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ABSTRACT

In this project, we are exploiting unique and open source seismic data sets to improve seismic monitoring
across the Middle East (including the Iranian Plateau, Zagros Mountains, Arabian Peninsula, Turkish
Plateau, Gulf of Agaba, Dead Sea Rift) and the Horn of Africa (including the northern part of the East
African Rift, Afar Depression, southern Red Sea and Gulf of Aden). The data sets are being used to
perform three related tasks. 1) We are determining moment tensors, moment magnitudes and source depths
for regional eventsin the magnitude 3.0 to 6.0 range. 2) These events are being used to characterize high-
frequency (0.5-16 Hz) regional phase attenuation and detection thresholds, especially from eventsin Iran
recorded at stations across the Arabian Peninsula. 3) We are collecting location ground truth at GT5 (local)
and GT20 (regional) levels for seismic events with M > 2.5, including source geometry information and
source depths.

In the first phase of this project, seismograms from earthquakes in the Zagros Mountains recorded at
regional distances have been inverted for moment tensors, and source depths for the earthquakes have been
determined via waveform matching. Early studies of the distribution of seismicity in the Zagros region
found evidence for earthquakes in the upper mantle. But subsequent relocations of teleseismic earthquakes
suggest that source depths are generally much shallower, lying mainly within the upper crust. Nine events
with magnitudes between 5 and 6 have been studied so far. Source depths for six of the events are within
the upper crust, and three are located within the lower crust. The uncertainty in the source depths of the
lower crustal events allows for the possibility that some of them may have even nucleated within the upper
mantle. Eight events have thrust mechanisms and one has a strike-slip mechanism.

We also report estimates of three-dimensional P- and S-wave velocity structure of the upper mantle beneath
the Arabian Peninsula obtained from travel time tomography. Travel time measurements were obtained
using adata set provided by King Abdulaziz City for Science and Technology (KACST) for the Saudi
Arabia National Digital Seismic Network. The network consists of 38 stations (27 broadband and 11 short
period). We augmented the KACST data with delay times measured from permanent stations in the region
and the 1995-7 Saudi Arabian PASSCAL Experiment. Tomographic images reveal alow velocity feature in
the upper mantle stretching north-south beneath the central portion of the Arabian Shield.
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OBJECTIVES

The objective of this effort isto determine ground truth source parameters (depth, moment, focal
mechanism) for earthquakes in the Middle East. For this reporting period we focused on eventsin the
Zagros Mountains of Iran using unique broadband waveforms from regional stations. Source moments will
be used to calibrate coda wave moment magnitudes (Mayeda et al., 2003) and to model high-frequency
regional body-wave amplitude spectra with the Magnitude-Distance Amplitude Correction (MDAC)
methodology (Walter and Taylor, 2002). In subseguent periods, we will determine models of the
propagation characteristics, including attenuation, of high-frequency regional phases. These models will
then be used to estimate detection thresholds by comparing model-based predictions of signal amplitudes to
background noise levels.

RESEARCH ACCOMPLISHED

Introduction

In this project, we are exploiting unique and open source seismic data sets to improve seismic monitoring
for the Middle East (including the Iranian Plateau, Zagros Mountains, Arabian Peninsula, Turkish Plateau,
Gulf of Agaba, and Dead Sea Rift) and the Horn of Africa (including the northern part of the East African
Rift, Afar Depression, southern Red Sea, and Gulf of Aden). Broadband waveform data sets are being used
to perform three related tasks. 1) We are determining moment tensors, moment magnitudes and source
depths for regional eventsin the magnitude 3.0 to 5.0 range. 2) These events are being used to characterize
high-frequency (0.5-16 Hz) regional phase attenuation and detection thresholds, especially from eventsin
Iran recorded at stations across the Arabian Peninsula. 3) We are collecting location ground truth at GT5
(local) and GT20 (regional) levels for seismic events with M > 2.5, including source geometry information
and source depths.

The results of this research will enhance monitoring capabilities within the study region by improving our
understanding of high frequency regional phase attenuation and how this attenuation affects detection
thresholds. Accurate hypocentral locations of M>2.5 seismic events are needed to construct travel time
correction surfaces, which are of fundamental importance to ground-based nuclear explosion monitoring.

The work completed so far in this project has focused on obtaining well constrained source parameters for
magnitude 5.0 and greater eventsin the Zagros Mountains of Iran that have been well recorded at regional
distances. Focal mechanisms have been obtained through standard moment tensor inversion of regional
waveforms, and a grid search procedure has been applied to find the source depth that produces the best fit
to the regional waveforms. As part of this project, we have also imaged three-dimensional P- and S-wave
velocity structure of the upper mantle beneath the Arabian Peninsula using teleseismic travel time
tomography. We have completed travel time measurements and inversion for a data set provided by
KACST for the Saudi Arabia National Digital Seismic Network. The network consists of 38 stations

(27 broadband and 11 short period). We augmented the KACST data with delay times measured from
permanent (GNS/IMS) stationsin the region (RAY N, EIL and MRNI) and the 1995-7 Saudi Arabian
PASSCAL Experiment (Vernon and Berger, 1998).

Background

The Arabian Shield consists of late Proterozoic crystalline basement overlain by Tertiary and Quaternary
volcanic rocks in some places. The break-up of the Arabian Plate from Africainitiated at about 30-35
million years ago (Ma), with the formation of the Red Sea-Gulf of Aden rift system (Coleman and
McGuire, 1988). Vol canism was widespread between 30 and 12 Ma, and uplift of the Arabian Shield
occurred at about 13 Ma (Coleman and McGuire, 1988). The volcanism and uplift are thought to be related
to the presence of hot upper mantle (Camp and Roobol, 1992). The uplifted Arabian Shield contains two
major features: oneisthe

Makkah-Madinah-Nafud (MMN) volcanic line in the south and the other isthe Ha'il-Rutbah Arch in the
north (Figure 1). The MMN volcanic line, extending north-south, has been the major site of volcanismin
Saudi Arabiaover the past 10 Ma and the Ha'il-Rutbah Arch has been the site of several periods of uplift
(Camp and Roobol, 1992).
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Figure 1. Map showing seismic stationsin the Arabian Peninsula used in thisstudy. KACST stations
belong to the Saudi Arabia Digital National Seismic network.

The Zagros Mountain Belt, one of the world’s most seismically active mountain ranges, marks the
convergent boundary between the Arabian and Eurasian plates in southwestern Iran (Figure 2). The upper
11 km of the crust consists of folded sedimentary layers, while the lower 36 km of the crust are composed
of faulted crystalline basement rock. The most prominent fault exposed at the surface is the Zagros Main
Thrust, which marks the northern extent of seismicity associated with the Zagros Mountains and separates
the Zagros Mountains from the Central Iranian Plateau. The Moho dips to the northeast from a depth of
40 km beneath the Persian Gulf to a maximum depth of approximately 65-70 km beneath the Zagros Main
Thrust (Paul et a., 2006). Early studies of the distribution of seismicity in the Zagros region found
evidence for earthquakesin the upper mantle (Nowroozi, 1971; Bird et a., 1975). Subsequent

recal culations of teleseismic earthquakes indicated that source depths were much shallower, lying within
the upper crust (Maggi et al., 2000, 2002).

Figure 2. Colored topography map of the Middle East showing the location of the main platesand
the Zagros M ountains.
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Zagros Earthquakes

Source depths and focal mechanisms for nine new events have been obtained (Table 1). A grid search
method was used to determine the source parameters of each event. First, regional waveforms for each
event were inverted for a moment tensor over arange of potential source depths. Synthetic seismograms
were then computed using areflectivity code for each source mechanism and compared to observed
waveforms. In addition to the KACST and PASSCAL stations, data recorded at regional distances on open
stations to the north and east were used, providing fairly good azimuth ray coverage for each event. The
quality of the visual fit between the synthetic and observed waveforms, along with the root mean square
error, were used to determine the best-fitting focal mechanism and associated source depth.

The locations of the events are shown in Figure 3. Most of the events studied occurred within the central
portion of the Zagros Mountains where there are the best constraints on crustal structure provided by
receiver function and gravity studies. Figure 4 summarizes graphically the results for the nine events, and
shows a selection of the waveform fits for each event. Eight events have thrust mechanisms and one has a
strike-slip mechanism. Source depths for six of the events are within the upper crust, and three are located
within the lower crust. The uncertainty in the source depths of the lower crustal events allows for the
possihility that some of them may have even nucleated within the upper mantle. The depth distribution of
the events with uncertaintiesis shown in Figure 5.

Table 1a. Source parametersfor eventsin the Zagros Mountains. Event lettersarethe sameasin

Figure 3.

Event EventID Date Time MO Mw Mw  Strike/Dip/Rake Strike/Dip/Rake

L etter Number MM/DD/YYYY CMT (Plane1) (plane 2)

A 9962 11/13/1998 13:01:10 1.35E+24 54 54 144.21/65.33/120.95 269.05/38.80/41.76
B 1320614 10/31/1999 15:09:40 7.13E+23 52 52 158.09/69.17/102.39 306.38/24.10/60.58
C 776913 05/06/1999 23:00:53 5.44E+26 71 6.2 19.15/10.66/-6.79 115.83/88.75/259.41
D 9816 10/05/1998 02:20:36 1.26E+24 54 54 40.91/85.77/206.56 308.80/63.51/-4.73
E 4070289  03/01/2000 20:06:29 1.93E+23 48 50 298.57/49.98/134.73 61.56/57.04/50.03
F 1326382  03/01/2000 20:06:28 1.78E+23 48 51 112.26/33.89/122.73 254.50/62.03/70.04
G 1582024 02/17/2002 13:03:53 1.01E+24 53 55 109.24/10.24/76.99 302.46/80.03/92.33
H 4357281 07/10/2003 17:40:16 4.64E+24 5.7 56 343.19/6.42/35.13 218.22/86.31/95.26
| 1559906 04/13/2001 01:04:27 3.93E+23 5 5.1 96.81/14.85/134.62 231.21/79.49/79.45

Table 1b. Moment tensor s and sour ce depth for eventsin the Zagros Mountains. Event lettersarethe
sameasin Figure 3.

E\ét?; Mxx Mxy Mxz Myy Myz Mzz Depth

A 8.67E+10 3.73E+10 -4.49E+09 5.16E+09 -9.42E+10 -9.19E+10 12 (+-2)
B 2.35E+10 197E+10 -1.13E+10 2.72E+10 -5.13E+10 -5.08E+10 12 (+-2)
C 9.18E+12 1.99E+12 4.85E+13 -1.84E+13 1.86E+13 9.25E+12 54 (+15/-8)
D -1.18E+11 213E+10 3.33E+10 1.04E+11 -4.42E+10 1.35E+10 35 (+15/-5)
E 1.79E+10 2.01E+08 -1.97E+09 -4.28E+09 1.04E+10 -1.36E+10 9 (+-3)
F 1.66E+10 7.22E+08 8.33E+09 -3.64E+09 -4.28E+09 -1.30E+10 9 (+-3)
G 2.85E+10 1.84E+10 7.94E+10 2.29E+09 5.09E+10 -3.08E+10 4(+-2)
H 4.01E+08 1.31E+10 2.90E+11 8.04E+10 -3.54E+11 -8.08E+10 39 (+10/- 15)
| 1.52E+10 5.69E+08 2.55E+10 2.08E+09 -2.50E+10 -1.73E+10 8 (+-3)
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Figure 3. Map of Zagros Mountainsand Persian Gulf showing the locations of earthquakes studied.
Letterscorrespond to the eventsin Table 1. The grey box showsthe area where crustal
thickness has been constrained using gravity data and the white line shows wher e crustal
thickness has been imaged using receiver functions.

The focal depth of earthquakes can affect the excitation of regional phases, particularly the guided Lg
phase, which is composed of higher mode surfaces waves whose amplitudes are strongly depth dependent.
The source parameters determined above can be used to infer how focal mechanism and depth might
impact regional phase S-wave generation and how this might in turn impact P/S discriminants. Two nearby
events (A & H) wererecorded at station HILS on the northern Arabian Shield. These events had similar
magnitudes (5.4 versus 5.7) and although both are thrust mechanisms their strikes are dightly different.
These events have significantly different depths with event A in the upper crust and event H in the lower
crust (or upper mantle, but less likely). The high-frequency (0.5-5 Hz) responses of these events are shown
in Figure 6. Note that Lg is weaker with respect to the Pn for the deeper event (H), making the Pn/Lg ratio
discriminant more explosion-like for this event. This suggests a possible depth-dependence of the Lg
amplitude (and Pn/Lg ratio discriminant). Alternatively, the further event (H) may be located in aregion of
thicker crust, which leads to disruption of the crustal waveguide along the path to HILS. Both explanations
would cause additional scatter in body-wave discriminants, compounding discrimination strategies. These
observations will be explored in further work on this project.

Body Wave Tomography

Upper mantle structure strongly impacts the propagation of regional Pn and Sn phases. We report velocity
structure of the upper mantle reported from teleseismic P- and S-body waves. While this study elucidates
deep upper mantle structure, there are likely relationships with structure directly below the crust. To
investigate upper mantle structure under the Arabian Shield, we measured and inverted relative travel times
from stations across the Arabian Peninsula. We augmented the KACST data with delay times measured
from permanent stationsin the region (RAY N, EIL and MRNI) and the 1995-7 Saudi Arabian PASSCAL
Experiment data set. Figure 1 shows the locations of seismic stations used in this study. We computed
travel time differences for two nearly co-located stations (AFFS and AFIF in Figure 1) between KACST
and the PASSCAL networks in order to investigate possible biases between these data sets before
combining all delay times from different seismic networks. We sorted events recorded on the common
stations by back azimuth and distance and measured P-wave travel time residuals from arrival times
subtracted from a theoretical travel time. The trends of the residual s with back-azimuth and distance are
very similar and indicate no bias between the travel time residuals for the common stations.
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Figure 4. Results from moment tensor inversion and grid search of source depth for nine events studied in the Zagros Mountains. For each event, the
graph to theleft shows focal mechanism as a function of source depth plotted against RMS error. The focal mechanism and sour ce depth that
yields the best fitting synthetics to the data is noted with the black beach ball. Selected wavefor ms are shown on theright side of each panel.
Observed waveformsarein black and syntheticsarein red. Event lettersarethe sameasin Table 1 and Figure 3.
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Figure5. Plot showing source depthsfor the nine events studied from the Zagr os M ountains. Error
bars correspond to the uncertainties given in Figure4. The" Moho Zone" representsthe
range of Moho depths acr oss the Zagros M ountains within proximity of the earthquakes, as
reported from gravity and receiver function studies. Event lettersarethesameasin Table 1
and Figures3 and 4.
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Figure6. (Ieft) Vertical component waveforms (filtered 0.5-5 HZz) for events A (top) and H (bottom)

at station HIL S (Al Hail, Saudi Arabia). (right) These eventsare closely located with event H
dightly further away.

For the data sets, we computed relative arrival time residual's using a multi-channel cross-correlation
(MCCC) method and inverted for a three dimensional velocity model using the method of VVanDecar
(1991). For the inversion, we parameterized travel time slowness using a grid of knots comprised of 34
knots in depth, 56 knots latitude between 12.0° N and 37.0° N and 56 knots in longitude between 29.5° E
and 55.0° E. The horizontal knot spacing is one third of a degree, and the vertical knot spacingis 25 kmin

162



28th Seismic Research Review: Ground-Based Nuclear Explosion Monitoring Technologies

the inner region of seismic array (17.4° N-30.7° N, 35.5° E-48.5° E, and 0-200 km depth). We used the
IASPEI91 model (Kennett and Engdahl, 1991) asthe initial model for the inversion.

Resultsfor the P-wave Tomogr aphy

We used 401 earthquakes resulting in 3,416 ray paths with P- and PKP-wave arrivals. The mgjority of the
events are located in the western Pacific Rim between back azimuths of 15 and 150 degrees, but the events
are distributed over a wide range of back azimuths. The waveforms were filtered with a zero-phase
two-pole Butterworth filter between 0.5 to 2 Hz before the relative travel-time residual s were computed.
The MCCC procedure was performed over athree-second window on the filtered data. A final model was
selected by investigating the way in which changes in regularization levels (flattening and smoothing
values) affect the reduction in travel time residuals. To determine a preferred model, 2,000 iterations of the
conjugate gradient procedure are performed with several different pairs of flattening and smoothing val ues.
For our preferred model, we have chosen a model with the values of 1,600 for flattening and 3,200 for
smoothing.
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Figure 7. Results of P wave tomography. (a—d) Depth slices through the model at depths of 100, 200,
300 and 400 km. (e-f) vertical dicesthrough the model along E-W (€) and N-S (f) profiles
denoted with whitelinesin a—d.

Figure 7 shows depth dices (a-d) and vertical cross-sections (e and f) through the model. A preliminary
interpretation of these features would suggest that low velocities beneath the Gulf of Agaba and southern
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Arabian Shield and Red Sea are related to mantle upwelling and seafloor spreading. Low velocities beneath
the northern Arabian Shield may be related to volcanic centers. The origins of the low velocity features
near the eastern edge of the Arabian Shield and western edge of the Arabian Platform are unknown.

Results from the S-wave Tomogr aphy

For the S-wave model, we used 201 earthquakes resulting in 1,602 ray paths with S- and SKS-wave
arrivals. Although the total number of rays for the S-wave model is half of the rays for the P-wave model,
the event distribution shows better coverage of back azimuth. The signal processing procedures for the
S-wave data are exactly the same as for the P-wave data, but traces were filtered over alower frequency
band (0.04 to 0.1 Hz), and relative arrival time residuals were computed by the MCCC method using a
fifteen-second window. As aresult we could use the short-period stations for the P-wave analysis, but were
limited to data from the broadband stations for the S wave model. The first order velocity variations seenin
the S model are similar to the P model, and therefore we do not show the S wave model here.

CONCLUSION(S) AND RECOMMENDATIONS

We reported progress on the determination of ground truth source parameters (focal depths and
mechanisms, seismic moments) for earthquakes in the Zagros Mountains. These moments can be used to
calibrate coda wave magnitudes and to model high frequency regional phase amplitude spectra with the
MDAC methodology. We will explore the effect of location and focal depth on regional phase amplitudes
and discriminants and estimate propagation properties (including attenuation, quality factors). Regional
phase propagation models (derived from the MDA C methodology) will be developed to improve
understanding of high frequency body-wave discriminants and amplitude detection thresholdsin the
Middle East.
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