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Introduction

The deployment of the North Irag Seismographic Network (NISN) and of the array
KSIRS and the implementation of the virtual Middle East Seismographic Network
(VMESN) produced a wealth of unprecedented data for use in studying the seismicity,
velocity structure and some aspects of the tectonic activities associated with the Arabian
plate dynamics. Recent studies using stationary Global Positioning System (GPS)
stations in the region clearly show the northeast trending transitional and
counterclockwise rotational motions of the plate. Most of the seismicity is occurring in
the crust along the Zagros and Taurus mountain ranges and their foothills, along the
Dead Sea transform fault and along the rift zones in the Red Sea and the Gulf of Aden.
Earthquakes with magnitude greater than 5 m, are not frequent. Likewise, intermediate
and deep earthquakes are uncommon in the region. The great majority of the
earthquakes occur as a result of the continental collision between the Arabian plate and
the Iranian and Turkish plateaus. Preliminary analysis of the earthquakes’ spatial
distribution suggests likely alignment with the faults in the region. Moment tensor
analysis of the larger events, carried out as part of the routine data processing, suggests
their focal mechanisms vary from normal, reverse to strike-slip depending on the local
stress pattern and the event’s location relative to the Zagros and Taurus suture zones.
The three-dimensional crustal seismic velocity structure of the Arabian plate and
surrounding regions estimated from the dispersion of Rayleigh surface waves reflects the
impact of the overlying 5-10 km thick sedimentary column on the morphology of the
crystalline basement, the Conrad and Moho discontinuities whose depths range from 20-
25 km and 40-50 km, respectively. The teleseismic P-wave receiver function analysis
provided an independent verification of the velocity models beneath the various stations
used in the study of the region. In summary, the resulting models show remarkable
correlation between the distribution of shear velocities and the major physiographic and
tectonic provinces of the Arabian plate, Turkish and Iranian plateaus. It also helped
delineate the extent of the Red Sea rift and the roots of the Zagros and Taurus mountain
ranges.

The Arabian plate is comprised of diversified seismotectonic environments. Its boundaries are associated
with seismically active zones consisting of continental collision, sea-floor spreading, transform faulting and
subduction. The plate's major tectonic provinces include the Arabian shield and platform, the Mesopotamian

481


mailto:hafidh.ghalib@arrayinfotech.com
file:///C:/Users/hafidh/Desktop/Papers/ghassan@mantle.wustl.edu

JZS (2016) Special Issue, GeoKurdistan 11 (481-497)

foredeep and the Zagros folded belt. A large portion of this relatively young, intensely faulted and
metamorphosed shield is exposed to the surface. The folded belt and most of the foredeep include very thick
sedimentary layers from the time of the Tethys Ocean. Folding and faulting are extensive throughout the
entire plate. In addition, evidence of recent volcanic activity can be found along the plate's western boundary
parallel to the Red and Dead Seas. Although interplate earthquakes are more frequent than intraplate events,
through the centuries various regions of the plate have experienced devastating moderate to large earthquakes.
Historical manuscripts are rich with descriptive accounts of many such catastrophic earthquakes.

Nevertheless, the Arabian plate is probably still one of the least studied seismotectonic regions of the
Earth. In particular, very little is known about the variation of both its crustal and upper mantle velocity
structures or about attenuation of seismic waves within such a relatively large lithospheric block. In past
decades, only a limited number of local and regional studies attempting to explain the physical or structural
features of this plate have been published. In general, most of our present knowledge of the region has
evolved from geological and shallow geophysical exploration surveys. It is unfortunate that research on the
seismotectonics of the plate has not been fully supported, since it can also provide economic benefits. The
information this research contributes is necessary for a variety of purposes, including the investigation of
seismic waves propagation, locating earthquakes, developing local magnitude relations, assessment and
mitigation of earthquake risk, and interpreting the composition and evolution of the plate.

The objective of this study is to investigate the characteristics and structure of the crust in the region
through the analysis of long-period Rayleigh and teleseismic body waves.

Tectonic Framework
The Arabian plate is surrounded by the African plate to the west and south and by the Turkish and Iranian
plateaus to the north and east (Figure: 1). Geologically, the Arabian plate is characterized by diversified
physiographic and tectonic environments. The research published by [1, 2], among many other investigators,
provide detailed reviews and discussions of the seismotectonic framework of the Arabian plate. Hence, only a

brief description of the tectonic setting that is relevant to this study is presented herein.
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Figure-1: Map showing the seismotectonic framework of the Arabian plate; boundaries (yellow solid lines),
seismicity (blue dots) and volcanoes (red triangles). It also shows the major physiographic zones of the plate (i.e.,
Avrabian shield, platform and foredeep).
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The Taurus/Bitlis and Zagros continental collision zones form the northern, northeastern and eastern
boundaries of the Arabian plate. They are the result of continued convergence between the Arabian plates and
the Turkish and Iranian plateaus. The Taurus zone is diffused, but the Zagros is well defined and extends for
about 1500 km in a NW-SE direction. The structural deformation of these zones probably dates back to the
Mesozoic and Miocene times [3, 4]. The main thrust zone of these orogenic zones is flanked to the south and
southwest by a simple folded belt that extends well into the Mesopotamian foredeep. Presumably this belt is
present because there are thick (more than 1 km) plastic salt beds that decouple the sedimentary column from
the basement of the plate [5, 6]. Faults are relatively scarce within the thick (5-10 km) sediments of this belt,
and they are mainly restricted to the Precambrian basement, e.g., [7, 8, 9, 10, 11].

The southern and southwestern boundaries of the Arabian plate are defined by active sea floor spreading in
the Gulf of Aden and the Red Sea, respectively, e.g., [12, 13, 14, 15, 16, 17]. The structure of the Gulf of
Aden is characterized by an E-W trending main axial trough of regional expansion, whereas a main trough
and axial troughs, which were developed during the Oligocene through Pliocene, characterize the structural
features of the Red Sea. In addition, many NE-SW trending transform faults are known to intersect the
oceanic trough of these major rift systems.

The northwestern margin of the Arabian plate is defined by the Dead Sea transform fault system, e.g., [18,
19, 20, 21, 22, 23, 24]. This N-S trending plate boundary, which was developed in multiple stages during the
Middle Cenozoic, extends from the Red Sea to the Taurus convergence zone. Although the predominant
motion along the Dead Sea is left-lateral strike-slip, it is also considered a leaky transform system due to the
existence of lateral extension and compression stress components and up-warping along the fault caused by
the divergence between the Arabian and African plates.

The physiographic regions of the plate feature a relatively young metamorphosed Arabian shield, a
transitional platform zone, and a foredeep of thick sediments. The Arabian shield occupies approximately a
third of the total area of the Arabian plate, and it runs parallel to the eastern coast of the Red Sea. Its exposed
Precambrian rocks consist of complex metamorphic, plutonic, magmatic and ophiolitic assemblages. Thin
basaltic lava flows cover vast areas of the shield since the Miocene time. These reflect the intensity of historic
volcanism in the region [25]. Further evidence of the tectonic activity level is reflected by the abundance of
major NW trending normal and strike-slip type faults [26].

The Arabian platform and Mesopotamian foredeep occupy the other two thirds of the plate. The
Phanerozoic platform region is relatively stable, and it consists of Paleozoic and Mesozoic sedimentary layers.
The thickness of sediments increases toward the east and northeast following the gradual dip of the basement
in those directions. Neither near-surface faults nor folds are common within the vast platform region. In
contrast, the Mesopotamian foredeep, which marks the location of the Tethys geosyncline, is characterized by
significantly increased thickness of sediments and structural deformation. The column of sediments in various
parts of this region exceeds 10 km, and it is presumably separated from the basement by thick salt deposits
[5]. The intensity of folding in the foredeep increases toward the northern, northeastern and eastern
boundaries of the Arabian plate. In most cases the folds, which date back to the Upper Miocene-Lower
Pliocene [7], run parallel to the extension of the Taurus and Zagros mountains. Furthermore, strike-slip,
reverse and normal faults are also more common in the foredeep than in the platform region.

Seismicity

Figure: 2 shows the motion of the Arabian plate relative to the African and Eurasian plates. Global
Positioning System (GPS) derived velocity field (1988-2005) measurements indicate counterclockwise
rotation of a broad area of the Earth’s surface including the Arabian plate, adjacent parts of the Zagros, and
central Iran and Turkey relative to Eurasia at rates in the range of 20-30 mm/yr [27, 28]. As a result, most of
the seismicity is interplate and is associated with the tectonic activity along the boundaries of the plate,
including the foothills of the Taurus/Bitlis and Zagros folded belts, whereas intraplate earthquakes are
infrequent and rarely exceed magnitude 4.5 my,
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Figure-2:  Map showing counterclockwise rotation of the Arabian plate determined from GPS velocities relative to
Eurasia [27, 28].

Since the establishment of North Irag Seismographic Network (NISN) in 2006 [29], a wealth of high
quality three-component broadband waveform data has been collected and analyzed. Figure: 3 shows a
composite seismicity map of the Arabian plate and surrounding regions for the period 1905-2015 according to
the US Geological Survey (USGS) National Earthquake Information Center (NEIC). In this figure the
location of these 12604 undifferentiated events is depicted in solid gray colored circles. They are included to
delineate the boundaries of the Arabian plate (along the Dead Sea, Red Sea and Gulf of Eden, in particular)
and the seismicity in the neighboring countries, i.e., Turkey and Iran. Figure: 3 is “composite” because this
version of the Middle East (ME) seismicity map also shows the 8015 earthquakes that were located using the
NISN seismic phases onset times augmented with those reported in the Turkish, Iranian, NEIC bulletins. A
much more comprehensive picture of the region’s seismicity would emerge if data from the abundant seismic
stations in all of the ME countries were to be incorporated into the process of detecting and locating the
earthquakes [30, 31, 32]. For example, if data from the networks in Jordan, Syria and Lebanon were to be
shared and included in the analysis, earthquakes along the Dead Sea Transform Fault would be much better
delineated than is shown in Figure: 3. Also, if data from the networks in Saudi Arabia, Yemen, Oman and
United Arab Emirates, Qatar and Kuwait were to be shared and included in the analysis, the seismicity along
the Red Sea, the Gulf of Adan and the Arabian Sea would be much better delineated. Moreover, including all
of these data would greatly help delineating the Arabian intraplate seismicity better than is shown in Figure:
3. It is well understood that detecting, precisely locating, and estimating the depth and magnitude of an
earthquake depends not only on the number of stations recording it but also on the azimuthal distribution of
the stations around the event. It is also well understood that advanced analytical techniques (e.g., Moment
Tensor and Receiver Function analysis) require waveforms recorded at stations with favorable azimuthal
coverage and varying epicentral distances.

In Figure: 3 the NISN events are distinguished by their hypocentral depth (solid colored circles) and their
duration magnitude (circle size). The events are located using the Zagros fold and thrust zone model [33].
Despite the fact that estimating the precise depth of an earthquake requires extensive data from local and
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regional stations, it should be evident that most of the earthquakes along the Zagros and Taurus/Bitlis tectonic
zones are occurring in the upper crust (red circles) and to a much lesser extent in the lower crust (green
circles) and upper mantle (blue circles). Events deeper than 100 km are rare in this region. In the case of the
few events denoted by small white circles on the map, their depth estimates are not well constrained, and their
magnitudes are either undefined or too small to be well detected by the distant NISN station. Additional data
from the seismic networks in Saudi Arabia, Qatar, the United Arab Emirates (UAE) and Oman would
constrain the solution and show that these events are shallow too.
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Figure-3: A composite seismicity map of the Arabian plate for the period 1905-2009. The NISN (8015) events for
the period 2006/1/1-2009/9/4 color coded by depth and scaled by magnitude. The NISN events were located using
NISN waveforms and neighboring countries’ bulletins. The events reported by the NEIC (12604) and depicted in gray
dots for the period 4/12/1905-31/7/2015 are included herein to delineate the boundaries of the Arabian plate.

Source Mechanism

Most of the seismic activity in the ME is confined to well-defined narrow zones that suggest strong
correlation between the seismicity, the kinematics of the plate, and deformation patterns along its boundaries.
This pattern of seismicity is a manifestation of the translational motion toward the northeast and the
counterclockwise rotation of the Arabian plate as shown in Figure: 2.

The spatial distribution of earthquakes along the Zagros Mountain range defines an approximately 200 km
wide and 1500 km long seismic belt. The seismic activity extends throughout the main thrust zone and folded
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belt of the Zagros, and it appears to occur along a combination of normal, reverse or thrust and strike-slip
faults. References [8, 9, 34, 35, 36, 37, 38] have all demonstrated that most of the events occur in the upper
crust, and there are no evidences for the occurrence of mantle earthquakes beneath the Zagros, as suggested by
[39, 40]. Their findings are well supported by the focal mechanism solutions of earthquakes located along the
Zagros (Figure: 4).

35°E 40'E 45°E 50'E 55'E 60°E

872 Events, USGS Momemt Tensor Solutions
| | Shallow Depth (0-20 km) [l Intermediate Depth (20-70 km) [l Deep (> 70 km)

Figure-4:  Fault mechanism solutions based on MT analysis of 872, mostly shallow, events with magnitude (Mw >
4.0) that occurred along the boundaries of the Arabian plate during 1976-2015.

The USGS Moment Tensor (MT) and Harvard University Centroid Moment Tensor (CMT) solutions
presented in Figure: 4 are for 872 earthquakes (Mw > 4.0) that occurred during 1976-2015. With a few
exceptions the solutions also show that the majority of the earthquakes along the plate’s boundaries are
occurring within the crust (depth < 70 km) along the numerous normal, thrust and strike-slip faults in the
region. The solutions are obtained using the moment tensor method for inverting teleseismic long-period
waveforms, primarily Rayleigh and Love waves [41]. Furthermore, as part of the NISN routine data analysis
process additional MT solutions for the larger events are being determined using the method in [42]. Figure:
5 shows one such example of the focal mechanism of an event that occurred on 18/7/2009 at 34.85°N and
43.35°E near the town of Shargat. According to the USGS, the event origin time is 20:32:27.6, depth of 7.4
km and Mw=5.2.
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Figure-5: Shargat  event  fault
mechanism (yellow) determined using
NISN  (KSIRS/KIO1) and GSN
stations (CSS, MALT, RAYN, ANTO
and GNI) data. The first nodal plane
strike angle is 161°, dip 85° and rake
of -165° the second nodal plane strike
angle is 70° dip 75° and rake of -5°.
The USGS/CMT solution is shown in
blue. Both solutions indicate the event
occurred in the upper crust at depths
of 20 and 25.8 km, respectively. The
blue lines represent the faults in the
region.

Many earthquakes occur along the Red Sea and Gulf of Aden sea-floor spreading zones. They are mostly
associated with the axial trough and transform faults, and they are of shallow depth. From fault plane
solutions it is seen that the tensional stress field for the Red Sea and Gulf of Aden is directed toward the NE-
SW.

Although small to moderate earthquakes are frequent along the Dead Sea transform fault system, [43]
characterize the observed activity level during this century as a period of conspicuous seismic quiescence.
Earthquake swarms, such as the one in the Gulf of Agaba in 1983 [44] are known to occur. A recent example
of an earthquake swarm occurred during 24/1/2015-10/2/2015 near the city of Sulaimaniyah in Kurdistan,
Irag. Based on NISN data, Figure: 6 shows that more than 160 small earthquakes occurred along some of the
faults in the region.

Figure-6:  Sulaimaniyah earthquakes
swarm of 24/1/2015-10/2/2015. The 160
NISN events are shown in red circles. The
7 Iranian bulletin events are shown in white
circles with modified mbLg magnitude
range of 2.5-3.6. The blue lines represent
the faults in the region.

Crustal Structure

NISN is a network of 10 three-
component broadband stations that
since inception in 2006 have produced a
wealth of high quality seismic
waveform data sampled at 100 sps [29].
Figure: 7A illustrates the quality of an
event’s waveforms recorded at eight of
the NISN stations, and on them the
regional phases Pn, Pg, Sn, Lg and Rg
are distinguishable. According to the
NEIC, this event occurred on 26
December 2005 at  23:15:53.4,
49.1713°N, 49.2201°E, 32 km depth, and m,=5.1. The epicentral distances and azimuths range from about
130-140 km and 2-5 degrees, respectively.

In the second example (Figure: 7B), the vertical component waveforms are shown from three events
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recorded at station KSWW. They are presented to illustrate the influence of the Zagros tectonic structure on
wave propagation. Numerous studies have shown that some of the regional phases (e.g., Sh and Lg) can be
attenuated or blocked from propagating across or along major tectonic structures. In Figure: 7B the top
waveform, whose backazimuth is about 29°, exhibits discernable Pn, Pg and Lg, but no clear Sn, for crossing
the Zagros-Bitlis zone, whereas the second waveform shows Pn and Sn, but no Pg or Lg, for traveling along
In contrast, events with a propagation path to NISN stations from the west or south (bottom
waveform) exhibit unobstructed propagation of Pn, Pg, Sn and Lg phases. As shown in Figure: 8, there is a
pronounced difference in the waveforms and observed seismic phases arriving at the stations from different
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(A) Sample waveforms recorded at eight NISN stations showing the quality of recorded data and
pronounced arrival of Pn, Pg, Sn, Lg, and Rg phases. (B) Waveforms from three events showing the impact of tectonic
structures (in the form of attenuation or signal blockage) on wave propagation of various azimuths on regional phases
like Pn, Pg, Sn, and Lg.
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The simplest way to estimate the depth to the major crustal discontinuities is to refer to the relationship
between the onset time of observed seismic phase and epicentral distance as shown in Figure: 9. In this
example based on the Sn and Pn crustal phases times, the Moho discontinuity is estimated to be about 45-47
km deep under the Zagros. The technique is applicable only to a small flat-layered region that exhibits little or
no lateral and vertical variations. Otherwise, it provides an average estimate of the depth to the
discontinuities.
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Figure-9:  Estimated Moho discontinuity depth beneath the Zagros based on travel times of crustal phases.

1. Surface Wave Models

The dispersive property of Rayleigh and Love seismic surface waves provides a reliable way to map the
seismic velocity structure of a region. Although the shear velocity models [45] estimated from the inversion
of Rayleigh waves crossing more than one tectonic zone (i.e., mixed-paths dispersion curves) show significant
variation in the ME, the resulting average models are only marginally better than those obtained from the
travel-time versus distance approach described above. To better understand the tectonic framework of the
Arabian plate and surrounding regions, one needs to map the vertical and lateral variations of the crust and
upper mantle structures. To quantitatively describe the lateral heterogeneity in the region, [45] used a
Rayleigh wave group velocity regionalization approach to estimate the pure-path dispersion curves within the
elements of a grid and then invert for a three-dimensional seismic shear velocity model for the ME. The grid-
dispersion inversion method is an iterative stochastic inversion that represents a set of observed mixed-path
dispersion curves as the sum of group delays (pure-path dispersion curves) within grid elements. Details of
the regionalization principle and method can be found in [46].

Among the advantages of grid-dispersion inversion are that the grid element size mainly depends on the
dispersion information density and that the method requires no a priori assumption regarding either the
surface or subsurface geology of a region. In formulating the inversion process, grids with various element
sizes were used to test the coverage and resolution of the 152 mixed-path dispersion curves obtained from the
records of stations TAB, SHI, EIL and JER. The adopted grid divides the region into 100 equal area elements.
The dimension of each grid element is 3x 3 degrees. The pure-path distances within the individual grid
elements are then determined and normalized by their corresponding mixed-path distances in the kernel
matrix. The starting group velocity values for each grid element are assumed to be the average of all group
velocity measurements, and the theoretical slowness values are then calculated. Subsequently, the initial
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dispersion curves for the individual grid elements are updated by the solution from the preceding iteration.

The estimated tomographic (three-dimensional) shear velocity structure of the region is presented in
Figure: 10. It depicts the lateral velocity heterogeneity at depths of 5.0 km to 80.0 km, in 5.0 km increments.
These isodepth surfaces are derived from the pure-path shear velocity models of the grid elements covering
the region. The most striking feature of these maps is the continuous change in the distribution and location
of the troughs and peaks of shear velocity at various depths. For instance, the velocity lows that are associated
with the Mesopotamian foredeep seem to persist to about 30.0 km depth. Also, the influence of surface
geology on the subsurface structure of the plate slowly diminishes with increasing depth. An important result
of this analysis is the remarkable delineation of the Arabian shield and Mesopotamian foredeep by the shear
velocity contours at 5.0 km and 10.0 km depths. The shape and extension of the contours correlate well with
the physiographic boundaries and surface geology of these major tectonic units. The contours show that the
exposed shield area is confined to the west and southwestern part of the plate, whereas the Mesopotamian
foredeep exhibits northern, northwestern and western trends that are parallel to the Zagros mountain belt. At
5.0 km depth, the velocity within the shield reaches a high of 3.2 km/sec, and it drops to a low of 2.6-2.7
km/sec within the thick sedimentary column of the foredeep. At 10.0 km depth, the velocity high is 3.7
km/sec in the shield, and the velocity low is 3.2 km/sec in the foredeep. Also, the shear velocity of the shield
area decreases rapidly toward the north and northeast, and it decreases gradually toward the east and south.
The implication is that the observed velocity variation is in good agreement with the pattern of [26] depth
contours to the top of the basement in the region.

Another important result involves the shear velocity variation within the upper and lower crust as well as
the effect of the Mesopotamian sedimentary layer on the structure of the plate. At 15.0-25.0 km depth, the
differences in shear velocity between the various tectonic regions decrease to approximately 0.3 km/sec. The
higher velocities are observed under the shield, and the lower velocities are under the foredeep. Although this
lateral velocity distribution is familiar, because it simply follows that of the shallower layers which are
influenced by the configuration of the shield and foredeep structures, it is the depth at which this pattern can
be observed that is interesting. The impact of the exceptionally thick sedimentary column of the foredeep can
be observed to a depth of at least 30.0 km. In addition, the lateral velocity variation within the lower crust
seems to increase from 0.3 km/sec to 0.4 km/sec at 40.0-45.0 km depth. The velocity under the shield is no
longer higher than that under the foredeep. Instead, the highest shear velocities are observed beneath the
northern and western regions of the plate. This marks a significant change with increasing depth in the lateral
velocity heterogeneity of the Arabian plate structure. As indicated earlier, the shear velocity under the
Arabian shield is higher than that under the Mesopotamian foredeep. Below 40.0 km the isodepth contours
show a remarkable reversal in the pattern of shear velocity variation indicating that the velocity under the
shield region is lower than that under the rest of the plate.

Similar to the isodepth surfaces, Figure: 11 shows isovelocity contour maps of the region at 3.0, 3.5 and
4.0 km/sec. Comparison between these surfaces shows significant velocity variation with depth throughout
the region. Also, the pattern of observed velocity heterogeneity correlates well with the major tectonic
features. The contours primarily follow the structure and trend of the Arabian shield and Mesopotamian
foredeep. Therefore, it is not surprising to observe that the 3.0, 3.5 and 4.0 km/sec velocities are found at
shallower depth under the shield and at greater depths in the foredeep. This suggests that the lateral velocity
distribution is influenced by the structural configuration of the thick sedimentary column of the foredeep.

Furthermore, the shield depth contours in Figure: 10 show steeper gradient towards the north and northeast
and a more gradual gradient to the east and southeast. This is in agreement with [26] depth contours to the
top of the basement. Also, the depth contours indicate that the crustal structure of the Arabian plate increases
in thickness towards the north, northeast, east and southeast as the distance away from the shield increases. In
other words, the crust is thicker under the foredeep and thinner under the shield.
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Figure-10: Tomographic images of the Arabian plate showing the shear velocities variation at given depths.
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Figure-11: Tomographic images of the Arabian plate showing the depth variation for given shear velocities.
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2. Body Wave Models

Estimating the seismic velocity structure beneath NISN stations provides an independent means to
constrain and maybe improve the velocity models obtained from other inversion techniques and modeling
approaches. Toward this end the well-known Receiver Function (RF) inversion technique is applied to
teleseismic P wave data recorded at some of the NISN stations (Figure: 12). RF are time series computed
from three-component seismograms that show the relative response of earth structure near a receiver [47].
The RF methodology has been extensively used by seismologists. While the overall method is
straightforward to define, the computation of reliable receiver functions can be problematic due to the non-
unigueness of RF inversions, a topic that has been the subject of extensive research, e.g., [48, 49, 50, 51, 52,
53, 54]. Through these efforts, many improvements to the technique have been developed to overcome
difficulties stemming from instabilities in the deconvolution process.
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Figure-12: Locations of NISN stations (blue triangles) and associated shear wave velocity models obtained from the
RF inversion. The Moho depths beneath the stations in the foothills appear shallower than those beneath the stations in
the Zagros Mountains. Similarly, a mid-crustal velocity increase appears at shallower depth below the foothills (~ 15
km depth) compared to the Zagros Mountains (~ 20 km depth). Temporary stations ERBL and KSLY are depicted in
aqua triangles, and SLY in red triangle.
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In this study, [42, 47] computational algorithms are used to determine the RF and invert for the seismic
velocity models, but without the benefit of utilizing surface waves (an invaluable step being pursued as more
data become available).

A search of the Preliminary Determination of Epicenters (PDE) bulletin for the period from 30 November
2005 to 31 August 2006 resulted in a list of teleseismic events at various azimuths and epicenteral distances in
the range of 30-90 degrees from NISN. A similar search of the NISN data resulted in about 150 events (4500
waveforms) with magnitudes of 5.5 and larger that were scrutinized for the RF analysis. The quality of the
observed P waves was assigned a subjective grading scale (A-good through D-poor) to reflect the quality of
the waveforms’ signal to noise levels (i.e., acceptable level of signal-to-noise ratio to produce stable and
reliable receiver functions). Only grade A and B waveforms were used in this study.

Following reformatting of the data to include the required event location (latitude, longitude, and depth)
and P wave arrival time in the Seismic Analysis Code (SAC) header [58], the RF were estimated for each
station record. Also in preparation for the inversion process a multi-layered initial shear velocity model was
created following the general characteristics of the models derived by [45] using the Rayleigh waves group
velocity dispersion curves for paths traversing the study area. The shear velocity of the crustal layers was set
to 4.0 km/sec and the upper mantle layers (below 90 km) to 4.5 km/sec (blue dashed line in Figure: 12). The
thicknesses of the layers vary from 0.5 km at the top and gradually increased with depth to a maximum of 10
km at the bottom of the crust. The thicknesses of the layers in the upper mantle were set to 10-100 km.

The RF inversion process is iterative and requires a certain measure of damping to constrain the model.
The resulting one-dimensional seismic velocity models under the NISN stations KESM, KEHH, KSWW,
KSSS, KDDA, KEKZ, KSJS and KSBB are presented in Figure: 12. No models were estimated for stations
MSL and BHD due to the scarcity of data and low signal-to-noise ratios that disqualified most of the available
waveforms recorded at these two stations. Common among the eight models is the relatively lower than
average shear velocities of the layers when compared with other regions of the Earth, and the presence of a
pronounced discontinuity at about 15 km depth. The depth of the Moho seems to vary from about 45-55 km.
These findings are consistent with previous studies by, among others, [33, 45, 55]. Also noticeable is the
diminishing data resolution at depths exceeding about 80km. The observed change in shear velocity values
below that depth is simply a perturbation in response to the better estimated velocities of the crustal layers
where the data resolution is highest.

Conclusions

Understanding the geologic evolution and geophysical characteristics of a region has economic and social
implications far beyond just academic research. The Arabian plate and surrounding regions have had their
share of devastating earthquakes in the past. Numerous faults and dormant volcanic activities should serve as
a reminder of what could happen when a moderate to large earthquake occurs in this region. Hence, the
subject of this study is to better understand the seismicity and crustal seismic velocity structure of the Arabian
plate. In summary, the inferred conclusions are:

1. Most of the interplate and intraplate earthquakes in the region occur at shallow depth. This is
supported by the events’ relocation and by MT analysis results. With the events’ being concentrated
in the crust, this suggests that the boundary between the Arabian plate and Iranian and Turkish
plateaus is still in an early stage of continental collision in which tectonic activity is still shallow and
has not yet progressed to the stage at which deeper seismicity would be characteristic of under
thrusting.

2. The observed surface waves exhibit well developed and dispersed fundamental and higher modes
waveforms. Events whose paths traverse the Mesopotamian foredeep show remarkable sinusoidal
fundamental-mode surface waves that are characteristic of sedimentary basins. The mixed-path
Rayleigh wave group velocity is found to be as low as 1.92 km/sec at 3.0 sec period, and the highest
group velocity is found to be 3.87 km/sec at 68 sec. The first higher-mode velocities are found to
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vary between 2.74 km/sec and 4.46 km/sec over a period range of 3-21 sec. In general, these
velocities are noticeably lower than values obtained for other regions of the earth.

3. The models obtained from the inversion of mixed-path dispersion curves suggest that the velocity
structure of the Arabian plate is characterized by a relatively thick, 5-15 km, sedimentary layer. The
models also suggest the Conrad and Moho discontinuities vary in depth between 15-20 km and 37-
45 km, respectively. The crust is thinner under the shield and thicker under the Mesopotamian
foredeep. The shear velocities within these layers vary over a wide range, depending on the tectonic
provinces their paths traverse.

4. The estimated three-dimensional model shows significant lateral and vertical velocity variations, and
it correlates well with the major tectonic features of the plate. The model clearly delineates the
boundaries of the Arabian shield and extension of the Mesopotamian foredeep. Near the surface,
i.e., at 5 km depth, the shear velocity within the shield reaches 3.2 km/sec, and it drops to
approximately 2.6 km/sec within the Mesopotamian foredeep. At a depth of 25 km, the difference in
velocity between these major tectonic provinces decreases to 0.3 km/sec, indicating less spatial
variation in the lower than upper crust of the Arabian plate. Also, the pattern of velocity and depth
contours estimated from the three-dimensional model shows agreement with [26] tectonic map for
the region.

5. Although the three-dimensional model shows that the crustal velocities for the shield region are
generally higher than the rest of the plate, a clear reversal in the lateral velocity distribution is
observed below 40.0 km depth. While the shear velocity under the shield decreases with increasing
depth, it gradually increases under the foredeep. This may suggest that a low-velocity zone exists
underneath the shield but not under the foredeep.
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