(Rodgers et al., 2003a).
Figure 2.3 shows the iasp91 model along with lithospheric velocity models from our earlier
work (Rodgers et al., 1999; Rodgers et al., 2001). As one can see iasp91 has no sediment
layer and the crustal thickness (35 km) is thin compared to the Arabian Platform model.
There are also differences between the mantle velocities.
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• Large (MW 6.0) 1980-present (Harvard CMT Project)

• Zagros Thrust-and-Fold Belt has many large earthquakes
• Great earthquakes have occurred along the Makran Thrust,
including the 1945 MW 8.1 event.
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Sedimentary Basin Structure in the Gulf is Very Deep
• This resulted from sedimentary deposition associated with the
Tethys Sea and recent uplift of the Zagros Mountains .
• Seismic velocities within the Gulf sediment structure are very
low Basin structure “traps” and “amplifies” seismic waves

48

49

50

METHODOLOGY
We improved our understanding of the crustal structures and upper mantle of the Red Sea and
the Arabian Shield using broadband waveform data from KACST Digital Seismic Network.
The proposed research includes standard seismological investigations as well as newly
developed techniques as follows :
Data Collection and Validation
The investigators wrote software to extract waveform data from the KACST data archive.
This software facilitated the extraction and exchange of seismic waveform and parameter
data.
In order to validate the station timing and instrument response we performed comparisons of
timing and amplitudes of P-waves for large teleseismic events at the KACST stations with the
Global Seismic Station RAYN. This station has well calibrated timing and instrument
response. The relative arrival times of teleseismic P-waves at the KACST can be accurately
measured by cross-correlating with the observed waveforms at RAYN and correcting for
distance effects. Absolute amplitudes of teleseismic P-waves at the KACST and RAYN
stations were measured by removing the instrument response, gain and band-pass filtering.
This study also considered many events and computed average travel time and amplitude
residuals relative to a globally averaged one dimensional earth model, such as iasp9l.
Although there were deviations between the timing and amplitudes of KACST P-waves from
the predictions of the iasp9I model (because of lateral heterogeneity) the tests were useful to
identify which stations might have timing and / or instrument calibration problems.
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Teleseismic Travel Time Tomography
A number of tomographic methods are available for using P and S wave travel time delays to
image upper mantle velocity variations (e.g., Thurber,1983; VanDecar,1991; Evans and
Achauer, 1993). We used these methods to image relative velocity variations in the upper
mantle beneath the Arabian Shield. An example of the results we obtained is provided by a
recent study by Benoit et al. (2002) of upper mantle P wave velocity structure under the
Arabian Shield. In this study, P wave travel time residuals were determined from the SABD
dataset using the multi-channel cross correlation (MCCC) method of VanDecar and Crossen
(1990) and then modeled using the inversion method of VanDecar (1991). The MCCC
method of VanDecar and Crossen (1990), which makes use of the waveform coherency that
is found across a regional network, involves three steps. First, the data is band-passed filtered
between 0.5 and 5 Hz. A cross correlation is then computed for all possible pairs of stations
to find the relative arrival times, and finally a least squares optimization scheme is applied to
the arrival times to minimize inconsistencies in the data. The uncertainties in the relative P
wave travel times obtained from the SABD dataset are about 0.1 to 0.15 seconds. After
computing the travel time residuals, they were inverted for P wave slowness and earthquake
relocations. The inversion searches for the smoothest model with the least amount of structure
that will match the data. The inversion is linear and minimizes both spatial gradients and
model roughness using a conjugate gradient scheme as shown in the flow chart. Root mean
square (rms) and variance reduction (VR) for each model are calculated as a measure of
misfit according to the following expressions:
N

rms =

N max
N

VR = {1−

∑ w i (obsi − theori ) 2
i=1

N

∑ (obsi − theori ) 2
i

∑ obsi

2

;

}100%

i
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where N is the number of selected periods for Love or Rayleigh wave dispersion at a given
station (typically, we consider 11 discrete periods spanning from 20 to 70 seconds for Love
waves, and 20 discrete periods spanning from 7 to 100 seconds for Rayleigh waves), and Nmax
is the number of periods for Rayleigh wave dispersion.

N max
is then a normalization factor,
N

which equalizes the relative significance of rms results for Love and Rayleigh wave
dispersion, given the fact that less data points are available for Love waves. wi is defined as
1/e (where e is the error of each point in surface wave dispersion curves) and is a relative
weight of each velocity measurement in the dispersion. If there is a large misfit at only period
of the group velocity dispersion, the above expression for rms would significantly impact the
result. However, the above expression for variance reduction would not significantly penalize
the result. Therefore, variance reduction is more appropriate measure of misfit than rms for
waveforms (receiver functions) with much larger number of points than in discrete dispersion
measurements, where it is important to fit the character of the waveform. rms and VR
expressions are used combined as criteria for selection and plotting small percentages of the
best models.
Overall, even though the resulting models consisting of 3-layer crust and a half space are in
many cases too simplistic, we note that some excellent matches of the data by the synthetics
were found, particularly in cases when only receiver function or only surface wave data
(either Love or Rayleigh wave dispersion) are considered.
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Receiver Functions
The use of P wave receiver functions to infer the existence of major crustal and upper mantle
discontinuities has become a standard technique in seismology. These methods are described
elsewhere (e.g., Langston,1979; Owens et al 1984; Ammon,1991) and consist of deconvolving
the vertical P wave component from the radial (and possibly tangential) component to expose
P-to-S converted waves in the P wave coda. The timing and amplitude of these conversions
are then modeled or incorporated in inversion algorithms to infer S wave velocity models and
the depth to the discontinuities. We performed P wave receiver function studies for some
stations of the network. To image crustal structure, we combined the receiver functions with
surface wave dispersion measurements out to 30 sec using the joint receiver function/surface
wave inversion method of Julia et al.(2000). This method, then, provides a simple way to
control trade-offs between fitting the receiver functions and the dispersion curves (normalized
by the data uncertainty and number of points), and also the trade-off between fitting the data
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and model smoothness. Both smoothness and weighting parameters are estimated empirically,
after running a suite of inversions.
The combination of receiver functions with surface wave dispersion measurements allowed
us to place tight constraints on average crustal S velocities and Moho depths.

Teleseismic Shear Wave Splitting
The most abundant and highly anisotropic upper mantle mineral, olivine, develops preferred
lattice orientations when deformed in the dislocation creep regime (Karato,1998). For large
strains, the olivine axes become parallel to the direction of shear. Therefore, measurements of
seismic anisotropy can be used to investigate mantle deformation. While seismic anisotropy
has been studied in several diverse tectonic settings, its interpretation in many cases is still
enigmatic. No tectonic environment has been more difficult to understand than rift zones.
Since Hess (1964) pioneering study of anisotropy in ocean basins, it has been expected that
extension should align fast directions of olivine parallel to the rifting direction through shear
in the lithosphere or asthenosphere. However, recent studies of seismic anisotropy from SKS
splitting in the Basin and Range (Savage et al.,1990), the Rio Grande Rift (Sandvol et
al.,1992), the Baikal Rift (Gao et al.,1997) and an area adjacent to the Red Sea Rift Zone
(Wolfe et al.,1999 ; Hansen et al., 2006) have not found extension parallel fast directions.
This suggests that flow in the asthenosphere is not completely driven by surface tectonics.
The anisotropic signature beneath continental rift zones can provide important constraints on
the mechanism of extension. For example, a passive model of continental rifting, where the
entire lithosphere is extended below the rift, would be expected to produce a lattice preferred
orientation (LPO) of olivine aligned parallel to the direction of extension. Active rifting,
involving thinning of the lithosphere through small-scale convection, might result in more
complex flow and therefore more complicated LPO alignments, depending on the details of
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the small scale convection. In addition to LPO developed during mantle flow, alternative
models for seismic anisotropy beneath rift zones include fossil LPO frozen into the
lithosphere during a previous tectonic event and the alignment of magmatic cracks. These
magma filled cracks are expected to align themselves perpendicular to the least compressive
stress direction, resulting in rift parallel fast polarization directions. This mechanism is
analogous to extensive dilatancy anisotropy, where parallel alignment of vertical, fluid-filled
microcracks in the crust produces anisotropy. It has been suggested as the dominant cause of
anisotropy beneath the Rio Grande and East African Rifts (Gao et al.,1997).
Results of previous research found a fast polarization direction parallel to the Red Sea Rift’s
spreading, by modeling far-regional surface waves (Schwartz et al.,2000). That study
estimated crustal and upper mantle velocity structures for the Red Sea Rift Zone were derived
by modeling regional and far-regional body and surface waveforms. The best-fit model had a
17 km thick crust with anomalously low upper mantle velocities (Vp=7.7 km/s) underlain by
a significant low velocity zone. Velocity models that fit the radial and vertical waveforms are
unable to accurately predict the Love wave on the transverse component. Including 3-4%
faster SH than SV velocities in the upper mantle replicates the Love wave and points to a fast
anisotropic polarization axis parallel to the rift’s spreading direction. These results are in
direct contradiction to the SKS splitting results of Wolfe et al. (1999) and require further
investigation of the anisotropic structure beneath the Red Sea Rift zone to understand its
origin and relationship to the geodynamic processes involved in continental rifting.
Here we used the KACST data set to address this very important problem. Specifically, we
measured teleseismic shear wave splitting in S and SKS phases recorded by 26 broadband
stations of the KACST network that border the Red Sea in Saudi Arabia. S and SKS splitting
parameters were analyzed for the possibility of lateral variations in anisotropic structure and
dipping symmetry axes. Dipping symmetry axes were not considered in any of the previous
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studies of rift zone anisotropy, but may be able to reconcile the apparent difference in fast
polarization directions obtained from body and surface waves for the Red Sea Rift Zone.
Regional and far-regional surface waves from moderate sized events in the Red Sea region
recorded by all available stations in the area were modeled to increase the surface wave
observations and confirm or refute our previously obtained extension parallel fast propagation
direction. The S, SKS and surface wave anisotropy results were combined in an attempt to
construct a consistent model for mantle flow beneath this rift zone.
The study of Wolfe et al. (1999) as well as most shear wave splitting studies concentrate on
the SKS phase and average individual splitting measurements (fast polarization directions and
delay times) made from events at various back-azimuths to obtain station averages. SKS is
the favored phase because it passes through the liquid outer core and any effects of sourceside splitting are obliterated due to its complete conversion to compressional motion in the
outer core. This property of outer core traversing waves renders them very powerful to study
receiver side anisotropy. The tendency to average individual splitting parameters is primarily
due to the relatively small number of observations at each station (since SKS phases alone are
favored) and large measurement errors. Averaging splitting parameters implicitly assumes
that the anisotropy is adequately described by a single anisotropic region of hexagonal
symmetry with the olivine axes oriented horizontally, thus implying horizontal flow. This
may not always be a valid assumption so rather than averaging individual splitting parameters
obtained from different events to produce station averages, we analyzed the dependence of
splitting parameters on arrival directions. This allowed us to determine: 1) if waves from
different directions sample different anisotropic regions; and 2) if the anisotropic medium has
a symmetry that is more general than hexagonal with a horizontal symmetry axis.
Although S phase splitting is more difficult to interpret than SKS, since its splitting could
have occurred anywhere along its propagation path, the inclusion of S phases greatly
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increases the range of available incidence angles and back azimuths and allows interpretation
of individual splitting measurements. We incorporate S wave splitting in this study and
remain aware of the possibility of source-side anisotropy for the S phases. We however,
preferably analyzed S phases from deep focus events to minimize this effect.
We used the horizontal velocity traces to obtain the splitting parameters. For SKS phases we
rotated and shifted the two components to find those parameters (polarization direction, phi
and delay time, ) that minimize the energy on the transverse component and render the
particle motion most linear, that is, we minimized the smallest eigenvalue of the covariance
matrix. For S we used this covariance method. Measurement errors were estimated by the
commonly used F test method.

Regional and far-regional surface wave modeling
While knowledge of the velocity structure of northeastern Africa is important for
understanding its tectonic development, progress has historically been hindered by both a lack
of large African earthquakes and the sparseness of seismic stations at regional distance from
seismic sources. Although large African earthquakes are still quite rare, station coverage in
the area of the Red Sea Rift is now sufficient for regional waveform modeling of relatively
pure paths traversing the Red Sea. We tested and refined our previously derived model of the
crust and upper mantle structure beneath the Red Sea Rift zone through waveform modeling
at regional and far-regional distances. Events with high signal to noise with known focal
mechanisms were culled to insure that the data possess distinct compressional, shear, and
surface wave arrivals. Processing and modeling of the data were proceed following
procedures used by Rodgers and Schwartz (1998) and Rodgers et al. (1999) and includes:
deconvolution of the station response to ground displacement;
initial band-pass filtering between 5-100 seconds;
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rotation of horizontal components to the great-circle coordinates; and
application of a grid-search algorithm to determine crustal and mantle parameters that best-fit
both the surface and body waves in the period ranges between 20-100 s.
Modeling surface and body waves together provides better constraints upon the crustal and
upper mantle structure than modeling selected portions of the seismograms because it
includes information about the surface wave group and phase velocities plus the body wave
arrival times and their relative amplitude to the surface waves.
Using a range of velocity and layer thickness parameters, a suite of models is created and
synthetic reflectivity seismograms (Randall,1994) generated for each. The best parameters are
chosen by calculating a normalized least-squares misfit between the data and synthetic
components. Initial iterations focus on constraining the crustal velocities and thickness
through fitting the absolute timing, amplitude, and dispersion of the Love and Rayleigh
surface wave packets. Later iterations involve varying lid and upper mantle thickness and
gradients, allowing shear velocity to increase independently of the P/SV velocity structure if
necessary to fit the transverse and radial component surface waves and the P and S body wave
arrivals and amplitudes.
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RESULTANT CRUSTAL MODELS
Teleseismic data recorded on broadband instruments from four different seismic arrays were
used in this study. The largest array, KACST seismic network, includes 27 broadband stations
distributed along the eastern edge of the Red Sea and across the Arabian Peninsula. KACST
data from events occurring since 2000 were used. To supplement the KACST coverage, we
also analyzed data recorded by the eight IRIS-PASSCAL Saudi Arabian Broadband Array
stations, which operated from November 1995 to March 1997, data from two stations
deployed in Jordan, which operated between 1998 and 2001, and data recorded by two
stations in the UAE from 2003 and 2004
S-waves with high signal-to-noise ratios were selected from earthquakes with magnitudes
larger than 5.7 in a distance range of 60° to 85°. Waveforms were first rotated from the N-EZ to the R-T-Z coordinate system using the event’s back-azimuth and were visually inspected
to pick the S-wave onset. The three-component records were then cut to focus on the section
of the waveform that is 100 s prior to the S-wave onset and 20 s after. To more clearly detect
Sp conversions, the cut R-T-Z data must be further rotated around the incidence angle into the
SH-SV-P coordinate system and deconvolved. This second rotation is critical because if an
incorrect incidence angle is used, noise can be significantly enhanced and major converted
phases may become undetectable. A subroutine was developed, based on the approach of
Sodoudi (2005), which rotates the cut R-T-Z seismograms through a series of incidence
angles, from 0° to 90° in 3° increments, to create a set of quasi-SV and quasi-P data. Each
quasi-SV component is then deconvolved from the corresponding quasi-P component using
Ligorria and Ammon’s iterative time domain method, which creates a SRF. To make the
SRFs directly comparable to PRFs, both the time axes and the amplitudes of the SRFs must
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be reversed. Using this approach, 31 different SRFs, corresponding to the 31 different
incidence angles examined, are created for each event at a given station.
To limit our examination to the true P, SV components and their corresponding receiver
function, we found the incidence angle that minimizes the direct S-wave energy on the Pcomponent. On the time-reversed receiver functions, the direct S arrival is at 0 s. Therefore,
we are only interested in the receiver function whose mean amplitude is closest to zero at zero
time. A second subroutine was developed to examine all the generated receiver functions for
a given event and determine which record best meets this criteria. The P, SV components and
the corresponding receiver function with the appropriate incidence angle are retained, and the
remaining records are discarded.
Once receiver functions were generated for all events at an examined station, a move-out
correction was applied to the receiver functions to correct for variations in distance between
events. Again, to make the SRFs directly comparable to PRFs, we used a reference slowness
of 6.4 s/deg. Each individual receiver function is then visually inspected and compared to
previously determined PRFs at the same station to identify the Moho phase. Only SRFs that
display a clear Moho conversion at the appropriate time are used for further analysis. These
records were then stacked to obtain a better signal-to-noise ratio for the weaker LAB phase
(Lithosphere / Asthenosphere Boundary).
It should be noted that a similar approach to that outlined above was also used to examine
SKS arrivals. In this case, we examined earthquakes with magnitudes larger than 5.6 in a
distance range from 85° to 120°. However, it was discovered that the SKS arrivals do not
generate clear Sp conversions given their steeper angles of incidence. Therefore, further
examination of SKS receiver functions was not pursued.
Synthetic receiver functions were generated using the reflectivity method to match the
amplitude and timing of both the Moho and LAB conversions on the stacked SRFs. Using the
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programs “icmod” and “respknt”, the responses of an incoming S-wave to different threelayer velocity models were generated. These synthetic responses were then processed using
the same approach outlined previously to obtain the synthetic SRFs. The amplitude and
timing of the phases on the real and synthetic receiver functions were matched by adjusting
the crustal, upper mantle, and lower mantle velocities as well as the depth of the Moho and
the LAB. While these values varied from station to station, the average crustal and upper
mantle S-wave velocities needed to fit the Moho amplitude were about 3.6 and 4.5 km/s,
respectively. These are similar to the S-wave velocities used to fit the Moho amplitude on the
SANDSN PRFs. To fit the LAB amplitude, an average lower mantle velocity of about 4.2
km/s is required. In all cases, a default Poisson’s ratio of 0.25 was used.
It should be noted that the average shear velocities and default Poisson’s ratio used to
generate the synthetics differ from those found by waveform modeling. Rodgers et al.(1999)
reported average crustal S-wave velocities of 3.7 and 3.5 km/s and average upper mantle S
velocities of 4.3 and 4.55 km/s for the Arabian Shield and Platform, respectively. In addition,
the reported Poisson’s ratio in the Arabian Shield mantle was 0.29 while in the Platform it
was 0.27. Testing reveled that the waveform modeling velocities did not fit the SRF phase
amplitudes as well, but the timing of the phases only changed by a few tenths of a second.
Therefore, the difference in shear velocities only leads to a few kilometers difference in
depth. However, the timing of the phase conversions is more dependent on the Poisson’s
ratio. Larger Poisson’s ratios, such as those suggested by the waveform modeling, result in
earlier arrivals and hence shallower depths. Several tests were performed to examine how
much the Moho and LAB depths changed when using the Shield and Platform Poisson’s ratio
values. Based on the amount of variation observed, the reported Moho and LAB depths are
accurate to within 5 and 10 km, respectively.
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Seafloor spreading in the Red Sea is non-uniform, ranging from nearly 0 cm/yr in the north to
about 2 cm/yr in the south. Given the configuration of stations, we focused our examination
along profile AA’, which extends from the southern Red Sea Rift axis inland to station
HASS. This allowed us to examine the most extensively rifted portion of the lithosphere as
well as the structure beneath both the Arabian Shield and Platform. However, for comparison,
we also examined the more northern profile BB’, which extends from the northern rift axis
across the Arabian Shield to station ARSS.
Similar to profile AA’, the Moho and LAB along BB’ are shallowest near the Red Sea and
become deeper towards the Arabian interior . Near the coast, the Moho is at a depth of about
22-25 km. Crustal thickening continues until an average Moho depth of about 35-40 km is
reach beneath the interior Arabian Shield. The LAB near the coast is at a depth of about 55
km; however it also deepens beneath the Shield to attain a maximum depth of 100-110 km.
These boundary depths are comparable to those at similar distances along profile AA’
(Hansen et al., 2007).
The lithospheric structure along profile BB’ was also tested by comparing its predicted
gravity signature to data collected by the GRACE satellites. The same density values for the
Arabian Shield used in the examination of profile AA’ were employed. In addition, since
profile BB’ has fewer stations and therefore fewer constraints, we set the lithospheric
thickness beneath the rift axis to be similar to that on profile AA’ and examined if the
calculated gravity signature is consistent with the recorded data. Small-scale recorded gravity
observations can be matched very well by slightly adjusting the Moho and LAB boundaries
(within the estimated error). Broad-scale gravity observations are also well fit by a shallow
asthenosphere beneath the Red Sea. These results demonstrate that while seafloor spreading is
not as developed in the northern Red Sea, the lithosphere has still been thinned and eroded by
rifting processes (Hansen et al., 2007).
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Al-Amri et al. (2004) performed the grid search using travel time data sets: (a) Pn and Pg; and
(b) Pn, Pg and Sg. In order to select a single velocity model to be representative of the paths
sampled, they made use of the results of a seismic refraction (Ginzburg et al., 1979 ; El-Isa,
1990 and Seber et al., 1997. Their grid search results with the thicker crusts (28-30 km) are
consistent with these earlier studies. The preferred model has a crustal thickness of 28 km for
the Gulf of Aqabah
Velocity Model for the Gulf of Aqabah/Dead Sea Region
DEPTH (KM)

THICKNESS(KM)

VP (KM/S)

VS (KM/S)

0

2

4.50

2.60

2

5

5.50

3.18

7

10

6.10

3.52

17

11

6.20

3.60

28

∞

7.80

4.37

VP and VS are the P- and S-wave velocities, respectively.

Earlier work with waveform data from the 1995-1997 Saudi Arabian Broadband Deployment
by the University of California, San Diego (UCSD) and King Saud University resulted in
models for the Arabian Platform and Arabian Shield (Rodgers et al., 1999). In that studied
Love and Rayleigh wave group velocities were modeled to estimate average one-dimensional
seismic velocity models of the two main geologic/tectonic provinces of Saudi Arabia. A grid
search was used to quickly find a range of models that satisfactorily fit the dispersion data,
then that range of models was explored to fit the three-component broadband (10-100
seconds) waveforms. The resulting models revealed significant differences between the
lithospheric structure of the two regions.
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Velocity Model for the Arabian Shield Region
DEPTH (KM)

THICKNESS(KM)

VP (KM/S)

VS (KM/S)

0

1

4.0

2.31

1

15

6.20

3.58

16

20

6.80

3.93

36

∞

7.90

4.30

Velocity Model for the Arabian Platform Region
DEPTH (KM)

THICKNESS(KM)

VP (KM/S)

VS (KM/S)

0

4

4.00

2.31

4

16

6.20

3.64

20

20

6.4

3.70

40

∞

8.10

4.55

To check the validity of the Arabian Platform, we measured Rayleigh and Love wave group
velocities for a number of regional events from the Zagros Mountains and Turkish-Iranian
Plateau. Paths from these events to the SANDSN stations sample the Arabian Platform.
Generally, we would suggest that low velocity beneath the Gulf of Aqabah and southern
Arabian Shield and Red Sea at depths below 200 km are related to mantle upwelling and
seafloor spreading. Low velocities beneath the northern Arabian Shield below 200 km may be
related to volcanism. The low velocity feature near the eastern edge of the Arabian Shield and
western edge of the Arabian Platform could be related to mantle flow effects near the
interface of lithosphere of different thickness.

65

The results for crustal structure are consistent with previous studies where applicable. New
results for the lithosphere suggest that the mantle lithosphere is thin and the LVZ is
significant near the Red Sea, where rifting is active. The mantle lid thickens away from the
Red Sea in the Arabian interior. Furthermore our results indicate the presence of polarization
anisotropy in the lithospheric upper mantle, in the vicinity, as well as farther away from the
Red Sea. Our modeling suggests vSV > vSH in the southern part of the Red Sea, consistent
with vertical flow, and vSH > vSV in the northern part of the Red Sea and the continental
interior, as is commonly reported in the continents. The Moho appears to be gradational, but
the crustal thickness does not exceed 40 km, which is consistent with vp/vs analysis and
inconsistent with a grid search analysis for receiver functions fits only. The mantle velocities
are consistent with stable continental values.
Teleseismic shear-wave splitting along the Red Sea and across Saudi Arabia reveals that
stations in the Gulf of Aqabah display fast orientations that are aligned parallel to the Dead
Sea Transform Fault. However, our observations across Saudi Arabia show a consistent
pattern of north-south oriented fast directions with delay times averaging about 1.4 s. While
fossilized anisotropy related to the Proterozoic assembly of the Arabian Shield may contribute
to our observations, we feel that the anisotropic signature is best explained by a combination
of plate and density driven flow in the asthenosphere. Shear caused by the absolute plate
motion, which is directed approximately 40˚ east of north at about 22 mm/yr, may affect the
alignment of mantle minerals. Combining the northeast oriented flow associated with
absolute plate motion with the northwest oriented flow associated with the mantle plume
beneath Afar generates a north-south oriented resultant that matches our splitting
observations.
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S-Wave RF’s Reveal Lithosphere-Asthenosphere
Boundary (LAB)
Receiver Functions (RF) Isolate mode conversions
(P-to-S and S-to-P)

PRF: Deconvolve vertical from the radial
SRF: Deconvolve radial from the vertical
SRF: Sensitive to Moho and lithosphere-asthenosphere boundary
(LAB) and is not masked by crustal reverberations
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S-Wave RF’s: Processing and Modeling
Individual RF’s selected only if clear Moho signal is observed and
is consistent with previous P-wave RF (Ps Moho - P time)
Selected individual SRF’s stacked
SRF stacks modeled with reflectivity synthetics
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S-Wave RF’s: Modeling Results
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LAB Depth Results Across Arabia

Shallow (40-60 km) LAB along Red Sea coast and Gulf of Aqaba
Thickens (80-120 km) toward interior of Shield
Step (20-40 km) across the Shield-Platform boundary
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Modeling Provides Moho and LAB Depth Uncertainties

Uncertainties in estimated Moho and LAB depths were
inferred from modeling observed SRF’s and finding the
range of model parameters that provide an adequate fit.
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Lithospheric Cross-Section Predicts Gravity
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Lithospheric Structure Supports Active Rifting
Mechanism (Currently )
Passive Rifting

Active Rifting

We observe lithospheric thickening that is symmetric about rift
axis, consistent with active mechanism.
Geologic evidence indicates that rifting was initiated by passive
mechanism.
We conclude Red Sea rifting has two-stages: initiated passively,
then maintained actively.
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Seismic Anisotropy from Shear Wave Splitting
25

KACST BB stations

8

1995-7 temporary PASSCAL (UCSD)

2

Temporary in Jordan
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Shear-Wave Splitting Results
Average splitting is remarkably uniform
Generally north-south fast direction, ~ 1.4 sec
Consistent with Wolfe et al. (1997) for PASSCAL array
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Shear-Wave Splitting Interpretation
North-South fast-axis can result from vector addition of channelized flow
along the Red Sea and absolute plate motion (APM).
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Teleseismic Travel Time Tomography
• Follows method of Van der Carr (1990)
• Measures travel times teleseismic P- and S-waves across
network by multi-channel cross-correlation
– P-waves 0.5-2.0 Hz
– S-waves 0.04-0.1 Hz
• Uses non-linear 3D ray-tracing

P: ∆ = 30º-90º
PKP: ∆ = 110º-140º
462 events
1777 ray paths
S: ∆ = 30º-65º
SKS: ∆ = 65º-85º
265 events

77

Cross-Correlation Produces Accurate Relative Travel
Times

Aligned P-waves

Aligned S-waves
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Model Domain Covers Most of Arabian Peninsula

Number of knots in radius = 34, latitude = 56, longitude = 56
Total number of knots = 106624
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P- Wave Results
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S-Wave Results
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P- Wave Anomaly Tests
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S-Wave Anomaly Tests

83

Unit 4

Identification and Delineation of Seismic Zones
In the identification and delineation of seismic source zones for western Saudi Arabia, some
criteria were followed and utilized as guidelines. The criteria are:
1. Seismological parameters- map of the planar distribution of earthquake epicenters (fig. 5)
that could indicates both seismogenic provinces and seismoactive faults, and occurrence. Of
large earthquakes, the level of which depends upon on the seismic activity in the region.
When required and necessary, the magnitudes can be converted to energy values to show the
energy flux distribution for better correlation. This procedure can also be applied to the
parameter intensity by means of an appropriate conversion relation or conversely a
distribution map of the observed maximum intensities in the region. Historical earthquakes
are described mostly in terms of intensity and it would seem appropriate to use this parameter
as an additional guide. In using the spatial distribution of epicenters as a guideline,
boundaries of zones are drawn in such a way that a cluster or more clusters of earthquakes are
included and crossed the region of minimum density of epicenters, but do not intersect the
main tectonic provinces. The scatter of few seismic data over a wider area could lead to the
formation of a seismic source zone with one event, provided the magnitude level is high
compared to the level of background seismicity in the region. In principle, this system of
clustering can also be applied to energy or intensity distribution to draw the boundary lines
that encloses a particular seismic zone same as with the denseness of the epicenters of
earthquake events.
2. Geological parameters- map of regional tectonics in the area ( figs.1-3) which indicates
the location of joints, faults, lineaments and rift systems that are associated with seismic
activities. Fracture dislocations are the sources of seismic events. Seismogenic source zones
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are selected that are composed of a system of faults or lineaments or rift zones whose
boundaries do not traverse generally other tectonic units.
3. Geophysical parameters- maps of heat flow and gravity anomaly distributions are useful
in the interpretation on the nature of geologic structures. As can be seen on the two maps,
there were gradual and distinct changes on the contours shapes and values. The contours
shapes and spacing seemed to be consistent with the tectonic locations and orientations in the
region. Seismic source zones boundaries are therefore drawn on these distinct or gradual
changes.
The boundaries were the results in the inter-agreement of the 3 criteria, with the higher
priority given to the spatial distribution of the earthquake epicenters due to statistical needs in
seismicity investigation. Likewise, it is observed that some earthquakes cannot be connected
to some line sources.
From these considerations, there were twenty five (25) identified and delineated seismogenic
source zones for Saudi Arabia (fig. 6 and table 1). The seismogenic source zones are as
follows:
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Table 1. Seismogenic Source Zones of The Arabian Peninsula
Zone

Name

Cooridinates

No.
1

2

3

4

5

6

7

Lat. N
Gulf of Suez

Gulf of Aqabah-Dead Sea

Tabuk

Northwestern Volcanic Zone

Midyan-Hijaz

Duba-Wajh Area

Yanbu

86

Long. E

30.28

31.23

31.27

32.22

27.14

33.87

27.81

34.70

32.31

35.22

32.28

36.48

28.33

33.30

27.81

34.73

28.81

34.02

32.28

36.48

29.33

35.62

28.29

39.75

26.35

37.73

26.35

37.73

22.36

40.81

23.33

41.72

28.29

39.75

28.33

35..30

29.33

35.62

21.72

40.24

22.36

40.81

28.33

35.30

26.62

33.25

23.82

35.74

25.62

37.58

23.82

35.74

Area
(KM2)
32058

43050

85032

98618

36638

67476

49614

Zone

Name

Cooridinates

No.

8

9

10

11

12

13

Lat. N

Southern Red Sea-Jeddah

Makkah Region

Southern Red Sea-Al Darb

Abha-Jizan

Southwestern Arabian Shield

Gulf of Aden
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Long. E

25.62

37.58

21.34

37.22

23.37

39.26

21.34

37.22

23.37

39.26

18.20

38.82

19.58

41.42

21.72

40.24

23.33

41.72

18.83

41.84

20.62

43.35

18.20

38.82

19.58

41.42

15.88

43.44

12.65

42.98

18.83

41.84

20.62

43.35

15.88

43.44

17.32

45.27

15.88

43.44

12.65

42.98

17.32

45.27

13.66

46.18

12.65

42.98

10.37

44.23

16.12

54

14.05

54.61

Area
(KM2)

78009

44958

112358

44958

67323

335851

Zone

Name

Cooridinates

No.
14

15

16

17

18

19

20

Lat. N
Sirhan-Turayf-Widyan Basins

Najd Fault Zone

Central Arabian Graben Zone

Arabian Gulf

Zagros Fold Belt

Sanandaj-Sirjan Ranges

Southern Yemen
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Long. E

32.28

36.48

32.01

47.13

26.46

41.72

28.29

39.75

28.29

39.5.75

20.62

48.36

17.32

45.27

20.2

43.1

23.33

41.75

26.46

41.72

30.86

46.02

23.52

51.46

20..62

48.36

30.86

46.02

32.01

47.13

25.96

54.17

23.52

51.46

32.01

47.13

32.01

50.11

27.31

55.6

25.96

54.17

32.01

50.11

32.0

53.84

28.8

57.3

27.31

55.6

17.32

45.27

20.62

48.36

16.12

54.0

Area
(KM2)
343516

379730

533174

257798

160644

148636

408636

Zone

Name

Cooridinates

No.

21

22

23

24

25

Lat. N

Rub Al Khali-Ghudun Basins

Bandar Abbas-Dibba Region

Makran-Hawasina Thrust Zone

East Sheba Ridge

Masirah Fault Zone
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Long. E

13.66

46.18

20.62

48.36

24.16

52.22

19.69

57.32

16.12

54.0

18.02

55.62

24.16

52.22

28.8

57.3

27.5

58.48

22.85

53.76

22.85

53.76

27.5

58.48

24.88

61.68

19.69

57.32

16.12

54.0

18.02

55.62

14.09

59.46

11.99

57.44

14.05

54.61

18.02

55.62

24.88

61.68

14.09

59.46

19.69

57.34

Area
(KM2)

403580

140096

324060

209585

238136

Figure 6. Seismic Source Zones of the Arabian
Peninsula and Adjoining Regions
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Characterization of Seismic Zones
1. Data Sources and Periods of Observation
In the statistical characterization scheme for the seismogenic source zones in the Arabian
Peninsula, different set of seismic data for 2 observation period were compiled and analyzed.
The set of observation period were as follows:
(a)

Historical period : 112 – 1964 AD

(b)

Instrumental Period : 1965- 2007 AD

The main seismic data sources for the 2 period of seismic observation were the seismological
catalogues from USGS (PDE/EDR : 1963-2007), IPRG (1927-1999), and Ambraseys (1121992 AD). These data sources were merged together to give the main database for statistical
analysis for the seismicity parameters and related topics. A counter-checking of all the
relevant data entries in the catalogues was undertaken to ensure non-duplication of the same
earthquake events. For each seismic zone, the minimum magnitude value is 4.0 for all the set
of observation period. Under (a), the magnitude type is the surface wave (Ms), while for (b)
and (c) is the body-wave (mb) that were used respectively in the seismic analysis. These are
due to the reasons that the bulk of seismic data is Ms in (a) and mb in (b) and (c).
Different types of magnitude occur in the seismological catalogues which include intensity
data from historical events. To have complete, homogenous, and consistent database, there
was a need for converting one type of magnitude to the other types or other seismic
parameters. The utilized conversion equations were:
Ms= 0.53 Io + 2

(1)

mb = 0.46 Io + 2.53

(2)

mb = 0.87 Ms + 0.79

(3)
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where Io is the epicentral intensity in the MSK intensity scale and the other parameters were
as defined formerly. The above empirical relations were taken from Al-Amri et al. (1998). It
is assumed that the local magnitude (Ml) is equivalent to Ms. The duration/coda magnitude is
the same as mb. These two types of magnitudes (Ms, mb) are presumed to be generally the
respective standard values as bases in the determination of the empirical relations for Ml and
Md used by some seismological agencies in the EMR.

2. Seismicity Parameters
The compiled seismic data in each seismogenic source zone in each observation period were
analyzed to obtain the respective values of the seismicity parameters a and b. The cumulative
frequency-magnitude relation
Log N (M) = a – bM

(4)

was applied in the determination of the seismicity parameters in each source zone. M is the
magnitude, N is the total number of events equal and larger than M, a is the seismicity index
parameter, and b is the parameter related to the applied stress. This relation (4) was utilized
due to the following reasons:
(a)

there were zero number of events in some magnitude intervals

(b)

the cumulative number of events is directly given by the observed data.

The analysis performed and conducted in each seismic source zone using (4) is carried out
into magnitude intervals of increasing increment of 0.1 magnitude unit starting from 0.1 up to
0.5. From these analyses, the best fit was selected as the most representative cumulative
frequency-magnitude relation for each observation period in each seismogenic source zone.
There is no fast and hard rule in eliminating foreshocks, aftershocks, and swarm type of
earthquake events from the normal background seismicity of an area. Aside from review of
the seismic data, the second approach is to remove the excess number of events that deviate
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from the general linearity of (4) to diminish the influence of the other type earthquake regime.
The omission of aftershocks resulted in the decrease of b by amounts smaller than 0.1. This
value falls within the range of standard deviations or differences caused by working
procedures (Karnirk 1969). A more substantial influence cannot be excluded when strong
shallow earthquakes are followed by numerous aftershocks and the period of investigation
coincides with such sequence.
In the majority of cases for the seismogenic source zones with sufficient data, the distribution
of representative values of Log N(M) plotted for equal magnitude classes fits a straight line
fairly well within a certain range of magnitude. A steeper change of slope is observed to occur
within the higher magnitude classes and lower slopes for the lower magnitude classes. The
earthquakes whose magnitude values fall in the non-linear part are called characteristic
earthquakes of the region. Such a pattern is often observed in regions of moderate seismicity
as observed in some of the selected seismogenic source zones in the region, where return
periods of the large earthquakes exceed the period of observation.
Calculations for the seismicity parameters were undertaken in each observation period in each
seismic source when the number of data are equal to 9 and above. It is shown by Aki (1965),
that for smaller number of events, the upper and lower confidence limit for the b value is
large even with small probability. Although the minimum number of events that can be used
in calculation of the seismicity parameters is 4, the validity of the results are uncertain
(Welkner 1967).

(3) Maximum Magnitude
It should be noted that the hypothesis of linearity in (4) is correct only if the considered
magnitude interval is not too large. It is also clear that this may end to unrealistic results the
extrapolation of (4) in magnitude ranges outside the observed data. This is mainly due to the
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absence of a limiting value for M, while it is evident that such limits must exist due to
physical consideration. Hence, (4) is supposed to be valid only for magnitude less than or
equal to a limiting value Mt, giving Log N(M) =0 when M> Mt (truncated distribution). An
upper magnitude limit has to be defined, chosen as Mmax = (a/b) where a and b are the
constants in (4). This Mmax refers only to the limited data upon which (4) is regressed.
Mmax is not the absolute maximum magnitude, but only relative to the utilized data.

Modeling of Seismic Zones
The empirical and theoretical correlational methods and distribution function that were
applied in the western part of Saudi Arabia seismogenic source zones are similarly utilized
for the eastern section. This approach is conducted to maintain uniformity and homogeneity
of results.
The seismotectonic modeling of the seismogenic source zones of the Arabian Peninsula were
based on the following empirical and theoretical correlations. The empirical correlation was
taken from observation of earthquakes occurring in tectonic structures (Gubin 1967; Allen
1975). These are as follows:
1. Correlation between seismic and tectonic data
(a) Earthquakes do not occur everywhere, but only in definite tectonically active areas and in
strong accordance with movement and deformation of geological structures. Globally, there
were close relation between active faults and strong earthquakes, but the relations are not so
strong in other areas characterized by less long term seismicity. The Earth is partitioned
among large seismogenic and aseismogenic belts, which are apportioned further into smaller
source zones. The seismogenic source zones have active faults at different depths, concealed
in the depth or exposed on the surface. A seismogenic zone is therefore a main unit that
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determines the seismic conditions of a territory. The source zones are of different size and
kind. In every zone occur earthquakes up to a definite value of the seismic parameters. These
are due to varying size, degree of competency, and rate of movement, so that earthquakes
correspondingly vary with the parameters.
(b) Major earthquakes occur along tectonically active source zones having large faults. The
zones which divide geological units having different history of development and large
difference in rates of movement are the most seismically active. The larger is the disturbed
structure and the greater is its competency, the larger is the fault plane affected by the abrupt
movements and the sronger will be the earthquake. Correspondingly, every group of
homogeneously disturbed structure with definite competency and size has a definite ceiling of
magnitude value. The more is the rate of structure movements along a fault and the less is the
competency of these structures, the more rapidly the stress needed for an abrupt displacement
of a structure along a fault is accumulated and the more often arise earthquakes of the
maximum magnitude value for this structure. Every tectonically active source zone has its
own rate of movement along it and corresponding frequency of earthquake occurrences.
(c) Geological structures move abruptly on faults along tectonically homogeneous active zone
not simultaneously but alternatively in different places of the zones. Alternatively, in different
places in this zone arise earthquake of maximum magnitude for this zone. When a source of
an earthquake of certain maximum strength was recorded in this homogeneous active zone,
then earthquake of the same strength can occur anywhere along this zone. In other word, the
probability of such an earthquake can be extrapolated and interpolated along homogeneous
tectonically active zones.
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2. Correlation between Earthquake Frequency and Mechanics of Faulting
The geological interpretation of the mechanism of an earthquake could possibly have started
by Lawson in 1908, which was translated by Reid (1910) into quantitative terms (Lomnitz
1987). The concept established the theoretical and physical correlation between occurrence of
earthquakes and deformation of tectonic structures.
The most important parameter in mechanics of faulting as related to occurrence of a seismic
event is the seismic moment Mo (Aki & Richards 1980; Burridge & Knopoff 1964; Keilis
Borok 1959)
Mo = uAD = uLWD

(1)

where u is the rigidity, A is the fault plane area, L and W are the length and width of the fault
respectively, and D is the displacement. The amplitude of the long period waves is
proportional to the seismic moment. Since the surface magnitude (Ms) is calculated by
measuring the amplitude of the long period wave, there exist a close relationship between Mo
and Ms, and so with Mo, length and displacement arising from static similarity. For this
study, the relationships are obtained empirically, which is a world-wide data collection of
corresponding magnitude, moment, length, width and displacement. The empirical
relationships that were obtained are as follows:
Log Mo = [(1.62+-0.112)Ms + 15.1] +-0.3

(2)

Log Mo = [(2.54+-0.087)Log L + 22.56] +-0.31

(3)

Log Mo = [(2.61+-0.28)Log D +26.32] +-0.44

(4)

From (2-4), the following equations can be obtained when the standard deviation and
standard error of estimate are not incorporated
Log L = 0.64Ms – 2.94

(5)

Log D = 0.62Ms – 4.3

(6)
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Equation (2) is within the range of values (1.5-1.7) as obtained by Kanamori (1977), Hanks &
Kanamori 1979; Brune 1968; Scholz 1982; Wyss and Brune (1968), and others. Equations (5)
and (6) are close to Matsuda (1975) results which are 0.6, 2.9: and 0.6, 4 for the coefficients
and constants respectively. The rupture is assumed to take place in the entire length of the
homogeneous part of the fault or portion for segmented fault. The constraining equations for
the fault length, dislocation, and magnitude are from (2-4)
1.52LogD + 7.25 < Ms < 1.69LogD + 6.65

(7)

1.55LogL + 4.36 < Ms < 1.6LogL + 4.94

(8)

The magnitude frequency relation of earthquakes satisfies the empirical relation (Gutenberg
& Richter 1954)
Log N = a – bMs

(9)

where N is the number of magnitude Ms or greater, a and b the seismicity parameters.
Equation (9) holds down to the level of micro-events (Mogi 1962; Scholz 1968) which
indicates a fundamental physical understanding of the fracture process can be known if the
relation can be explained completely. The Mo and Ms are both measures of the strength of an
earthquake, so that (9) can be expressed in terms of Mo by means of (2). The theoretical
consideration that the magnitude scale saturates at higher values of magnitude, but not with
Mo is appropriate to substitute the seismic moment frequency relation for characterizing
earthquake occurrences. From (2) and (9), a power law size distribution of earthquakes can be
obtained (Wyss 1973)
N(Mo) = Amo(-B)

(10)

A = exp[(a + bc/d)ln10]
B = b/d
where a and b, c and d are the constant and coefficient in (9) and (2) respectively. From Wyss
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(1973), the total moment of a given earthquake population is the integral
Mo(tot) = (AB/(1-B)[Mo(1-B)]

(11)

where the upper and lower limits of integration are Mo(max) and Mo(min) as the maximum
and minimum seismic moment in a given earthquake population respectively. In (10) it is
assumed that the Mo(max) is attained when N(Mo)=1, so that A=MoB. Likewise, in (9) the
Mmax is also attained when N(M) =1. If Mo(min) is insignificant compared to Mo(max), (11)
becomes approximately equal to
Mo(tot)= B/(1-B)Mo(max)

(12)

From Wesnousky et al (1983), the repeat time (Tmax) of (11) is
T(max) = Mo(tot)/Mo(g)

(13)

where Mo(g) is the geologically assessed rate of moment release on a fault.
In (6), the recurrence time (Tmax) of an event with dislocation D is
T(max) = D/S

(14)

where S is the linear average seismic slip rate.
The geologically assessed rate of moment release is not available in eastern Saudi Arabia. To
be able to utilize the concepts enunciated in (9-14) for the correlation of regional seismicity to
tectonics, there was a need to treat the 3 set of seismic data (historical, instrumental, recent)
into one group in each seismogenic source zone in terms of Ms, to obtain the required
parameters. The conversion equation was (Al-Amri et al 1998; Al-Amri 1994)
Ms = 1.14 Mb -0.9

(15)

where Mb is the body-wave magnitude.
Wesnousky (1986) had indicated that the average geological moment release rate is almost
the same as the average seismic moment release rate in 200-300 year of seismic data, and
similar to the geological rate for 400 year of data. It is assumed then that the findings for
seismic moment release rate have also the same similarities to the linear average seismic slip
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and or spreading rate. The period of observation in each source zone is counted from the
earliest recorded year of the data up to 2003.
The geologically assessed rate of moment release is assumed to be equal to the ratio of the
cumulative seismic moment release and period of observation. This assumption was also
applied to obtain the linear average seismic slip or spreading rate. The average slip rate in
each zone with sufficient seismic data could be compared to other findings obtained from
different sources for validation. If the seismic slip rates are compatible to other results,
presumably the seismic moment release rates would also qualify. When sufficient data are not
available, the other alternatives could be to assume the applicability of the other parameters
obtained in neighboring seismic source zones and or using (12).
The expected maximum magnitude in each seismogenic source zone is either taken from (9)
[Mmax(S)], or the observed maximum magnitude Mmax(O) from the set of seismic data in
each source zone, and or the estimated magnitude [Mmax(L)] from fault length of the
existing fractures in each respective seismogenic source zone. The expected Mmax(S) and or
Mmax(O) are then correlated to fault length in (5) or dislocation in (6), and the magnitude
from crustal depth (H) which is given as
Mmax(H) = 4Log H + 1.8

(16)

The corresponding feasibilities in (5), (6), (9) and (16) could indicate possible association and
characterization of the most likely source of the given earthquake population in each
seismogenic source zone.
Earthquakes are not equally distributed in space-time, although probably the seismic events
follow physical causalities which are not fully known. Therefore, at least the strongest
earthquakes can be assumed to be independent random events. Considering the probability of
occurrence of these seismic events in a time interval (t), and assuming the Poisson process as
the appropriate probability function applicable in the source zones, then the probability of
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occurrence (Pr) of an event with return time (Tmax) is given as
Pr = 1-exp(-t/Tmax)

(17)

Because there were different constraints encountered in the correlation processes such as
scarcity of seismic data and inadequate information concerning fault parameters. It became
necessary to refer to (17) as an additional data and basis in the decision processes. The time
interval is assumed to be 100 years.
Slemmons (1981) had described a characterization scheme for fault rate activity. The
classification is as follows: (a) fault not active; (b) hardly active; (c) well developed
geomorphologically (medium to high); (d) high; (e) very high; and (f) extremely high. The
basis of the classification was the inverse of the linear slip rate as the constant slope of a
linear relation between recurrence time and dislocation (eq.14) which is expressed in terms of
magnitude. For slip rate of 10 cm/yr, the fault rate of activity is extremely high for magnitude
range 4.8-9, for slip rate of 1 cm/yr, the fault rate activity varies from extremely high to very
high for the magnitude range 4.7-9, for slip rate 0.1 cm/yr, the fault rate activity also varies
from extremely high-to very high- to high for the magnitude range 4.7-9, for slip rate 0.01
cm/yr, the fault rate activity varies from very high- to high- to medium high for the magnitude
range 4.7-9, and for slip rate 0.001 cm /yr, the fault rate activity varies from high-to medium
high-to hardly active - to fault not active for the magnitude range 4.7-9..
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