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ABSTRACT

This final report of the research project AR-23-40 culminates the study reported in the previous
three reports to estimate crustal and upper mantle structure. While there have been many studies of
this topic using a wide variety of techniques, many guestions about the structure of the Arabian
Peninsula remain unanswered.

While for the most parts of Saudi Arabia, particularly, Arabian Shield and Arabian Platform a
aseismic, the area is ringed with regional seismic sources in the tectonically active areas of Iran and
Turkey to the northeast, the Red Sea Rift bordering the Shield to the southwest, and the Dead Sea
Transform fault zone to the north.

The Arabian Shield and Red Sea region is considered one of only a few places in the world
undergoing active continental rifting and formation of new oceanic lithosphere. We am to
determine the seismic velocity structure of the crust and upper mantle beneath this region using
broadband seismic waveform data recorded by KACST seismic network. The network is operated
by King Abdulaziz City for Science and Technology (KACST), Saudi Arabia and has 37 stations on
the Arabian Shield and provides excellent sampling Shield and the adjacent Red Sea.

We estimate teleseismic receiver functions from high-quality waveform data. A raw data for RF
analysis consist of 3-component broadband velocity seismograms for earthquakes with magnitudes
My > 5.8 and epicentral distances between 30° and 90°. We performed several modern seismic
analyses of KACST data. Teleseismic P- and S-wave travel time tomography provide an image of
upper mantle compressional and shear velocities related to thermal variations. We present a multiple
step procedure for jointly fitting surface wave group velocity dispersion curves (from 7 to 100
seconds for Rayleigh and 20 to 70 seconds for Love waves) and teleseismic receiver functions for

lithospheric velocity structure. The method relies on an initial grid search for a smple crustal



structure, followed by a formal iterative inversion, an additional grid search for shear wave velocity
in the mantle and finally forward modeling of transverse isotropy to resolve surface wave dispersion
discrepancy.

Inversions of receiver functions have poor sensitivity to absolute velocities. To overcome this
shortcoming we have applied the method of Julia et al. (2000) that combines surface wave group
velocities with receiver functions in formal inversions for crustal and uppermost mantle velocities.
The resulting velocity models provide new constraints on crustal and upper mantle structure in the
Arabian Peninsula. While crustal thickness and average crustal velocities are consistent with many
previous studies, the results for detailed mantle structure are completely new.

Finally, teleseismic shear-wave splitting was measured to estimate upper mantle anisotropy. These
analyses indicate that stations near the Gulf of Agabah display fast orientations that are aligned
paralel to the Dead Sea Transform Fault, most likely related to the strike-slip motion between
Africa and Arabia. The remaining stations across Saudi Arabia are statistically the same, showing a
consistent pattern of north-south oriented fast directions with delay times averaging about 1.4 s. The
uniform anisotropic signature across Saudi Arabia is best explained by a combination of plate and
density driven flow in the asthenosphere. By combining the northeast oriented flow associated with
absolute plate motion with the northwest oriented flow associated with the channelized Afar plume
along the Red Sea, we obtain a north-south oriented resultant that matches our splitting observations
and supports models of active rifting processes. This explains why the north-south orientation of the
fast polarization direction is so pervasive across the vast Arabian Plate.

Seafloor spreading in the Red Sea is non-uniform, ranging from nearly 0 cm/yr in the north to about
2 cmlyr in the south. Given the configuration of stations, we focused our examination along profile
AA’, which extends from the southern Red Sea Rift axisinland to station HASS. This allowed us to

examine the most extensively rifted portion of the lithosphere as well as the structure beneath both
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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.
The Moho and LAB are shalowest 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’. At the Shield-Platform boundary, a step is observed in the

lithospheric thickness where the LAB depth increases to about 160 km.

This study supports multi plume model which is that there are two, separated plumes beneath the

Arabian Shield, and the lower velocity zones (higher temperature zones) are related with volcanic

activities and topographic characteristics on the surface of the Arabian Shield. In addition, our

results suggest a two-stage rifting history, where extension and erosion by flow in the underlying

asthenosphere are responsible for variations in LAB depth. LAB topography guides asthenospheric

flow beneath western Arabia and the Red Sea, demonstrating the important role lithospheric

variations play in the thermal modification of tectonic environments.

In order to fully understand the detail geophysical, seismological and seismic hazard picture of the

Arabian Peninsula, this study recommends an extensive research covering :

A. An expensive but potentially insightful line of research isto carry out adetailed seismic

deep refraction and gravity profilesin the Arabian Platform and along the coast of the Gulf

of Agabah to obtain a precise bulk composition of crustal layers and improve velocity model.

B. Upgrading of the existing system at King Saud University from analog to digital

broadband recordings is strongly recommended for getting better quality signals.
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C. Linking of KACST and KSU seismic networks with the national seismographic network at the
Saudi Geological Survey is of great importance for getting better and dense station coverage as well
asin facilitating data exchanges.

D. Installation of strong motion accelerographs in various areas of the Arabian Shield to

precisely estimate the attenuation characteristics of the region and to improve seismic hazard
parameters.

E. Assessment of seismic hazard in seismically active zones by constructing a probabilistic ground-
shaking hazard map. This map will provide an estimate of the level of ground shaking at all sites
expected from earthquake sources throughout the region (both local and regional). The map
integrates the seismicity, attenuation and sit response factors.

F. A comprehensive study of the geotechnical engineering aspects should be done to account for
local site effects and soil amplification.

G. A comprehensive study of seismogenic and faulting sources is needed for seismic zonation and

microzonation of the Arabian Penninsula
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DISCUSSION & CONCLUSIONS

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 IRISPASSCAL 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-E-Z 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
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SRFs must 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 P-
component. On the time-reversed receiver functions, the direct S arrival isat 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.
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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
programs “icmod” and “respknt”, the responses of an incoming S-wave to different three-layer
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/sisrequired. 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
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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.

Seafloor spreading in the Red Sea is non-uniform, ranging from nearly O 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 axisinland 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 aso
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 dightly 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 a., 2007).
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Figure 5.33. Maps showing the boundary depths beneath Arabia. The colored circles show the a)
Moho and b) LAB depths beneath individual stations where warmer colors indicate shallower

depths than cooler colors. The solid line marks the boundary between the Arabian Shield (AS) and
the Arabian Platform (AP) while the two dashed lines mark the locations of cross-sectional profiles
AA’ and BB’. Shallow (40-60 km) LAB along Red Sea coast and Gulf of Agabah Thickens (80-120
km) toward interior of Shield Step (20-40 km) across the Shield-Platform boundary (Hansen et al.,
2007).
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Figure 5.34. Topography, gravity signature, and lithospheric structure along cross-sectional profile
AA’ from Figure 5. a Topography along the profile plotted with a 32x vertical exaggeration (V.E.).
The sediment thickness is shown by the grey shaded areas. b Comparison of the observed gravity
data from the GRACE satellites (black dots) and the calculated gravity (grey line) resulting from the
structural model shownin c. The S-wave velocities (Vs) in km/s and densities (r ) in g/lem® of each
layer are listed (Hansen et a.,2007).
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Recent Crustal Structures

Al-Amri et a. (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 Agabah

Table 6.1 Velocity Model for the Gulf of Agabah/Dead Sea Region

DEPTH (KM) | THICKNESS(KM) | Vp (KM/S) | Vs(KM/S)
0 2 450 2.60
2 5 550 3.18
7 10 6.10 3.52
17 11 6.20 3.60
28 o0 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
arange 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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Table 6.2 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 6.20 358
16 20 6.80 3.93
36 % 7.90 4.30

Table 6.3 Velocity Model for the Arabian Platform Region

DEPTH (KM) | THICKNESS(KM) | Vp (KM/S) | Vs(KM/S)
0 4 4.00 231
4 16 6.20 3.64
20 20 6.4 3.70
40 © 8.10 455

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 Agabah 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.
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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 LV Z 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 vsy > Vsy
in the southern part of the Red Sea, consistent with vertical flow, and vsy > vsy 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/vsanalysis 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 Agabah 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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RECOMMENDATIONSFOR FURTHER INVESTIGATIONS

In order to fully understand the detail geophysical, seismological and seismic hazard picture of the
Arabian Peninsula, this study recommends an extensive research covering :
A. An expensive but potentially insightful line of research isto carry out a detailed seismic deep
refraction and gravity profilesin the Arabian Platform and along the coast of the Gulf of Agabah to
obtain a precise bulk composition of crustal layers and improve velocity model.
B. Upgrading of the existing system at King Saud University from analog to digital
broadband recordings is strongly recommended for getting better quality signals.
C. Linking of KACST and KSU seismic networks with the national seismographic network at the
Saudi Geological Survey isof great importance for getting better and dense station coverage as well
asin facilitating data exchanges.
D. Installation of strong motion accelerographs in various areas of the Arabian Shield to
precisely estimate the attenuation characteristics of the region and to improve seismic hazard
parameters.
E. Assessment of seismic hazard in seismically active zones by constructing a probabilistic ground-
shaking hazard map. This map will provide an estimate of the level of ground shaking at all sites
expected from earthquake sources throughout the region (both local and regional). The map
integrates the seismicity, attenuation and sit response factors.
F. A comprehensive study of the geotechnical engineering aspects should be done to account for
local site effects and soil amplification.

G. A comprehensive study of seismogenic and faulting sourcesis needed for seismic zonation and

microzonation of the Arabian Penninsula
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